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Receptor activator of NF-kB ligand (RANKL) is a key regulator for mammary gland development during
pregnancy. RANKL-deficient mice display impaired development of lobulo-alveolar mammary structures.
Similar mammary gland defects have been reported in mice lacking Id2. Here we report that RANKL induces
the proliferation of mammary epithelial cells via Id2. RANKL triggers marked nuclear translocation of Id2 in
mammary epithelial cells. In vivo studies further demonstrated the defective nuclear translocation of 1d2, but
the normal expression of cyclin D1, in the mammary epithelial cells of rankl™'~ mice. In vitro studies with
nuclear localization sequence-tagged Id2 revealed that the nuclear localization of 1d2 itself is critical for the
downregulation of p21 promoter activity. Moreover, RANKL stimulation failed to induce cell growth and to
downregulate p21 expression in Id2~/~ mammary epithelial cells. Our results indicate that the inhibitor of
helix-loop-helix protein, Id2, is critical to control the proliferation of mammary epithelial cells in response to

RANKL stimulation.

Mammary gland development mostly occurs postnatally, by
the actions of pregnancy hormones, and proceeds in distinct
steps. At birth, the mammary anlage consists of a few rudi-
mentary ducts that occupy a small portion of the mammary fat
pad. Pronounced ductal outgrowth and branching commences
at puberty. At the onset of pregnancy, increased ductal side
branching and extensive epithelial cell proliferation occur, re-
sulting in the formation of lobulo-alveolar structures and the
differentiation of secretory epithelia (13, 14, 39). These differ-
entiation steps are essential to form a lactating mammary
gland in pregnancy.

The TNF family molecule, receptor activator of NF-«kB li-
gand (RANKL; also known as OPGL, ODF, and TRANCE),
is a key factor for osteoclast differentiation and/or activation
and dendritic cell survival (1, 20, 41, 42). RANKL-deficient
mice exhibit severe osteopetrosis and tooth eruption failure
due to a complete absence of osteoclasts (19). In addition to
the regulation of bone remodeling and immune functions, we
have previously shown that RANKL plays a critical role in
mammary gland development during pregnancy. Mice lacking
RANKL or its receptor, RANK, show impaired lobulo-alveo-
lar development during pregnancy, owing to intrinsic defects in
both the proliferation and survival of mammary gland epithe-
lial cells (9). These mutant mice also display a complete tran-
scriptional block in the B-casein gene. The defect of B-casein
gene expression in RANKL-null mice is due to the failure of
nuclear translocation of CCAAT/enhancer binding protein B
(C/EBPB) (18). These findings indicate that RANKL and

* Corresponding author. Mailing address: Division of Molecular and
Life Sciences, Pohang University of Science and Technology, Pohang
790-783, Kyungbuk, South Korea. Phone: 82-54-279-2287. Fax: 82-54-
279-2199. E-mail: ykong@postech.ac.kr.

1 N.-S.K. and H.-J.K. contributed equally to this study.

1002

RANK are essential for the development of a lactating mam-
mary gland during pregnancy.

In mammary glands, as well as osteoclasts and dendritic
cells, RANKL-RANK interactions induce the phosphorylation
and/or activation of IkB kinase (IKK), a complex composed of
IKKa, IKKB, and IKKy/NEMO (6, 40). This phosphorylation
event leads to polyubiquitination and proteasome-mediated
degradation of IkB, and the subsequent activation of NF-kB.
Using IKKa 4 knockin mice, it was recently reported that
IKKa activity is required for NF-kB activation in mammary
gland epithelial cells during pregnancy and in response to
RANKL (6). Furthermore, IKKa and NF-«B activation are
required for optimal cyclin D1 induction, suggesting a linear
signaling cascade: RANKL — RANK — IKKa — IkBa —
NF-kB — cyclin DI1. In contrast, Brisken et al. found that
prolactin induces cyclin D1 expression via insulin-like growth
factor 2 (IGF-2) and that cyclin DI~/~ mammary gland epi-
thelial cells fail to proliferate in response to prolactin. Impor-
tantly, in the present study, RANKL failed to induce cyclin D1
expression, suggesting that cyclin D1 is a mediator of the pro-
lactin-induced proliferation of mammary epithelial cells
through IGF-2 (4). Thus, the exact biochemical pathway and
downstream targets that are essential for the RANKL-induced
proliferation of mammary gland epithelial cells via its receptor,
RANK, are still elusive.

Transcription factors characterized by the basic helix-loop-
helix (bHLH) domain play an essential role in a wide array of
developmental processes. The bHLH proteins are two distinct
classes, based on their tissue distribution and dimerization
capabilities (30). The class A bHLH proteins, exemplified by
E2A-encoded E12 and E47, are ubiquitously expressed,
whereas the class B bHLH proteins include more tissue-spe-
cific transcription factors, such as MyoD and NeuroD (24, 32).
The inhibitors of helix-loop-helix (HLH), the Id proteins, lack
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FIG. 1. RANKL induces the proliferation of primary mammary
epithelial cells. (A) Serum-starved primary mammary epithelial cells,
isolated from 14.5-day pregnant mice, were stimulated with the indi-
cated doses of RANKL in DMEM containing 10% FBS for 24 h. Cells
were incubated with 1 pCi of [*H]thymidine/ml for the last 12 h of
culture, and [*H]thymidine incorporation was measured. [lsignificant
difference (P < 0.001). (B) Primary mammary epithelial cells isolated
from 14.5-day pregnant mice were stimulated with the indicated doses
of RANKL in DMEM containing 1% FBS and growth factors for 60 h.
Cells were incubated with 1 wCi of [?H]thymidine/ml for the last 24 h
of culture, and [*H]thymidine incorporation was measured. The results
are shown as mean values *+ the standard error of the mean of three
separate experiments. []significant difference (P < 0.01).

