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The seven members of the human 14-3-3 family play crucial roles in a diverse range of cellular responses
including cell cycle progression, DNA damage checkpoint, and apoptosis. One particular isoform, 14-3-3
r, the p53 target gene, is a unique tumor suppressor. We here report 14-3-3 r as a transforming growth
factor-beta (TGF-b) target gene. In mammary epithelial cells, TGF-b selectively induced expression of 14-
3-3 r at both mRNA and protein levels, and this induction was dependent on Smad3 not on p53. In addi-
tion, blockade of non-canonical Smad-independent pathways, including MAP kinases and Rho GTPases,
did not affect the TGF-b1-induced 14-3-3 r expression. Our data provides the first evidence that 14-3-
3 r is a Smad3-dependent target gene of TGF-b1.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Transforming growth factor-b (TGF-b) is a multifunctional cyto-
kine that modulate a diverse of cellular functions such as cell pro-
liferation, differentiation, cell adhesion, apoptosis, and
inflammatory responses [1,2]. TGF-b initiates intracellular signal-
ing through two types of transmembrane serine and threonine ki-
nase receptors, TbRI and TbRII. The activated receptor signaling
complex propagates intracellular signal transduction via two effec-
tor pathways, the canonical Smad-dependent or non-canonical
Smad-independent pathway. In the canonical pathway, receptor-
activated Smad proteins (R-Smads; Smad2 and Smad3) are phos-
phorylated and translocated into nucleus to elicit TGF-b-specific
transcriptional responses [3,4]. An inhibitory Smad, Smad7 acts
as a negative feedback molecule induced by TGF-b1 [5]. The non-
canonical TGF-b pathway utilizes various signaling components,
including extracellular signal-regulated kinase 1/2 (ERK1/2), p38
kinase, c-Jun NH2-terminal kinase 1/2 (JNK1/2), RhoA, Rac1,
Cdc42, and phosphatidylinositol 3-kinase (PI3K), to induce Smad-
independent responses, yet also regulates Smad-mediated re-
sponses [6–8].

The 14-3-3 family of proteins contains seven isotypes, b, e, g, c,
s, f, and r. They are highly conserved and ubiquitously expressed
in a wide range of mammalian species [9,10]. The 14-3-3 family
proteins participate in diverse range of cell signaling pathways
ll rights reserved.
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with adaptor function and regulate fundamental cellular functions
such as cell proliferation, apoptosis, and cytoskeleton rearrange-
ment [11–13]. Up- or down-regulation of 14-3-3 proteins has been
founded in human cancers; for example, expression of 14-3-3 r, a
transcriptional target of p53, is lost in breast cancer [14] whereas
14-3-3 b, c, and s expression levels are increased in lung cancer
[15].

Although TGF-b1 is well known to be inhibitory to cell
proliferation, relatively limited progress has been made in the
identification of target genes that are ultimately responsible for
the anti-proliferative function of TGF-b1. Previously, we showed
that 14-3-3 r may be crucial for TGF-b1-induced growth inhibition
[16]. In this study, we demonstrate that 14-3-3 r is a new target
up-regulated by TGF-b1 in a Smad3-dependent manner in
mammary epithelial cells, suggesting a possibility that loss of
14-3-3 r in breast cancer significantly contributes to insensitivity
of cancer cells to the growth inhibitory effects of TGF-b.
2. Materials and methods

2.1. Cell culture

The HepG2 human hepatoblastoma cell lines were purchased
from the American Type Culture Collection (Rockville, MD).
Smad3+/+ mouse embryonic fibroblasts (MEFs), Smad3�/� MEFs,
and Eph4 mouse mammary epithelial cells were obtained from
Dr. Anita B. Roberts of the National Cancer Institute (USA). Cells
were grown in Dulbecco’s modified Eagle medium (Invitrogen,
Grand Island, NY) supplemented with 10% heat-inactivated fetal
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bovine serum (FBS) (Invitrogen, Grand Island, NY), 100 U/ml
penicillin, and 100 lg/ml streptomycin at 37 �C under a humidified
95/5% (v/v) mixture of air and CO2. HaCaT cells were maintained in
Dulbecco’s modified Eagle medium (Invitrogen, Grand Island, NY)
supplemented with 10% heat-inactivated FBS.
2.2. Plasmid DNAs, DNA transfection and reporter assay

