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Interferon regulatory factor 6 (IRF6) is a novel and unique member of the IRF family of transcription
factors. IRF6 has not been linked to the regulatory pathways or functions associated with other IRF family
members, and the regulation and function of IRF6 remain unknown. We recently identified a protein inter-
action between IRF6 and the tumor suppressor maspin. To gain insight into the biological significance of the
maspin-IRF6 interaction, we examined the regulation and function of IRF6 in relation to maspin in normal
mammary epithelial cells. Our results demonstrate that in quiescent cells, IRF6 exists primarily in a non-
phosphorylated state. However, cellular proliferation leads to rapid IRF6 phosphorylation, resulting in pro-
teasome-dependent IRF6 degradation. These data are supported in situ by the increased expression of IRF6
in quiescent, differentiated lobuloalveolar cells of the lactating mammary gland compared to its expression in
proliferating ductal and glandular epithelial cells during pregnancy. Furthermore, the reexpression of IRF6 in
breast cancer cells results in cell cycle arrest, and the presence of maspin augments this response. These data
support a model in which IRF6, in collaboration with maspin, promotes mammary epithelial cell differentiation
by facilitating entry into the G, phase of the cell cycle.

Interferon regulatory factor 6 (IRF6) is a poorly understood
member of the IRF family of transcription factors. Currently
with nine members, the IRF family plays a critical role in the
innate immune response and has been implicated in numerous
other cellular processes, including tumor suppression, cell cy-
cle regulation, and apoptosis (1, 3, 9, 11, 15, 21, 31). However,
IRF6 has not been implicated in any of the pathways regulating
the activation and function of other IRFs. Although a role for
IRF6 during embryonic development has recently been iden-
tified, its function and regulation remain unknown (12, 14, 26).

We recently reported a protein interaction between IRF6
and maspin (mammary serine protease irhibitor, serpin BY),
based on the yeast two-hybrid system, in human mammary
epithelial cells (2). We demonstrated that, similar to maspin,
IRF6 expression is reduced or absent in breast carcinomas,
suggesting that IRF6 may also possess tumor-suppressive
properties (2). However, a role for IRF6 in the pathogenesis of
breast cancer has not yet been established.

Phosphorylation plays an important role in the regulation and
activation of IRFs (18, 20, 24). We have previously demonstrated
that IRF6 exists in phosphorylated and nonphosphorylated states
within mammary epithelial cells. However, the dual existence of
both phosphorylated and nonphosphorylated forms within the
cytoplasm is contrary to the established paradigm of IRF
regulation and function. We also demonstrated that the
phosphorylation of IRF6 facilitates its interaction with
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maspin, although the significance of the maspin-IRF6 inter-
action remains unknown (2).

Interestingly, phosphorylation of some IRFs not only ren-
ders them active by allowing nuclear translocation but also
serves as a signal for proteasomal degradation (22, 27, 33). The
proteasome is a multisubunit organelle that participates in the
degradation of many cellular proteins, and proteasomal activ-
ity is known to regulate multiple key cellular processes, includ-
ing the cell cycle (4). Recently, pharmacological inhibition of
the proteasome has proven to be a promising therapy for
certain types of cancer (19, 29). Natural proteasome inhibitors
found in fruits and vegetables have also been reported, and
several, including apigenin, have tumor-suppressive properties
(5, 6). Apigenin is also a kinase inhibitor, with known inhibi-
tory activity against phophatidylinositol 3-kinase-Akt, CK2,
and mitogen-activated protein kinase signaling pathways (10,
16, 32).

In this article, we report that the treatment of mammary
epithelial cells with proteasome inhibitors, including apigenin,
results in the phosphorylation of IRF6, while maspin expres-
sion remains unchanged. The evidence suggests that the phos-
phorylation of IRF6 leads to decreased protein stability and is
a signal for proteasome-dependent degradation. We further
demonstrate that cellular proliferation, driven by mitogenic
stimuli, is a key inducer of IRF6 phosphorylation and that cell
cycle arrest reduces IRF6 phosphorylation while simulta-
neously increasing IRF6 protein levels. Notably, this reflects
the differential expression we observe in IRF6 during mam-
mary gland differentiation. Lactation represents the functional
differentiation of mammary epithelial cells and is characterized
by the presence of quiescent, secretory lobuloalveolar cells. In
comparison to IRF6 expression in proliferating mammary ep-
ithelial cells during pregnancy, our data indicate that IRF6
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expression during lactation is more than twofold above that
seen during pregnancy in a murine model. Maspin protein
levels also appear to increase, which is consistent with previous
findings (34). Furthermore, when reexpressed in breast cancer
cells which have lost IRF6 expression, IRF6 induces cell cycle
arrest, and the simultaneous reexpression of maspin synergis-
tically enhances this effect. These data highlight novel func-
tions of IRF6 and suggest an intimate, cooperative role for
maspin and IRF6 as key mediators of cellular proliferation and
differentiation in mammary epithelial cells.