a DNA-binding domain but possess a helix-loop-helix motif
and hence can inhibit DNA binding and cell differentiation. As
a consequence, they act as dominant-negative regulators of
bHLH transcription factors through heterodimerization with
their bHLH partners (32). The Id proteins also play positive
regulatory functions in cell growth and cell cycle progression in
several cell culture systems (21, 33). Indeed, Id2 contributes to
the cell cycle progression of smooth muscle cells, presumably
via the cdk2-dependent inhibition of p21 expression (25).
Among the four known mammalian Id proteins, Id2 has been
identified as a crucial regulator of mammary gland develop-
ment. Similar to RANKL-deficient mice, Id2-null mice display
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FIG. 2. Cyclin D1 expression in rankl~’~ mammary glands. (A to F)
Immunohistochemistry of cyclin D1 in wild-type (A and B) and
rankl /= (C and D) mammary glands. Tissue sections of mammary
glands at 1 day of lactation (L1) from the specified genotypes were
stained with anti-cyclin D1 (red)/anti-E-cadherin (green) antibodies
(A, C, and E) and Hoechst (B, D, and F). The specificity of antibody
staining for cyclin D1 was confirmed by its absence in cyclin DI ™/~
mammary epithelium (E and F). (G) Western blot analysis of lysates
from rankl*'~ and rankl~'~ mammary tissues at P14.5 and L1. Actin
(a) and E-cadherin (b) were used as loading controls. Similar results
were obtained from three independent experiments.

impaired lobulo-alveolar development during pregnancy and
intrinsic defects in both cell proliferation and survival (26, 28).
However, although Id2 seems to be positioned at the conver-
gence of various lactogenic signals, the upstream signals that
control mammary epithelial cell growth through the 1d2 pro-
tein are not known.

The morphological similarity in the mammary glands be-
tween RANKL-null and Id2-null mice prompted us to inves-
tigate the relationship between RANKL and Id2. We now
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FIG. 3. The mammary gland defects in rankl '~ mice resemble those of Id2~/~ mice but not cyclin DI/~ mice. Whole-mount carmine-alum
strain (A, C, E, and G) and histological (B, D, F, and H) analysis by hematoxylin-eosin staining of no. 4 abdominal glands from wild-type (WT)
(A and B), rankl '~ (C and D), Id2~/~ (E and F), and cyclin DI/~ (G and H) mice at L1. Note the substantial alveolar formation in cyclin DI/~

mice compared to those in rankl ™'~ and Id2~/~ mice.

show that RANKL stimulation of mammary epithelial cells
triggers marked nuclear translocation of 1d2, which is essential
for cell cycle progression and the regulation of p21 expression.
These results identify RANKL as a novel regulator for the
proliferation of mammary epithelial cells via the inhibitor of
HLH protein, Id2.

MATERIALS AND METHODS

Mice. Mice genetically deficient for rankl or Id2 were described previously (19,
43). cyclin D17/~ mice were purchased from Jackson Laboratories. Mouse ge-
notypes were determined by PCR and Southern blot analysis. For timed preg-
nancies, male and female mice were mated overnight, and female mice were
scored for vaginal plaques the next morning. The presence of vaginal plaques was
taken to represent pregnancy day 0.5 (P0.5). The rankl™'~ and Id2~'~ mice were

AdvHgIT HO31S0d Aq 5102 ‘2 Aey uo /610" wse gow//:dny wo.ly papeojumod


http://mcb.asm.org/

VoL. 26, 2006

A c N
RANKL 0 051 3 0 05 1

|2 - ——e— - - —

PARP — &8

3 hr

RANKL CONTROLS MAMMARY CELL PROLIFERATION VIA Id2 1005

| PBS || RANKL |

1d2

| Hoechst |

d2/Hoechst

N:93%1.2% 62.4 £ 0.9%
C:90.7+1.1% 376 +1.5%

cl PBS [ RANKL ]

