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Skp2B, an F-box protein of unknown function, is frequently overexpressed in breast cancer. In order to
determine the function of Skp2B and whether it has a role in breast cancer, we performed a two-hybrid screen
and established transgenic mice expressing Skp2B in the mammary glands. We found that Skp2B interacts
with the repressor of estrogen receptor activity (REA) and that overexpression of Skp2B leads to a reduction
in REA levels. In the mammary glands of MMTV-Skp2B mice, REA levels are also low. Our results show that
in virgin transgenic females, Skp2B induces lobuloalveolar development and differentiation of the mammary
glands normally observed during pregnancy. As this phenotype is identical to what was observed for REA
heterozygote mice, our observations suggest that the Skp2B-REA interaction is physiologically relevant.
However, in contrast to REA�/� mice, MMTV-Skp2B mice develop mammary tumors, suggesting that Skp2B
affects additional proteins. These results indicate that the observed expression of Skp2B in breast cancer does
contribute to tumorigenesis at least in part by modulating the activity of the estrogen receptor.

Skp2 is an F-box protein that associates with the SCF com-
plex designated the SCFSKP2 complex, which is involved in the
ubiquitination of the cyclin-dependent kinase inhibitor p27 (5,
20). We previously reported the existence of a splice variant of
Skp2 that we named Skp2B (7), and we will therefore refer to
them herein as Skp2A and Skp2B, respectively. The C-termi-
nal domain of Skp2A is encoded by exon 10 and is important
for the stabilization of its interaction with the SCF complex
(18) and binding to p27 (9). Exon 10 is however absent from
Skp2B and replaced by exon 11, resulting in a different C-
terminal domain (7). As a consequence, Skp2A and Skp2B
have distinct substrate specificities, and Skp2B does not affect
p27 (7, 17). Skp2B is frequently overexpressed in breast cancer
(17); however, its function remains unknown.

The development of the mammary gland is dependent on
the action of estrogen and progesterone (11). The majority of
the development of the mammary gland takes place after birth
(12). The mammary gland of newborn mice is composed of a
rudimentary ductal tree connected to the nipple but otherwise
is a duct-free fat pad. At puberty (�3 weeks of age), ovarian
hormones provoke ductal elongation characterized by the
presence of specialized structures termed terminal end buds
(TEBs) at the tips of the growing ducts (12). Once the growing
ducts reach the end of the fat pad, the TEBs disappear. As the
ducts extend, they also become progressively branched. The
mature mammary gland remains dormant until the hormonal
stimulus of pregnancy provokes lobuloalveolar development.
After weaning, the alveolar epithelium undergoes a massive

wave of apoptosis, provoking the involution of the mammary
glands, which resume to an appearance similar to that of the
pubertal ductal tree of a virgin animal.

The mammary glands of adult estrogen receptor (ER)
knockout mice fail to undergo development and resemble
those of newborn mice (6). The best-characterized function of
the ER is as a transcriptional factor, which is highly regulated
by binding to coactivators and corepressors. Among the core-
pressors, the repressor of ER activity (REA) was recently
shown to have a profound effect on the development of the
mammary gland (14, 15). REA heterozygote mice display ac-
celerated invasion of the fat pad and development of the mam-
mary gland during pregnancy, which is associated with an in-
crease in the ER activity (15).

Here, we show that Skp2B interacts with REA and that
Skp2B overexpression results in a decrease in REA levels.
Further, we show that the mammary glands of MMTV-Skp2B
transgenic mice display a phenotype closely related to that
observed for REA heterozygote mice. Our data suggest that
Skp2B represents a novel regulator of the ER and that Skp2B
overexpression in primary breast cancer may play a significant
role in breast cancer.

MATERIALS AND METHODS

Immunoprecipitation and immunoblot analysis. Western blots and immuno-
precipitations were performed as described previously (17), and membranes
(PerkinElmer Life Sciences) were probed with the following antibodies: rabbit
anti-REA (Upstate), mouse anti-FLAG (Sigma), mouse anti-Skp2 (Zymed,),
mouse antitubulin antibody 12G10 (University of Iowa), mouse monoclonal
anti-Myc antibody 9E10 to detect Myc-ubiquitin, and anti-mouse phospho-
STAT5 (Upstate) along with rabbit anti-STAT5 (Upstate) and rabbit anti-
IGFBP-2 and -4 (Upstate). Immunoblots were developed by ECL (Amersham
Pharmacia Biotech).