The pBSD2-wt-Luc and pBSD2-mt-Luc plasmid DNAs were a gift
from Dr. Bert Vogelstein (Johns Hopkins University School of Med-
icine). All plasmids were transiently transfected using polyethylen-
imine (Roche, Mannheim). To control variations in cell numbers
and transfection efficiency, all clones were cotransfected with
0.2 lg of CMV-b-GAL, a eukaryotic expression vector in which
Escherichia coli b-galactosidase (Lac Z) structural gene is under
the transcriptional control of the CMV promoter. Luciferase repor-
ter activity was assessed on a luminometer with a luciferase assay
system (Promega, Madison, WI) according to the manufactures’
protocol. The data for luciferase assays represent the mean ± SD
of three independent experiments.
2.3. Reverse transcription polymerase chain reaction (RT-PCR) and
quantitative real-time RT-PCR

Total RNA was extracted using the phenol-guanidinium isothi-
ocyanate method [17]. RT-PCR was performed by Access RT-PCR
system (Promega, Madison, WI) according to the manufacturer’
instructions using the following mouse 14-3-3 r primers; forward
50-CCT GCT GGA CTC GCA CCT CA-30 and reverse, 50-TGT CGG CTG
TCC ACA GCG TC-30, mouse 14-3-3 b primers; forward 50-GAG CGC
TAC GAC GAC ATG GCC-30 and reverse, 50-AAT TCC AGG ACC GTG
GTG CAG ATG-30, mouse 14-3-3 e primers; forward 50-GAG CGA
TAC GAC GAA ATG GTG-30 and reverse 50-CCT TGG ACT CGC CAG
TGT TAG-30, mouse 14-3-3 g primers; forward 50-CTG GCG GAG
CAG GCG GAG CGC-30 and reverse 50-CTG TCT CCA GCT CCT TTT
CAA TCT TCT CCC-30, mouse c 14-3-3 primers; forward 50-CCG
GGA GAA GAT CGA GAA GGA GT-30 and revere 50-CTG CAT GAT
CAG AGT GGA GTC CTT G-30, mouse 14-3-3 s primers; forward
50-GCA GCT GAT CAA GGA CTA TCG GG-30 and reverse 50-GCC
TCT TGG TAG GCT CCT TGG G-30, mouse 14-3-3 f primers; forward
50-CCC ACT CCG GAC ACA GAA TAT CAG-30 and reverse 50-CTC TGT
ATT CTC GAG CCA TCT GCT G-30, and mouse b-actin was amplified
as a control, using the following primers: forward, 50-ACG TTG CTA
TCC AGG CTG TG-30, and reverse, 50-GCG ACG TAG CAC AGC TTC
TC-30. PCR amplifications were performed under the following con-
ditions: 25 cycles of 94 �C for 30 s, 55 �C for 1 min, and 72 �C for
1 min; for b-actin, 25 cycles of 95 �C for 30 s, 60 �C for 30 s, and
72 �C for 1 min. For quantitative RT-PCR, a Prism 7000 real-time
PCR machine (Applied Biosystems, Poster City, CA) and QantiTec
SYBR PCR kit (Quiagen, Valencia, CA) were used to measure the
expression of 14-3-3 r under the following conditions: 35 cycles
of 94 �C for 15 s, 60 �C for 20 s, and 72 �C for 30 s. Quantitative
real-time RT-PCR experiments were independently repeated at
least three times to ensure reproducibility.
2.4. Adenoviral infections

Adenoviruses expressing LacZ and N-terminally Flag-tagged
Smad2 Smad3, Smad4, and Smad7 were provided by Dr. Kohei
Miyazono (The University of Tokyo, Japan). High-titered stocks of
recombinant viruses were amplified and titrated in HEK293T cells
as described by Fujii et al. [18]. Adenoviral infections of cells were
used at a multiplicity of infection (m.o.i.) of less than 8 � 102 pfu/
cells.
2.5. Immunoblot analysis