MATERIALS AND METHODS

Cell culture. MCF-10A cells were maintained in complete growth medium
consisting of Ham F-12 and Dulbecco’s modified Eagle’s medium (1:1; Gibco)
supplemented with 5% horse serum (Invitrogen), epidermal growth factor
(EGF) (20 ng/ml; Peprotech), hydrocortisone (0.5 pg/ml; Sigma), insulin (10
pg/ml; Sigma), and cholera toxin (100 ng/ml; Sigma) with penicillin and strep-
tomycin (8). Primary human mammary epithelial cells were purchased from Cell
Applications, Inc., and maintained in defined mammary epithelial cell basal
medium provided by the company. The MLC8891 immortalized human prostate
epithelial cell line was a kind gift from the laboratory of Ruth Sager and Arthur
Pardee of the Dana-Farber Cancer Institute and was maintained in a serum-free
keratinocyte growth medium supplemented with bovine pituitary extract (In-
vitrogen). The human breast cancer cell lines MCF-7 and MDA-MB-231 were
maintained in RPMI medium supplemented with 10% fetal calf serum and
gentamicin. MDA-MB-231 cells stably transfected with green fluorescent pro-
tein-maspin have been described previously (23). The cell cultures were deter-
mined to be free of mycoplasma contamination by using a GenProbe rapid
detection system.

Adenoviral transfection and cell proliferation assay. Cells were seeded at a
density of 500,000 cells per 25 cm?. IRF6 transfection was performed by using the
pacAd5SCMV adenovirus construct developed at the University of ITowa DNA
vector core (supplied at 10e11 particles per milliliter) at various multiplicities of
infection ranging from 250 to 500. For viral infection, cells were treated with
virus in antibiotic-free RPMI medium containing 1% serum for 2 h, after which
RPMI complete medium was added to the cells. The transfection efficiency was
verified by real-time PCR and Western blot analysis. All experiments were
performed at 6 days postinfection. Proliferation was determined by cell counting
using standard techniques. The experiments were performed and analyzed in
triplicate.

Real-time PCR. Real-time PCR was performed using standard protocols (13).
Total RNA was reverse transcribed using an Advantage PCR kit according to the
manufacturer’s instructions (Clontech). Real-time PCR was performed on a
7500 real-time PCR system (Applied Biosystems, Foster City, CA) using
TaqMan gene expression human primer/probe sets for the following genes: IRF6
(Hs00196213_m1), Ki-67 (Hs00606991_m1), and maspin (Hs00184728_m1) (Ap-
plied Biosystems). Briefly, 5 wl cDNA, 1.25 pl 20X gene expression assay mix,
and 12.5 ul 2X TaqMan universal PCR master mix in a total volume of 25 ul
were amplified with the following thermocycler protocol: 1 cycle at 50°C for 2
min, 1 cycle at 95°C for 10 min, and 40 cycles at 95°C for 15 seconds and at 60°C
for 1 min. All data were analyzed with Sequence Detection software (version
1.2.3; Applied Biosystems). The expression of each target gene was normalized
to the expression of an endogenous control gene (glyceraldehyde-3-phosphate
dehydrogenase [ GAPDH], 4333764F; or RPLPO, 4333761).

Cellular fractionation and Western blot analysis. Whole-cell lysate was ac-
quired by using standard lysis techniques. Briefly, cells were washed in cold
phosphate-buffered saline (PBS) and lysed in buffer A (10 mM HEPES [pH 7.9],
1.5 mM MgCl,, 10 mM KCI, 0.5 mM dithiothreitol, 0.1% NP-40 with 2 mM
Na-ortho-vanadate, 2 mM NaF, plus protease inhibitor). The cells were scraped,
and the slurry was briefly sonicated. The cells were then centrifuged at 12,000 X
g for 20 min at 4°C to obtain the whole-cell lysate. Equal amounts of cellular
protein (25 pg) were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (10% resolving gel) and Western blot analysis
using specific antibody to maspin (1:5,000) or IRF6 (1:2,000) as described pre-
viously (2). Other antibodies and dilutions are as follows: beta-actin (1:10,000;
Chemicon International), cyclin D3 (DCS22, 1:2,000; Cell Signaling Technol-
ogy), and proliferating cell nuclear antigen (PCNA) (PC10, 1:1,000; Santa Cruz
Biotechnology). All densitometry analysis was performed using Scion Image
software (Scion Corporation).
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Immunofluorescence and microscopy. MCF-10A cells were seeded onto glass
coverslips for growth and treatment. The cells were fixed and stained as de-
scribed previously (2). Briefly, the cells were washed 3X in PBS and fixed in
100% ice-cold methanol for 5 min. Following fixation, the cells were again
washed 3X in PBS and blocked with 10% goat serum in PBS for 1 h. Primary
antibody was then added and incubated for 1 h. Following incubation, the cells
were washed 3 in PBS and incubated with the secondary antibody for 1 h. The
cells were then washed 3 in PBS and mounted onto glass slides with gelvatol.
The primary antibody for IRF6 was used at 1:100 and for E-cadherin at 1:500.
Alexa Fluor 663-conjugated goat anti-rabbit secondary antibody and Alexa Fluor
488-conjugated donkey anti-mouse secondary antibody (Molecular Probes) were
used at 1:500. All immunofluorescence images were acquired by using a Zeiss
510 META laser scanning confocal microscope.

