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Abstract CCAAT/enhancer binding protein d (C/EBPd) plays a key role in mammary epithelial cell G0 growth arrest.
C/EBPd gene expression is down-regulated in rodent mammary tumorigenesis and in human breast cancer, suggesting that
‘‘loss of function’’ alterations in C/EBPd gene expression are common in mammary gland malignancies. The goal of this
study was to systematically investigate the mechanisms controlling C/EBPd gene expression in MCF-10A and MCF-12A
human mammary epithelial cell lines. The results demonstrate that G0 growth arrest conditions (i.e., serum and growth
factor withdrawal or Oncostatin M (OSM) treatment) result in the activation of JAK1, JAK2, and Tyk 2, members of the Janus
kinase family of non-receptor tyrosine kinases, in MCF-10A and MCF-12A cells. Growth arrest or OSM treatment also
specifically increases activated (phosphorylated) signal transduction and activators of transcription 3 (STAT3) levels,
demonstrating that STAT3, not STAT1 or STAT5, is the downstream target of the activated Janus kinases in MCF-10A and
MCF-12A cells. Whole cell lysates from G0 growth arrested (GA) and OSM-treated MCF-12A cells exhibit increased acute
phase response element (APRE) binding compared to lysates from growing (GR) MCF-12A cells. Transient transfection
using C/EBPd promoter-luciferase constructs demonstrated that the APRE (STAT3) consensus binding site is essential for
growth arrest or OSM induction of the C/EBPd promoter. Mutation of the C/EBPd promoter STAT3 site or expression of a
dominant negative STAT3 construct (STAT3b) reduces C/EBPd promoter activity in response to growth arrest conditions.
The human C/EBPd promoter also contains an Sp1 site at�61 bp (relative to the transcriptional start site) which is required
for basal transcriptional activation. Mutation or deletion of the Sp1 site decreases promoter activity in response to growth
arrest conditions. Treatment with the transcriptional inhibitor actinomycin D demonstrated that the C/EBPd mRNA
exhibits a relatively short half-life (�40 min). Similarly, treatment with the translational inhibitor anisomysin demonstrated
that the C/EBPd protein half-life was also relatively short (�160 min). These results indicate that the humanC/EBPd gene is
controlled at multiple levels, consistent with a role for C/EBPd in cell cycle control and/or cell fate determination. J. Cell.
Biochem. 93: 844–856, 2004. � 2004 Wiley-Liss, Inc.
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Mammalian cells exit the cell cycle and enter
G0 growth arrest in response to environmental
conditions, such as the presence of specific
growth inhibitors, removal of growth stimuli,
or contact inhibition [Pardee, 1989; Ford and
Pardee, 1999]. Alterations in G0-specific signal-
ing pathways, or the genes that function in the
initiation andmaintenance of G0 growth arrest,
can result in aberrant cell proliferation and pro-
gression to neoplasia. The Von Hippel–Lindau
(VHL) tumor suppressor gene, for example,
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functions in cell cycle exit/G0 entry in response
to serum and growth factor withdrawal [Pause
et al., 1998]. Hereditary loss of the VHL tumor
suppressor gene predisposes individuals to a
rare cancer syndrome characterized by an in-
creased incidence of renal cell carcinomas, phe-
ochromocytomas, and vascular tumors [Latif
et al., 1993; Baba et al., 2003].
We previously reported that CCAAT/enhan-

cer binding protein d (C/EBPd) functions in cell
cycle exit/G0 entry in mouse and human
mammary epithelial cells, and that ectopic
C/EBPd expression inhibits in vitro mammary
epithelial cell growth [O’Rourke et al., 1997,
1999b; Sivko andDeWille, 2004]. In addition, in
vivo studies further demonstrate the growth
suppressive role of C/EBPd, in that nulliparous
C/EBPd (�/�) knockout female mice exhibit
aberrant mammary epithelial cell growth con-
trol, resulting in excessive ductal branching
[Gigliotti et al., 2003]. C/EBPd is a member of
the highly conserved C/EBP family of leucine
zipper proteins which are important in the
regulation of growth and differentiation in a
variety of tissues. There are six C/EBP family
members: a, b, g, d, e, and z (also called CHOP
(C/EBP homologous protein, or GADD153).
C/EBPs function as transcription factors, form-
inghomoorheterodimerswithbothC/EBPsand
other leucine zipper proteins [Cao et al., 1991;
Hurst, 1995; Ramji and Foka, 2002]. C/EBPs
also influence cell cycle progression by binding
to key cell cycle regulatory proteins and protein
complexes such as retinoblastoma protein
(pRb), E2F, p107, p21, and Cdk2 and Cdk4
[Timchenko et al., 1996, 1999; Park et al., 2000;
Charles et al., 2001; Gheorghiu et al., 2001;
Harris et al., 2001; Wang et al., 2001].
The growth suppressor/tumor suppressor

role of C/EBPd in the mammary gland is also
supported by gene expression profile studies in
rodent carcinogen-induced mammary tumors
and in human breast cancer. In rodent carcino-
genesis, DMBA and PhIP reproducibly induce
mammary tumors; however, DMBA and PhIP
induce different genetic lesions, and presum-
ably alter the structure and expression of dif-
ferent cellular genes [Kuramoto et al., 2002].
Despite differences in genetic alterations, both
DMBAandPhIP-induced ratmammary tumors
exhibit down-regulation ofC/EBPd gene expres-
sion [Kuramoto et al., 2002]. This suggests that
loss of C/EBPd expression is a common factor in
the development or progression of mammary

tumorigenesis, irrespective of the primary
genetic lesion. The growth suppressor/tumor
suppressor role of C/EBPd is also supported by
gene expression profiles inhumanbreast cancer
patients. Polyak et al. recently utilized serial
analysis of gene expression (SAGE) to investi-
gate the molecular alterations associated with
breast cancer progression. Their analysis of
approximately 50,000 unique transcripts iden-
tified C/EBPd as one of a small subset of
genes (17 genes) that were consistently down-
regulatedwith progression fromnormal human
mammary epithelium to breast carcinoma
[Porter et al., 2001]. In a follow-up study, Polyak
et al. used SAGE to assess molecular markers
of ductal carcinoma in situ (DCIS) [Porter
et al., 2003]. Their comparative analysis, which
included normal breast epithelium, DCIS, and
invasive and metastatic breast cancer isolates
also identified C/EBP among a limited subset of
genes (34 genes) consistently down-regulated in
association with the transition from normal to
DCIS [Porter et al., 2003].

Despite the growing evidence that C/EBPd
plays a key role in mammary epithelial cell
growth control and breast cancer progression,
the molecular mechanisms controlling human
C/EBPd gene expression have not been exten-
sively investigated.Transcriptionalactivationof
the mouse C/EBPd promoter has been investi-
gated in cultured hepatocytes and mammary
epithelial cells [Cantwell et al., 1998;Hutt et al.,
2000]. The results indicate that a consensus
signal transduction and activators of transcrip-
tion 3 (STAT3) site (located at �106 base pairs
(bp) upstreamof the transcription start site) and
two Sp1 sites (�117 and�53 bp upstream of the
transcription start site) play essential roles in
basal and regulated expression from the mouse
C/EBPd promoter [Cantwell et al., 1998; Hutt
et al., 2000]. The structure of thehumanC/EBPd
promoter, however, varies from the mouse. For,
example, the humanC/EBPd promoter lacks the
upstream Sp1 site, which is essential for basal
expression in the mouse. In addition, the re-
maining STAT3 (�282) and Sp1 sites (�61) are
not in close linearproximity toeachotheras they
are in the mouse. These structural differences
may alter interactions between key trans-
criptional activators and the human C/EBPd
promoter and these alterations may influence
C/EBPd gene expression.