Transfection and siRNA against Skp2B. All transfections were performed
using the Mirus reagents according to the manufacturer’ instructions. For the
inhibition of Skp2B expression, the sequence ACTATTAGTTGACAAAGAG
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CTGG, derived from the C-terminal domain of Skp2B, was annealed to its
complementary sequence and cloned into the pSUPER-RNA1 system (VEC-
PBS 0001/0002; Oligoengine) according to the manufacturer’s instructions. The
second small interfering RNA (siRNA) was derived from the sequence GGAU
GCCCUCAAACAUACATT of the C-terminal domain of Skp2B and annealed
to the reverse sequence UGUAUGUUUGAGGGCAUCCGA. The Skp2B-
pSUPER plasmid was transfected using Mirus reagent, and 24 h following trans-
fection, the medium was changed and the second siRNA transfected using
RNAiFect reagent (QIAGEN) according to the manufacturer’s instructions.

Ubiquitin ligation assay. HEK293T cells were transfected with hemagglutinin
(HA)-tagged Roc1 and Cul1 overexpression plasmids alone (control) or together
with a FLAG-tagged Skp2A (kindly provided by M. Pagano, NYU Medical
Center Department of Experimental Pathology, New York, NY) or Skp2B over-
expression plasmid. All transfections were performed using the FuGENE 6
system as described by the manufacturer (Boehringer Mannheim). Total protein
lysates were prepared as described below, ultracentrifuged for 1 h at 37,000 rpm
(L8-60 M Beckman ultracentrifuge, rotor SW80.1), and adjusted to 1 �g/�l.
Overnight immunoprecipitation using M2 beads (Sigma) was performed using
300 and 1,800 �g control lysate, 300 �g FLAG-Skp2A-containing lysate, and 300,
900, and 1,800 �g FLAG-Skp2B-containing lysate. Beads were washed three
times with lysate buffer containing 500 mM NaCl followed by two washes with
low-salt buffer (25 mM Tris [pH 7.5], 1 mM EDTA, 10% glycerol, 0.01% NP-40,
100 mM NaCl, 1 mM dithiothreitol). Beads were then incubated under vigorous
agitation in a total volume of 30 �l for 60 min at 37°C with 50 mM Tris (pH 7.4),
5 mM MgCl2, 0.6 mM dithiothreitol, 2 �M ATP, 300 pM 32P-labeled ubiquitin,
2 mM NaF, 10 nM okadaic acid, 2 pM ubiquitin-activating enzyme E1 and with
or without 10 pM ubiquitin-conjugating enzyme E2. The enzymes E1 and E2
were prepared as described previously (21). One half of the samples were loaded
onto a 4 to 20% gel (161-1105; Bio-Rad), and radioactive poly- and monoubiq-
uitin were visualized by autoradiography. The other half of the samples were
used for Western blotting using polyclonal anti-Skp2 antibody (Zymed) at a
dilution of 1:1,000.

Two-hybrid screen. The Skp2B C-terminal domain was cloned in the pACT2
plasmid and resulted in a fusion protein between the C-terminal domain of
Skp2B and the activation domain of the GAL4 transcription factor. The screen
was performed using Matchmaker two-hybrid system 2 according to the manu-
facturer’s protocol (Clontech).

Luciferase reporter assay. To measure the activity of the ER, MCF-7 and
MCF-Skp2B cells were transfected with a plasmid where the ER-responsive
element (ERE) is driving the expression of the firefly luciferase reporter and a
plasmid constitutively expressing the Renilla luciferase. Twenty-four hours after
transfection, the two luciferase activities were measured using a dual luciferase
reporter assay system (Promega) according to the manufacturer’s instructions.
To calculate the relative ERE luciferase activity, the ratio of the ERE luciferase
and Renilla luciferase activities was determined. All readings were performed in
triplicate and in three separate experiments.

