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Abstract Transforming growth factor-b (TGF-b) is a multifunctional growth factor, affecting cell proliferation,
apoptosis, and extracellular matrix homeostasis. It also plays critical roles in mammary gland development, one of which
involves inhibition of the expression of milk proteins, such as b-casein, during pregnancy. Here we further explore the
underlying signaling mechanism for it. Our results show that TGF-b suppresses prolactin-induced expression of b-casein
mRNA and protein in primary mouse mammary epithelial cells, but its effect on protein expression is more evident. We
also find out that this inhibition is not due to the effect of TGF-b on cell apoptosis. Furthermore, inhibition of TGF-b type I
receptor kinase activity by a pharmacological inhibitor SB431542 or overexpression of dominant negative Smad3
substantially restores b-casein expression. By contrast, inhibition of p38 and Erk that are known to be activated by TGF-b
does not alleviate the inhibitory effect of TGF-b. These results are consistent with our other observation that Smad but not
MAPK pathway is activated by TGF-b in mammary epithelial cells. Lastly, we show that prolactin-induced tyrosine
phosphorylation of Jak2 and Stat5 as well as serine/threonine phosphorylation of p70S6K and S6 ribosomal protein are
downregulated by TGF-b, although the former event requires considerably long exposure to TGF-b. We speculate that
these events might be involved in repressing transcription and translation of b-casein gene, respectively. Taken together,
our results demonstrate that TGF-b abrogates prolactin-stimulated b-casein gene expression in mammary epithelial cells
through, at least in part, a Smad3-dependent mechanism. J. Cell. Biochem. 104: 1647–1659, 2008. � 2008 Wiley-Liss, Inc.
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A unique feature of the mammary gland
is that its development occurs primarily
after birth. Rapid ductal growth and branching
morphogenesis are induced during puberty,
whereas the development of lobuloalveolar
structures along the existing ductal tree
takes place during pregnancy. At the end of
gestation, alveolar epithelial cells are termi-
nally differentiated, and acquire the ability to
synthesize milk. The following milk secretion
is triggered at parturition. After weaning,
mammary glands undergo involution. During
this period of time, secretory epithelial cells are
apoptosed and stroma is remodeled to resume a
quiescent state [Hennighausen and Robinson,
2001]. All of these features are delicately
controlled by various hormones and growth
factors.
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Transforming growth factor-b (TGF)-b be-
longs to the TGF-b superfamily that regulates a
wide spectrum of biological functions, such as
proliferation, apoptosis, differentiation, and
mobility. It also plays critical roles in develop-
ment and carcinogenesis [Massague and Gomis,
2006]. Mammary gland development has been
shown to be influenced by TGF-b at many
stages. TGF-b inhibits ductal and branching
morphogenesis during puberty, perturbs
lobuloalveolar morphogenesis and differentia-
tion during pregnancy, and promotes apoptosis
during involution [Serra and Crowley,
2005]. Consistent with its global effects on
mammary gland development, TGF-b is
expressed throughout the whole period of post-
natal development except during lactation
[Robinson et al., 1991], implicating an unde-
sired role of TGF-b in this stage of development.
Indeed, evidence has revealed that transgenic
mice expressing TGF-b1 or activated TGF-b
type I receptor displayed a lactation-deficient
phenotype with decreased lobuloalveolar den-
sity and increased apoptosis [Jhappan et al.,
1993; Kordon et al., 1995; Siegel et al., 2003]. On
the contrary, inhibition of TGF-b signaling by
expressing truncated TGF-b type II receptor
resulted in alveolar hyperplasia and precocious
synthesis of a milk protein, b-casein, in virgin
mice [Gorska et al., 1998]. Similar results were
obtained by suppressing type II receptor expres-
sion via the antisense RNA strategy and gene
knockout [Lenferink et al., 2003; Forrester
et al., 2005]. These findings suggest that
endogenous TGF-b prevents premature differ-
entiation in mammary glands of virgin mice.

b-casein, a major component of milk proteins,
is often used as a marker for mammary dif-
ferentiation. Recapitulation of b-casein expres-
sion in vitro requires cell adhesion to basement
membrane (BM) along with the stimulation of
lactogenic hormones, which are prolactin, insu-
lin, and hydrocortisone. This event is however
inhibited by TGF-b [Robinson et al., 1993].
As reported earlier, TGF-b suppressed casein
secretion but did not affect levels of casein
mRNA [Robinson et al., 1993]. Results of pulse-
chase labeling analysis further demonstrat-
ed that TGF-b-treated explants synthesized
caseins at a lower rate than untreated, but the
turnover of caseins was not altered [Robinson
et al., 1993]. Given that the level of TGF-b in
mammary glands elevates in mid-pregnancy, it
has been proposed that TGF-b functions to limit

the accumulation of milk caseins at this stage of
development [Robinson et al., 1993]. Thus, the
role of TGF-b here is fairly clear but the
biochemical mechanism underlying it remains
obscure.