In addition to transcriptional control, gene
expression can also be regulated at the post-
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transcriptional and post-translational levels
[Ross, 1996; Wilkinson, 2000; Guhaniyogi and
Brewer, 2001]. Post-transcriptional regulation
is mediated by interactions between transacti-
vating factors and mRNA consensus elements
located in the 50UTR, coding region, 30UTR, and
30 poly[A]tail [Guhaniyogi and Brewer, 2001].
The C/EBPd mRNA exhibits a short half-life
(t1/2�35min) inG0 growth arrested (GA)mouse
mammary epithelial cells [Dearth and DeWille,
2003b] that parallels other important cell cycle
control proteins, growth factors, cytokines, and
proto-oncogenes [Guhaniyogi and Brewer,
2001]. Relatively small changes in transcription
or half-life of short-lived mRNAs can result in
significant (�1,000-fold) differences in mRNA
content over a short period of time [Ross, 1996].
Changes in mRNA content due to alterations
in gene transcription or mRNA stability have
been implicated in a wide range of pathological
conditions such as myotonic dystrophy, a-
thalassemia, Alzheimer’s, and neoplastic trans-
formation [Conne et al., 2000; Guhaniyogi and
Brewer, 2001].

Timely destruction of cell regulatory proteins
is important for appropriate cell cycle progres-
sion. We previously reported that the mouse
C/EBPd protein exhibits a relatively short
biological half-life (t1/2� 120 min) in mouse
mammary epithelial cells, paralleling the half-
life the mouse p27 (t1/2> 150 min) [Dearth and
DeWille, 2003b]. The proteolysis of many
important positive and negative cell cycle
regulatory proteins is mediated by the ubiqui-
tin–proteosome pathway [Bashir and Pagano,
2003]. This degradation pathway targets pro-
teins for proteosome destruction by marking
them with polyubiquitin chains [Bashir and
Pagano, 2003]. Regulation of the ubiquitin–
proteosome pathway is important, as enhanced
degradation of negative cell cycle regulators
(i.e., p27) or reduced degradation of positive cell
cycle regulators (i.e., cyclin E) can influence cell
cycle control and oncogenesis [Slingerland and
Pagano, 2000; Bashir and Pagano, 2003; Bloom
and Pagano, 2003].

The overall goal of this study was to investi-
gate the signal transduction pathway involv-
ed in regulating C/EBPd transcription in G0

growth-arrested and OSM-treated human
mammary epithelial cells, locate specific re-
gions within the C/EBPd promoter important
for transcriptional activation, and determine
post-transcriptional and post-translational reg-

ulatory mechanisms involved in C/EBPd reg-
ulation. The work described here demonstrates
that JAK1, JAK2, and Tyk2 are all activated
during G0 growth arrest and OSM-treatment of
immortalized human mammary epithelial cells
MCF-10A and MCF-12A. Activation of STAT3
and not STAT1 or STAT5 by these kinases is
responsible for C/EBPd promoter activation in
both GA and OSM-treated cells. Transfection
and EMSA assays demonstrate that STAT3
binding is increased during growth arrest and
is important for C/EBPd transcription. Co-
transfection of a dominant negative STAT3
or mutation of this STAT3 binding site reduces
C/EBPd promoter activity by over 50%. An Sp1
site 61 bases upstream of the transcriptional
start site plays a role in C/EBPd basal promoter
activity; as removal or mutation of this site
results in diminished promoter activity under
growth arrest conditions and limited inducibil-
ity of the C/EBPd promoter by OSM. C/EBPd
mRNA and protein both have short half-lives,
�40 and �160 min, respectively. This suggests
that C/EBPd expression is tightly regulated
during the G0 growth arrest of human mam-
mary epithelial cells.

MATERIALS AND METHODS

Cell Culture

Cell culture media and components were
purchased from Invitrogen/Life Technologies,
Inc. (Carlsbad, CA) and Sigma-Aldrich, Inc. (St.
Louis, MO). MCF-10A and MCF-12A cells were
purchased from American Type Culture Collec-
tion (ATCC, Manassas, VA) and maintained in
1:1 DMEM:F-12 phenol red free media with the
addition of 20 ng/ml human recombinant EGF,
100 ng/ml cholera toxin, 10 mg/ml bovine
insulin, 500 ng/ml hydrocortisone, 5% horse
serum, 100 U/ml penicillin:100 mg/ml strepto-
mycin, and 500 ng/ml Fungizone.MCF-10A and
MCF-12A cell lines were GA in 1:1 DMEM/F-12
with 0.1% horse serum.

Growth Arrest, Cytokine Addition,
and Drug Treatments

Near confluent (70%) cells were rinsed and
then cultured in serum and growth factor
deprived media for 24 h. Human Oncostatin M
(OSM) was obtained from Peprotech (Rocky
Hill, NJ), reconstituted in sterile water and
added at a dose of 50 ng/ml for 12 h. Interferon-g
(IFN-g) was obtained from Peprotech, reconsti-
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tuted in 1� PBS pH 8.0 and added at a dose
of 10 ng/ml for 12 h. AG490 was purchased
from Calbiochem (La Jolla, CA), reconstituted
inDMSOand added at doses of 100 and 150 mM.
Transcriptional inhibitor actinomycin D
(Sigma) was added at 5 mg/ml. Translational
inhibitor studies utilized anisomycin (Sigma) at
a dose of 10 mg/ml.

Northern Blot Analysis

Total RNA was isolated using RNAzol B (Tel-
Test, Inc., Friendswood, TX), run on 1.2%
agarose gels and transferred to Duralon UV
membrane followed by UV crosslinking. Filters
were hybridized for a minimum of 2 h. DNA
probes were labeled with [alpha-32P]dCTP
using a Random Primers Labeling Kit (Invitro-
gen), added to the hybridization mixture and
allowed to hybridize a minimum of 2 h. C/EBPd
probe was a 700 bp fragment isolated from
Research Genetics Clone 82850. Cyclophylin
(CP) was used as a loading control.

Western Blot Analysis

Whole cell protein was isolated using a whole
cell lysis buffer containing 20 mM Tris pH 8.0,
137 mM NaCl, 10% glycerol, 1% IGEPAL, 0.1%
SDS, 0.5% sodium deoxycholate, 2 mM EDTA,
1mMPMSF, 1� complete protease (Boehringer
Mannheim), 1 mM NaF, 1 mM NaVO3, 1 mM
Na2MoO4, 100 nM okadaic acid. Proteins were
run on precast BioRad 7.5–10% Tris-HCl gels
and were transferred to PVDF membrane.
Rabbit polyclonal C/EBPd and b-actin antibo-
dies were obtained fromSanta Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). Rabbit polyclonal
STAT1,phospho-STAT1(Tyr701),STAT3,phos-
pho-STAT3(Tyr-705), phospho-STAT5(Tyr694),
andphospho-Tyk2(Tyr1054/1055)wereobtained
from Cell Signaling Technology, Inc. (Beverly,
MA).Rabbit polyclonal phospho-JAK1(Tyr1022/
1023) and phospho-JAK2(Tyr1007/1008) were
obtained from Calbiochem. Mouse monoclonal
STAT5 and p27 were obtained from BD Trans-
duction Laboratories (BD Pharmingen, San
Diego, CA). Rabbit polyclonal JAK1, JAK2,
and Tyk2 were obtained from Upstate Cell
Signaling Solutions (Charlottesville,MD).Wes-
terns were blocked in 10% milk with primary
and secondary antibody addition in 5% milk.
Signal was developed using ECL and ECL Plus
detection systems (Amersham Biosciences,
Piscataway, NJ). STAT3, phospho-STAT3-
(Tyr705), and b-actin signals were quantified

with AlphaImager 2000 Documentation and
Analysis System software (Alpha Innotech, San
Leandro, CA).

