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Functional activation of the transforming growth factor–�
(TGF-�) receptors (TGFBRs) is carefully regulated through
integration of post-translational modifications, spatial regula-
tion at the cellular level, and TGFBR availability at the cell sur-
face. Although the bulk of TGFBRs resides inside the cells, AKT
Ser/Thr kinase (AKT) activation in response to insulin or other
growth factors rapidly induces transport of TGFBRs to the cell
surface, thereby increasing the cell’s responsiveness to TGF-�.
We now demonstrate that TGF-� itself induces a rapid translo-
cation of its own receptors to the cell surface and thus amplifies
its own response. This mechanism of response amplification,
which hitherto has not been reported for other cell-surface
receptors, depended on AKT activation and TGF-� type I recep-
tor kinase. In addition to an increase in cell-surface TGFBR
levels, TGF-� treatment promoted TGFBR internalization, sug-
gesting an overall amplification of TGFBR cycling. The TGF-�–
induced increase in receptor presentation at the cell surface
amplified TGF-�–induced SMAD family member (SMAD) acti-
vation and gene expression. Furthermore, bone morphogenetic
protein 4 (BMP-4), which also induces AKT activation,
increased TGFBR levels at the cell surface, leading to enhanced
autocrine activation of TGF-�–responsive SMADs and gene
expression, providing context for the activation of TGF-� sig-
naling in response to BMP during development. In summary,
our results indicate that TGF-�– and BMP-induced activation
of low levels of cell surface–associated TGFBRs rapidly mobi-
lizes additional TGFBRs from intracellular stores to the cell sur-
face, increasing the abundance of cell-surface TGFBRs and cells’
responsiveness to TGF-� signaling.

Delicate coordination and control of signaling responses to
extracellular molecules inform cell differentiation and behavior
and direct tissue development and homeostasis, whereas their
dysregulation underlies developmental disorders and cancers.

The cell-surface levels and regulation of transmembrane kinase
receptors, which are critical to transduction of extracellular sig-
nals, define the sensitivity and amplitude of the cell’s response
to extracellular growth and differentiation factors. Mutation or
dysregulation of kinase receptors often leads to aberrant recep-
tor function and signaling responses, as well-illustrated in stud-
ies of receptor tyrosine kinases. Changes in cell-surface expres-
sion of these receptors help define the cell’s responsiveness to
growth factors, whereas spatial regulation at the cell surface or
cycling between the plasma membrane and endocytic vesicles
also control ligand responsiveness (1–3).

In contrast to the receptor tyrosine kinases, much less is
known about the control of responsiveness to the secreted
TGF-� family proteins, which often act as differentiation fac-
tors yet have a plethora of additional functions in cell physiol-
ogy and development (4). TGF-� and the closely related
activins and bone morphogenetic protein (BMPs)2 activate
dual-specificity transmembrane kinases that phosphorylate
serine and threonine, as well as tyrosine (5). Genetic aberra-
tions in TGF-� receptor signaling components have been
linked to developmental deficiencies and disorders, whereas
dysfunction in receptor expression and activation is implicated
in the initiation and progression of fibrosis and cancer (4, 6, 7).
Mostly studied using TGF-� as prototype, the dimeric TGF-�
family proteins bind to cell-surface complexes of two pairs of
type II and type I receptors and induce the activation of type I
receptor kinases through their phosphorylation by the proxi-
mal type II receptor kinases. The activated type I receptors
recruit and C-terminally phosphorylate, and thus activate,
Smads (5, 8). The receptor-activated Smads dissociate from the
receptors and associate with Smad4 in trimeric complexes that
translocate into the nucleus where they interact with DNA-
binding transcription factors and cofactors to amplify or
repress gene expression (8 –10). Smad2 and Smad3 are acti-
vated in response to TGF-�, with Smad3 most frequently acting
as direct effector of TGF-� target gene expression, whereas
Smad1, Smad5, and Smad8 act as BMP signaling effectors
(8 –10). TGF-� family receptors also activate non-Smad signal-
ing pathways, including PI3K–Akt–mTOR signaling, Erk, p38,

This work was supported by Grants RO1-CA63101 and RO1-CA136690 from
the National Cancer Institute (to R. D.). The authors declare that they have
no conflicts of interest with the contents of this article. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

This article contains Table S1 and Figs. S1 and S2.
1 To whom correspondence should be addressed: Dept. of Cell and Tissue

Biology, University of California at San Francisco, Broad Center, Rm. RMB-
1027, 35 Medical Center Way, San Francisco CA 94143-0669. Tel.: 415-476-
7322; E-mail: rik.derynck@ucsf.edu.