TGF-b signals through a heterotetrameric
receptor complex containing types I and II
receptor serine/threonine kinases. The cascade
of signaling is initiated whenTGF-bbinds to type
II receptor, which then recruits, phosphorylates
and activates type I receptor. Subsequently, R-
Smads are phosphorylated by type I receptor,
interactwith Smad4, translocate into the nucleus
and participate in transcription [Derynck and
Zhang, 2003; Shi and Massague, 2003; Mousta-
kas and Heldin, 2005]. In addition to the Smad
pathway, numerous signaling molecules, includ-
ing MAPK (Erk, Jnk, and p38), PI3K-Akt, Rho
GTPase family, protein phosphatase 2A (PP2A)
and PKC, are activated by TGF-b [Derynck and
Zhang, 2003; Moustakas andHeldin,2005].Here
we examined the pathways stimulated by TGF-b
in primary mouse mammary epithelial cells and
found that Smad3 was, at least in part, respon-
sible for the inhibition of b-casein expression.
Moreover, prolactin-induced tyrosine phosphor-
ylation of Jak2 and Stat5 and serine/threonine
phosphorylation of p70S6K and S6 ribosomal
protein were suppressed by TGF-b. These might
also have a role in downregulation of b-casein
expression.

MATERIALS AND METHODS

Reagents

Bovine insulin, ovine prolactin, mouse EGF,
and hydrocortisone were purchased from
Sigma (St. Louis, MO). Recombinant human
TGF-b1 was from R&D (Minneapolis, MN).
Antibodies to phospho-Smad2, phospho-Erk,
Erk, phospho-JNK, JNK, phospho-p38, p38,
phospho-p70S6K, phospho-S6 ribosomal protein,
phospho-eIF4E, phospho-4E-BP1 and phospho-
Stat5 (Tyr694) were obtained from Cell Signal-
ing (Beverly, MA). Antibodies to Stat5 and
b-casein were from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies to Jak2 and
phosphotyrosine (4G10) were from Upstate
Biotechnology (Lake Placid, NY). Antibody to
Smad2/3 was from Becton Dickinson (Bedford,
MA). ALK-5 inhibitor SB431542 was from
Sigma. Kinase inhibitors SB203580 and PD98059
as well as the caspase inhibitor ZVAD-fmk were
purchased from Calbiochem (San Diego, CA).
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Cell Culture

Reconstituted BM matrix, Matrigel, was pur-
chased from Becton Dickinson and coated onto
dishes at 8 mg/ml. Primary epithelial cultures
were prepared from mid-pregnant ICR mice and
plated on Matrigel in nutrient mixture F-12
(Sigma) containing 10% fetal bovine serum
(Hyclone), 1 mg/ml fetuin (Sigma), 5 ng/ml
EGF, 5 mg/ml insulin, and 1 mg/ml hydro-
cortisone. After 72 h, cells were serum-starved
for 6–8 h in Dulbecco’s modified Eagle’s medium
(DMEM)/nutrient mixture F-12 (Invitrogen)
containing hydrocortisone and insulin, and
then subjected to various treatments. Mouse
mammary gland epithelial cells, NMuMG, were
obtained from Food Industry Research and
Development Institute (Taiwan, ROC) and
grown in DMEM supplemented with 10% fetal
bovine serum and 10 mg/ml insulin.

Adenovirus Infection

Recombinant adenoviruses containing domi-
nant negative Smad3, Smad3(D407E), and LacZ
were kindly provided by Dr. Aristidis Moustakas
(Ludwig Institute for Cancer Research, Uppsala,
Sweden). Adenoviral infection of primary mouse
mammary epithelial cells was performed as
previously described [Watkin and Streuli,
2002]. Briefly, mammary cells cultured on
Matrigel were trypsinized and infected in sus-
pension at 37oC for 1 h. Cells were then pelleted
by centrifugation and plated onto Matrigel-
coated dishes. After 24 h, medium was changed
to DMEM/nutrient mixture F-12 containing
hydrocortisone and insulin, and cells were
stimulated with prolactin (3 mg/ml) or TGF-b1
(5 ng/ml).

Immunoprecipitation and Western Blot Analysis

Cells were lysed in a buffer containing 50 mM
Tris (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1 mM
Na3VO4, 10 mM NaF, 10 mg/ml aprotinin,
10 mg/ml leupeptin, 1 mM phenylmethy-
lsulfonyl fluoride, and 1% Triton-100. Normal-
ization of protein was confirmed by SDS–
PAGE, followed by Coomassie Blue staining.
Cell lysates containing equal amounts of protein
were incubated with 1–2 mg of antibody and
20–50 ml of protein A-Sepharose beads (Zymed
Laboratories, Inc.) overnight at 48C. Immuno-
precipitates or whole cell lysates were sub-
jected to SDS–PAGE, transferred to PVDF
membrane (NEN), and probed with antibodies.

Proteins were visualized using an ECL kit (Cell
Signaling).