C/EBPd Promoter Constructs

A 1.7 kb fragment of the human C/EBPd pro-
moter (generous gift of Dr. Trapman, (Erasmus
University, Rotterdam, The Netherlands)) was
cloned into the pGL3-basic luciferase vector.
Deletion constructs were created by PCR with
end points at�1,700,�800,�393,�75, and�43
bp relative to the transcription start site. Site-
directed mutagenesis was used to create muta-
tions in the STAT3 and Sp1 sites within the
�393 bp C/EBPd promoter/luciferase construct
individually (STAT3 or Sp1) and in combination
(STAT3 and Sp1-double mutant).

Transient Transfection Assays

Transient transfections were performed in
60–80% confluent cells in 60mm culture dishes
using the Lipofectamine Plus transfection sys-
tem (Invitrogen). Cells were co-transfectedwith
1 mg of each promoter and 50 ng of CMV-Renilla
or SV40-b-galactosidase (transfection efficiency
controls) for 3h, rinsedwithPBS, and themedia
changedtoeithergrowtharrestmediaorgrowth
arrest media containing 50 ng/ml OSM. Cells
were harvested after 24 h and assayed using the
Dual-Luciferase1 Reporter Assay System (Pro-
mega) and Luminescent b-galactosidase Detec-
tion Kit II (Clontech). Luminescence was
measured using a Hewlett-Packard Lumicount
microplate luminometer. C/EBPd promoter
activities were normalized to renilla or b-
galactosidase activities to control for transfec-
tion efficiency and the fold induction of OSM
over growth arrest media alone was calculated.
Results shown are the average fold increase of
3–4 independent experiments with 3 replicates
per fragment and treatment per experiment.

Dominant-Negative Stat3 Transfection Assays

An optimized amount (6 mg) of STAT3b
(generous gift of Dr. Richard Jove) or pSG5
control plasmid, 1 mg of �393 bp C/EBPd
promoter/luciferase construct, and 50 ng CMV-
renilla were co-transfected into 80% confluent
cells. Cells were harvested and assayed as
described above.

Electrophoretic Mobility Shift Assays

Nuclear extracts were harvested from grow-
ing (GR), 48hGA, and48hGAcells treatedwith
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50 ng/ml OSM. Binding assays were carried out
in 20 ml of cocktail containing 20 mM HEPES
(pH 7.9), 50 mM NaCL, 1 mM DTT, 1 mM
PMSF, 10% glycerol, 2 mg of poly (dI-dC), 7 mg
of nuclear extracts, and 100,000 cpm of the
double-stranded oligonucleotides. Sequence of
the upper strand oligonucleotide used with the
STAT3 consensus binding site (acute phase
response element (APRE)) underlined is as
follows: 50-GAT CCT TCT GGG AAT TCC TAG
ATC-30. The binding reaction mixtures were
incubated at room temperature for 20 min.
Samples were electrophoresed on 5% native
acrylamide gels in 0.5� Tris-borate–EDTA at
200 V at 48C for 2 h, transferred to 3 mm paper
(Whatman), driedunder vacuumandexposed to
a PhosphorImager cassette.

RESULTS

Activation of Signal Transduction and Activators
of Transcription (STAT) Family Members in

MCF-10A and MCF-12A, Immortalized,
Non-Tumorigenic Human Mammary Epithelial
Cells During G0 Growth Arrest Induction by

Serum and Growth Factor Withdrawal,
OSM and IFN-g Addition

We have previously demonstrated the activa-
tion of STAT3, induction of C/EBPdmRNA and
protein, and the initiation ofG0 growth arrest in
mouse and human mammary epithelial cells
following serum and growth factor withdrawal
and OSM addition [Hutt et al., 2000; Hutt and
DeWille, 2002; Sivko, manuscript submitted].
Three STAT family members, STAT1, STAT3,
and STAT5 play essential regulatory roles in
mammary epithelial cells [Watson, 2001]. To
determine specific STAT activation during
serum and growth factor withdrawal and
OSM addition, whole cell protein lysates were
harvested fromGR, growth-arrested, andOSM-
treated MCF-10A and MCF-12A human mam-
mary epithelial cells and analyzed by Western
blotting. Phosphorylated STAT3 (Tyr705)
was detected in MCF-10A and MCF-12A
human mammary epithelial cells cultured
under growth arrest conditions (serum and
growth factor withdrawal) (Fig. 1A,B, GA,
lane 2). Phosphorylated STAT3 (Tyr705) levels
further increased in both MCF-10A and MCF-
12A human mammary epithelial cell lines with
OSM treatment (Fig. 1A,B, OSM, lane 3). In
contrast, phosphorylated forms of STAT1 and
STAT5 were not detected with GA or OSM

treatment. IFN-g treatment was used as a posi-
tive control for STAT1 activation, and resulted
in the activation of STAT1 and also STAT3, but
not STAT5 in both MCF-10A andMCF-12A cell
lines (Fig. 1A,B, IFN-g, lane 4). Phospho-STAT3
quantification revealed a 2–3 fold induction in
phospho-STAT3 following GA treatment and a
5–8 fold induction with OSM treatment over
levels in GR cells. Nonphosphorylated STAT1,
STAT3, STAT5, and b-actin levels do not vary
across treatment groups.

Activation of Janus Kinase (JAK) Family
Members in MCF-10A and MCF-12A Human
Mammary Epithelial Cells and HC11 Mouse

Mammary Epithelial Cells During G0

Growth Arrest Induction by Serum and Growth
Factor Withdrawal and OSM Addition

OSM activates receptor-associated tyrosine
kinases JAK1, JAK2, and Tyk2 following bind-
ing to either the Type I (LIF/gp130) or Type II
(OSMb) receptors [Grant and Begley, 1999;