Cytosolic extracts were obtained in mammalian cell lysis buffer
(50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.5% Nonidet P-40, 5 mM
EDTA, 2 mM DTT, 1 mM sodium orthovanadate, 10 mM b-glycero-
phosphate, 1 mM NaF, 1 lM microcystin, 1 mM phenylmethylsul-
fonyl fluoride, 5 lg/ml leupeptin, 10 lg/ml aprotinin). Western
blotting was performed using anti-p53 and anti-14-3-3 r (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-Smad2 and anti-Smad3
(Upstate, Chicago, IL), anti-phospho-Smad3 (Cell Signaling Tech-
nology, Danvers, MA), and anti-Flag M2 and anti-b-actin (Sigma–
Aldrich, St. Louis, MO) antibodies. Protein samples were heated
at 95 �C for 5 min and analyzed by SDS–PAGE. Immunoblot signals
were developed using Super Signal Ultra chemiluminescence
detection reagents (Pierce, Rockford, IL).

2.6. Statistical analysis

Statistical analyses were performed using SigmaPlot 2001
(Systat Software, Inc., Richmond, CA). Statistical significance was
assessed by comparing the means values (±SD) using a Student’s
t-test for paired data.
3. Results and discussion

3.1. Identification of 14-3-3 r as a TGF-b1-inducible gene in mammary
epithelial cells

To examine whether TGF-b1 affects 14-3-3 r gene expression,
we treated the mouse mammary epithelial cell line, Eph4, with
TGF-b1 (5 ng/ml) for various time periods. Western-blot analysis
revealed time-dependent induction of 14-3-3 r by TGF-b1
(Fig. 1A). Induction was evident as early as 1.0 h, and reached a
maximum within 12 h. Concentrations of TGF-b1 as low as
1.0 ng/ml were capable of inducing maximal expression of 14-3-
3 r (Fig. 1B). Consistent with these results, three independent
experiments of quantitative real time PCR analysis showed that
the 14-3-3 r mRNA increased in dose (Fig. 1C)-, and time
(Fig. 1D)-dependent manner under TGF-b1 stimulation. Notably,
the TGF-b1-induced increases of 14-3-3 r mRNA was not observed
in other 14-3-3 isoforms (Fig. 2). To determine whether TGF-b1 in-
creases 14-3-3 r mRNA at transcriptional level, we treated Eph4
cells with TGF-b1 in the absence or presence of actinomycin D,
an inhibitor of RNA polymerase II-dependent gene transcription.
Actinomycin D strongly blocked the TGF-b1-induced increases of
14-3-3 r mRNA (Fig. 1E) and 14-3-3 r protein (Fig. 1F), suggesting
that the increase is at the transcriptional level. We next deter-
mined if the TGF-b1-induced increase in transcriptional activity
is mediated by post-transcriptional regulation of a pre-existing
protein. Our results showed that both cyclohexamide and puromy-
cin, inhibitors of de novo protein synthesis, significantly blocked
the TGF-b1-induced increase of 14-3-3 r protein (Fig. 1F). How-
ever, the TGF-b1-induced increase of 14-3-3 r mRNA did not af-
fected by cyclohexamide (Fig. 1E), indicating that new protein
synthesis is not required for transducing the TGF-b1 signal to the
increase in 14-3-3 r mRNA.

3.2. TGF-b1-induced 14-3-3 r gene expression is dependent on Smad3
but not on p53

14-3-3 r has been identified as a p53-responsive gene in DNA
damage checkpoints [19]. Because p53 has also been implicated
in TGF-b1-mediated signaling [20], we determined whether TGF-
b1-induced 14-3-3 r gene expression is dependent on p53 or
not. We firstly addressed this by using reporter constructs specific