Pulse-chase and coimmunoprecipitataion assays. For the ubiquitin coimmu-
noprecipitation assay, 500 ug total protein from whole-cell extracts from MCF-
10A cells was incubated with 2 pg antiubiquitin antibody (monoclonal antibody
clone 403B; Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C with
gentle rotation. Antibody complexes were eluted with anti-mouse antibody im-
munoprecipitation beads (eBioscience, San Diego, CA) for 1 h at room temper-
ature according to the manufacturer’s instructions. Complexed beads were
washed three times in PBS, and the complexes were eluted by boiling beads in 2X
sample buffer with SDS for 10 min. The elution was evaluated by SDS-PAGE
using a 10% gel and subsequent Western blot analysis for IRF6.

The pulse-chase assay was performed using MCF-10A cells grown to either
75% or 100% confluence. The cells were then maintained in methionine-free
RPMI 1640 (Gibco) plus 5% dialyzed fetal calf serum, EGF (20 ng/ml), hydro-
cortisone (0.5 wg/ml), insulin (10 pwg/ml), and cholera toxin (100 ng/ml) for 24 h.
The cells were then exposed to 75 mCi Easytag L-[>>S]methionine (Perkin Elmer)
overnight, followed by a chase with nonlabeled methionine in excess (2 mM).
Cell lysis and immunoprecipitation were performed as described above. Five
microliters IRF6 MaxPab polyclonal antibody (Abnova) was used for the immu-
noprecipitation assay.

Animal husbandry and immunohistochemistry. C57/Black6 female mice from
Harlan (Indianapolis, IN) were kept according to International Animal Care and
Use Committee (IACUC) standards and practices. Mice were euthanized at
mid-pregnancy and 7 days postparturition following anesthetization with 10%
ketamine-xylazine in PBS (ketamine, 100 mg/kg of body weight, and xylazine, 10
mg/kg). Pectoral and inguinal groups of mammary glands were removed, fixed in
10% neutral buffered formalin for 19 h, and embedded in paraffin. Tissue sam-
ples were sectioned at 4 pm, deparaffinized, and subjected to a water bath
antigen-recovery protocol using citrate buffer (pH 6.0). Maspin and IRF6 ex-
pression were determined on a Dako Autostainer using a Vectastain universal
elite ABC peroxidase kit (Vector Laboratories, Inc.). Antibody to maspin was
used at a 1:200 dilution. Antibody to IRF6 was used at a 1:1,200 dilution, as
previously described (2). Diaminobenzidine (DAB) was used to visualize antigen
immunoreactivity. Slides were counterstained with Mayer’s hematoxylin for 5
min, followed by dehydration in ethanol and xylene, and cover-slipped with
permanent mounting medium. Slides, including the negative controls, represent
serial sections. The relative staining intensity of DAB was quantified using a
cyan-magenta-yellow-black (CMYK) color model adapted from a model by
Pham et al. (25). Briefly, the chromogen intensity, based on a 0 to 255 scale, was
determined from the yellow channel of a CMYK color image. Using Adobe
Photoshop CS software, stained cells were selected by inversely selecting high-
lighted (white) areas. The mean intensity of the selected area was then measured
for the yellow channel of the CMYK image. The inverse of the intensity was
normalized and graphed using Microsoft Excel software. Images were captured
with a Leica DM 4000B microscope mated to a Leica DFC480 5.0 megapixel
charge-coupled-device camera.

RESULTS

Because phosphorylation is an important step in the activa-
tion and function of IRFs, we employed the natural kinase
inhibitor apigenin to evaluate its effects on IRF6 phosphory-
lation. Surprisingly, treatment of the mammary epithelial cell
line MCF-10A with apigenin resulted in an increase in IRF6
phosphorylation (denoted by the upper band of a doublet in
Western blotting) (2), suggesting an alternate mechanism
apart from apigenin’s kinase-inhibitory properties (Fig. 1A).
Importantly, maspin expression appeared unchanged. As an
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FIG. 1. Proteasomal inhibition induces IRF6 phosphorylation.
(A) Western blot analysis of MCF-10A cells treated with two different
concentrations of apigenin (api) for 18 h. The IRF6 doublet represents
phosphorylated (upper band, denoted by “p”) and nonphosphorylated
(lower band, denoted by “np”) forms. Phospho-Akt (p-Akt) levels
verify apigenin function and act as an internal control. (B) Western
blot analysis of MCF-10A cells treated with proteasome inhibitors
MG-132 (0.5 M) and epoxomicin (0.5 uM), the lysosomotropic agent
chloroquine (50 wM), and the vehicle dimethyl sulfoxide (DMSO). All
treatments were performed for 18 h. Densitometry represents the ratio
of IRF6 to actin. (C) Western blot analysis demonstrating similar
effects of proteasomal inhibition on IRF6 expression and phosphory-
lation in primary human mammary epithelial cells (HMEpC) and the
nontransformed human prostate cell line MLC8891. +, present; —,
absent. (D) Immunofluorescence analysis of MCF-10A cells grown on
glass coverslips and treated with MG-132 (0.5 pM, 18 h). IRF6 is
shown in red. E-cadherin (green) was used to highlight cellular archi-
tecture. 4',6'-Diamidino-2-phenylindole was used to counterstain the
nuclei (blue). Images were acquired on a Zeiss 510 META confocal
microscope with a total optical magnification of X630 with an addi-
tional 2.5X scan zoom. Bar represents 10 pwm.

internal control, a decrease in phospho-specific Akt levels ver-
ified apigenin activity.