Fig. 1. Signal transduction and activators of transcription 3
(STAT3), but not STAT1 or STAT5, is phosphorylated (Tyr705)
during growth arrest and Oncostatin M (OSM) treatment of MCF-
10A and MCF-12A mammary epithelial cell lines. Whole cell
proteins were harvested from growing (GR, lane 1), growth
arrested (GA, lane 2), and OSM treated (lane 3) MCF-10A and
MCF-12A cells. Western blots were probed with phospho-
specific and phospho-independent STAT1, STAT3, and STAT5
antibodies. Western blot demonstrating phosphorylation of
STAT3 (Tyr705), but not STAT1 or STAT5 during growth arrest
and OSM treatment in (A) MCF-10A and (B) MCF-12A cell lines.
STAT3, phosho-STAT3, and b-actin levels were quantified by
spot densitometry and related to GR levels to calculate induction
of phospho-STAT3 with growth arrest and OSM treatment.
Interferon-g (IFN-g) (lane 4) was used as a positive control for
STAT1 and STAT3 activation.
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Hermanns et al., 1999]. To determine which
upstream regulators of STAT3 are activated
during G0 growth arrest, whole cell protein
lysates were harvested from GR, growth-
arrested, and OSM-treated MCF-10A and
MCF-12Amammary epithelial cells andanalyz-
ed by Western blotting using phospho-specific
antibodies. MCF-10A and MCF-12A human
mammary epithelial cell lines exhibit approxi-
mately similar degrees of increased phosphor-
ylation (activation) of JAK1, JAK2, and Tyk2
in response to growth arrest induced by serum
and growth factor withdrawal (Fig. 2A,B, GA,
lane 2). In addition, phosphorylated JAK1,
JAK2, and Tyk2 levels are further increased in
bothMCF-10AandMCF-12Ahumanmammary
epithelial cell lines in response to OSM treat-
ment (Fig. 2A,B, OSM, lane 3). Both MCF-10A
and MCF-12A cell lines demonstrate �2-fold
increases in phospho-JAK1 with growth factor
withdrawal and �4-fold increases with OSM
addition over levels in GR cells. MCF-10A cells
also increased phospho-JAK2 levels 2-fold with
growth factor withdrawal and 4-fold with OSM
addition. The MCF-12A cells, however, only
minimally activate JAK2 with growth factor
withdrawal, but demonstrate a 4-fold incre-
ase with OSM addition. Phospho-Tyk2 levels
increase 2-fold in both cell lines with growth
factor withdrawal and 2–3 fold with OSM
addition. The Tyk2 response appears to be

greater in the MCF-10A compared to the
MCF-12A cells; however, the ‘‘growing’’ MCF-
12A cells contain aminimal amount of phospho-
Tyk2. This is most likely the result of a small
population of GA MCF-12A cells exhibiting
contact inhibition due to cell crowding in the
GR cell culture. IFN-g treatment (IFN-g, lane 4)
was used as a positive control for JAK1 and 2
activation in both cell lines. Nonphosphorylated
JAK1, JAK2, and Tyk2 and b-actin levels do not
vary across treatment groups.

Identification of C/EBPd Promoter Regions That
Function in the Transcriptional Activation of the

C/EBPd Gene During G0 Growth Arrest of
MCF-12A Human Mammary Epithelial Cells

To determine the growth arrest response
region of the C/EBPd promoter, 50 promoter
deletion constructsweregenerated froma1.7kb
C/EBPd promoter-luciferase construct in pGL3,
with end points at�43,�75,�233,�393,�800,
and �1,700 bases relative to the transcription
start site. The expression level of each C/EBPd
promoter-luciferase construct duringG0growth
arrest is presented in Figure 3A. Expression
under GR conditions was minimal for all C/
EBPd promoter-luciferase constructs. Expres-
sion under growth arrest conditionswas similar
for the �1,700 and �800 C/EBPd promoter-
luciferase constructs. The �393 bp C/EBPd
promoter-luciferase construct exhibited greater
activity than both the �1,700 and �800 con-
structs. Deletion to position �233 bp decreased
C/EBPd promoter activity by approximately
50%. Deletion to �75 bp did not further
diminish activity, however, deletion to �43 bp
eliminated expression altogether. These results
indicate that a region or specific site between
�233 and �393 is responsible for activation of
the human C/EBPd promoter under growth
arrest conditions. OSM addition increased
activity of the �1,700, �800, �393, �233, and
�75 bp C/EBPd promoter-luciferase constructs.
The �393 C/EBPd promoter-luciferase con-
struct activity increased approximately 2-fold
with OSM addition. A significant decrease in
OSM inducibility was observed between the
�393 and �233 constructs. These data indicate
that the region between �233 and �393 con-
tains a region or specific site that is responsive
to OSM. Sequence analysis indicates a STAT3
binding site 282 bp upstream of the transcrip-
tional start site of the human C/EBPd promoter
similar to that previously identified in the

Fig. 2. JAK1, JAK2, and Tyk2 are phosphorylated during G0

growth arrest and OSM treatment of MCF-10A and MCF-12A
mammary epithelial cell lines. Whole cell proteins were
harvested from GR (lane 1), GA (lane 2), and OSM treated (lane
3) MCF-10A and MCF-12A cells. Western blots were probed with
antibodies to phospho-specific and phospho-independent JAK1,
JAK2, and Tyk2. Western blot demonstrating phosphorylation of
JAK1, JAK2, and Tyk2 during growth arrest and OSM treatment of
(A) MCF-10A and (B) MCF-12A cell lines. IFN-g (lane 4) was used
as a positive control for JAK activation.
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mouse C/EBPd promoter [Hutt et al., 2000].
These results suggest that STAT3 is important
in C/EBPd promoter activation under growth
arrest conditions with enhanced activation
following the addition of OSM. Analysis of the
�43 to �75 bp region indicates an Sp1 site 61
bases upstream of the transcriptional start site.
Since removal of this site decreases promoter
activity to basal levels under both growth arrest
and OSM-treated conditions, Sp1 appears to
play a role in basal C/EBPd promoter activity
during G0 growth arrest and OSM treatment.

To verify the importance of STAT3 in C/EBPd
promoter activity during growth arrest, MCF-
12A cells were co-transfected with the �393 bp
C/EBPd promoter-luciferase construct, cyto-
megalovirus-renilla construct, and increasing
amounts of either dominant negative STAT3b

construct or pSG5 control plasmid. C/EBPd
promoter-luciferase activities after 24 h of
growth arrest are shown in Figure 3B. Com-
pared with the pSG5 construct, the STAT3d
construct decreased C/EBPd promoter activity
by 50%. Similarly, the addition of JAK inhibitor
AG490 decreased STAT3 phosphorylation and
C/EBPd protein expression when compared to
a DMSO-treated control (Fig. 3C). These re-
sults are consistent with a role for STAT3 in
the induction of C/EBPd gene expression in
response to growth arrest and OSM treatment.

Mutations in the STAT3 and Sp1 Binding Sites
Decrease Inducible and Basal Activity of the

C/EBPd Promoter, Respectively

To further investigate the functional roles of
the STAT3 and Sp1 consensus binding sites in

Fig. 3. Identification of an OSM and growth arrest responsive
region in the human CCAAT/enhancer bindingproteind (C/EBPd)
promoter. A: Luciferase promoter constructs containing 50

promoter deletions were co-transfected along with CMV-Renilla
into MCF-12A cells. Transfected cells were subsequently GA or
OSM treated for 24 h. Luciferase data was normalized to renilla
values to control for differences in transfection efficiency. Values
are representative of 10 transfected plates (four independent
experiments)� standard error. B: MCF-12A cells transfected with
1 mg of�393 bp C/EBPd promoter construct, 50 ng CMV-Renilla,
and either 6 mg STAT3b or 6 mg pSG5 (�control) were maintained

in growth arrest media for 24 h. Luciferase activity was
normalized to renilla values to control for transfection efficiency
differences. C: Western blot demonstrating the increase in
phospho-STAT3 and C/EBPd protein levels with growth arrest
and the decrease in phospho-STAT3 and C/EBPd protein levels
with JAK inhibitor AG490 treatment. Whole cell proteins were
harvested from GR MCF-12A cells (lane 1) and GA MCF-12A
cells treated for 24 h with DMSO (lane 2), 100 mM AG490 (lane
3), or 150 mM AG490 (lane 4). Western blots were probed with
antibodies to phospho-STAT3, C/EBPd, and b-actin.
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the C/EBPd promoter, single and double STAT3
and Sp1 mutant constructs were produced in
the 393bpC/EBPdpromoter construct (Fig. 4A).
Mutation of the STAT3 binding site reduces
growth arrest and OSM-inducible C/EBPd pro-
moter activity by �50%, consistent with the
dominant negative STAT3b results (Fig. 4B).
C/EBPd promoter-luciferase activity decreases
by 80%with the Sp1mutation alone and by 87%
with both sites mutated, similar to the deletion
construct data (Fig. 4B). These results suggest
that STAT3 is the key regulator of C/EBPd
promoter inducibility and Sp1 plays an impor-
tant role in both basal and regulated promoter
activity.
To verify that there is increased binding of

activated STAT3 to its APRE during growth
arrest conditions, electrophoretic mobility shift
assays were performed to demonstrate binding
of nuclear proteins to a STAT3 consensus bind-
ing site (APRE). The results demonstrate
the absence of protein binding to the STAT3
APRE in lysates from exponentially GR MCF-
12A humanmammary epithelial cells (Fig. 4C).
In contrast, there is a significant increase
in binding to the STAT3 APRE in lysates
from MCF-12A human mammary epithelial

cells following serum and growth factor with-
drawal (GA) and OSM addition (GA-OSM)
(Fig. 4C).