Generation of Skp2B transgenic mice. The cDNA of human Skp2B was cloned
into the EcoRI site of an expression plasmid containing the mouse mammary
tumor virus long terminal repeat plus simian virus 40 intron and polyadenylation
signals (13). The linearized MMTV-Skp2B plasmids were microinjected into
FVB/n fertilized mouse oocytes, and transgenic founder mice were identified by
Southern analysis of EcoRI digestion of tail genomic DNA.

RNA extraction and RT-PCR. RNA was extracted from tissue powder by use
of an RNeasy mini kit including RNase-free DNase (QIAGEN). One hundred
nanograms of each sample was used in triplicate in a quantitative reverse tran-
scription-PCR (RT-PCR) using a Quantitect SYBR green RT-PCR kit following
the manufacturer’s protocol (QIAGEN Science, MD). The Skp2B primers used
have been described previously (17).

Immunohistochemistry and immunofluorescence. Mammary epithelium was
isolated from MMTV-Skp2B or nontransgenic littermates, fixed in 10% buffered
formalin (Sigma-Aldrich), dehydrated, embedded in paraffin, and sectioned at
3.5 �m. For histology, sections were stained with hematoxylin and eosin (H&E).
For immunohistochemical staining of Skp2B, tissue sections were treated as
described previously (16). Immunofluorescence was also performed as described
previously (17).

Whole-mount analysis. Mammary epithelium was isolated from MMTV-
Skp2B and nontransgenic littermates, spread onto glass slides, and fixed in
Carnoy’s fixative (6 parts 100% ethanol, 3 parts chloroform, 1 part glacial acetic
acid) overnight. The glands were then transferred into 70% ethanol for 15 min
at room temperature and gradually into sterile Milli-Q water before incubation
in carmine aluminum stain overnight. Glands were stored in 70% ethanol in the
dark at room temperature.

RESULTS

REA is ubiquitinated and binds to Skp2B. As Skp2A asso-
ciates with an ubiquitin ligase composed of cul-1, skp1, and
roc-1, we first tested whether Skp2B can also associate with
these proteins. Following transfection in HEK293T cells, we
found that Skp2B did coimmunoprecipitate with cul1, skp1,
and roc-1, although less strongly than did Skp2A (Fig. 1A). We
then assessed the ubiquitin ligase activity associated with
Skp2B, again using Skp2A as a positive control. HEK293T
cells were transfected with cul-1 and either Flag-tagged Skp2A
or Flag-tagged Skp2B. After 48 h, the SCFSkp2A or SCFSkp2B

complex was immunoprecipitated using anti-Flag antibody,
and the resulting beads were used in an in vitro ubiquitination
assay where 32P-labeled ubiquitin and recombinant ubiquitin-
conjugating enzyme (E2) are added to the reaction. As ex-
pected, in the absence of Skp2A or Skp2B (Fig. 1B, lanes 1 and
4) and in the absence of E2 (Fig. 1B, lanes 2 and 5), no
32P-polyubiquitin chain formation was detected. In the pres-
ence of Skp2A and E2, however (lane 3), the formation of
32P-polyubiquitin chain was detected and correlated to a de-
crease in 32P-monoubiquitin (Fig. 1B, bottom), therefore con-
firming the ubiquitin ligase activity of the SCFSkp2A complex.
Such activity was also associated with the SCFSkp2B complex
(Fig. 1B, lanes 6 to 8); however, using 300 �g of proteins for
the immunoprecipitation of the SCF complex (lane 8) led to an
ubiquitin ligase activity that was �10-fold weaker than that
observed with Skp2A (lane 3). The detection of the ubiquitin
ligase activity increased with increasing amounts of proteins
used for the immunoprecipitation (Fig. 1B, lanes 6 and 7). We
therefore conclude that SCFSkp2B is also associated with an
ubiquitin ligase activity, although its activity is weaker than that
of SCFSkp2A.