2 The abbreviations used are: BMP, bone morphogenetic protein; TGF-�,
transforming growth factor–�; PI3K, phosphatidylinositol 3-kinase; MAPK,
mitogen-activated protein kinase; T�R, TGF-� receptor; TfR, transferrin
receptor; SBE, Smad-binding element; MLB, mild lysis buffer.

croARTICLE

8490 J. Biol. Chem. (2019) 294(21) 8490 –8504

© 2019 Duan and Derynck. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

http://www.jbc.org/cgi/content/full/RA118.005763/DC1
mailto:rik.derynck@ucsf.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.005763&domain=pdf&date_stamp=2019-4-4


and c-Jun N-terminal kinase MAPK pathways, and Rho-like
GTPase signaling (11, 12). Like the receptor tyrosine kinases,
the TGF-� receptors remain catalytically active upon internal-
ization. However, although growth factor ligand binding
induces receptor tyrosine kinases to internalize in endocytic
compartments, TGF-� family receptors are thought to contin-
uously recycle and enable ligand binding; however, ligand bind-
ing may also enhance their internalization (8, 13, 14). Smad
activation in response to TGF-� ligands occurs in nascent or
fully formed endosomal compartments, whereas TGF-�–
induced Erk MAPK and PI3K–Akt signaling associate with
caveolar compartments (15–19). Differential compartmental-
ization enables the cells to calibrate the contributions of differ-
ent signaling pathways to the cellular response (3, 13). Further
control of TGF-� responsiveness at the level of cell-surface
receptors is provided by the activity of the metalloprotease
ADAM17, better known as TACE (tumor necrosis factor-�–
converting enzyme), which proteolytically removes the ectodo-
main of the type I TGF-� receptors (T�RI), leading to
decreased TGF-� responsiveness and nuclear functions of the
T�RI cytoplasmic domains (20). Finally, cells can rapidly
enhance their sensitivity to TGF-� by mobilizing TGF-� recep-
tors from an intracellular pool toward the plasma membrane.
The increased abundance of type I and type II TGF-� receptors
confers increased responsiveness to autocrine TGF-� signaling
(13, 21, 22). Insulin induces enhanced TGF-� receptor trans-
port to the cell surface through activation of Akt, thus enabling
enhanced autocrine TGF-� signaling (22). Akt activation may
also drive the rapid increase of cell-surface TGF-� receptors
from intracellular stores and increased TGF-� responsiveness
in response to high glucose (21, 22).

Here, we introduce a novel mode of signal amplification that
is elaborated at the level of the cell-surface TGF-� receptors.
Such regulation has, to our knowledge, not been described for
any other cell-surface receptors. Specifically, TGF-� ligand
induces a rapid up-regulation of the levels of type I and type II
TGF-� receptors, i.e. T�RII and T�RI, at the cell surface, de-
pendent on T�RI kinase activity and TGF-�–induced Akt acti-

vation. The consequently increased TGF-� responsiveness
results in ligand-induced amplification of signaling and Smad-
mediated gene responses. Furthermore, BMP signaling through
Akt also enhances the TGF-� receptors at the cell surface, thus
increasing autocrine TGF-� signaling and allowing TGF-�
responsiveness to participate in the BMP response.