C/EBPd mRNA Exhibits a Short Half-Life
in MCF-12A Human Mammary Epithelial Cells

Because of the significant role of post-
transcriptional regulation in cell cycle control,
we next investigated C/EBPd mRNA stability
inMCF-12Agrowth-arrestedhumanmammary
epithelial cells using the transcriptional inhi-
bitor actinomycinD. C/EBPdmRNA levelswere
detected in G0 GA human MCF-12A (Fig. 5A,
lanes 1–4), consistent with previous work from
our lab in mouse and human mammary epithe-
lial cells [Dearth and DeWille, 2003b; Sivko,
manuscript submitted]. Addition of actinomy-
cin D resulted in a rapid decline in C/EBPd
mRNA levels (t1/2� 40 min) (Fig. 5A, lanes 5–7
and Fig. 5B). Comparable results were also
obtained in the MCF-10A and in OSM-treated
cells (data not shown). These results demon-
strate that the C/EBPd mRNA half-life is short
in G0 GA human mammary epithelial cells,
similar to previous results in G0 GA mouse
mammary epithelial cells [Dearth and DeWille,
2003b].

Fig. 4. Mutation of STAT3 and/or Sp1 sites decreases C/EBPd promoter activity. A: Diagram of mutations.
Mutations were introduced into the �393 bp C/EBPd promoter construct at either the STAT3 or Sp1 site or
both sites. B: Luciferase expression under growth arrest or growth arrest plus OSM addition normalized to
b-galactosidase. C: EMSA assay confirms increased binding of activated STAT3 to its acute phase response
element (APRE) under growth arrest conditions.
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C/EBPd Protein Exhibits a Short Half-Life in G0

GA MCF-12A Human Mammary Epithelial Cells

Post-translational control is also a major
mechanism by which cells regulate the level of
cell cycle control proteins [Hochstrasser, 1995;
Pagano, 1997; Nakayama et al., 2001]. To
investigate the post-translational regulation of
the C/EBPd protein, MCF-12As were G0 GA for
48 h in the presence or absence of the transla-
tional inhibitor anisomycin. C/EBPd protein
was detected in G0 GAMCF-12A (Fig. 6A, lanes
1–6) and C/EBPd protein levels declined in GA
MCF-12A cells following anisomycin treatment
with a half-life of approximately 160 min
(Fig. 6A, lanes 7–12 and Fig. 6B). In addition,
p27 protein was detected during MCF-12A G0

growth arrest (Fig. 6A, lanes 1–6). p27 protein

levels decreased following anisomycin treat-
ment at a rate paralleling that of C/EBPd
(Fig. 6A, lanes 7–12). These results demon-
strate that the C/EBPd protein exhibits a short
half-life, similar to p27.

DISCUSSION

The content and function of key proteins that
mediate cell cycle progression, such as cyclins,
cdks, cdk inhibitors, p53, growth factor recep-
tors, and cytokines are tightly regulated. Con-
trol of these key cell cycle regulatory proteins
has been demonstrated at transcriptional, post-
transcriptional, and post-translational levels,
indicating that no single regulatorymechanism
is responsible for cell cycle checkpoint control
[Bashir and Pagano, 2003]. In this report, we
demonstrate the strict regulation of C/EBPd
expression transcriptionally by JAK/STAT3

Fig. 5. C/EBPd mRNA exhibits a short half-life in MCF-12A
cells. RNA isolated from untreated and actinomycin D treated G0

GA MCF-12A was analyzed by Northern blot analysis using C/
EBPd and cp probes as described in Figure 1. A: Lanes 1–4, RNA
from G0 growth arrested cells (GAM�); lanes 5–7, RNA from G0

growth arrested cells treated with actinomycin D (GAMþ).
Results are representative of three independent experiments.
B: Summary of mRNA half-life data obtained from Northern blot/
actinomycin D analysis as determine in Figure 1. Filled triangles
(~), RNA from actinomycin D treated mammary epithelial cells;
filled circles (*), RNA from non-treated mammary epithelial
cells.

Fig. 6. C/EBPd protein exhibits a short half-life in G0 GA MCF-
12A cells. Western blot analysis was performed on 50 mg of
whole cell protein isolated from untreated and anisomysin
treated G0 GA human MCF-12A cells at the indicated time points
as described in the figure. A: Lanes 1–6, protein from GAM�;
lanes 7–12, protein from growth arrested cells treated with
anisomycin (GAMþ). Results are representative of three inde-
pendent experiments. B: Summary of protein half-life data as
described in the figure. Filled triangles (~), protein from
anisomycin treated mammary epithelial cells; filled circles (*),
protein from non-treated mammary epithelial cells.
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activation of the C/EBPd promoter, post-tran-
scriptionally by rapid degradation of C/EBPd
mRNA and post-translationally by the short
half-life of the C/EBPd protein, suggesting that
C/EBPd plays a key role in the growth control of
human mammary epithelial cells.
STATs 1, 3, and 5 all play specific roles in

normalmammary gland development and func-
tion. STAT5 mediates prolactin signaling, reg-
ulates milk protein gene expression and is a
survival factor for differentiated mammary
epithelium. STAT1 is up-regulated during early
pregnancy and late involution and is important
for IFN-g signaling. STAT3 is activated by the
mechanical stretching of epithelial cells due to
milk stasis and plays an important role in the
initial ‘‘reversible’’ phase of post-lactational
mammary gland of involution [Chapman et al.,
1999; Watson, 2001]. We have previously
demonstrated that STAT3 is activated (phos-
phorylated), translocates to the nucleus, binds
to the C/EBPd promoter, and activates C/EBPd
transcription during mouse mammary gland
involution in vivo and during G0 growth arrest
inHC11mammary epithelial cells in vitro [Hutt
et al., 2000]. The mechanism of STAT3 activa-
tion in mammary epithelial cells at the onset of
involution is thought to be mediated by cyto-
kines signaling through the gp130 receptor
[Watson, 2001]. IL-6 family cytokines bind to
and signal through individual receptors which
complexwith gp130 and activate the JAK/STAT
signal transduction pathway [Heinrich et al.,
1998; Gomez-Lechon, 1999]. We have demon-
strated that IL-6 cytokine addition activates
STAT3 and induces C/EBPd in HC11 mouse
mammary epithelial cells and in finite-lifespan,
immortalized and tumorigenic human mam-
mary epithelial cell lines [Hutt and DeWille,
2002; Sivko and DeWille, 2004]. Here, we
establish that STAT3 alone, not STAT1 or
STAT5, is activated during serum and growth
factor withdrawal or OSM induced growth
arrest of MCF-10A and MCF-12A human
mammary epithelial cells (Fig. 1).
We and others have demonstrated that IL-6