In order to identify potential substrates of Skp2B, we per-
formed a two-hybrid screen using the C-terminal domain that
is unique to Skp2B and is not present in Skp2A as a bait. This
screen identified REA as an interacting partner of Skp2B, and
the two-hybrid interaction was confirmed by coimmunoprecipi-
tation (Fig. 1C and D). The interaction between REA and
Skp2B raised the possibility that REA is a substrate for ubiq-
uitination. To test this possibility, HEK293T cells were trans-
fected with Myc-tagged ubiquitin and REA, and the presence
of polyubiquitinated REA was tested by immunoprecipitation
in the presence or absence of the proteasome inhibitor LLnL.
We found that in the presence of the proteasome inhibitor
LLnL, polyubiquitination of endogenous REA was detectable
(Fig. 1E, lane 3), and transfection of REA increased the de-
tection of polyubiquitinated REA (Fig. 1E, lane 7). Therefore,
these results identify REA as a potential substrate for degra-
dation by an Skp2B-associated ubiquitin ligase.

Skp2B reduces REA levels in MCF-7 cells and stimulates
ER transcriptional activity. Since REA is a repressor of the
ER, we then established stable clones overexpressing Skp2B in
the ER-positive breast cancer cell line MCF-7. The resulting
increase in Skp2B levels (Fig. 2A, lane 2, top) was associated
with a decrease in REA levels (Fig. 2A, lane 2, middle). As we
previously reported that Skp2B is higher in MCF-7 cells than in
the nontumorigenic breast cell line 184B5 (17), we also estab-
lished siRNA against Skp2B to determine the consequence of
Skp2B inhibition on REA levels. By use of a combination of
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two siRNA sequences mapping to the unique C-terminal do-
main of Skp2B, Skp2B expression was inhibited by 93% (Fig.
2B), and such inhibition resulted in an elevation in REA levels
(Fig. 2A, lane 2). We further tested the effect of the SCFSkp2B

complex on REA levels by use of dominant negative cul-1. In
MCF-Skp2B cells, inhibition of cul-1 by transfection of domi-
nant negative cul-1 rescued REA levels (Fig. 2C), further sup-
porting the role of this complex in REA degradation. As a
control, we also established a cell line overexpressing Skp2A in
MCF-7 cells. While Skp2A was expressed at much higher levels
(Fig. 2D, top) than Skp2B (Fig. 2A, top) as we expected, since
Skp2A is more stable than Skp2B (17), the overexpression of
Skp2A nevertheless failed to affect REA levels (Fig. 2D, mid-
dle). This result is consistent with the fact that REA was
isolated using the C-terminal domain that is unique to Skp2B
as the bait in the two-hybrid screen.

As REA represses the transcriptional activity of the ER (14),
the reduction in REA levels following Skp2B overexpression is
predicted to lead to an increase in the activity of the ER. To
test this possibility, MCF-7 and MCF-Skp2B cells were trans-
fected with a plasmid in which the expression of the firefly
luciferase reporter is under the control of an ERE and a
constitutive Renilla luciferase reporter, which acts as an inter-
nal control for transfection efficiency. The luciferase activities

of both reporters were measured, and the ratio between the
two activities was set as the relative ERE luciferase activity.
Consistent with the role of REA on the ER, we found that the
transcriptional activity of the ER was increased in MCF-Skp2B
cells compared to what was seen for MCF-7 (Fig. 2E). In
contrast, the inhibition of Skp2B expression in MCF-7 cells led
to a reduction in the activity of the ER (Fig. 2E).

We next determined the localization of REA and found that
while REA is present in both the nucleus and the cytoplasm in
MCF-7 cells (Fig. 2F), upon overexpression of Skp2B, REA
staining was restricted to the cytoplasm (Fig. 2F), indicating
that only the nuclear levels of REA are affected in Skp2B-
overexpressing cells. These results identify Skp2B as a novel
repressor of the nuclear pool of REA and therefore as an
indirect activator of the ER.

Expression of Skp2B in the mammary glands of transgenic
mice reduces REA levels. We previously reported that Skp2B is
overexpressed in breast cancer (17). To determine whether its
overexpression may contribute to breast cancer, we established
transgenic mice expressing Skp2B under the control of the
mouse mammary tumor virus promoter. We obtained four
separate founders that were found to express Skp2B at various
levels (Fig. 3A) as determined by quantitative RT-PCR using
primers that are specific for Skp2B and do not recognize