Reverse Transcription PCR (RT-PCR)

Total RNA was isolated using TRIzol (Invitro-
gen) according to the manufacturer’s instruc-
tions. The first strand cDNA synthesis was
carried out with ImProm-IITM reverse trans-
criptase (Promega) at 428C for 1 h followed by
incubation at 998C for 5 min to denature reverse
transcriptase. Amplification was performed in
15–22 cycles consisting of a denaturation step of
30 s at 948C, an annealing step of 1 min at 618C
and an extension step of 90 s at 728C. The PCR
primers used for mouse b-casein were 50-ATG
CCC CTC CTT AAC TCT GAA-30 (forward) and
50-GCA TGA TCC AAA GGT GAA AAG-30

(reverse); mouse GAPDH were 50-ACC ACA
GTC CAT GCC ATC AC-30 (forward) and 50-
TCC ACC ACC CTG TTG CTG TA-30 (reverse);
and mouse plasminogen activator inhibitor-1
(PAI-1) were 50-TCA GAG CAA CAA GTT CAA
CTA CAC TGA G-30 (forward) and 50- CCC ACT
GTC AAG GCT CCA TCA CTT GCC CCA-30

(reverse).

RESULTS

TGF-b Inhibits Prolactin-Induced Expression of
b-Casein mRNA and Protein in Primary Mouse

Mammary Epithelial Cells

We started with experiments to confirm the
inhibitory effect of TGF-b on b-casein expres-
sion. Primary mammary epithelial cells derived
from mammary glands of mid-pregnant mice
were cultured on a reconstituted BM matrix,
Matrigel, and exposed to varying concentra-
tions of TGF-b and 3 mg/ml prolactin. Thirty six
hours after stimulation, total cell lysates
were collected and subjected to immunoblotting
to measure the expression ofb-casein protein. In
agreement with the previous finding [Robinson
et al., 1993], TGF-b suppressed prolactin-in-
duced expression of b-casein protein in a dose-
dependent manner (Fig. 1A). At the concen-
tration of 5 ng/ml, TGF-b virtually abolished
b-casein expression (Fig. 1A). This inhibition
was achieved by concurrent application of both
hormones to cells and was not further enhanced
by prolonged treatment of TGF-b prior to
prolactin (Fig. 1B).

We then inspected whether TGF-b inhibited
b-casein expression at the mRNA level. As
assessed by RT-PCR, the amount of b-casein
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mRNA decreased by �40% when cells were
incubated with TGF-b and prolactin simulta-
neously for 24 h (Fig. 1C). Greater reduction
occurred while TGF-b was applied to cells 16 h
before prolactin (Fig. 1C). In order to find out
whether TGF-b-mediated inhibition of b-casein
mRNA expression was due to an increase in

mRNA turnover, we included actinomycin D in
cultures and assessed its effect on b-casein
mRNA levels. Comparable results were ob-
tained from cells treated with or without
TGF-b (data not shown), suggesting that inhib-
ition of b-casein mRNA expression by TGF-b
occurred at the transcriptional level. Taken

Fig. 1. TGF-b inhibits prolactin-induced expression of b-casein
protein and mRNA. A: Primary mouse mammary epithelial cells
cultured on BM were incubated with medium (lane 1), prolactin
(3 mg/ml; lane 2), or simultaneously with prolactin and various
concentrations of TGF-b (1–10 ng/ml) for 36 h (lanes 3–6). Total
cell lysates were analyzed by immunoblotting with antibodies to
b-casein and actin. To be noted that the TGF-b isoform used in
this study was TGF-b1. B: Mammary cells cultured on BM were
incubated with medium for 36 h (lane 1), prolactin for 36 h
(lane 2), TGF-b (5 ng/ml) for 16 h before exposure to prolactin for

36 h (lane 3), TGF-b for 1 h before exposure to prolactin for 36 h
(lane 4), or simultaneously with prolactin and TGF-b for 36 h
(lane 5). Total cell lysates were analyzed by immunoblotting with
antibodies to b-casein and actin. C: Mammary cells cultured on
BM were incubated with medium for 24 h (lane 1), prolactin for
24 h (lane 2), TGF-b for 16 h before exposure to prolactin for 24 h
(lane 3), or simultaneously with prolactin and TGF-b for 24 h
(lane 4). Total RNA was reverse transcribed and PCR-amplified
with primers for b-casein and GAPDH.
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together, our data here indicate that TGF-b
downregulates prolactin-induced expression of
b-casein mRNA and protein, although it seems
to be more effective in the latter event.

Reduction of b-Casein Expression in Response
to TGF-b Is Not Due to Cell Apoptosis

It has been shown that TGF-b induces
apoptosis in a variety of cell types, including
mammary epithelial cells. To clarify whether
TGF-b-mediated inhibition of b-casein expres-
sion was secondary to its effect on cell death, we
applied a general caspase inhibitor, ZVAD-fmk,
along with TGF-b into cells to block apoptosis
and examined if this would avoid downregula-
tion of b-casein. Inclusion of ZVAD-fmk indeed
decreased the amount of floating cells but
did not alter the inhibitory effect of TGF-b on
b-casein expression (Fig. 2). Therefore, lowering
b-casein gene expression in response to TGF-b is
not consequent on cell apoptosis. We speculate
that other mechanisms are involved instead.