family cytokine addition, primarily IL-6, OSM
and LIF, inhibits growth in both mouse and
human cell types includingmammary epithelial
cells [Liu et al., 1998; Halfter et al., 1999;
Badache and Hynes, 2001; Grant et al., 2001;
Hutt and DeWille, 2002; Park et al., 2003]. The
upstream signaling pathways of STAT3 during
the G0 growth arrest of human mammary

epithelial cells, however, had not yet been
confirmed. The Janus Kinase family of non-
receptor tyrosine kinases (JAKs) are bound to
cell surface cytokine receptors and are known to
activate STATs during cytokine signaling [Dar-
nell, 1997], making them likely candidates for
upstream signaling. Here, we demonstrate that
JAK1, JAK2, and Tyk2 are activated during
serum and growth factor withdrawal induced
G0 growth arrest and followingOSMaddition in
MCF-10A and MCF-12A human mammary
epithelial cells (Fig. 2). It is not surprising to
find the activation of more than one JAK, as
different JAK familymembers have been shown
to associate with the same cell surface receptor
and hence are able to activate the same STAT
molecule [Darnell, 1997]. It is also believed that
at least two receptor-associated JAKs are re-
quired to initiate downstream signaling events
following cytokine-induced receptor dimeriza-
tion [Hermanns et al., 1999]. Blocking JAK2
signaling with AG490 reduces the levels of
activated STAT3 and the levels of C/EBPd
protein (Fig. 3C), confirming the role of JAK
signaling in the activation of STAT3 and the
induction of C/EBPd and G0 growth arrest in
MCF-10A and MCF-12A cell lines.

Previous results from our laboratory have
demonstrated STAT3 activation of the C/EBPd
promoter during G0 growth arrest of HC11
mouse mammary epithelial cells [Hutt et al.,
2000]. Johnson and co-workers, found that IL-6
induced STAT3 to bind the C/EBPd promoter
and increased C/EBPd transcription in cultured
hepatocytes [Cantwell et al., 1998]. C/EBPd
promoter analysis by transient transfection
assays in MCF-12A cells demonstrated that
both STAT3 (�282 bp) and Sp1 (�61 bp) binding
sites play important roles in transcriptional
activation of the C/EBPd gene. STAT3 binding
is important for promoter activity following
serum and growth factor withdrawal and is
responsible for the enhanced promoter activity
following OSM addition (Fig. 3A). Mutation of
this STAT3 site or addition of a dominant
negative, STAT3b, reduces C/EBPd promoter
activity and prevents the enhanced promoter
activity previously demonstrated following
OSM addition (Figs. 3B and 4). Sp1 is one of a
family of 20 transcription factorswhich activate
transcription by binding GC-rich regions in
gene promoters and is important in growth
control, apoptosis, and angiogenesis [Suske,
1999; Black et al., 2001]. Sp1 sites are involved
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in both the inhibition of growth-promoting
genes and the up-regulation of growth-inhibi-
tory genes such as p21 by p53 [Black et al.,
2001]. Mutation or deletion of the �61 bp Sp1
site in the C/EBPd promoter dramatically
reduces C/EBPd promoter activity following
serum and growth factor withdrawal and also
prevents enhanced promoter inducibility by
OSM(Figs. 3Band4B).Mutation of bothSTAT3
and Sp1 sites reduces C/EBPd promoter activity
to basal levels (Fig. 4B), suggesting that STAT3
and Sp1 play a cooperative role in C/EBPd
promoter activation. STAT/Sp synergy and
direct protein/protein interaction has been
reported for Sp1 with both STAT1 and STAT3
[Look et al., 1995; Cantwell et al., 1998].
Interestingly, these results are similar to those
of the mouse C/EBPd promoter [Cantwell et al.,
1998; O’Rourke et al., 1999a; Hutt et al.,
2000] despite differences in promoter structure
between the two species. The mouse promoter
contains similar STAT3 and downstream Sp1
sites, but has an additional Sp1 (�120 to �115)
site immediately upstream of the STAT3 (�110
to �102) site [Cantwell et al., 1998]. In a
previous report, Johnson et al. demonstrated
that STAT3 and Sp1 interact at these close
proximity binding sites to provide the IL-6
inducibility of the mouse C/EBPd promoter
[Cantwell et al., 1998].Our studies demonstrate
that intact STAT3 and downstream Sp1 sites
are necessary for both growth arrest and OSM-
inducible C/EBPd promoter activity. Prelimin-
ary results from our laboratory indicate that
Sp1 is constitutively bound to the C/EBPd
promoter (Y. Zhang, manuscript in prepara-
tion). This suggests that STAT3 activation and
translocation to the nucleus plays a crucial role
in the regulated expression of the C/EBPd
promoter. Current studies are investigating
the chromatin structure and assembly of tran-
scriptional co-activators and chromatin remo-
deling complexes on theC/EBPd gene promoter.

Having investigated control of C/EBPd gene
expression at the transcriptional level, we next
investigated post-transcriptional control of
C/EBPd gene expression by assessing C/EBPd
mRNA stability. Regulation of mRNA stability
plays a major role in controlling expression of
‘‘immediate early’’ response genes such as c-fos
[Chen and Shyu, 1995]. Control of mRNA
stability is mediated primarily by binding of
transactivating factors to AU-rich elements
(AREs) located in mRNA 30UTRs [Chen and

Shyu, 1995]. The presence of U-rich 30 domains
and AUUUA motifs promotes deadenylation
and accelerates mRNA degradation [Chen and
Shyu, 1995]. Interestingly, analysis of a subset
of human and mouse genes revealed increased
nucleotide substitution and greater divergence
between species in the UTRs than in the cor-
responding coding regions [Larizza et al., 2002].
The mouse C/EBPd 30UTR contains two U-rich
regions, both of which contain extended
AUUUA sequences (U1 and U2) [Dearth and
DeWille, 2003a]. Analysis of the humanC/EBPd
30UTR revealed two U-rich regions, the first of
which (U1) contains an interrupted AUUUA
sequence and folds into a different mRNA
secondary structure compared to the mouse
C/EBPd 30UTR. The second U-rich region (U2)
in the human C/EBPd 30UTR is similar in
sequence and structure to the mouse C/EBPd
30UTR and contains an extended AUUUA
region (data not shown). Here, we demonstrate
that human C/EBPd mRNA has a relatively
short half-life (t1/2� 40min) in G0GAMCF-12A
cells (Fig. 5). These results are similar to the
relatively short half-life (t1/2� 35 min) reported
in GA mouse HC11 cells [Dearth and DeWille,
2003b].