FIG. 1. Skp2B interacts with REA. (A) HEK293T cells were transfected with the indicated plasmids, FLAG-Skp2A and FLAG-Skp2B were
immunoprecipitated using FLAG antibody, and their association with either HA-Cul-1, HA-Skp1, or HA-Roc1 was analyzed using anti-HA
antibody. ctl, control. (B) HEK293T cells were transfected with either FLAG-Skp2A or FLAG-Skp2B along with Cul-1 and Roc1 followed by
anti-FLAG immunoprecipitation. The resulting immunoprecipitations were then used in an in vitro ubiquitination assay using 32P-labeled ubiquitin
(32P-Ub). Top, polyubiquitin chain formation; bottom, level of monoubiquitin. Extracts from HEK293T cells transfected with Cul-1 and Roc1 alone
were used as controls. (C) Coimmunoprecipitation of endogenous REA with FLAG-Skp2B, where REA was immunoprecipitated (IP) and levels
of FLAG-Skp2B were determined by immunoblotting (IB). (D) Coimmunoprecipitation of endogenous REA with FLAG-Skp2B, where FLAG-
Skp2B was immunoprecipitated and levels of REA were determined by immunoblotting. (E) HEK293T cells were transfected with the indicated
plasmids, and REA was immunoprecipitated followed by immunoblotting using anti-Myc antibody to detect ubiquitinated proteins.

VOL. 27, 2007 Skp2B IS A NOVEL REGULATOR OF THE ESTROGEN RECEPTOR 7617



Skp2A, as they map to the unique C-terminal sequence of
Skp2B (17). The expression was also determined by immuno-
histochemistry on mammary gland tissue sections (Fig. 3B),
which revealed that the expression of Skp2B is restricted to the
epithelial compartment of the mammary glands. We then de-
termined the levels of REA in the mammary glands of three
independent transgenic mice and found that when the ratio
between REA and tubulin is calculated, the levels of REA
were reduced in average by �50% compared to that for the
wild type (Fig. 3C). Therefore, this reduction in the levels of
REA was also observed in vivo.

Skp2B induces precocious invasion of the fat pad and side
branching in the mammary glands of mice during early pu-
berty. The 50% reduction in REA levels observed for REA
heterozygote mice has been reported to lead to an accelerated
invasion of the fat pad during puberty (15). To determine the
effect of MMTV-Skp2B expression on the early mammary
gland development, we analyzed whole-mount preparations of
mammary glands from age-matched virgin transgenic and non-
transgenic littermates. Differences between transgenic and
nontransgenic animals could be observed at an early stage of
puberty (Fig. 4). At 5 weeks of age, ductal elongation was
detectable by the presence of TEB and extended from the
nipple to the lymph nodes in wild-type females. Further, the
ducts displayed a smooth surface (Fig. 4A). In transgenic an-
imals, however, ductal growth had extended well beyond the
lymph node, indicating an accelerated invasion of the fat pad.
In addition, at higher magnification, a large number of small
lobular protuberances were evident, indicating a precocious
side branching along the ducts (Fig. 4B). At 10 weeks of age,
while the surface of ducts from the mammary glands of wild-
type animals remained smooth and had small and equally dis-
tributed side branches (Fig. 4C), in MMTV-Skp2B mice, the
mammary glands also displayed an increase in side branching
as well as the presence of lobules (Fig. 4D), indicating an
abnormal lobuloalveolar development in virgin mice.

Skp2B induces mammary gland differentiation in adult vir-
gin mice. The lobuloalveolar development of the mammary
glands was also observed for older virgin females (Fig. 5) and

FIG. 2. Skp2B but not Skp2A overexpression leads to a reduction
in REA and activation of the ER. (A) Western analysis of the levels of
REA and Skp2B in MCF-7 cells, MCF-7-Skp2B cells, and MCF-7 cells
transfected with siRNA against Skp2B (siSkp2B). (B) The reduction of
Skp2B mRNA following the transfection of siRNA against SKP2B was
determined by quantitative RT-PCR. (C) MCF-Skp2B cells were
transfected with FLAG-tagged dominant negative cul-1 (dn Cul-1-F),
and the levels of dn-Cul-1-F and REA were determined by immuno-
blotting (IB). (D) Immunoblot analysis of the levels of REA and
Skp2A in MCF-7 and MCF7-Skp2A cells. (E) ER activity was moni-
tored using an ERE luciferase reporter transfected in MCF-7, MCF-
7-Skp2B, and MCF-7 cells cotransfected with siRNA Skp2B. (F) Im-
munofluorescence of REA in MCF-7 and MCF-7-Skp2B cells.