TGF-b Activates the Smad Pathway in
Primary Mammary Epithelial Cells

To identify the signaling pathways res-
ponsible for the inhibitory effect of TGF-b, we
would firstly find out the pathways activated by
TGF-b in primary mammary epithelial cells.
Numerous signaling routes have been shown to
be triggered by TGF-b [Derynck and Zhang,
2003; Shi and Massague, 2003; Moustakas
and Heldin, 2005]. Among them, the Smad and
MAPK pathways are often reported. We thus
focused on the examination of these pathways

here. Phosphorylation of Smad2 was induced
5 min after TGF-b stimulation, peaked at 30 min
and remained detectable up to 2 h (Fig. 2 and
data not shown). There was no obvious induc-
tion of Erk, Jnk, and p38 phosphorylation
within this time course (Fig. 3). These data thus
suggest that TGF-b predominantly activates
the Smad pathway in primary mouse mammary
epithelial cells.

Inhibition of Type I TGF-b Receptor Kinase
Activity by SB431542 Restores

b-Casein Expression

We next examined whether the blockade
of TGF-b-activated signaling pathways could
restore prolactin-induced b-casein expression.
SB431542, an inhibitor for ALK-5 (TGF-b re-
ceptor type I), did not affect prolactin-induced
b-casein expression (Fig. 4A, lanes 2–5) but
counteracted the inhibitory effect of TGF-b to
fully resume b-casein expression (Fig. 4A, lanes
6–9). This was what we anticipated since ALK-5
acts fairly upstream of the TGF-b signaling
cascade. By contrast, SB203580 and PD98059

Fig. 2. Inclusion of caspase inhibitor ZVAD-fmk does not
prevent TGF-b-mediated suppression of b-casein. Mammary
cells cultured on BM were incubated with medium for 24 h
(lane 1), prolactin for 24 h (lane 2), TGF-b for 16 h before
exposure to prolactin for 24 h (lane 3), or simultaneously with
TGF-b and ZVAD-fmk (100 mM) for 16 h before exposure to
prolactin for 24 h (lane 4). Total RNA was reverse transcribed and
PCR-amplified with primers for b-casein and GAPDH.

Fig. 3. Kinetic analysis of the signaling pathways activated by
TGF-b. Mammary cells cultured on BM were incubated with
TGF-b for 0–60 min. Total cell lysates were then analyzed by
immunoblotting with the antibodies to phospho-Smad2, Smad2/
3, phospho-p38, p38, phospho-Jnk, Jnk, phospho-Erk, and Erk.
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Fig. 4. Inhibition of type I TGF-b receptor kinase activity by
SB431542 restores expression of b-casein mRNA and protein.
A–C: Mammary cells cultured on BM were incubated with
medium for 36 h (lane 1), prolactin for 36 h (lane 2), the indicated
concentrations of kinase inhibitors for 1 h before exposure to
prolactin for 36 h (lanes 3–5), TGF-b plus prolactin for 36 h
(lane 6), or the indicated concentrations of kinase inhibitors for
1 h before exposure to both prolactin and TGF-b for 36 h
(lanes 7–9). Kinase inhibitors used here were SB431542 (A),
SB203580 (B), and PD98059 (C). Total cell lysates were analyzed

by immunoblotting with antibodies to b-casein and actin.
D: Mammary cells cultured on BM were incubated with prolactin
for 24 h (lane 1), SB431542 (10 mM) for 16 h before exposure to
prolactin for 24 h (lane 2), TGF-b for 16 h before exposure
to prolactin for 24 h (lane 3), both SB431542 and TGF-b for 16 h
before exposure to prolactin for 24 h (lane 4), TGF-b and
prolactin for 24 h (lane 5), or simultaneously with SB431542,
TGF-b, and prolactin for 24 h (lane 6). Total RNA was reverse
transcribed and PCR-amplified with primers for b-casein and
GAPDH.
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which inhibit p38 and Mek, respectively, had no
effect on b-casein expression whether cells were
treated with prolactin or TGF-b (Fig. 4B,C). The
p38 inhibitor SB203580 has been documented to
inhibit types I and II TGF-b receptor activity
[Eyers et al., 1998]; however, it did not negate
the action of TGF-b in our experiment (Fig. 4B).
We thus tested the ability of SB203580 to inhibit
TGF-b-activated Smad2 phosphorylation in
mammary epithelial cells. Our results revealed
that SB203580 did not affect this signaling
event (Supplemental Fig. 1). This is in agree-
ment with other reports [Bakin et al., 2002; Yu
et al., 2002], suggesting that the inhibitory
effect of SB203580 on TGF-b receptor is cell
type-dependent. Collectively, our data here
were consistent with the aforementioned ob-
servation that neither p38 nor Erk was acti-
vated in mammary cells (Fig. 3). Thus, TGF-
b-elicited inhibition of b-casein expression is not
mediated by Erk or p38.

We also inspected the effect of SB431542 on
b-casein mRNA expression. Just like it did
for b-casein protein, SB431542 overrode
the effect of TGF-b and completely restored
prolactin-induced b-casein mRNA expression
regardless of the timing that TGF-b was added
(Fig. 4D). Therefore, SB431542 is effective in
eradicating the detrimental effect of TGF-b
on b-casein expression at both mRNA and
protein levels.