Since both human andmouse C/EBPdmRNA
and mouse C/EBPd protein have short half-
lives, we expected C/EBPd protein to also ex-
hibit a short half-life. The results here demon-
strate that humanC/EBPd protein has a similar
half-life (t1/2� 160 min) to both mouse C/EBPd
protein (t1/2� 120 min) and that of p27 (t1/2>
150 min) (Fig. 6). While p27 mRNA levels do
not change significantly during the cell cycle,
p27 protein levels oscillate, with maximal pro-
tein levels being present during G0 and G1

[Polyak et al., 1994; Bashir and Pagano, 2003].
Similar to p27, C/EBPd protein levels in human
mammary epithelial cells also vary with the
cell cycle, with maximal levels being present
during G0. In contrast to p27, C/EBPd is also
transcriptionally regulated in human mam-
mary epithelial cells,withC/EBPdmRNA levels
increasing during G0 and decreasing during
other phases of the cell cycle [Sivko, manuscript
submitted]. Blocking translation by the addi-
tion of anisomycin resulted in a similar decrease
in C/EBPd and p27 protein levels suggesting
that C/EBPd protein degradation occurs rapidly
and by a mechanism similar to that of p27. The
most common degradation method of short-
lived proteins including p27 is the ubiquitin–
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proteasome pathway [Conaway et al., 2002].
Our lab has previously demonstrated that C/
EBPd protein undergoes ubiquitination and
nuclear degradation in G0 growth-arrest-
ed mouse mammary epithelial cells [Dearth
andDeWille, 2003b]. These results suggest that
human C/EBPd protein is most likely degraded
via the ubiquitin–proteasome pathway similar
to mouse C/EBPd and other tumor suppressor
such as p53, p21, and p27 [Dearth and DeWille,
2003b].
In summary, the data presented here estab-

lishes that JAK1, JAK2, and Tyk2 activation is
responsible for STAT3 activation during the G0

growth arrest of human mammary epithelial
cells induced by serum and growth factor with-
drawal and OSM treatment. Activated STAT3
translocates to the nucleus and binds to its
consensus sequence on the C/EBPd promoter;
and in conjunction with Sp1, activates C/EBPd
transcription. Removal or mutation of either
STAT3 or Sp1 sites results in decreasedC/EBPd
promoter activation. C/EBPd mRNA and pro-
tein both have short half-lives duringG0 growth
arrest. These results suggest that C/EBPd is
tightly regulated transcriptionally, post-tran-
scriptionally, and post-translationally during
the G0 growth arrest of human mammary
epithelial cells. This maintains cells in a
quiescent G0 state, yet allows cells to quickly
re-enter the cell cycle and proliferate upon
growth factor stimulation.

REFERENCES

BabaM, Hirai S, Yamada-Okabe H, Hamada K, Tabuchi H,
Kobayashi K, Kondo K, Yoshida M, Yamashita A,
Kishida T, Nakaigawa N, Nagashima Y, Kubota Y, Yao
M, Ohno S. 2003. Loss of von Hippel–Lindau protein
causes cell density dependent deregulation of CyclinD1
expression through hypoxia-inducible factor. Oncogene
22:2728–2738.

Badache A, Hynes NE. 2001. Interleukin 6 inhibits pro-
liferation and, in cooperation with an epidermal growth
factor receptor autocrine loop, increases migration of
T47D breast cancer cells. Cancer Res 61:383–391.

Bashir T, Pagano M. 2003. Aberrant ubiquitin-mediated
proteolysis of cell cycle regulatory proteins and oncogen-
esis. Adv Cancer Res 88:101–144.

Black AR, Black JD, Azizkhan-Clifford J. 2001. Sp1 and
kruppel-like factor family of transcription factors in cell
growth regulation and cancer. J Cell Physiol 188:143–160.

Bloom J, Pagano M. 2003. Deregulated degradation of the
cdk inhibitor p27 and malignant transformation. Semin
Cancer Biol 13:41–47.

Cantwell CA, Sterneck E, Johnson PF. 1998. Interleukin-6-
specific activation of the C/EBPdelta gene in hepatocytes
ismediated by Stat3 and Sp1.Mol Cell Biol 18:2108–2117.

Cao Z, Umek RM, McKnight SL. 1991. Regulated expres-
sion of three C/EBP isoforms during adipose conversion
of 3T3-L1 cells. Genes Dev 5:1538–1552.

Chapman RS, Lourenco PC, Tonner E, Flint DJ, Selbert S,
Takeda K, Akira S, Clarke AR, Watson CJ. 1999.
Suppression of epithelial apoptosis and delayed mam-
mary gland involution in mice with a conditional knock-
out of Stat3. Genes Dev 13:2604–2616.

Charles A, Tang X, Crouch E, Brody JS, Xiao ZX. 2001.
Retinoblastoma protein complexes with C/EBP proteins
and activates C/EBP-mediated transcription. J Cell
Biochem 83:414–425.

Chen CY, Shyu AB. 1995. AU-rich elements: Characteriza-
tion and importance in mRNA degradation. Trends
Biochem Sci 20:465–470.

Conaway RC, Brower CS, Conaway JW. 2002. Emerging
roles of ubiquitin in transcription regulation. Science
296:1254–1258.

Conne B, Stutz A, Vassalli JD. 2000. The 30 untranslated
region of messenger RNA: A molecular ‘hotspot’ for
pathology? Nat Med 6:637–641.

Darnell JE, Jr. 1997. STATs and gene regulation. Science
277:1630–1635.

Dearth LR, DeWille J. 2003a. An AU-rich element in the
3(0) untranslated region of the C/EBPdelta mRNA is
important for protein binding during G(0) growth arrest.
Biochem Biophys Res Commun 304:344–350.

Dearth LR, DeWille J. 2003b. Posttranscriptional and
posttranslational regulation of C/EBP delta in G0

growth-arrested mammary epithelial cells. J Biol Chem
278:11246–11255.

Ford HL, Pardee AB. 1999. Cancer and the cell cycle. J Cell
Biochem Suppl 32-33:166–172.

Gheorghiu I, Deschenes C, Blais M, Boudreau F, Rivard N,
Asselin C. 2001. Role of specific CCAAT/enhancer-
binding protein isoforms in intestinal epithelial cells.
J Biol Chem 276:44331–44337.

Gigliotti AP, Johnson PF, Sterneck E, DeWille JW.
2003. Nulliparous CCAAT/enhancer binding protein-
delta (C/EBPdelta) knockout mice exhibit mammary
gland ductal hyperlasia. Exp Biol Med (Maywood) 228:
278–285.

Gomez-Lechon MJ. 1999. Oncostatin M: Signal transduc-
tion and biological activity. Life Sci 65:2019–2030.

Grant SL, Begley CG. 1999. The oncostatin M signalling
pathway: Reversing the neoplastic phenotype? Mol Med
Today 5:406–412.

Grant SL, Douglas AM, Goss GA, Begley CG. 2001. Onco-
statin M and leukemia inhibitory factor regulate the
growth of normal human breast epithelial cells. Growth
Factors 19:153–162.

Guhaniyogi J, Brewer G. 2001. Regulation of mRNA stabi-
lity in mammalian cells. Gene 265:11–23.

Halfter H, Friedrich M, Postert C, Ringelstein EB, Stog-
bauer F. 1999. Activation of Jak-Stat and MAPK2 path-
ways by oncostatin M leads to growth inhibition of human
glioma cells. Mol Cell Biol Res Commun 1:109–116.

Harris TE, Albrecht JH, Nakanishi M, Darlington GJ.
2001. CCAAT/enhancer-binding protein-alpha coop-
erates with p21 to inhibit cyclin-dependent kinase-2
activity and induces growth arrest independent of DNA
binding. J Biol Chem 276:29200–29209.

Heinrich PC, Behrmann I, Muller-Newen G, Schaper F,
Graeve L. 1998. Interleukin-6-type cytokine signalling

C/EBPd Regulation During G0 Growth Arrest 855



through the gp130/Jak/STAT pathway. Biochem
J 334(Pt 2):297–314.