Based on apigenin’s reported proteasome inhibitory prop-
erties, we tested whether the increase in IRF6 phosphorylation
could be replicated following proteasomal inhibition. MCF-
10A cells were treated with two well-characterized proteasome
inhibitors (MG-132 and epoxomicin) for 18 h, and IRF6 phos-
phorylation was assayed by Western blotting (Fig. 1B). Similar
to the effects of apigenin, proteasomal inhibition resulted in
the phosphorylation of nearly the entire cellular pool of IRF6,
whereas maspin again appeared to be unaffected by the treat-
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ment. Densitometric analysis further revealed a moderate in-
crease in total IRF6 protein levels following proteasomal in-
hibition. Notably, an increase in IRF6 phosphorylation was not
observed following treatment with chloroquine, a lysosomo-
tropic agent which disrupts normal lysosomal function, despite
a similar increase in IRF6 protein levels. Proteasomal inhibi-
tion induced a similar effect on IRF6 in primary human mam-
mary epithelial cells (HMEpC) and the normal prostate cell
line MLC8891, demonstrating that these effects are not cell
type or tissue specific (Fig. 1C). The increase in IRF6 protein
levels induced by MG-132 was confirmed by immunofluores-
cence microscopy, which also demonstrates the cytoplasmic
localization of phosphorylated IRF6 following proteasomal in-
hibition (Fig. 1D).

The proteasome plays a critical role in cell cycle regulation,
and therefore, we tested whether cellular proliferation altered
the phosphorylation status of IRF6. Following the induction of
cell cycle arrest in MCF-10A cells by serum deprivation, phar-
macological cell cycle inhibition, or cell contact-dependent cell
cycle arrest, the status of IRF6 phosphorylation was assessed
by Western blotting (Fig. 2A). Interestingly, quiescent cells
predominantly expressed nonphosphorylated IRF6. Further-
more, total IRF6 protein levels were notably increased in ar-
rested cells compared to their levels in asynchronous cells in
growth phase (50% confluent), indicating that cell prolifera-
tion directly regulates IRF6 protein expression and phosphor-
ylation and suggesting that the phosphorylation of IRF6 may
lead to decreased protein stability and/or targeted protein deg-
radation. We employed real-time PCR to ascertain whether
increased IRF6 mRNA expression might account for a portion
of the total increase in IRF6 protein levels (Fig. 2B). Impor-
tantly, only the serum-starved cells demonstrated a substantial
increase in IRF6 mRNA, suggesting that the increase in IRF6
protein in confluent or MG-132-treated cells results from in-
creased protein stabilization and/or a decrease in targeted deg-
radation. The increase in IRF6 protein levels was verified by
immunofluorescence microscopy (Fig. 2C).

We next evaluated the relative stability of the IRF6 protein
in proliferating versus quiescent MCF-10A cells using a pulse-
chase assay. Our results demonstrate a substantial reduction of
radiolabeled IRF6 in proliferating cells following a 30-min
chase, whereas radiolabeled IRF6 remains detectable follow-
ing a 6-h chase in confluent cells (Fig. 2D). Notably, the upper
(phosphorylated) IRF6 band appears to diminish more quickly
than the lower band, suggesting an increased stability of non-
phosphorylated IRF6.