Results

TGF-� induces a rapid increase in cell-surface TGF-� receptor
levels

We evaluated the effect of TGF-� on cell-surface TGF-�
receptor levels using two different cell lines, the human non-
transformed keratinocyte cell line HaCaT, and the human alve-
olar adenocarcinoma cell line A549. Both cell lines are estab-
lished models for studying the TGF-� response, exhibiting
TGF-�–induced Smad phosphorylation and gene expression
changes (23, 24). Cell-surface TGF-� receptors were detected
by biotinylation of cell-surface proteins of intact, nonpermeabi-
lized cells, followed by selective adsorption of the biotinylated
proteins to NeutrAvidin beads, SDS-PAGE, and immunoblot-
ting for T�RI or T�RII. In both cell lines, TGF-� induced
within 15 min a substantial increase in the cell-surface levels of
both T�RI and T�RII (Fig. 1). No effects were apparent on the
overall levels of T�RI or T�RII. TGF-� treatment did not affect
the cell-surface abundance of transferrin receptor (TfR), a
transmembrane protein that is not regulated by TGF-� signal-
ing (21), suggesting that the increase of TGF-� receptors at the
cell surface was selective or specific. These data reveal a rapid
translocation of TGF-� receptors from intracellular stores to
the cell surface that, considering its rapid kinetics and the lack
of change in overall receptor levels, is likely to not depend on
new protein synthesis.

TGF-�–induced Akt activation promotes the increase in
cell-surface TGF-� receptors

Akt signaling has been shown to mediate the insulin-in-
duced up-regulation of the TGF-� receptor levels at the cell
surface by promoting the transport of the receptors from

Figure 1. TGF-� induces an increase in TGF-� receptor levels at the cell surface. HaCaT (A) and A549 (B) cells were stimulated with TGF-�1 for the indicated
times. Cell-surface proteins were labeled by biotinylation, affinity-purified by NeutrAvidin adsorption, and visualized by SDS-PAGE and immunoblotting (IB).
The upper panels show the immunoblotting of biotinylated T�RI and T�RII receptors and TfR at the cell surface, whereas the lower panels show the abundance
of these proteins in whole cell lysates. GAPDH and TfR served as controls in total cell lysates.
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intracellular membrane compartments to the plasma mem-
brane (22). We therefore tested whether specifically inhibit-
ing Akt activation using the highly selective allosteric Akt
inhibitor AktVIII (25, 26) affects the TGF-�–induced
increase in TGF-� receptor levels at the cell surface. TGF-�
treatment resulted in a rapid increase in Akt phosphoryla-
tion at serine 473 and threonine 308 in both HaCaT and
A549 cells. Both basal and TGF-�–induced Akt phosphory-
lation on both residues were inhibited by treatment with
AktVIII (Fig. 2, A and B, left panels). Another specific Akt
inhibitor, MK2206 (27, 28), similarly repressed TGF-�–
induced Akt activation (Fig. 2, A and B, right panel). Further-
more, the PI3K inhibitor LY294002 also blocked TGF-�–
induced Akt activation in both cell lines (Fig. S1, A and B).
These observations are consistent with previous reports that
TGF-� activates PI3K signaling and induces Akt phosphor-
ylation in epithelial cells (29 –31).

Cell-surface biotinylation of TGF-� receptors on HaCaT and
A549 cells revealed that inhibition of Akt activation using Akt-
VIII imparted a significant attenuation of TGF-�–induced cell-
surface TGF-� receptor levels (Fig. 2, C and D, left panels).
Similar results were obtained using the other Akt inhibitor,
MK2206 (Fig. 2, C and D, right panels), or the PI3K inhibitor
LY294002 (Fig. S1, C and D). These effects of the Akt inhibitors
AktVIII or MK2206 or the PI3K inhibitor LY294002 appeared
to be selective to the TGF-� receptors, because Akt inhibition
did not affect cell-surface transferrin receptor levels (Fig. 2, C
and D, and Fig. S1). These data reveal that Akt activation pro-
motes an increase in cell-surface levels of the TGF-� receptors.
However, inhibition of the TGF-�–induced increase in cell-
surface TGF-� receptors by AktVIII or MK2206 or by
LY294002 was incomplete, despite full inhibition of Akt
activation.