HermannsHM, Radtke S, Haan C, Schmitz-Van de Leur H,
Tavernier J, Heinrich PC, Behrmann I. 1999. Contribu-
tions of leukemia inhibitory factor receptor and oncosta-
tin M receptor to signal transduction in heterodimeric
complexes with glycoprotein 130. J Immunol 163:6651–
6658.

Hochstrasser M. 1995. Ubiquitin, proteasomes, and the re-
gulation of intracellular protein degradation. Curr Opin
Cell Biol 7:215–223.

Hurst HC. 1995. Transcription factors 1: bZIP proteins.
Protein Profile 2:101–168.

Hutt JA, DeWille JW. 2002. Oncostatin M induces growth
arrest of mammary epithelium via a CCAAT/enhancer-
binding protein delta-dependent pathway. Mol Cancer
Ther 1:601–610.

Hutt JA, O’Rourke JP, DeWille J. 2000. Signal transducer
and activator of transcription 3 activates CCAAT
enhancer-binding protein delta gene transcription in G0

growth-arrested mouse mammary epithelial cells and in
involuting mouse mammary gland. J Biol Chem 275:
29123–29131.

Kuramoto T, Morimura K, Yamashita S, Okochi E,
Watanabe N, Ohta T, Ohki M, Fukushima S, Sugimura
T, Ushijima T. 2002. Etiology-specific gene expression
profiles in rat mammary carcinomas. Cancer Res 62:
3592–3597.

Larizza A, Makalowski W, Pesole G, Saccone C. 2002.
Evolutionary dynamics of mammalian mRNA untrans-
lated regions by comparative analysis of orthologous
human, artiodactyls, and rodent gene pairs. Comput
Chem 26:479–490.

Latif F, Tory K, Gnarra J, Yao M, Duh FM, Orcutt ML,
Stackhouse T, Kuzmin I, Modi W, Geil L. 1993. Identi-
fication of the von Hippel–Lindau disease tumor sup-
pressor gene. Science 260:1317–1320.

Liu J, Hadjokas N, Mosley B, Estrov Z, Spence MJ, Vestal
RE. 1998. Oncostatin M-specific receptor expression and
function in regulating cell proliferation of normal and
malignant mammary epithelial cells. Cytokine 10:295–
302.

Look DC, Pelletier MR, Tidwell RM, Roswit WT, Holtzman
MJ. 1995. Stat1 depends on transcriptional synergy with
Sp1. J Biol Chem 270:30264–30267.

Nakayama KI, Hatakeyama S, Nakayama K. 2001. Reg-
ulation of the cell cycle at the G1–S transition by pro-
teolysis of cyclin E and p27Kip1. Biochem Biophys Res
Commun 282:853–860.

O’Rourke J, Yuan R, DeWille J. 1997. CCAAT/enhancer-
binding protein-delta (C/EBP-delta) is induced in growth-
arrested mouse mammary epithelial cells. J Biol Chem
272:6291–6296.

O’Rourke JP, Hutt JA, DeWille J. 1999a. Transcriptional
regulation of C/EBPdelta in G(0) growth-arrested mouse
mammary epithelial cells. Biochem Biophys Res Commun
262:696–701.

O’Rourke JP, Newbound GC, Hutt JA, DeWille J. 1999b.
CCAAT/enhancer-binding protein delta regulates mam-
mary epithelial cell G0 growth arrest and apoptosis. J Biol
Chem 274:16582–16589.

Pagano M. 1997. Cell cycle regulation by the ubiquitin
pathway. FASEB J 11:1067–1075.

Pardee AB. 1989. G1 events and regulation of cell pro-
liferation. Science 246:603–608.

Park JS, Qiao L, Gilfor D, Yang MY, Hylemon PB, Benz C,
Darlington G, Firestone G, Fisher PB, Dent P. 2000. A
role for both Ets and C/EBP transcription factors and
mRNA stabilization in the MAPK-dependent increase in
p21 (Cip-1/WAF1/mda6) protein levels in primary hepa-
tocytes. Mol Biol Cell 11:2915–2932.

Park JI, Strock CJ, Ball DW, Nelkin BD. 2003. The Ras/
Raf/MEK/extracellular signal-regulated kinase pathway
induces autocrine–paracrine growth inhibition via the
leukemia inhibitory factor/JAK/STAT pathway. Mol Cell
Biol 23:543–554.

Pause A, Lee S, Lonergan KM, Klausner RD. 1998. The von
Hippel–Lindau tumor suppressor gene is required for
cell cycle exit upon serumwithdrawal. Proc Natl Acad Sci
USA 95:993–998.

Polyak K, Kato JY, Solomon MJ, Sherr CJ, Massague J,
Roberts JM, Koff A. 1994. p27Kip1, a cyclin-Cdk inhibi-
tor, links transforming growth factor-beta and contact
inhibition to cell cycle arrest. Genes Dev 8:9–22.

Porter DA, Krop IE, Nasser S, Sgroi D, Kaelin CM, Marks
JR, Riggins G, Polyak K. 2001. A SAGE (serial analysis
of gene expression) view of breast tumor progression.
Cancer Res 61:5697–5702.

Porter D, Lahti-Domenici J, Keshaviah A, Bae YK, Argani
P, Marks J, Richardson A, Cooper A, Strausberg R,
Riggins GJ, Schnitt S, Gabrielson E, Gelman R, Polyak
K. 2003. Molecular markers in ductal carcinoma in situ of
the breast. Mol Cancer Res 1:362–375.

Ramji DP, Foka P. 2002. CCAAT/enhancer-binding
proteins: Structure, function, and regulation. Biochem
J 365:561–575.

Ross J. 1996. Control of messenger RNA stability in higher
eukaryotes. Trends Genet 12:171–175.

Sivko GS, DeWille JW. 2004. CCAAT/Enhancer Binding
Protein d (C/EBPd) Regulation and Expression in Human
Mammary Epithelial Cells: I. ‘‘Loss of Function’’ Altera-
tions in the C/EBPd Growth Inhibitory Pathway in
Breast Cancer Cell Lines. J Cell Biochem (in press).

Slingerland J, Pagano M. 2000. Regulation of the cdk
inhibitor p27 and its deregulation in cancer. J Cell
Physiol 183:10–17.

Suske G. 1999. The Sp-family of transcription factors. Gene
238:291–300.

Timchenko NA, Wilde M, Nakanishi M, Smith JR, Darling-
ton GJ. 1996. CCAAT/enhancer-binding protein alpha (C/
EBP alpha) inhibits cell proliferation through the p21
(WAF-1/CIP-1/SDI-1) protein. Genes Dev 10:804–815.

Timchenko NA, Wilde M, Iakova P, Albrecht JH, Darling-
ton GJ. 1999. E2F/p107 and E2F/p130 complexes are
regulated by C/EBPalpha in 3T3-L1 adipocytes. Nucleic
Acids Res 27:3621–3630.

Wang H, Iakova P, Wilde M, Welm A, Goode T, Roesler WJ,
Timchenko NA. 2001. C/EBPalpha arrests cell prolifera-
tion through direct inhibition of Cdk2 and Cdk4. Mol Cell
8:817–828.

Watson CJ. 2001. Stat transcription factors in mammary
gland development and tumorigenesis. J Mammary
Gland Biol Neoplasia 6:115–127.

Wilkinson KD. 2000. Ubiquitination and deubiquitination:
Targeting of proteins for degradation by the proteasome.
Semin Cell Dev Biol 11:141–148.

856 Sivko et al.