Fig. 1. TGF-b1 induces 14-3-3 r gene expression in mammary epithelial cells. Western blots showing the induction of 14-3-3 r and the extent of phosphorylation of Smad3
in Eph4 cells incubated (A) with TGF-b1 (5 ng/ml) for the indicated times and (B) with the indicated concentrations of TGF-b1. Quantitative real time RT-PCR showing the
mRNA expression of 14-3-3 r in Eph4 cells incubated (C) with the indicated concentrations of TGF-b1 and (D) with TGF-b1 (5 ng/ml) for the indicated times. RT-PCR (E) and
western blot (F) showing 14-3-3 r expression form Eph4 cells incubated with or without TGF-b1 (5 ng/ml) in the absence or presence of 10 lg/ml actinomycin D (Act D) or
100 ng/ml cycloheximide (CHX). The effect of puromycin (Puro) on the expression of 14-3-3 r protein induced by TGF-b1 (5 ng/ml) was also examined (F). All data are
representative results of at least three independent experiments.

Fig. 2. Isoform-selective induction of 14-3-3 r expression by TGF-b1. RT-PCR
showing 14-3-3 isoform mRNAs from Eph4 cells incubated with TGF-b1 (5 ng/ml)
for the indicated times. b-Actin expression was used as a loading control and for
normalization. Data are representative results of at least three independent
experiments.
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for p53. As shown in Fig. 3A, pBSD2-wt-Luc plasmid contains func-
tionally active p53 binding region of 14-3-3 r promoter inserted
upstream of adenovirus E1B minimal promoter fused to luciferase
coding sequences. The oligonucleotide in pBSD2-mt-Luc plasmid
contains point mutations that abolish p53 binding (Fig. 3A). As ex-
pected, co-transfection with plasmid expressing p53 cDNA
(Fig. 3B) or treatment of adriamycin (Fig. 3C) increased the activity
of pBSD2-wt-Luc efficiently, but failed to induce the Smad-binding
element-containing Luc (pSBE-Luc) reporter activity. In contrast,
co-transfection with a plasmid encoding a constitutively active
form of TGF-b type I receptor, namely TbRI (T204D) (Fig. 3B), or
treatment of TGF-b1 (Fig. 3C) strongly increased pSBE-Luc reporter
activity, but failed to induce the pBSD2-wt-Luc reporter activity.
The reporter activity of pBSD2-mt-Luc was not increased by p53,
TbRI (T204D), TGF-b1, or adriamycin (Fig. 3B and C). To ensure that
p53 does not involve in TGF-b1-induced 14-3-3 r gene expression,
we transfected cells with small interference RNA (siRNA) against
p53. Western-blot analysis showed that p53 siRNA effectively re-
duced the levels of p53 but did not prevent the stimulatory effect
of TGF-b1 on 14-3-3 r expression (Fig. 3D). These results suggest
that p53 is not involved in the induction of 14-3-3 r gene expres-
sion by TGF-b1.

TGF-b1 transduces signal into cells through two main pathways,
the canonical Smad-dependent pathway and non-canonical Smad-
independent pathway [3]. Non-canonical Smad-independent path-
ways, including mitogen-activated protein kinase (MAPK) and Rho
pathway, are important for optimal transmission of TGF-b signal.
In order to investigate the role of Smad-independent pathways in
the TGF-b1-mediated up-regulation of 14-3-3 r gene expression,
we employed specific inhibitors for each of these pathways to-
gether with TGF-b1. As shown in Fig. 4A, TGF-b1-induced 14-3-3
r gene expression was not significantly inhibited by U0126, an
inhibitor of MAPK kinase (MEK1), SB203580, an inhibitor of p38
MAPK, and SP600125, an inhibitor of c-Jun NH2-terminal kinase
1/2 (JNK1/2). Furthermore, overexpression of dominant negative
mutants of Rho GTPases such as Rac1N17, Cdc25N17, and Rho-
AN19, had no effects on 14-3-3 r gene expression induced by
TGF-b1 (Fig. 4B). These results suggest that Non-canonical Smad-
independent pathway may not be crucial for induction of 14-3-3
r gene expression by TGF-b1.