N:128x1.7%
C:87.2+0.9%

HA

Hoechst |

HA/Hoechst

59.8 £ 2.0%
40.2+2.7%

FIG. 4. RANKL induces the nuclear translocation of Id2 in HC11 and primary mammary epithelial cells. (A) Primary MECs from P14.5 mice
were treated with 1 pg of RANKL/ml for the indicated times. Cytoplasmic (C) and nuclear (N) proteins were analyzed by Western blotting for
the presence of Id2. Protein disulfide isomerase (PDI) and poly(ADP-ribose) polymerase (PARP) are shown as loading controls for cytoplasmic
and nuclear proteins, respectively. One result, representative of four independent experiments, is shown. (B) Primary MECs from P14.5 mice were
placed in DMEM containing 1% FBS for 24 h. Serum-starved cells were untreated (left panels) or stimulated (right panels) with 1 g of
RANKL/ml for 3 h. Id2 was detected with an anti-Id2 antibody, followed by Alexa 594-labeled anti-rabbit IgG antibody (red; upper panel). Nuclear
DNA was stained with Hoechst (blue; middle panel). Lower panels indicate merged images. At the bottom, the numbers indicate the localization
of 1d2 in the cytoplasm (C) and nucleus (N) of each cell. The values shown are means * the standard error of the mean of three separate
experiments. One result, representative of three independent experiments, is shown. (C) HC11 cells transiently transfected with HA-tagged Id2
were placed in RPMI containing 0.5% FBS for 24 h. Serum-starved cells were untreated (left panels) or stimulated (right panels) with 1 pg of
RANKL/ml for 3 h. HA epitopes were detected with an anti-HA antibody, followed by Alexa 594-labeled anti-mouse IgG antibody (red; upper
panels). Nuclear DNA was stained with Hoechst (blue; middle panels). Lower panels indicate merged images. One result, representative of four

independent experiments, is shown.

of the C57BL/6 (H-2"*) and ICR backgrounds, respectively. All mice were
maintained at the POSTECH animal facilities.

Cell culture and proliferation assays. Primary mammary epithelial cells were
obtained as described previously (18). For [*H]thymidine incorporation, cells
were plated at low density, allowed to attach overnight in complete media, and
then placed in Dulbecco modified Eagle medium (DMEM) containing 1% fetal
bovine serum (FBS) for 24 h prior to RANKL stimulation. [*H]thymine was
added 12 h before harvest, and the cells were collected 24 or 48 h after RANKL
stimulation. Recombinant murine RANKL(158-316) (rRANKL) was produced
as described previously (20), and the osteoclastogenic activity of 1 pg of
rRANKL/ml was equivalent to that of 100 ng of rRANKL/mI from Peprotech
(Rehovot, Israel).

Nuclear and whole-cell protein extraction. For nuclear translocation experi-
ments, cells were placed in RPMI (HC11 cells) or DMEM (primary epithelial
cells) containing 10% FBS prior to RANKL stimulation. Nuclear and whole-cell
protein extracts were prepared as described previously (18).

Immunoblotting. Equal amounts of whole-cell extracts or nuclear extracts
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride membranes. Membranes were incu-
bated with antibodies to 1d2, cyclin D1, p21, ERKI, PDI (Santa Cruz Biotech-
nology), E-cadherin (BD Biosciences), and PARP (BD Transduction Laborato-
ries). Protein bands were detected by enhanced chemiluminescence (Amersham
Pharmacia Biotech).

Promoter reporter assays. Primary mammary epithelial cells were transiently
transfected by using the Lipofectamine Plus reagent (Life Technologies) with 1
pg of plasmid DNA (p21-Luc) per well in 12-well plates. The Renilla reporter
construct pRL-TK (Promega) was used for normalizing the transfection effi-
ciency. After transfection, the cells were incubated for 24 h in DMEM containing
1% FBS and harvested 24 h after stimulation with RANKL. Luciferase activity
was determined by using the dual-luciferase reporter assay system (Promega).

Immunohistochemistry. For histological analysis, tissues were fixed in 4%
paraformaldehyde overnight at 4°C and embedded in paraffin wax for sectioning.
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The sections (4 pwm) were stained with hematoxylin and eosin. For immunostain-
ing, paraffin-embedded sections were dehydrated, and the antigenic epitopes
were exposed by using 10 mM citrate buffer and microwaving. Sections were
incubated in blocking solution (3% bovine serum albumin, 3% goat serum, and
0.5% Tween 20 in phosphate-buffered saline) at room temperature for 4 h,
followed by an additional incubation with polyclonal antibodies to Id2 (1: 50
dilution; Santa Cruz Biotechnology), cyclin D1 (1:50 dilution; Neomarker) and
monoclonal antibodies to E-cadherin (1:200; BD Biosciences). Specific binding
was detected with Alexa 488-labeled anti-mouse and Alexa 594-labeled anti-
rabbit immunoglobulin G (IgG; Molecular Probes), respectively.

Immunocytochemistry. Primary mammary epithelial cells (MECs) were incu-
bated for 24 h in DMEM containing 1% FBS, prior to RANKL stimulation.
Primary MECs, MCF7 cells, and HC11 cells were transiently transfected with
plasmid DNA constructs. After 24 h, the cells were placed in RPMI containing
0.5% FBS for 24 h prior to RANKL stimulation. Serum-starved cells were
pretreated with kinase inhibitors, cdk2 inhibitor IT (Calbiochem, catalog no.
219445, 15 pM), Roscovitine (Calbiochem, catalog no. 557360, 15 wM), mitogen-
activated protein kinase (MAPK) inhibitor (SB202190; Calbiochem, catalog no.
559388, 30 wM), PI;K inhibitor (LY294002; Calbiochem, catalog no. 440202, 20
wM), and c-Jun N-terminal kinase (JNK) inhibitor (Calbiochem, catalog no.
420119, 25 pM) for 3 h and were stimulated with 1 wg of RANKL/ml for 3 h. The
cells were then fixed with 4% paraformaldehyde at room temperature for 10 min.
Fixed cells were incubated in blocking solution (3% bovine serum albumin, 3%
goat serum, and 0.5% Tween 20 in PBS) at room temperature for 4 h, followed
by an additional incubation with antihemagglutinin anti-HA) antibody (1:200
dilution; Santa Cruz Biotechnology) and anti-Id2 antibody (1:50 dilution; Santa
Cruz Biotechnology). Subsequently, the cells were stained with Alexa 594-la-
beled anti-mouse and anti-rabbit IgG (Molecular Probes) at room temperature
for 1 h and then stained with Hoechst (10 pg/ml) for 5 min.