The T�RI kinase is required for TGF-�–induced increase in
cell-surface TGF-� receptors

We next evaluated whether TGF-�–induced TGF-� re-
ceptor up-regulation requires the kinase activity of T�RI,
which is known to initiate TGF-�–induced Smad and Erk
MAPK activation (5, 12, 32). SB431542, a specific inhibitor of
T�RI kinase activity, prevented TGF-�–induced Smad2 and
Smad3 activation (Fig. 3, A and B) and attenuated the TGF-
�–induced enhancement of T�RI and T�RII, in both HaCaT
and A549 cells, without affecting the cell-surface levels of
transferrin receptor (Fig. 3, C and D). We also evaluated the
effect of corilagin, another small molecule that inhibits the
T�RI kinase and thus prevents TGF-�–induced Smad2/3
activation (33). Similarly to SB431542, pretreatment of the
cells with corilagin decreased TGF-�–induced receptor
presentation without affecting the total TGF-� receptor lev-
els or the cell-surface levels of the transferrin receptor (Fig.
3, E and F).

The observation that SB431542, the Akt inhibitors AktVIII
and MK2206, and the PI3K inhibitor LY94002 attenuated TGF-
�–induced increase of T�RII and T�RI levels at the cell surface
led us to address the effect of SB431542 on TGF-�–induced Akt
activation in HaCaT and A549 cells. TGF-�–induced Akt acti-
vation is thought to occur independently from Smad activation

(11, 12). Inhibition of T�RI kinase activity was reported to pre-
vent Akt activation in some cell lines (30, 34) yet was also shown
to not affect TGF-�–induced Akt activation in a tumor cell line
(31). Immunoblot analysis revealed that SB431542 attenuated
or prevented TGF-�–induced Akt activation in both HaCaT
and A549 cells without affecting overall Akt levels (Fig. 3, G and
H). These data, together with those using the PI3K inhibitor
LY294002 (Fig. S1), suggest that activation of the T�RI kinase,
PI3K, and Akt in response to TGF-� are required for TGF-�–
induced up-regulation of cell-surface TGF-� receptor levels
and that in HaCaT and A549 cells, the T�RI kinase promotes
TGF-�–induced Akt activation.

Preventing Akt activation inhibits TGF-� receptor cycling

Transmembrane receptor kinases cycle between endosomal
compartments and the cell surface, and receptor cycling is an
important determinant of the receptor availability at the cell
surface and the signaling response (1–3). Accordingly, TGF-�
receptor endocytosis and translocation to the cell surface con-
trol the TGF-� response (15–19). Complementary to evaluat-
ing the effect of AktVIII on the cell-surface levels of the TGF-�
receptors, we examined its effect on internalization of the
TGF-� receptors. For this purpose, we first labeled the cell-
surface proteins at 0 °C using the reversible biotinylation re-
agent EZ Link Sulfo-NHS-SS-Biotin, which contains a reduci-
ble disulfide bond. After biotinylation, the cells were incubated
at 37 °C for 20 min with or without TGF-� to allow endocytosis.
Biotinylation of the proteins that remained at the cell surface
was subsequently reversed using GSH to reduce and thus
remove the disulfide-bonded biotin label (Fig. 4A). In contrast
to the proteins at the cell surface, internalized proteins are pro-
tected against reversing the biotinylation and can be selectively
adsorbed to NeutrAvidin-bound agarose (35). The adsorbed
proteins were then analyzed by SDS-PAGE, followed by immu-
noblotting (Fig. 4, B and C). As shown in Fig. 4B, cell-surface
T�RI and T�RII were labeled by cell-surface protein biotinyla-
tion at 37 °C (lane 1), and only a minimal background of recep-
tor labeling remained in samples that were subsequently
treated with reducing buffer (lane 2). After 20 min at 37 °C and
in the absence of added TGF-�, low levels of internalized T�RII
and T�RI receptors were apparent (lane 3). The internalized
receptor levels were, however, increased in response to TGF-�
(lane 4), indicating that TGF-� enhances receptor internaliza-
tion. AktVIII attenuated the TGF-�–induced increase in T�RI
and T�RII internalization (Fig. 4C). Internalization of the
transferrin receptor was not affected by either TGF-� treat-
ment or AktVIII (Fig. 4C), suggesting selective or specific reg-
ulation of TGF-� receptor cycling rather than an overall effect
on endocytosis.