Expression of Dominant Negative Smad3
Alleviates the Inhibitory Effect of TGF-b on

b-Casein Expression

With the purpose of clarifying the involve-
ment of the Smad pathway in the inhibitory
effect of TGF-b on b-casein expression, a single
missense mutant of Smad3, Smad3(D407E),
was used. This mutant has been shown to be
defective in phosphorylation in response to
TGF-b [Goto et al., 1998]. Moreover, it blocks
phoshorylation of both wild type Smad3 and
Smad2, thereby exerting a dominant negative
impact on TGF-b signaling [Goto et al., 1998]. To
ensure its efficiency, we examined the effect
of Smad3(D407E) on TGF-b-stimulated PAI-1
expression in a mouse mammary cell line
NMuMG based on the fact that Smad3 is
required for PAI-1 induction. As shown in
Figure 5A, TGF-b stimulated the expression of
PAI-1 mRNA, and this reaction was attenuated
when cells were infected with adenoviral vector
containing Smad3(D407E).

After proving the efficiency of this mutant,
we then tested its effect on restoring b-casein
expression. Primary mammary cells were
trypsinized, mock-infected or infected with
adenoviral vector containing Smad3(D407E)
(Ad-Smad3(D407E)) or LacZ (Ad-LacZ) in sus-
pension for 1 h, seeded on Matrigel-coated
dishes, cultured for 24 h and then stimulated

Fig. 5. Expression of dominant negative Smad3 alleviates the
inhibitory effect of TGF-b on prolactin-induced b-casein
expression. A: NMuMG cells were either mock-infected (lanes
1–2) or infected with recombinant adenovirus expressing
dominant negative Smad3 [Ad-Smad3(D407E); lanes 3–4].
Twenty four hours after infection, cells were incubated in the
absence of presence of TGF-b for 24 h. Total RNA was
then reverse transcribed and PCR-amplified with primers
for PAI-1 and GAPDH. B,C: Mammary cells infected with
Ad-Smad3(D407E) (lanes 4–6), Ad-LacZ (lanes 7–9), or mock-
infected (lanes 1–3) were incubated with medium (lanes 1, 4,
and 7), prolactin (lanes 2, 5, and 8), or prolactin and TGF-b (lanes
3, 6, and 9) for 24 h. Total RNA was reverse transcribed and PCR-
amplified with primers for b-casein and GAPDH (B), and cell
lysates were analyzed by immunoblotting with antibodies to
Smad2/3, b-casein, and actin (C).
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with prolatin in the absence or presence of
TGF-b. Under the condition that prolactin and
TGF-b were both added, cells overexpressing
Smad3(D407E) exhibited higher extents of
b-casein mRNA compared to mock-infected cells
or Ad-LacZ-infected cells (Fig. 5B, lane 6 vs.
lanes 3 and 9). Comparable results were
also obtained for b-casein protein (Fig. 5C).
Similar experiments were conducted using
higher multiplicity of infection (MOI), and
greater restoration of b-casein mRNA and
protein expression was observed (Supplemental
Fig. 2). Our data thus suggest that expression of
dominant negative Smad3 mutant is able to
alleviate the inhibitory effect of TGF-b. We also
noticed a basal level of b-casein expression
only in cells infected with Ad-Smad3(D407E)
(Fig. 5B,C, lane 4), perhaps for the reason that
the Smad3 mutant negated the action of traces
of TGF-b in Matrigel. Moreover, different from
the results in Figure 1C, cotreatment of TGF-b
and prolactin here effectively blocked b-casein
mRNA expression in these cells which were
primary cells undergoing one round of
trypsinization (Fig. 5B, lane 3). We are not
certain what mechanism causes this difference
but reckon that some factors derived from
mouse mammary glands are sustained in
primary cultures and function in protecting
cells from the action of TGF-b. Trypsinization
of cells might lead to the destabilization of
these factors, leaving cells more susceptible to
TGF-b’s inhibition. Further experiments are
needed to clarify this question. Collectively, our
data here suggest that the Smad pathway is, at
least in part, involved in TGF-b-mediated
inhibition of b-casein expression.

Prolonged Treatment of TGF-b Leads to the
Inhibition of Prolactin-Induced Tyrosine

Phosphorylation of Jak2 and Stat5

In order to further delineate the mechanism
for TGF-b-mediated inhibition of b-casein ex-
pression, we investigated into the possibility
that TGF-b interfered with the Jak2-Stat5
pathway activated by prolactin. Mammary cells
were pretreated with TGF-b for either 16 or 1 h
before exposed to prolactin for 15 min, and
cell lysates were then immunoprecipitated
with antibodies to Jak2 and Stat5 followed by
immunoblotting with anti-phosphotyrosine
antibody. We found that prolonged incubation
of TGF-b resulted in a decrease in levels of

tyrosine phosphorylation of Jak2 and Stat5,
whereas pretreatment of TGF-b for 1 h exerted
no effect (Fig. 6). This was consistent with
the result in Figure 1C that substantial down-
regulation of b-casein mRNA took place only
when cells were exposed to TGF-b long before
prolactin.