RESULTS

RANKL directly induces the proliferation of mammary ep-
ithelial cells. Both rankl ™~ and rank '~ mice show rudimen-
tary alveolar development, but the proliferation of the alveolar
bud epithelium was significantly reduced, as revealed by in situ
immunostaining for proliferating cell nuclear antigen (PCNA)
(9). Implantation of rRANKL-containing pellets restored
PCNA expression in the alveolar epithelial cells of pregnant
rankl™'~ mice, suggesting the critical role of RANKL in the
proliferation of mammary epithelial cells (9). However, it is
not clear whether RANKL directly regulates the proliferation
of mammary epithelial cells or indirectly influences the prolif-
eration via other factors, such as prolactin, progesterone, or
IGF-2 (4). Thus, we tested whether RANKL can directly in-
duce the proliferation of mammary epithelial cells in vitro.
RANKL stimulation resulted in a significant dose-dependent
increase in DNA synthesis by primary mammary epithelial cells
from P14.5 pregnant C57BL/6 mice (Fig. 1). In the mouse
mammary epithelial cell line HC11, we observed significant
proliferation in response to RANKL in a dose-dependent man-
ner, and stimulation of the synchronized HCI1 cells with
RANKL for 12 h led to a marked increase in the percentage of
cells in the S phase, from 18.4% (without RANKL) to 27.7%
(with RANKL) (data not shown). Thus, our data clearly show
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that RANKL directly induces the proliferation of mammary
epithelial cells by triggering cell cycle progression.

Normal cyclin D1 expression in rankl”’~ mammary glands.
The underlying molecular mechanism required for the prolif-
eration of mammary epithelial cells in response to RANKL has
been controversial. While Cao et al. suggested that RANK
signaling leads to NF-«B activation through cyclin D1 in mam-
mary epithelial proliferation, RANKL failed to induce cyclin
D1 activity in primary mammary epithelial cells (4, 6). To test
whether cyclin D1 expression is regulated by RANKL, we
examined cyclin D1 expression in rankl~'~ mammary glands.
As shown in Fig. 2C, immunohistochemistry studies revealed
that cyclin D1 was clearly expressed in mammary epithelial
cells from L1 (lactation day 1) rankl /~ mammary glands (Fig.
2C). Importantly, in Western blots, the levels of cyclin D1 were
even increased in P14.5 and L1 rankl /- mammary glands
compared to of the level in wild-type mammary tissues (Fig.
2G). Taken together, our results suggest that cyclin D1 expres-
sion is not induced in response to RANKL-RANK signaling.

RANKL induces nuclear translocation of the HLH protein
inhibitor, Id2. Since RANKL stimulation of mammary epithe-
lial cells does not lead to cyclin D1 induction, the molecular
mechanism that leads to the proliferation of mammary epithe-
lial cells by RANKL is not clear. The Id proteins (inhibitor of
DNA binding and cell differentiation) are a group of HLH
transcription factors that lack a DNA-binding domain. In par-
ticular, the mammary gland defects in 1d2 mutant mice (26, 28)
resemble those of rankl’~ mice (9) but not cyclin DI/~ mice
(36) (Fig. 3). Moreover, both Id2~/~ and rankl '~ mice share
phenotypes, such as the lack of lymph nodes (19, 43). When we
tested the Id2 protein expression patterns in the mammary
tissues from virgin, pregnant, and lactating C57B/L6 mice, the
1d2 protein level was relatively low in the mammary tissue from
virgin mice. Similar to RANKL (9), the Id2 levels gradually
increased during pregnancy (data not shown). Therefore, we
speculate that there must be a relationship between RANKL
and Id2 in the proliferation of mammary gland epithelial cells
and that Id2 might be a downstream mediator in RANK sig-
naling.

Thus, we tested whether RANKL can regulate Id2 gene
expression. After the RANKL treatment of primary mammary
epithelial cells, the total RNA and protein levels of Id2 were
not changed (data not shown), indicating that RANKL does
not lead to 1d2 induction. Since previous studies suggested that
Id2-regulated cell proliferation is controlled via nuclear trans-
port (25), we investigated whether RANKL treatment would
cause the translocation of I1d2 from the cytosol to the nucleus
in mammary gland epithelial cells. RANKL stimulation in-
duced the marked nuclear translocation of Id2 in p14.5 pri-

FIG. 5. Impaired nuclear translocation of Id2 in rankl~'~ mammary glands. (A) Western blot analysis of 1d2 in rankl™~, rankl™'~, cyclin D17/~

and cyclin DI/~

panels) and rankl~/~ (lower panels) mammary gland epithelial cells. Tissue sections of mammary glands from rank

mammary glands at L1. E-cadherin is shown as a protein loading control (black arrow). (B) Localization of Id2 in rankl™’~ (upper