Since IRF6 expression and phosphorylation appear to be
regulated by cell proliferation, we next investigated at what
stage of the cell cycle IRF6 becomes phosphorylated. MCF-
10A cells were synchronized by serum deprivation, and IRF6
phosphorylation was analyzed at multiple time points following
the readdition of serum. The results shown in Fig. 3A demon-
strate that IRF6 phosphorylation is an early event in cell cycle
progression, with maximal IRF6 phosphorylation occurring 30
min to 1 h following the addition of serum. Importantly, by 2 h,
total IRF6 protein levels appeared to steadily decline, as de-
termined by densitometric analysis. This was achieved primar-
ily through a decrease in phosphorylated IRF6 levels, whereas
the level of nonphosphorylated IRF6 appeared to change very
little following the initial decrease coincident with serum ad-
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FIG. 2. Cell cycle arrest causes an increase in IRF6 protein levels and a reduction in IRF6 phosphorylation. (A) Western blot analysis of
MCEF-10A cells comparing proliferating cells (growth phase; 50% confluent) to quiescent cells arrested by serum starvation (—serum; 48 h),
cell-cell contact inhibition (confluent; 96 h), or pharmacological cell cycle inhibition following treatment with the cyclin-dependent kinase inhibitor
purvalanol A (+Purvalonol A; 10 pM, 18 h). Expression of PCNA was used as an indicator of quiescence. *, reduced exposure time demonstrating
the prominence of the nonphosphorylated form of IRF6. p, phosphorylated; np, nonphosphorylated. (B) Real-time PCR results comparing IRF6
mRNA levels of proliferating versus quiescent cells. mRNA expression of the proliferation marker Ki-67 was used to verify cell cycle arrest.
Treatment of cells was identical to that described for panel A. #**, P = (.01 based on Student’s ¢ test comparing IRF6 mRNA expression to that
in proliferating cells (growth phase). Error bars show standard deviations. (C) Immunofluorescence microscopy comparing proliferating MCF-10A
cells (growth phase) with nonproliferating cells arrested by serum starvation (—serum; 48 h), contact inhibition (confluent; 96 h) or pharmaco-
logical inhibition (+Purvalanol A; 18 h). IRF6 is shown in red. E-cadherin (green) was used to highlight cellular architecture. 4',6'-Diamidino-
2-phenylindole was used to counterstain the nuclei (blue). *, actively dividing cells. Bar represents 10 wm. (D) Pulse-chase analysis of IRF6 protein
stability. MCF-10A cells were pulsed with L-[*>S]methionine followed by a cold methionine chase for the indicated time points. Radiolabeled IRF6
was immunoprecipitated and evaluated by SDS-PAGE. The presence of IRF6 protein (total IRF6) was confirmed by subsequent Western blot

analysis. Densitometry represents radiolabeled IRF6 at 30 min, 1 h, or 6 h compared to that at 0 min.

dition. Importantly, the decrease in IRF6 expression occurred
concomitantly with the appearance of cyclin D3, an important
marker of the G, phase of the cell cycle. Maspin levels were
not significantly altered over the 18 h following the serum
addition. These data support the possibility that IRF6 phos-
phorylation may facilitate its degradation, which in turn may
allow progression from G, (quiescence) to the G, phase of the
cell cycle.

To test whether IRF6 phosphorylation results in protein
degradation via a proteasome-dependent pathway, serum was
added to synchronized MCF-10A cells in the presence or ab-
sence of the proteasome inhibitor MG-132. Consistent with
previous results, IRF6 protein levels noticeably decreased in
the absence of MG-132 after 6 h following serum addition.
However, in the presence of MG-132, total IRF6 protein levels
were unchanged over 6 h, even though IRF6 was phosphory-
lated (Fig. 3B). Interestingly, in the absence of serum, MG-132
retained its ability to induce IRF6 phosphorylation. The exact

mechanism for the phosphorylation of IRF6 following protea-
somal inhibition in quiescent cells is not known.
Polyubiquitination of the target protein is the most common
signal for proteasome-mediated degradation. To test whether
IRF6 is ubiquitinated following phosphorylation, we per-
formed coimmunoprecipitation analysis with an antiubiquitin
antibody, in which we compared serum-starved cells (nonphos-
phorylated IRF6) with serum-stimulated cells (phosphorylated
IRF6). Figure 3C demonstrates that ubiquitin conjugation spe-
cifically occurs on phosphorylated IRF6 in serum-stimulated
cells, which supports the hypothesis that the phosphorylation
of IRFG6 is a signal for proteasome-mediated degradation.
We next sought to identify the serum component responsible
for IRF6 phosphorylation in MCF-10A cells. Because IRF6
phosphorylation occurs quickly after serum stimulation, we
tested whether the mitogenic signaling of EGF, insulin, or
hydrocortisone affected IRF6 phosphorylation. When added in
concentrations similar to those present in complete growth
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FIG. 3. IRF6 protein expression and phosphorylation are regulated
by the cell cycle in a proteasome-dependent manner. (A) Western blot
analysis depicting changes in IRF6 phosphorylation and expression
upon addition of serum to synchronized MCF-10A cells. Time 0 (0 h)
represents 48 h of serum starvation, with each subsequent time point
indicating time elapsed following serum addition. Densitometry rep-
resents the ratio of IRF6 or maspin to actin. (B) Western blot analysis
demonstrating the effects of MG-132 on IRF6 expression and phos-
phorylation in the presence and absence of serum. (C) Coimmunopre-
cipitation of whole-cell lysate from MCF-10A cells either serum-
starved for 48 h (—serum) or stimulated for 1 h with growth medium
(+serum). Complexes were immunoprecipitated (IP) with antiubiq-
uitin antibody, and the resulting elution was analyzed by SDS-PAGE
and Western blot probed for IRF6. (D) Western blot analysis of IRF6
expression and phosphorylation following various mitogenic stimuli.
Growth medium consisted of Dulbecco’s modified Eagle’s medium-
F12 (1:1) supplemented with 5% horse serum, EGF (20 ng/ml), hy-
drocortisone (0.5 pg/ml), and insulin (10 wg/ml). “I/H/E” represents
the addition of insulin, hydrocortisone, and EGF at the same concen-
trations used in the growth medium but in the absence of serum. The
serum supplement MitoPlus was used at 1:1,000. Bovine serum and
charcoal-dextran-stripped serum (hormone depleted) were used at
10%. p, phosphorylated; np, nonphosphorylated; +, present; —, ab-
sent.

medium, these growth factors were not sufficient to induce
rapid IRF6 phosphorylation (Fig. 3D). Furthermore, neither
the serum supplement MitoPlus, which contains an assortment
of growth factors and hormones, nor charcoal-dextran-stripped
serum were able to efficiently induce IRF6 phosphorylation.
Expectedly, maspin levels remained constant. We are currently
working to identify the unknown serum component(s) respon-
sible for the induction of IRF6 phosphorylation.