These results may explain the partial, rather than complete,
repression of TGF-�–induced receptor presentation upon Akt
inhibition. A scenario in which AktVIII treatment blocks the
Akt-dependent increase in receptor translocation to the cell
surface and also attenuates receptor internalization may
explain the incomplete repression of TGF-�–induced cell-sur-
face TGF-� receptor up-regulation by AktVIII.
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Enhanced TGF-� receptor availability at the cell surface
increases Smad activation

TGF-� binding to the receptors stabilizes the interaction
between T�RI and T�RII, which results in activation of the
T�RI kinase and enables it to C-terminally phosphorylate,
and thus activate, the T�RI-associated Smads (5, 8). To
address the extent to which TGF-�–induced TGF-� recep-
tor up-regulation plays a role in the initiation of Smad sig-
naling, we assessed TGF-�–induced stabilization of the
T�RI–T�RII complex, the association of Smad3 with acti-
vated TGF-� receptors, and Smad2 and Smad3 activation in
response to TGF-�.

TGF-�–induced association of T�RI and T�RII was assessed
by coimmunoprecipitation of T�RII with T�RI, visualized by
immunoblotting. As is apparent from Fig. 5A, TGF-� induced
the association of T�RII with T�RI. The level of T�RI-associ-
ated T�RII was substantially less when Akt activation was pre-
vented using AktVIII. This difference is consistent with the
much lower level of T�RII and T�RI at the surface of cells
treated with AktVIII. Association of Smad3 with the cell-sur-
face TGF-� receptors was assessed by purifying the biotinylated
proteins at the cell surface and then immunoblotting for asso-
ciated Smad3. This analysis revealed a TGF-�–induced recruit-
ment of Smad3 to cell-surface proteins (Fig. 5B). Concomitant
treatment with AktVIII strongly repressed the amount of
Smad3 associated with cell-surface proteins, which is consis-
tent with AktVIII’s ability to reduce the cell-surface TGF-�
receptor up-regulation. The decrease in cell surface–associated
Smad3 correlates with a decrease in cell-surface TGF-� recep-
tor complexes.

Finally, the decreased level of receptor-associated Smad3 in
conjunction with attenuated TGF-� receptor cell-surface pres-
entation led us to evaluate TGF-�–induced Smad activation. In
a timeframe consistent with the inhibition of receptor induc-
tion shown in Fig. 2, AktVIII treatment decreased TGF-�–
induced Smad2 and Smad3 activation, detected by immuno-
blotting for C-terminally phosphorylated Smads, whereas
overall Smad2 and Smad3 levels remained unchanged (Fig. 5C).
A similar decrease in Smad2 and Smad3 activation was seen
when the cells were treated with the Akt inhibitor MK2206 (Fig.
5D) or with the PI3 kinase inhibitor LY294002 (Fig. S1, A and
B). These data correlate Smad activation with T�RI and T�RII
receptor up-regulation at the cell surface.

Together, these results illustrate increased receptor activa-
tion, Smad recruitment, and Smad activation as a result of the
TGF-�–induced increase in T�RII and T�RI availability at the
cell surface. They also illustrate the role of TGF-�–induced Akt
activation in these proximal TGF-� responses.

TGF-�–induced TGF-� receptor up-regulation at the cell
surface amplifies Smad-mediated gene expression

Upon TGF-� binding to the receptors and subsequent C-ter-
minal Smad phosphorylation, activated Smad2 and Smad3
combine with Smad4 to induce or repress target gene expres-
sion. Activated Smad3 complexes have been shown to directly
bind DNA at Smad-binding elements (SBEs) and to induce
transcription from tandem SBEs in reporter assays. We there-
fore performed reporter assays using SBE-Luc, a reporter plas-
mid containing a gene encoding firefly luciferase under direct
control of tandem SBEs (36). TGF-� induced a 4-fold increase
in the expression of luciferase, which was decreased by one-
third when cells were concomitantly treated with AktVIII (Fig.
6A). As expected, the T�RI kinase inhibitor SB431542 fully
inhibited TGF-�–induced luciferase expression from tandem
SBEs (Fig. 6B).