[/~ and rankl™’~ mice at L1

were stained with anti-Id2 (a to d; green) and anti-E-cadherin (b and d; red) antibodies. Nuclear DNA was stained with PI (a and c; red). Images
were acquired by using a confocal microscope (Leica Dmire2). Note the complete absence of Id2 in the nuclei of rankl /" epithelial cells.
Magnification, X400. The magnified images are shown in the insets. (C) Tissue sections of mammary glands from cyclin D1/~ (upper panels) and
Id2~'~ (lower panels) mice at L1 were stained with anti-Id2 (a to d; red) and anti-E-cadherin (a and c; green) antibodies. Nuclear DNA was stained
with Hoechst (b and d; blue). The specificity of antibody staining for Id2 was confirmed by its absence in Id2~/~ mammary epithelium (c and d).
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FIG. 6. Defective RANKL-mediated downregulation of p21 expression and proliferation in Id2~/~ mammary epithelial cells. (A) Activation of
ERK and I«B in P14.5 Id2*/~ and Id2~/~ mammary epithelial cells after RANKL treatment. Cells were treated with 1 pg of RANKL/ml for the
indicated times. The phosphorylated form of ERK (p-ERK) in whole-cell extracts was detected with the phospho-specific antibody. The membrane
was stripped and probed with antibodies against ERK and IkB-a as indicated. One representative of three independent experiments is shown.
(B) Immunohistochemistry of cyclin D1 from 1d2"'~ (a and b) and Id2"/~ (c and d) mice. Tissue sections of mammary glands from Id2*/~ and
Id27'~ mice at L1 were stained with anti-cyclin D1 (red)/anti-E-cadherin (green) antibodies (a and ¢) and Hoechst (b and d; blue). (C) Proliferation
of mammary epithelial cells. Primary mammary epithelial cells from P14.5 Id2*/~ and Id2~/~ mice were stimulated with the indicated doses of
RANKL for 24 h. Cells were incubated with 1 pCi of [*H]thymidine/ml for the last 12 h of culture, and [*H]thymidine incorporation was measured.
The results are shown as mean values = the standard error of the mean of three separate experiments. []significant difference (P < 0.001).
(D) Western blotting of p21 expression in Id2~/~ primary mammary epithelial cells after RANKL stimulation. Serum-starved primary mammary
epithelial cells from P14.5 Id2"/~ and Id2~/~ mice were stimulated without (—) or with (+) 1 ug of RANKL/ml for 12 h. Actin is shown as a protein
loading control. Relative expression levels of p21 to actin are indicated in the bar graphs. One result, representative of four independent
experiments, is shown. (E) p21 promoter luciferase assays in primary mammary epithelial cells from P14.5 pregnant mice. Mammary epithelial cells
transfected with p21-luciferase were left untreated (CJ) or treated with 1 g of RANKL/ml (m) for 24 h. Luciferase reporter activity was normalized
to Renilla luciferase activity. The results are shown as mean values = the standard error of the mean of five separate transfection experiments. (]
significant difference (P < 0.001).
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mary mammary gland epithelial cells (Fig. 4A and B). To
directly examine the nuclear translocation of 1d2 by RANKL
stimulation, we transfected HC11 cells with HA-tagged 1d2
(HA-Id2). Without stimulation, most of the HA-Id2 was local-
ized in the cytoplasm. In contrast, we observed the nuclear
localization of HA-Id2 upon RANKL stimulation, indicating
that RANKL readily induces the nuclear translocation of 1d2
in mammary gland epithelial cells (Fig. 4C). Taken together,
these data suggested that RANKL may induce proliferation of
mammary gland epithelial cells through the nuclear transloca-
tion of 1d2, a positive regulator of cell cycle progression.

Impaired nuclear localization of Id2 in the mammary
glands of ranki™’~ mice. Since 1d2 might be a downstream
mediator of the RANKL/RANK signaling pathway, we ana-
lyzed the status of Id2 expression in vivo in the mammary
glands of pregnant and lactating rankl '~ mice. The levels of
1d2 protein expression in the mammary glands of lactating (L1)
rankl™'~ females were increased compared to the rankl*’~
mammary glands (Fig. 5SA). Since RANKL did not induce 1d2
gene expression (data not shown), this result suggests that
other factors may induce the gene expression of 1d2 and/or that
increased Id2 expression occurs as a compensatory mechanism
for the loss of RANK signaling. In the mammary tissues of L1
cyclin DI™'~ mice, Id2 expression was not decreased, indicat-
ing the cyclin D1-independent expression of Id2.

Since Id2 acts as a dominant-negative regulator of bHLH
transcription factors through heterodimerization with their
bHLH partners (32) and it changes its subcellular localization
in cell growth regulation (25, 38), we examined the status of
1d2 localization in mammary epithelial cells. In the mammary
epithelial cells of P14.5, P18.5, and L1 rankl*’~ mice, 1d2 was
localized in the nuclei (Fig. 5Ba and b and unpublished data).
In contrast, we could not detect Id2 in the nuclei of mammary
gland epithelial cells of P14.5, P18.5, and L1 rankl™'~ mice,
even in the increased expression (Fig. 5Bc and d and unpub-
lished data). Furthermore, in the mammary tissues of L1 cyclin
DI/~ mice, the nuclear accumulation of 1d2 was readily ob-
served (Fig. 5Ca and b). These data reveal that the loss of
RANKL impairs both the nuclear accumulation and the trans-
location of 1d2 in vivo, independently of cyclin D1.