Mammary gland development and differentiation are char-
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FIG. 4. IRF6 expression is maximal during lobuloalveolar differenti-
ation (lactation). (A) Immunohistochemistry demonstrating increased
IRF6 immunoreactivity during lactation compared to immunoreactivity
during pregnancy. Wild-type C57/Black6 mice were harvested at mid-
pregnancy and 7 days postparturition. Expression is visualized by the
staining intensity of DAB. Slides are counterstained with Mayer’s hema-
toxylin. The negative control inset represents staining with secondary
antibody only. Slides, including the negative control, represent serial sec-
tions. Bar represents 200 wm. Total magnification is X200. Pictures were
acquired with a Leica DM 4000B microscope mated to a Leica DFC480
charge-coupled-device camera. (B and C) The relative mean intensity of
DAB indicating IRF6 or maspin was quantified by using a CMYK color
model adapted from a model by Pham et al. (25), based on the chromogen
intensity determined from the yellow channel of a CMYK color image.

acterized by heightened periods of proliferation (during preg-
nancy) prior to the functional differentiation of the secretory
lobuloalveolar cells which comprise the lactating gland. We
therefore sought to confirm our findings in situ using immu-
nohistochemistry to compare IRF6 expression levels during
pregnancy and lactation in mice. The results shown in Fig. 4A
demonstrate a noticeable increase in IRF6 immunoreactivity
in the lactating lobuloalveolar cells compared to the IRF6
immunoreactivity in ductal and glandular epithelial cells dur-
ing pregnancy. A mild increase was also observed in maspin
expression, an observation which coincides with the findings in
a previous report showing maximal expression of maspin
mRNA during lactation in the differentiating gland (34).
Quantification of the relative mean intensity of the staining
indicated a greater-than-twofold increase in IRF6 immunore-
activity, which is very similar to the increase observed as MCF-
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10A cells become confluent in culture (Fig. 4B and Fig. 2A and
C, respectively).

These findings led us to postulate that IRF6 is an important
component of cell cycle regulation. Hence, we evaluated the
effects of IRF6 reexpression on cell proliferation in breast
cancer cells which no longer express readily detectable
amounts of IRF6. Proliferation assays comparing IRF6-trans-
fected breast cancer cells with control cells revealed a signifi-
cant reduction in total cell number(s) following IRF6 transfec-
tion (Fig. 5A). In both poorly aggressive MCF-7 and highly
aggressive MDA-MB-231 breast cancer cells, the reexpression
of IRF6 reduced cellular proliferation by more than 40%.
Furthermore, the reexpression of maspin in combination with
IRF6 synergistically augmented the growth-inhibitory effects of
IRF6, with the most-pronounced effect occurring in the highly
aggressive cells, where the total cell number was reduced by
nearly 90%. Importantly, MCF-7 and MDA-MB-231 cells sta-
bly transfected with maspin alone do not exhibit significantly
altered doubling times. Real-time PCR analysis of IRF6-trans-
fected MCF-7 cells indicated an 80% reduction in the cell
proliferation marker Ki-67, suggesting an important role for
IRF6 in promoting cell cycle arrest (Fig. 5C).

DISCUSSION

We recently reported a novel protein interaction between IRF6
and maspin, a tumor suppressor in the mammary gland. Both
proteins are generally lost during the development of breast can-
cer, and an increased understanding of maspin and IRF6 function
may yield novel diagnostic and therapeutic approaches. In this
study, we present data which demonstrate that IRF6 protein
expression and phosphorylation are regulated concurrently with
the cell cycle in a proteasome-dependent manner, whereas
maspin protein expression is not significantly altered. Further-
more, we demonstrate that the reexpression of IRF6 in breast
cancer cells results in decreased proliferation, and this effect is
augmented by the presence of maspin. When taken together,
these findings suggest a novel role for IRF6, together with
maspin, in regulating mammary epithelial cell proliferation.

The regulation of IRF6 protein expression by the protea-
some is not unique among IRF family members, since protea-
somal degradation, initiated by IRF phosphorylation, is em-
ployed to regulate the protein expression of several IRFs (18,
22,27, 33). Our study has shown that the proteasome regulates
IRF6 in at least two different ways. First, the proteasome
appears to be directly involved in regulating IRF6 phosphory-
lation, since inhibition of the proteasome resulted in IRF6
phosphorylation even in the absence of a mitogenic stimulus.
One possible explanation is that the kinase responsible for
IRF6 phosphorylation is also regulated by the proteasome in a
cell cycle-dependent manner. Thus, inhibition of the protea-
some in quiescent cells would result in an increase in kinase
expression, thereby inducing an increase in IRF6 phosphory-
lation. However, it is also possible that the phosphorylation of
IRF6 following proteasomal inhibition is secondary to the in-
duction of other stimuli initiated by the inhibition of the pro-
teasome, such as apoptosis. Further studies are required to
definitively identify the cause of IRF6 phosphorylation result-
ing from proteasomal inhibition.