Expression of Dominant Negative Smad3 Lessens
the Inhibitory Effect of TGF-b on Prolatin-Induced

Stat5 Tyrosine Phosphorylation

After discovering that TGF-b inhibited
prolactin-stimulated signaling, we then further
examined whether this was mediated by Smad3
as well. Mammary cells were mock-infected
or infected with Ad-Smad3(D407E). After 24 h
incubation, cells were pretreated with TGF-b
for 16 h followed by stimulation with prolactin
for 15 min. As shown in Figure 7, overexpres-
sion of Smad3(D407E) prevented TGF-b-
induced massive inhibition of Stat5 tyrosine
phosphorylation, and in these cells, Stat5 phos-
phorylation was elevated to a level �45%
of control (Fig. 7, compare lanes 4 to 3). Thus,
TGF-b might hamper prolactin signaling by a
mechanism involving Smad3.

Fig. 6. Prolactin-induced tyrosine phosphorylation of Jak2 and
Stat5 is inhibited by prolonged treatment of TGF-b. Mammary
cells cultured on BM were incubated with medium for 15 min
(lane 1), prolactin for 15 min (lane 2), or TGF-b for either 16 h
(lane 3) or 1 h (lane 4) before exposure to prolactin for 15 min.
Cell lysates were immunoprecipitated with antibody to Jak2 or
Stat5 followed by immunoblotting with anti-phosphotyrosine
antibody (PY). Expression levels of Jak2 and Stat5 were analyzed
by immunoblotting with antibodies to Jak2 and Stat5.
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TGF-b Inhibits Prolactin-Induced
Serine/Threonine Phosphorylation of p70S6K

and S6 Ribosomal Protein

One of the signaling molecules activated by
TGF-b is PP2A. The Ba subunit of PP2A binds to
type I TGF-b receptor in response to TGF-b;
consequently, PP2A associates and inhibits
p70S6K, leading to cell cycle arrest in G1 phase
[Griswold-Prenner et al., 1998; Petritsch et al.,
2000]. We were particularly interested in this
pathway since p70S6K plays a role in regulation
of translation. Besides, it has been shown that
TGF-b-mediated inhibition of b-casein occurs
at the translational level [Robinson et al., 1993].
Based on these facts, we examined the extents of
phosphorylation of several proteins involved in
translation, including p70S6K, S6 ribosomal
protein, eIF-4E, and 4E-BP, under the condition
that cells were incubated in the absence or
presence of prolactin and TGF-b for 8 h. Pro-
lactin stimulated phosphorylation of p70S6K
and S6 ribosmal protein; whereas inclusion of
TGF-b suppressed these responses by 43% and
53%, respectively (P< 0.05). A slight increase in
levels of 4E-BP phosphorylation was observed
when cells were stimulated with prolactin, but
this was not altered by TGF-b. Likewise, no
inhibition of eIF-4E phosphorylation by TGF-b
was detected (Fig. 8). We also carried out
similar experiments except for lengthening the
incubation time to 24 h. Up to 75% and 77% of

reduction in levels of phosphorylation of
p70S6K and S6 ribosomal protein, respectively,
was observed in response to TGF-b (P< 0.05;
Supplemental Fig. 3). Thus, TGF-b perturbs
prolactin-induced phosphorylation of p70S6K
and S6 ribosomal protein, which might sub-
sequently cause the ineffectiveness in b-casein
protein synthesis.

DISCUSSION

The key development of mammary gland
occurs post-natally. Upon each pregnancy,
mammary gland undergoes a course of proli-
feration, differentiation and involution, accom-
panied by dramatic changes in morphology.
Regulation of this process requires intricate
interplay of multiple growth factors, hormones
and extracellular matrix. TGF-b is expressed at
all phases of mammary gland development
except during lactation, stressing its adverse
effect on mammary function at this period
of time. In fact, TGF-b has been documented to
inhibit the synthesis of milk protein genes,
such as b-casein. Here we further demonstrate
that this inhibitory effect is mediated by a
Smad3-dependent mechanism. Moreover, pro-
lactin-induced tyrosine phosphorylation of Jak2

Fig. 7. Expression of dominant negative Smad3 lessens
the inhibitory effect of TGF-b on prolactin-induced Stat5
tyrosine phosphorylation. Mammary cells infected with
Ad-Smad3(D407E) (lanes 3–4) or mock-infected (lanes 1–2)
were incubated with prolactin for 15 min (lanes 1 and 3) or
pretreated with TGF-b for 16 h before exposure to prolactin for
15 min (lanes 2 and 4). Total cell lysates were immuno-
precipitated with antibody to Stat5 followed by immunoblotting
with anti-phospho-Stat5 (Tyr694) antibody. Expression level of
Stat5 was analyzed by immunoblotting with antibody to Stat5. Fig. 8. TGF-b treatment decreases levels of phosphorylation of

p70S6K and S6 ribosomal protein. Mammary cells cultured on
BM were incubated with medium (lane 1), prolactin (lane 2),
TGF-b (lane 3), or prolactin along with TGF-b (lane 4) for 8 h.
Total cell lysates were then analyzed by immunoblotting with
antibodies to phospho-p70S6K, phospho-S6 ribosomal protein,
phospho-4E-BP, phospho-eIF4E, and actin.
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and Stat5 and serine/threonine phosphoryla-
tion of p70S6K and S6 ribosomal protein are
suppressed by TGF-b. These might contribute
to the downregulation of transcription and
translation of the b-casein gene.