Impaired proliferation of I1d2~/~ mammary epithelial cells
in response to RANKL. Id2 mutant epithelia display defective
proliferation and increased p21, p27, and cyclin D1 expression
(27, 28). However, the upstream signals that control mammary
epithelial cell growth through the Id2 protein are not known.
Since the nuclear translocation of 1d2 is induced by RANKL
stimulation, it would be interesting to know whether this de-
fective proliferation is due to a defect in RANK signaling. To
test whether Id2~/~ mammary epithelial cells express func-
tional RANK, which is able to activate ERK and NF-kB in
response to RANKL, we stimulated primary mammary epithe-
lial cells with RANKL and evaluated the activation of ERK
and NF-«kB. As shown in Fig. 6A, the phosphorylated forms of
extracellular signal-regulated kinase (ERK) 1 and 2 and the
degradation of IkB-a were readily detected in the mammary
epithelial cells from both P14.5 Id2*'~ and Id2~/~ mice after
RANKL treatment. Thus, the loss of Id2 expression has no
apparent effect on RANKL-mediated ERK phosphorylation
and IkBa degradation. In addition, consistent with the previ-
ous report that cyclin D1 is expressed during pregnancy, we
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readily observed cyclin D1 expression in the mammary epithe-
lial cells of L1 Id2~'~ mice (Fig. 6Bc and d). Importantly, in
spite of the intact RANKL-mediated ERK phosphorylation
and IkB-a degradation, no increase in [*H]thymidine incorpo-
ration was observed in Id2~'~ mammary epithelial cells after
RANKL stimulation, wherecas RANKL stimulation induced a
marked increase of DNA synthesis in primary mammary epi-
thelial cells from 1d2*/~ mice (Fig. 6C). These data indicate
that 1d2 is crucial for the RANKL-induced proliferation of
mammary epithelial cells.

To further confirm that Id2 is a downstream molecule of
RANK signaling in mammary epithelial cell proliferation, we
tested the RANKI-induced downregulation of p21 expression
in primary mammary epithelial cells from mice lacking 1d2. As
shown in Fig. 6D, RANKL treatment of Id2*'~ primary mam-
mary epithelial cells resulted in a 38% decrease in p21 expres-
sion. In contrast, RANKL treatment in Id2 ~/~ primary mam-
mary epithelial cells failed to downregulate the expression of
p21 (Fig. 6D). Consistently, Id2~/~ primary mammary epithe-
lial cells transfected with p21-luciferase did not downregulate
p21-promoter activity after RANKL stimulation, while Id2*/~
primary mammary epithelial cells transfected with p21-lucif-
erase displayed a 40% decrease compared to the control stim-
ulation (Fig. 6E). These data indicate that Id2 mediates the
RANKI -induced downmodulation of p21 expression in mam-
mary epithelial cells. Taken together, these results show that
1d2 is a critical downstream target molecule of RANK signal-
ing that regulates RANKL-mediated cell growth and p21 ex-
pression in mammary epithelial cells.

1d2 nuclear localization in MEC proliferation. To further
examine the importance of the nuclear localization of 1d2 in
MEC proliferation, we generated an HA-Id2 expressing vector
carrying the nuclear localization sequence (NLS) of simian
virus 40 (HA-NLS-Id2). In MCF7 cells cotransfected with HA-
1d2 and p21-luciferase, HA-Id2 was localized in the cytoplasm
in the absence of RANKL stimulation and the p21 promoter
activity was unaffected compared to that of the mock transfec-
tion (Fig. 7A and C). In contrast, HA-NLS-Id2 was localized in
the nuclei (Fig. 7A), and the p21 promoter activity was de-
creased (ca. 40%) in the MCF7 cells transfected with NLS-
HA-Id2 and p21 luciferase (Fig. 7C). Furthermore, when
rankl~’~ MECs from P14.5 mice were transfected with either
HA-Id2 or HA-NLS-1d2, HA-NLS-Id2 was localized in the
nuclei, whereas HA-Id2 was in the cytoplasm (Fig. 7B). Im-
portantly, the rankl~’~ MECs transfected with HA-NLS-1d2
displayed about a 50% decrease in p21 promoter activity (Fig.
7D). These results indicate that the nuclear localization of 1d2
is important for the reduced p21 promoter activity.