FIG. 3. Skp2B expression in the mammary glands reduces REA levels. (A) Four separate MMTV-Skp2B founders were used for breeding, and
the mammary gland of one female of the second generation from each line was tested for Skp2B expression by quantitative RT-PCR using
Skp2B-specific primers. WT, wild type. (B) The expression of Skp2B was tested by immunohistochemistry on mammary gland sections of a
wild-type female (left) and a female from the Skp2B-4 transgenic line (right) by use of anti-Skp2 antibody. (C) Western analysis of the levels of
REA in the mammary glands of a wild-type mouse and of three MMTV-Skp2B transgenic mice.
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closely resembled the mammary glands associated with early
pregnancy in wild-type mice. To directly compare these phe-
notypes, mammary glands from virgin transgenic females and
those from wild-type pregnant females were analyzed. The
distributions and numbers of epithelial cells were similar be-
tween pregnant wild-type and virgin transgenic animals, al-
though the ducts appeared more dilated in MMTV-Skp2B

transgenic mice (compare Fig. 5A and B). Whole-mount anal-
ysis using other transgenic females revealed that their mam-
mary glands resemble those of wild-type females during late
pregnancy or lactation (Fig. 5C). This observation was con-
firmed by histological analysis, which revealed an area of epi-
thelial differentiation characteristic of lactating mammary
gland and an area characteristic of late pregnancy within the
same gland (Fig. 5C and D). Therefore, as observed for
REA�/� mice, MMTV-Skp2B transgenic mice show an accel-
erated lobuloalveolar development of the mammary glands;
however, while REA�/� mice must become pregnant to exhibit

FIG. 4. Expression of Skp2B accelerates ductal invasion of the fat
pad and promotes lobuloalveolar development. (A) Mammary gland
from a wild-type female at week 5 was stained by whole-mount staining
and visualized at magnifications of �1 and �5. LN indicates the
position of the lymph node, while a TEB is indicated by the circle.
(B) Mammary gland from an MMTV-Skp2B female at week 5 was
stained by whole-mount staining and visualized at magnifications of �1
and �5. (C) Mammary gland from a wild-type female at week 10 was
stained by whole-mount staining and visualized at magnifications of �1
and �5. A site of side branching is indicated by the circle. (D) Mam-
mary gland from an MMTV-Skp2B female at week 10 was stained by
whole-mount staining and visualized at magnifications of �1 and �5.
Lobules are indicated by the circle. In each case, one representative
gland is shown.

FIG. 5. Expression of Skp2B in virgin females promotes a preg-
nancy phenotype for the mammary glands. (A) Whole mount and
H&E stained-section of the mammary glands from a 12-month-old
MMTV-Skp2B transgenic female. (B) Whole mount and H&E-stained
section of the mammary glands from a 2-day-pregnant wild-type fe-
male. (C) Whole mount and H&E-stained section of the mammary
glands from a 14-month-old MMTV-Skp2B transgenic female.
(D) H&E-stained sections of the mammary glands from a wild-type
female that had been nursing her pups for 2 days after delivery and
from a 16-day-pregnant female. Pictures were taken at magnifications
of �1, �4, and �10 as indicated.
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this phenotype, it is observed for virgin MMTV-Skp2B mice.
This observation indicates a more severe phenotype in
MMTV-Skp2B mice.

Cyst formation in the mammary glands of MMTV-Skp2B
females. In addition to the pregnancy and lactation pheno-
types, in a number of transgenic females the most pronounced
alteration was the presence of extremely dilated ducts filled
with secretion. In some cases, such cysts were observed in
several ducts in the absence of an area of pregnancy or lacta-
tion morphology (Fig. 6A, left), while in others, gross cysts
were adjacent to a pregnancy-like/hyperplastic area (Fig. 6A,
right). To test whether these phenotypes are associated with
molecular events that normally take place only during preg-
nancy and lactation, we next analyzed the mammary glands
from two wild-type and three transgenic females that display
either cyst alone, cyst and pregnancy, or pregnancy and lacta-
tion without cyst morphology for their levels of STAT5 and
IGFBP-2 and -4. STAT5 phosphorylation is a key event during
lactation, while the levels of IGFBP are reduced specifically
during the short time window of late pregnancy and lactation
and resume during involution (1, 2). We found that STAT5 was
activated and that both IGFBP-2 and -4 were reduced in trans-
genic females compared to what was seen for wild-type mice
(Fig. 6B). Therefore, the pattern of expression of these pro-
teins in virgin transgenic females mimics the pattern of expres-
sion of these proteins normally observed during late pregnancy
and lactation.