Second, proteasomal inhibition results in an increase in
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FIG. 5. IRF6 reexpression promotes cell cycle arrest in cancer cells.
(A) Proliferation assay of poorly invasive (MCF-7) or highly invasive
(MDA-MB-231) breast cancer cells infected with IRF6-expressing ad-
enovirus (Ad IRF6) in the presence or absence of maspin, compared
to Ad controls. Cells were counted 6 days postinfection. (B) Western
blot analysis depicting the relative expression of Ad-transfected IRF6
or stably transfected maspin-green fluorescent protein (GFP) in
MCEF-7 and MDA-MB-231 cells. +, present; —, absent; p, phosphory-
lated; np, nonphosphorylated. (C) Real-time PCR results demonstrat-
ing the inverse correlation between IRF6 reexpression in MCF-7
breast cancer cells and the cellular proliferation marker Ki-67. Error
bars represent the standard deviations of the results of three indepen-
dent experiments. **, P < 0.01 based on Student’s ¢ test.

IRF6 protein levels similar to that seen in serum-starved, con-
fluent, and purvalanol A-treated samples. Whereas the in-
crease in nonphosphorylated IRF6 resulting from quiescence
or cell cycle arrest is probably due to decreased protein turn-
over and may be augmented in some cases by increased IRF6
mRNA, the increase in phosphorylated IRF6 in MG-132-
treated cells likely results from direct blocking of the protea-
somal degradation of phosphorylated IRF6. We hypothesize
that the regulation of IRF6 expression occurs primarily at the
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QuiesceNce AND DIFFERENTIATION
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FIG. 6. Model depicting the function and regulation of IRF6 pro-
tein expression and phosphorylation. Nonphosphorylated IRF6 pro-
motes differentiation and entry into the G, stage. During this stage, the
unknown IRF6 kinase is targeted for degradation by the proteasome.
Upon receipt of a proliferation signal, degradation of the IRF6 kinase
is ablated and expression of the kinase increases, leading to IRF6
phosphorylation (P). Phosphorylated IRF6 is either targeted for pro-
teasomal degradation or is sequestered by maspin, which may regulate
IRF6 function and preserve IRF6 expression. Arrows depicting differ-
entiation signals are shown in red, while those depicting cell prolifer-
ation signals are shown in green. Ub, ubiquitin.

protein level, and our data demonstrate that the phosphoryla-
tion of IRF6 is a key step toward IRF6 ubiquitination and
suggest that IRF6 phosphorylation is a signal for its degrada-
tion. Furthermore, the expression of IRF6 appears to be reg-
ulated by the growth status of the cell. Both cell cycle arrest
(induced by purvalanol A, a selective inhibitor of cdkl and
cdk?2) and cellular quiescence (induced by serum starvation or
cell contact-mediated arrest) were sufficient to cause a buildup
of IRF6 protein levels. The high PCNA expression in purval-
anol A-treated cells demonstrates that these cells have not
entered the G, phase but are arrested in the cell cycle, since
PCNA synthesis occurs early in the G, phase, while cdkl and
cdk2 (targets of purvalanol A) act primarily at the transition
stages of G, to S and G, to M, respectively (28). These findings
suggest that active cycling through all phases of the cell cycle
facilitates IRF6 degradation, whereas cell cycle arrest (natural
or pharmacologically induced) is sufficient to increase IRF6
protein stability.

Cell cycle regulation by other IRFs establishes precedence
for the involvement of IRF6 in this process. Specifically, IRF5
has been shown to induce G,/M cell cycle arrest concomitant
with the induction of proapoptotic genes in B-cell lymphomas,
and IRF2 is involved in aspects of the G,/S phase transition in
HeLa cells (1, 3). Our data support a model (depicted in Fig.
6) in which the buildup of nonphosphorylated IRF6 promotes
quiescence (an important step toward functional differentia-
tion) through entry into the G, phase of the cell cycle. Upon
transition from G, to G, following a mitogenic stimulus, the
degradation of the unknown IRF6 kinase is mitigated, leading
to an increase in kinase activity and the resultant increase in
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IRF6 phosphorylation, thus targeting IRF6 for proteasome-
mediated degradation. This is followed by an increase in cyclin
D3 (Fig. 3A) and progression through the G, phase.