Previous studies reported that cyclin E/cdk2 phosphorylates
serine 5 of 1d2 (13), which is critical for the proliferation of
smooth muscle cells (25). To examine whether the RANKL-
induced nuclear translocation of Id2 in mammary epithelial
cells is mediated by cyclin E/cdk2, MCF7 cells transfected with
HA-Id2 were stimulated with RANKL in the presence of the
cdk?2 inhibitors cdk2 inhibitor II and Roscovitine. The nuclear
localization of 1d2 was completely abrogated by cdk?2 inhibitors
(Fig. 7Ec and d), suggesting that cyclin E/cdk2 is important for
the RANKL-induced nuclear translocation of Id2 in mammary
epithelial cells. To test what pathways downstream of RANK
are involved in the 1d2 translocation, MCF7 cells transfected
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FIG. 7. Nuclear localization of Id2 in mammary epithelial cells. (A and B) Localization and p21 promoter luciferase assays of Id2 and
NLS-tagged 1d2. MCF7 cells (A) and primary mammary epithelial cells from rankl '~ P14.5 mice (B) were transiently transfected with HA-1d2
(Id2) and NLS-HA-Id2 (NLS-1d2) constructs and placed in DMEM containing 10% FBS for 48 h. HA epitopes were detected with an anti-HA
antibody, followed by Alexa 488-labeled anti-mouse IgG antibody (A, green) and Alexa 594-labeled anti-mouse IgG antibody (B, red). Nuclear
DNA was stained with PI (A, red) and Hoechst (B, blue). One result, representative of three independent experiments, is shown. (C and D) p21
promoter luciferase assays in MCF7 cells (C) and primary mammary epithelial cells from rankl~'~ P14.5 mice (D). Cells were cotransfected with
p21-luciferase and Id2 constructs and, after 48 h, the luciferase reporter activity was measured and normalized to the Renilla luciferase activity.
The results are shown as mean values = the standard error of the mean of three separate transfection experiments. []significant difference (P
< 0.001). (E) Localization of Id2 in MCF?7 cells after RANKL treatment in the presence of kinase inhibitors. MCF7 cells transiently transfected
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with HA-Id2 were treated with pathway inhibitors prior to
RANKL stimulation. MAPK inhibitor (SB202190) and PI;K
inhibitor (L'Y294002) abrogated the nuclear translocation of
1d2 by RANKL stimulation, but JNK inhibitor did not (Fig.
7Ee to g). These data suggest that RANKL stimulation results
in the nuclear translocation of 1d2 via the activation of cdk2,
which is mediated by PI;K- and MAPK-dependent pathways.

Since cyclin E/cdk2 phosphorylates serine 5 of Id2 (13), we
generated an HA-Id2 mutant with an alanine replacing serine
5 (HA-1d2%°*) and an NLS-tagged HA-Id2%°* (HA-NLS-
1d2%°?) to further examine the importance of the nuclear
translocation of Id2 in mammary epithelial cells. In MCF7 cells
transfected with HA-1d2%°4, it was localized in the cytoplasm
(Fig. 7F). Neither this cytoplasmic localization of 1d25°* nor
the p21 promoter activity were altered, even after RANKL
stimulation (data not shown), suggesting that the cdk2 phos-
phorylation site (serine of the 5) of Id2 is essential for
RANKL-induced nuclear localization. In contrast, all HA-
NLS-1d2%°* was observed in the nuclei in HA-NLS-1d2534-
transfected MCF7 cells (Fig. 7F). Intriguingly, the p21 pro-
moter activity was also decreased in the MCF7 cells expressing
HA-NLS-1d2%°* (Fig. 7G). These results indicate that the nu-
clear localization of Id2 itself is critical for the downregulation
of p21 promoter activity and suggest that RANKL stimulation
leads to the phosphorylation of Id2 via cdk2, which results in its
nuclear localization.

DISCUSSION

RANKUL is a critical molecule for osteoclast development or
activation and skeletal calcium release. In addition, rankl™'~
mice revealed defects in lactating mammary gland formation
due to the impaired survival and proliferation of mammary
gland epithelial cells (9). In the present study, we investigated
the molecular events that lead to the proliferation of mammary
gland epithelial cells through RANKL/RANK signaling. Our
results demonstrated that RANKL directly induces the growth
of mammary gland epithelial cells, a finding consistent with the
in vivo data that rankl~’~ mice displayed impaired prolifera-
tion of mammary gland epithelium during pregnancy (9). Since
both Id2- and IKKa-mutant mice exhibited defects in mam-
mary gland development that are similar to those in RANKL
and RANK deficient mice (6, 9, 28), we speculated that one of
these signaling pathways might be a possible mediator of the
RANKL/RANK-mediated proliferation of mammary gland
epithelial cells. Our results show that the inhibitor of helix-
loop-helix, Id2, is a critical downstream mediator of RANKL/
RANK-induced mammary epithelial cell growth through the
downregulation of p21.

The proliferation and differentiation of mammary alveolar
cells during pregnancy is controlled by the prolactin receptor,
Stat5a, cyclin D1, p27, I1d2, C/EBPB, and RANKL/RANK (5, 8,
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9, 23, 28, 29, 34-36). The prolactin receptor-Jak2-StatSa sig-
naling pathway has been extensively characterized, and prolac-
tin stimulation leads to cyclin D1 induction through IGF-2 (4).
The mammary glands of cyclin D1-deficient mice fail to de-
velop fully during pregnancy (8, 36). P27-null mice also display
a decreased proliferation rate and delayed differentiation (29),
which is reminiscent of the situation in cyclinDI '~ mice. The
combined loss of cyclin D1 and p27 results in overtly normal
mammary gland development, suggesting that cyclin D1 and
p27 function antagonistically (10). Since cyclin D1 and p27
double mutant null mice exhibit normal mammary develop-
ment, it can be assumed that a second pathway is activated in
the absence of both proteins. In the present study, the nuclear
translocation of 1d2 was absolutely impaired in the rankl /'~
mice, and the proliferation of id2~/~ mammary epithelial cells
was severely decreased in response to RANKL stimulation,
indicating that Id2 is a critical mediator in the RANK signaling
pathway. Thus, in addition to the RANK-IKKa-cyclin D1-p27
pathway, we suggest a new critical pathway, RANKL/RANK-
1d2-p21, that leads to the proliferation of mammary epithelial
cells.