Skp2B induces hyperplasia and tumor formation. We next
monitored the incidence of tumor formation in MMTV-Skp2B
mice. We found that the rate of palpable tumors was less than

10% and that tumors appeared only in mice that were more
than 1 year old. The histologies of mammary tumors were
diverse and included squamous cell carcinoma (Fig. 7A), a
glandular pattern with a secretory component with and without
lymphocytic infiltrate (Fig. 7B), and a high-grade adenocarci-
noma with an undifferentiated pattern consisting of densely
packed epithelial cells with necrotic areas (Fig. 7C).

A summary of the various phenotypes observed is shown in
Fig. 7D. On average, the pregnancy/lactation morphology was
the most frequent phenotype and was observed for 66.4% of all
glands analyzed. Cyst formation was also frequently observed
(56.5%), but tumor formation was less frequent (8.9%). Since
the phenotypes were observed for all four different founder
lines, we conclude that the phenotypes are not linked to a
particular integration site of the transgene. However, when the
lines were subdivided into two groups relative to low (Skp2B-1
and -2) and high (Skp2B-3 and -4) expression levels, we found
that mice with low expression levels were more frequently
normal (31%) than mice that had high expression levels (10%)
(Fig. 7E). Further, the mice with low expression levels showed
the pregnancy (52%) and cyst (45%) phenotypes less fre-
quently than mice expressing high levels of Skp2B (80% and
67%, respectively) (Fig. 7E). The rate of tumor formation also
indicated a tendency of being less frequent for mice expressing
low levels, although the difference was smaller. However, as
the number of mice expressing low levels of the transgene was
larger and included a larger number of old mice, these factors
are likely to affect this observation. The correlation between
the severity of the phenotype and the expression levels also
became more apparent when the grade of pregnancy was fur-
ther classified as either early/mid-pregnancy or late pregnancy
(Fig. 7F). The majority of mice from the low-expression group
showed an early/mid-pregnancy grade, while in the high-ex-
pression group, the majority of mice with the pregnancy phe-
notype were classified as late pregnancy (Fig. 7F). We con-
clude that while even only modest expression of Skp2B can
lead to the formation of the various phenotypes, the severity of
the phenotype correlates with the level of expression.

DISCUSSION

We initiated this study to test the potential role of Skp2B
expression in breast cancer. We previously reported that
Skp2B is expressed at very low levels in normal cells but is
found frequently in breast cancers. This observation raises the
possibility that Skp2B is a tumor-specific isoform. The obser-
vation that Skp2B expression could not be detected at any of
the six time points we tested during mammary gland develop-
ment in wild-type females suggests that Skp2B is not normally
expressed in this tissue (data not shown). This situation is not
unique to Skp2B, since Wnt-1 and Wnt-3, which are well-de-
scribed oncogenes of the mammary gland, are also not ex-
pressed in the mammary glands of wild-type mice (3, 8). Fur-
ther, our data suggest that Skp2B expression even at relatively
low levels may be relevant to disease progression.

Using a two-hybrid screen, we identified REA as a putative
substrate of Skp2B-mediated ubiquitination. In support of this
notion, REA was found to be ubiquitinated and its levels were
found to be reduced by Skp2B expression but not by Skp2A.
However, endogenous Skp2B is present at very low levels in