In this study, we found that TGF-b inhibited
b-casein expression at both mRNA and protein
levels (Fig. 1). This is different from an
observation reported earlier in that only
b-casein protein is repressed [Robinson et al.,
1993]. One possible explanation for this dis-
crepancy is that the concentration of prolactin
(5 mg/ml) and glucocorticoid (5 mg/ml) they used
is higher than those we did (3 mg/ml prolactin
and 1 mg/ml glucocorticoid); furthermore, these
hormones have been shown to hinder TGF-b
response [Woo et al., 1996; Song et al., 1999;
Bailey et al., 2004]. Prolactin impeded TGF-b-
induced apoptosis in an Akt-dependent fashion
in mammary epithelial cells [Bailey et al., 2004].
The role of Akt in counteracting TGF-b signal-
ing was then characterized in other studies,
illustrating that Akt interacted with Smad3 and
blocked Smad3 phosphorylation, association
with Smad4 and the subsequent translocation
into the nucleus [Conery et al., 2004; Remy
et al., 2004]. Like prolactin, glucocorticoid also
influences TGF-b responses albeit both positive
and negative effects have been reported. In
mammary cells, glucocorticoid and TGF-b act
against each other to regulate tight junction
dynamics [Woo et al., 1996]. This antagonism
can be partly explained by a later finding
that glucocorticoid receptor binds Smad3 and
inhibits Smad3-mediated transcription [Song
et al., 1999]. Accordingly, higher dose of prolac-
tin and glucocorticoid would results in greater
activation of Akt and glucocorticoid receptor,
which then negate the act of Smad3 by physical
sequestration or functional inhibition of Smad3.
Another explanation for the difference in re-
sults regarding the effect of TGF-b on b-casein
mRNA expression is the duration of hormone
stimulation, which is 48 and 24 h in their and
our studies, respectively. It has been shown that
prolonged treatment of lactogenic hormones
greatly enhances b-casein mRNA stability
[Poyet et al., 1989]. Therefore, massive accu-
mulation of b-casein mRNA under this condi-
tion would mask the diminution derived from
TGF-b-mediated inhibition of transcription.

Multiple transcription factors are involved in
transcription of b-casein gene, including Stat5,
glucocorticoid receptor, C/EBPb, NF-1, Oct-1

and Runx2/cbfa1. Conceivably, suppression of
the expression or function of these factors would
lead to a decrease in b-casein mRNA expression.
Here we found that prolonged treatment of
TGF-b reduced levels of tyrosine phosphoryla-
tion of Jak2 and Stat5 (Fig. 6), which might thus
have a part in attenuation of b-casein mRNA
expression. Similar results have been detected
in other studies, and the possible mechanisms
for it were revealed recently [Bright et al., 1997;
Fox et al., 2003; Lovibond et al., 2003; Roes
et al., 2003; Park et al., 2005]. One involves
suppressor of cytokine stimulation 3 (SOCS3), a
negative regulator of the Jak/Stat pathway.
SOCS3 is induced by TGF-b in bone marrow
precursor cells and this induction facilitates
osteoclast lineage commitment by blocking
the inhibitory effect of IFN-b [Fox et al., 2003;
Lovibond et al., 2003]. The other mechanism
involves the protein tyrosine phosphatase
(PTP), SHP-1. TGF-b stimulates the expression
of SHP-1 in CD4þ T cells, which then play a role
in perturbing IFN-g-induced Jak/Stat signaling
[Park et al., 2005]. Interestingly, these afore-
mentioned TGF-b responses, including the
induction of SOCS and PTP, are all mediated
through upregulation of gene expression, corre-
lating with our result that disruption of the Jak/
Stat pathway by TGF-b requires prolonged
treatment of TGF-b (Fig. 6). As we found that
Smad3 contributed to TGF-b-mediated inhibi-
tion of Stat5 tyrosine phosphorylation (Fig. 7), it
is appealing to propose that Smad3-mediated
transcription accounts for induction of SOCS
and PTP, thereby conferring the inhibitory
effect of TGF-b. Further investigation is re-
quired to address this question.

It is likely that TGF-b inhibits b-casein
mRNA expression by interfering the expression
or function of transcription factors other than
Stat5. One candidate is C/EBPb, an indispen-
sable transcription factor for b-casein gene.
Mounting data have shown that TGF-b
suppresses C/EBP-mediated transcription by
inhibiting the expression, DNA-binding or
transactivation of C/EBP, and the signaling
molecule conferring these actions is Smad3
[Choy and Derynck, 2003; Feinberg et al.,
2004; Ahdjoudj et al., 2005]. The other potential
target of TGF-b’s inhibitory effect is Runx2/
cbfa1. Runx2/cbfa1 is known for its role in
osteoblast differentiation, but TGF-b inhibits
this process by repressing the expression and
transactivation of Runx2/cbfa1 [Alliston et al.,
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2001]. Again, Smad3 was verified to mediate
this effect. It either promotes the recruitment
of histone deacetylase to Runx2/cbfa1 at the
Runx2/cbfa1-binding site [Kang et al., 2005], or
augments the expression of Msx2, an antagonist
of Runx2/cbfa1, to control Runx2/cbfa1 activity
[Hjelmeland et al., 2005]. However, the pos-
sibility that TGF-b thwarts the function of
glucocorticoid receptor, another important
transcription factor for b-casein transcription,
is probably minute because TGF-b has
been shown to elicit no effect on glucocorticoid
receptor-driven transcription [Song et al.,
1999].