Id proteins function as positive regulators of cell prolifera-
tion and negative regulators of cell differentiation (32). Nota-
bly, recent evidences have linked inhibitor of HLH factors to
cell cycle control in a variety of cell types, including natural
killer cells, trophoblasts, oligodendrocytes, and smooth muscle
cells (16, 21, 22, 25, 38). Interestingly, several studies reported
the change in the subcellular localization of the Id2 protein
(25, 38). Especially, in smooth muscle cells, Id2 was translo-
cated to the nucleus, resulting in the enhancement of cell
growth (25). In oligodendrocytes, Id2 was translocated out of
the nucleus into the cytoplasm during oligodendrocyte differ-
entiation, leading to the promotion of cell differentiation (38).
Moreover, the mammary glands of Id2-deficient female mice
showed impaired lobuloalveolar development due to the de-
fective proliferation and survival of epithelial cells (28). In our
experiments, Id2 expression in mammary tissue was upregu-
lated from midpregnancy until the early phase of lactation
(data not shown). Likewise, RANKL expression is observed at
midpregnancy (P12.5) and gradually increases to 1 day of lac-
tation (L1) and is induced by pregnancy hormones such as
prolactin, progesterone, and parathyroid hormone (9). How-
ever, the upstream hormones that cause the upregulation of
the Id2 protein in mammary glands have not been identified,
except a recent report that Id2 is a direct target of C/EBPB
(17). RANKL stimulation of mammary gland epithelial cells
did not trigger Id2 expression (data not shown). Moreover, the
1d2 protein levels were increased in the mammary glands of
pregnant rankl '~ mice, suggesting that other factors related
to pregnancy can induce Id2 gene expression independently of
RANKL expression (data not shown). Surprisingly, despite the
increased levels of Id2 in rankl™’~ mammary tissue during

with the HA-Id2 construct were placed in DMEM containing 1% FBS for 12 h. Serum-starved cells were treated with dimethyl sulfoxide (a and
b) or the indicated kinase inhibitors (c to g) for 3 h. Inhibitor-pretreated cells were untreated (a) or stimulated with 1 wg of RANKL/ml for 3 h
(b to g). HA epitopes were detected with an anti-HA antibody, followed by Alexa 488-labeled anti-mouse IgG antibody (green). Nuclear DNA was
stained with Hoechst (blue). One result, representative of two independent experiments, is shown. (F and G) Localization (F) and p21 promoter
luciferase activity (G) of 1d2%°* and NLS-1d2%°* in MCF7 cells. These experiments were performed as described for panels A and C. One result,
representative of two independent experiments, is shown. Magnification, X400.
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pregnancy, Id2 was localized in the cytosol but excluded from
the nucleus, indicating that RANKL is critical for the nuclear
translocation of Id2. This is consistent with our in vitro data
that RANKL stimulation results in the nuclear translocaliza-
tion of Id2 in both HC11 and primary mammary epithelial
cells. Taken together, our data show that RANKL/RANK ac-
tivation results in the translocation of Id2 to the nuclei of
mammary epithelial cells through cyclin E/cdk2 activation.

RANKL binding to its receptor, RANK, results in NF-kB
activation (1). Recent studies have revealed that NF-«kB is
induced during mammary gland development (7, 11) and that
one of the target molecules is cyclin D1 (12, 15). Indeed,
NF-«B positively regulates mammary epithelial proliferation
and branching during normal mammary gland development
(3). Based on these findings, we speculated that RANKL stim-
ulation of mammary epithelial cells would lead to NF-«kB ac-
tivation and subsequently result in cyclin D1 induction. In fact,
constitutive activation of NF-kB is observed in a number of
breast cancers (2, 31, 37). However, we could not detect any
increase in cyclin D1 induction in in vitro and in vivo experi-
ments, despite NF-kB activation and IkBa degradation after
the RANKL treatment in mammary epithelial cells. In accor-
dance with our in vitro results, Brisken et al. also reported that
RANKL failed to induce cyclin D1 expression, whereas pro-
lactin stimulation led to cyclin D1 induction through IGF-2 (4).
Whether Id2 is involved in the NFkB pathway needs to be
determined.

In the present study, we demonstrated that Id2 function is
regulated by RANK signaling and links RANK activation to
cell cycle progression and p21 modulation. Our findings de-
scribe a new signaling pathway that controls mammary epithe-
lial cell proliferation during pregnancy. Our data also suggest
that the RANKL-RANK-Id2-p21 pathway may cooperate with
the prolactin receptor-IGF2-cyclin D1-p27 pathway to fully
develop mammary gland structures during pregnancy.
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