Coordination between proliferation and differentiation is
critical for proper mammary gland development and function,
with the two processes often antagonistic. By initiating entry
into the G, phase of the cell cycle, IRF6 may promote cellular
differentiation in mammary epithelial cells. We report the dif-
ferential expression of IRF6 in murine mammary epithelial
cells during pregnancy and lactation. IRF6 is maximally ex-
pressed in lobuloalveolar cells during lactation, which repre-
sents the pinnacle of functional differentiation for mammary
epithelial cells. Expectedly, IRF6 is only weakly expressed in
ductal and glandular epithelial cells during pregnancy, which is
characterized by heightened proliferation and ductal out-
growth. Maspin expression follows a similar, albeit less-dra-
matic trend. These in situ findings support a putative role for
IRF6, likely in cooperation with maspin, in regulating cell
growth and promoting the differentiation of mammary epithe-
lial cells. This hypothesis is consistent with two recent reports
which demonstrate that the Irf6 knockout mutation in mice is
perinatally lethal, resulting in a severe skin phenotype charac-
terized by abnormal keratinocyte differentiation and un-
checked proliferation (12, 26). This is also in line with the
probable role for IRF6 in palatal fusion, during which the
terminal differentiation of the medial edge epithelium may be
critical for proper palatal fusion (14, 30).

This study further enhances our understanding of the rela-
tionship between IRF6 and maspin, although a precise role for
maspin remains somewhat unclear. Interestingly, a limited
number of reports have previously implicated maspin in pro-
teasome regulation and function (7, 17). Chen and colleagues
demonstrated that maspin reexpression in breast carcinoma
cells down-regulated the 35 subunit of the proteasome, which
effectively decreased chymotrypsin-like proteasomal activity in
these cells. Maspin’s ability to regulate proteasome function
may provide an alternate mechanism for its regulation of IRF6.
Furthermore, because maspin is known to promote epithelial
differentiation, it is possible that the maspin-IRF6 interaction
may serve to regulate the proliferation-differentiation ex-
change (23). The fact that maspin synergizes IRF6-induced
growth-regulatory effects on breast cancer cells suggests a co-
operative role for maspin and IRF6 in regulating cell prolifer-
ation. Paradoxically, we have previously demonstrated that the
reexpression of maspin in invasive MDA-MB-231 breast can-
cer cells mitigates the genotypic effects induced by IRF6 reex-
pression, suggesting a complex and coordinated regulation of
various cellular functions (2). Because maspin preferentially
interacts with phosphorylated IRF6, it is possible that the in-
teraction serves to sequester and protect a portion of IRF6
from proteasomal degradation, which could rapidly promote
cell cycle arrest (as depicted by the model in Fig. 6). This would
allow maspin to oversee proliferation and differentiation in
mammary epithelial cells through the regulation of IRF6 ex-
pression. Further work is necessary to ascertain the function of
the maspin-IRF6 protein interaction and the effects induced by
the loss of these two proteins in breast cancer.

There remain several important questions regarding IRF6
regulation and function in mammary epithelial cells. First, the
exact stimulus to signal IRF6 phosphorylation remains un-
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known. The inability of specific growth factors, such as EGF or
the serum supplement MitoPlus, to elicit a rapid effect on
IRF6 phosphorylation invites the possibility that other serum
components may be responsible. However, the inability of
charcoal-dextran-stripped serum to induce IRF6 phosphoryla-
tion suggests that serum hormones may play a role. The most-
pronounced effect was observed following the addition of com-
plete growth medium, suggesting that a combination of factors
which efficiently induce proliferation may be necessary for
IRF6 phosphorylation. It is important to note that, while treat-
ment with EGF alone strongly induces mitogen-activated pro-
tein kinase signaling through extracellular signal-regulated ki-
nases 1 and 2, this signal is not sufficient to efficiently induce
cell proliferation in MCF-10A cells, compared to the effects of
complete growth medium. Second, the link between IRF6 and
the cell cycle is not clear. Following the paradigm established
by other IRFs, the phosphorylation of IRF6 would result in
activation prior to degradation. Because IRF6 phosphorylation
occurs early during the transition from G, to Gy, it is possible
that phosphorylated IRF6 may act to facilitate exit from G,
prior to its degradation. However, the buildup of IRF6 protein
during quiescence and the ability of reexpressed IRF6 to dra-
matically reduce cell proliferation in poorly aggressive
(MCF-7) and highly invasive (MDA-MB-231) breast cancer
cells suggest that IRF6 may actively promote cell cycle arrest,
perhaps by prompting entry into the G, phase. Third, the
cytoplasmic localization of IRF6 following phosphorylation re-
mains a conundrum. It is known that mutations in amino acid
residues within the IRF6 DNA binding domain which are
predicted to directly interact with DNA result in a more-severe
syndrome (popliteal pterygium syndrome) than other muta-
tions in the Irf6 gene that cause Van der Woude syndrome
(14). This would suggest that IRF6-DNA interactions are im-
portant, yet IRF6 is not readily observed in the nucleus at any
stage of the cell cycle or during quiescence. We are currently
working to address these important issues.

In summary, we present data which suggest a novel and
important role for IRF6 in regulating the proliferation and
differentiation of mammary epithelial cells. These data high-
light important new findings regarding mammary epithelial cell
differentiation and support the hypothesis that IRF6 acts in
collaboration with maspin as a regulator of cellular prolifera-
tion. Increased understanding of these growth-regulatory path-
ways will further our knowledge of cancer development and
progression and may lead to novel therapeutic and/or diagnos-
tic tools for breast cancer.
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