Fig. 3. TGF-b1 induces 14-3-3 r expression in a p53-independent manner. (A) Schematic representation of 14-3-3 r promoter-fused reporter plasmids carrying a wild type
(pBSD2-wt) or mutant (pBSD2-mt) p53 binding site. Small letters indicating the base changes within the p53 binding site. The Smad binding element (SBE)-Luc, 14-3-3 r
(p53 wt)-Luc and 14-3-3 r (p53 mt)-Luc reporter activities in Eph4 cells (B) transiently transfected with TGF-bRI(T204D), a constitutively active form of TGF-b type I receptor,
or p53 or (C) treated with TGF-b1 (5 ng/ml) or adriamycin (10 lM) for 24 h. (D) Western blot showing 14-3-3 r protein expression in Eph4 cells transfected with scrambled
siRNA, Smad3 siRNA, or p53 siRNA, followed by TGF-b1(5 ng/ml) treatment for 24 h. All data are representative results of at least three independent experiments.

Fig. 4. TGF-b1 induces 14-3-3 r expression in a Smad3-dependent manner. (A) Eph4 cell were preincubated for 30 min in the absence or presence of SB431542 (5 lM),
U0126 (10 lM), SB203580 (5 lM), or SP600125 (15 lM), followed by treatment without or with TGF-b1 (5 ng/ml) for additional 24 h. (B) Cells transfected with pEXV,
Cdc42N17, RacN17, or RhoAN19 were treated with TGF-b1 (5 ng/ml) for 24 h. (C) Cells infected with adenovirus carrying the LacZ, Flag-tagged Smad2, Flag-tagged Smad3,
Flag-tagged Smad4, or Flag-tagged Smad7 were incubated in the absence or presence of TGF-b1(5 ng/ml) for 24 h. (D) Smad3 wild type (+/+) and Smad3 knockout (�/�)
mouse embryonic fibroblasts (MEFs) were treated with TGF-b1(5 ng/ml) for 24 h. Changes in expression of 14-3-3 r, Flag-tagged Smads, Smad2, and Smad3 were examined
by western blot. b-actin was used as a loading in western blot analysis of cell extracts. All data are representative results of at least three independent experiments.
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To determine the involvement of Smad pathway in TGF-b1-in-
duced 14-3-3 r gene expression, we infected FLAG-tagged Smad
cDNAs in Eph4 cells using a recombinant adenovirus system. As
shown in Fig. 4C, infection of the inhibitory Smad7 adenovirus
clearly diminished the induction of 14-3-3 r gene expression by
TGF-b1. Notably, the induction of 14-3-3 r gene expression was
strongly enhanced in the Eph4 cells infected with the Smad3 ade-
novirus but not in the cells infected with the Smad2 or Smad4 ade-
novirus (Fig. 4C). Consistently, TGF-b1-induced 14-3-3 r gene
expression was substantially reduced in cells transfected with siR-
NA Smad3 (Fig. 3D) and in Smad3 knockout mouse embryo fibro-
blasts (MEFs) (Fig. 4D). Taken together, these results reveal that
14-3-3 r gene expression is induced by TGF-b1 through a
Smad3-dependent pathway in mammary epithelial cells.

14-3-3 r was originally characterized as a target gene induced
by p53 in cell cycle checkpoint signaling [19]. A growing body of
evidences suggests a putative role of 14-3-3 r as a tumor sup-
pressor. For example, hypermethylation of CpG islands and loss
of expression of the 14-3-3 r gene has been reported in human
breast and hepatocellular carcinoma [21,22]. In addition, 14-3-3
r has been reported to suppress protein kinase B/Akt-activated
cancer [23]. In spite of the important role of 14-3-3 r gene in
cancer, the molecular mechanism underlying the regulation of
14-3-3 r gene expression has not been almost addressed. In this
study, we demonstrate that TGF-b1 is an important key modula-
tor of 14-3-3 r gene expression through a Smad3-dependent
mechanism in mammary epithelial cells. Our present results, to-
gether with previous report that 14-3-3 r has an important role
for TGF-b1-induced growth inhibition [16], strongly suggest that
TGF-b1-mediated Smad3-dependent activation of 14-3-3 r may
be a new regulatory axis in anti-proliferative TGF-b signaling.
Therefore, elucidation of the molecular mechanism underlying
role of 14-3-3 r in TGF-b1-induced growth inhibition might be
provide important insights into developing therapeutic
approaches for cancers that are associated with perturbations of
TGF-b signaling.
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