We also quantified TGF-�–induced endogenous expression
of the SERPINE1, SNAI2, and SMAD7 genes, which encode
PAI-1, Slug/Snail2, and Smad7, respectively. These genes are
directly targeted by Smad3/4 complexes in response to TGF-�
and are consequently rapidly activated in response to TGF-�
(37–40). As shown in Fig. 6C, TGF-� induced within 90 min the
expression of these genes, quantified by measuring the mRNA
levels using qRT-PCR, and these responses were attenuated in
the presence of AktVIII (Fig. 6C). As expected, SB431542 inhib-
ited transcriptional activation in response to TGF-� (Fig. 6D).
These transcription activation data support a model in which
TGF-� receptor up-regulation in response to TGF-� enhances
Smad activation, leading to amplification of Smad-mediated
gene expression and enhancing the cell’s responsiveness to
TGF-�. Inhibition of the TGF-� response in the presence of
AktVIII is consistent with contribution of Akt activation to the
TGF-�–induced increase in receptor availability at the cell
surface.

BMP-4 induces increased cell-surface levels of TGF-� receptors
and autocrine TGF-� signaling

The role of Akt activation in driving increased cell-surface
presentation of TGF-� receptors raised the question of whether
BMP signaling, which results in Akt activation (41), promotes
an increase in TGF-� receptor availability and autocrine TGF-�
signaling. Such up-regulation of TGF-� receptors would then
represent a proximal node of cross-talk between TGF-� and
BMP signaling pathways. To address this question, HaCaT cells
were treated with 5 ng/ml BMP-4, and the levels of cell-surface
TGF-� receptors were assessed by cell-surface protein biotiny-
lation followed by immunoblotting of the biotinylated proteins.
Treatment with BMP-4 resulted in a rapid increase in cell-sur-
face T�RI and T�RII (Fig. 7A). Similarly to the induction of

Figure 2. Inhibition of Akt activation attenuates the ligand-induced increase of cell-surface T�RI and T�RII. A and B, Akt activation in HaCaT (A) and A549
(B) cells stimulated with TGF-�1 for the indicated times. As shown in the left panels, TGF-�1 induces Akt phosphorylation, assessed by immunoblotting (IB) for
phospho-Akt, which is prevented in the presence of AktVIII. Similarly, the Akt inhibitor MK2206 prevented basal and TGF-�–induced Akt activation, assessed at
30 min after TGF-� treatment (right panels). GAPDH serves as a loading control. C and D, cell-surface protein biotinylation analyses of HaCaT (C) and A549 (D)
cells that were treated with TGF-�1 for the indicated times in the presence or absence of AktVIII (left panels) or MK2206 (right panels). As shown in the left panels,
the TGF-�–induced increases of T�RI and T�RII levels at the cell surface were attenuated in the presence of AktVIII. Similarly, the Akt inhibitor MK2206
prevented TGF-�–induced up-regulation of T�RI and T�RII levels at the cell surface, assessed at 30 min after TGF-� treatment (right panels). Total T�RI and T�RII
protein, GAPDH, and cell surface and total TfR were not affected by TGF-�1, AktVIII, or MK2206.
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cell-surface receptors in response to TGF-�, the BMP-4 –
induced increase of T�RI and T�RII at the cell surface was
inhibited by AktVIII (Fig. 7A). The BMP-4 –induced up-regu-
lation of TGF-� receptors at the cell surface was lower than the
up-regulation seen in response to TGF-� and was not affected
by the presence of the pan–TGF-� neutralizing antibody 1D11
(Fig. 7B), which prevented TGF-�–induced activation of Akt,
Smad2, and Smad3 (Fig. S2). A lack of antibodies that clearly
recognize BMP receptors at endogenous levels prevented us
from assessing the cell-surface levels of BMP receptors.