The earlier study from Robinson et al. [1993]
suggests that TGF-b inhibits b-casein expres-
sion at the translational level. This is, to some
extent, in agreement with our results: (1) TGF-b
is more effective in blocking b-casein protein
expression than in blocking mRNA expression
(Fig. 1); and (2) TGF-b decreases levels of
prolactin-induced serine/threonine phosphory-
lation of p70S6K and S6 ribosomal protein
(Fig. 8). S6K and its upstream activator, the
mammalian target of rapamycin (mTOR), are
crucial in the regulation of translation. In
response to stimulation, mTOR is recruited to
the eIF3 complex where S6K has already bound,
and phosphorylates S6K [Holz et al., 2005].
This facilitates S6K dissociation from the eIF3
complex and the subsequent full activation.
Consequently, S6K phosphorylates eIF2B and
the 40S ribosomal protein S6 [Holz et al., 2005].
Active mTOR also phosphorylates 4E-BP, lead-
ing to the release of 4E-BP from eIF4E; in turn,
eIF4G is recruited and bridges between eIF4E
at 50-cap and polyA binding protein (PABP) at
30-end of mRNA. In contrast to mTOR and
S6K, S6 ribosomal protein’s role in translation
is rather ambiguous. S6 phosphorylation was
initially thought to promote the translation of
mRNA containing 50-terminal oligopyrimidine
tract [Jefferies et al., 1994], but this concept was
recently challenged by the observation that
cells defective in S6 phosphorylation were
still competent in translation of this set of
mRNA [Ruvinsky et al., 2005]. On the contrary,
a positive role of S6 phosphorylation in cap-
dependent translation has just been reported
[Roux et al., 2007]. It shows that S6 interacts
with the 7-methylguanosine cap complex when
it is phosphorylated at Ser235/236 [Roux et al.,
2007]. Collectively, the mTOR/S6K signaling
cascade and possibly S6 phosphorylation are

involved in the regulation of translation initia-
tion. In this regard, downregulation of these
events, as we observed in this study (Fig. 8),
would have a negative impact on protein syn-
thesis. This notion is somewhat supported by an
earlier finding that application of rapamycin
into cultures of mouse mammary explants in-
hibits prolactin-induced casein synthesis [Hang
and Rillema, 1997].

It is currently unclear how TGF-b suppresses
serine/threonine phosphorylation of p70S6K
and S6 ribosomal protein in our system. We
speculate that PP2 mediates this effect because
TGF-b has been shown to inhibit p70S6K via
PP2A to induce cell cycle arrest in a mammary
epithelial cell line, Eph4 [Petritsch et al., 2000].
The regulatory Ba subunit of PP2A, responsible
for interacting with type I TGF-b receptor, is
a WD40 repeat-containing protein [Petritsch
et al., 2000]. To be noted that several WD40
repeat proteins are bound to TGF-b receptors as
well [Derynck and Zhang, 2003]. Among them,
eIF2a and TGF-b-receptor-interacting protein 1
(TRIP-1) which is a subunit of the eIF3 complex
are particularly of interest to us since both them
are part of the translation initiation complex.
However, there is no evidence that TGF-b
influences translation via TRIP-1 and eIF2a,
and so far their role in TGF-b response has been
confined to a modulator of TGF-b receptor
signaling.

Synthesis of milk to nourish the offspring is
the ultimate function of mammary glands. A
number of hormones and growth factors orches-
trate this process, and the intricacy of it is
represented in the regulation b-casein. Induc-
tion of b-casein by lactogenic hormones is
modulated at transcriptional, post-transcrip-
tional and translational levels, whereas in-
hibition of it by TGF-b is perhaps through
both transcriptional and translational controls
although the latter seems to be more important.
Based on our data and other observations in
related reports, we reckon that short exposure
to TGF-b could cause some extents of inhibition
of b-casein mRNA expression, possibly through
the negative effect of Smad3 on C/EBP or cbfa-1/
Runx2; but effective downregulation of b-casein
mRNA is achieved by further impairing
the Jak2/Stat5 pathway, and this probably
involves the induction of other genes such as
PTP or SOCS. On the other hand, abrogation
of b-casein protein expression results partly
from a decrease in mRNA expression which is
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Smad3-dependent, and from the reduction of
translation efficiency mediated by perturbation
of phosphorylation of p70S6K and S6 ribosomal
protein. The latter event is, as we speculate,
ascribed to TGF-b-activated PP2 activity.
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