FIG. 6. Cyst formation and deregulation of STAT5 and IGFBPs in
virgin MMTV-Skp2B females. (A) H&E staining of mammary gland
from 5-month-old and 9-month-old virgin MMTV-Skp2B females.
(B) The mammary glands from three transgenic females were selected
based on the phenotypes indicated. The levels of STAT5, phospho-
STAT5, and IGFBP-2 and -4 were determined by Western blotting
(immunoblotting [IB]) and compared to the levels observed for wild-
type females. Morphology abbreviations: C, cyst alone; C�P, cyst and
pregnancy; P�L, pregnancy and lactation without cyst.
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HEK293T cells, while REA ubiquitination is easily detected in
this cell line; these results argue that REA is normally ubiq-
uitinated by another ligase. This situation is also not unique to
Skp2B, since while p53 is normally ubiquitinated by mdm2, in
cervical cancer, the virally derived oncoprotein E6 utilizes the
cellular ubiquitin ligase E6-AP to mediate p53 degradation
(10). Likewise, we hypothesize that in the abnormal situation
where Skp2B is expressed at higher levels, REA may only then
become a substrate of an SCFSkp2B complex. In addition, we
observed that the reduction in REA is restricted to the nuclear
pool of REA. Since binding to F-box proteins requires prior
phosphorylation of their substrates, we hypothesize that nu-
clear import of REA may require phosphorylation and explain
how Skp2B in the cytoplasm affects the nuclear pool of REA
by targeting the phosphorylated form of REA, therefore re-
ducing the nuclear staining specifically. Further studies aimed
at understanding the mechanism regulating the nuclear import
and export of REA will be required to test this possibility.

The relevance of the interaction between Skp2B and REA is
strongly supported by the observations first that the transcrip-
tional activity of the ER is increased in MCF-7-Skp2B cells and
second that the expression of Skp2B in the mammary glands of
transgenic mice mimics the phenotype observed for the REA
heterozygous mice (15). As the 50% reduction in REA levels
observed for Skp2B transgenic mice is equivalent to that ob-
served for REA heterozygous mice and that this level of re-
duction was shown to be sufficient to induce the activity of the
ER in vivo (15), the decrease of REA level observed for
MMTV-Skp2B mice is likely to participate in the phenotype

observed. However, since REA�/� mice show an accelerated
proliferation of the mammary gland only in association with
pregnancy, while this effect was observed for virgin MMTV-
Skp2B mice, the more severe phenotype observed for MMTV-
Skp2B suggests that Skp2B affects other proteins in addition to
REA. Notably, MMTV-Skp2B mice develop cysts and tumors,
while REA heterozygotes do not (15). In support of an addi-
tional function of Skp2B in tumor progression that is unrelated
to the ER, we previously reported that Skp2B is overexpressed
in the ER-negative cell line HS578T (17), and in a study that
did not distinguish between Skp2A and Skp2B but recorded
both nuclear and cytoplasmic staining, Skp2A/B were found to
be overexpressed in both ER-positive and ER-negative breast
cancers (19).

Despite the fact that clinically detectable cysts are not con-
sidered premalignant lesions, the presence of cysts is neverthe-
less considered a marker predicting an increased risk of breast
cancer (4). Further, gross cyst is one of the most frequent
lesions in the human breast. Therefore, our results indicate
that the expression of Skp2B results in a number of benign and
malignant lesions of the mammary gland which can be linked
at least partially to the downregulation of REA. The additional
targets of Skp2B await further characterization.
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FIG. 7. MMTV-Skp2B mice develop mammary carcinoma. (A) H&E staining of mammary gland from a virgin MMTV-Skp2B female with
squamous cell carcinoma. (B) H&E staining of mammary gland from a virgin MMTV-Skp2B female with glandular carcinoma that displays a
secretory component. (C) H&E staining of mammary gland from a virgin MMTV-Skp2B female with high-grade adenocarcinoma with a necrotic
area. (D) Summary of the phenotypes observed for the mammary glands of MMTV-Skp2B transgenic mice. The ages of the mice analyzed ranged
from 3 to 16 months for each transgenic group. (E) The average frequencies of each phenotype in transgenic lines that expressed low levels of
Skp2B (Skp2B-1/2) and transgenic lanes that expressed high levels of Skp2B (Skp2B-3/4) are shown. preg/lact, pregnant/lactating. (F) The numbers
of mice that expressed low levels of Skp2B (Skp2B-1/2) and high levels of Skp2B (Skp2B-3/4) were subclassified according to the severity of the
pregnancy phenotype.
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