Because the TGF-�–induced increase in cell-surface T�RI
and T�RII levels enabled increased autocrine TGF-� signaling,
we evaluated the level of Smad2 and Smad3 activation in
response to BMP-4. As shown in Fig. 7C, BMP-4 induced a low
level of Smad2 and Smad3 activation, assessed by immunoblot-
ting for phospho-Smad2 and -Smad3 (Fig. 7B). This activation
of Smad2 and Smad3 was inhibited by SB431542, which blocks
the T�RI kinase without affecting BMP receptors (42), thus
implicating T�RI kinase in BMP-induced phosphorylation of
Smad2 and Smad3 (Fig. 7C). Activation of Smad2 and Smad3 in

Figure 3. Inhibition of the T�RI kinase decreases the cell-surface TGF-� receptor response. A–D, effect of SB431542 on the TGF-�–induced increases of
Smad3 and Smad2 activation, assessed by immunoblotting (IB) for phospho-Smad3 or -Smad2 (A and B), and T�RI and T�RII levels at the cell surface, assessed
by cell-surface protein biotinylation and immunoblotting (C and D), in HaCaT (A and C) or A549 (B and D) cells. SB431542 blocked TGF-�–induced Smad2 and
Smad3 activation (A and B) and attenuated the TGF-�–induced increase in cell-surface T�RI and T�RII levels without affecting cell-surface levels of TfR or
whole-cell levels of TGF-� receptors. E and F, effect of corilagin on the TGF-�–induced increase of T�RI and T�RII levels at the cell surface, assessed as in C and
D, in HaCaT (E) or A549 (F) cells. Corilagin attenuated the TGF-�–induced increase in cell-surface T�RI and T�RII levels without affecting cell-surface levels of TfR
or whole-cell levels of TGF-� receptors. G and H, effects of SB431542 on TGF-�–induced Akt activation, assessed by immunoblotting for phospho-Akt or
phospho-Smad2 or -Smad3, in HaCaT (G) and A549 (H) cells. Cells were pretreated and treated as in A and B. SB431542 inhibited the TGF-�–induced Akt
activation (G and H). GAPDH and TfR levels serve as loading controls. Note that B presents data from the same experiment shown in D.

Figure 4. TGF-� increases internalization of T�RI and T�RII in an Akt-dependent manner. TGF-� receptor internalization (int) analysis of HaCaT cells in the
presence of TGF-�1 and/or AktVIII or vehicle control. A, schematic diagram of the experimental flow used to generate the results in B and C. The cells were
subjected to cell-surface protein biotinylation for 20 min on ice and then switched to cell culture medium under normal growth conditions at 37 °C for 20 min,
in the presence or absence of TGF-�1 and/or AktVIII. The biotin label was then removed from proteins at the cell surface using GSH, and the internalized
biotinylated proteins, which were protected against removal of the biotinylation, were purified by affinity adsorption to NeutrAvidin. B, biotin-labeled proteins,
purified by NeutrAvidin adsorption, were visualized by SDS-PAGE and immunoblot (IB) analysis. Lane 1 shows total cell-surface labeled protein prior to
incubation at 37 °C and reversal of biotinylation (cell surface, CS). Lane 2 shows background (BG) levels of biotinylated proteins in cells kept on ice (0 min at 37 °C)
prior to reversal of biotinylation, as control for those samples that were subsequently switched to 37 °C. The third and fourth lanes show internalized T�RI and
T�RII receptors after 20 min at 37 °C, in the absence or presence of TGF-�, after reversal of biotinylation. T�RI and T�RII internalization was enhanced in
response to TGF-�1. C, using the same treatment regimen, the presence of AktVIII during incubation at 37 °C attenuated the TGF-�-stimulated internalization
of T�RI and T�RII. TfR and GAPDH levels in cell lysates serve as loading controls.
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response to 5 ng/ml BMP-4 was substantially lower than the
activation seen in response to TGF-� at 0.25 ng/ml, the TGF-�
concentration used throughout this study (Fig. 7D). Further-
more, the neutralizing anti–TGF-� antibody 1D11 inhibited
BMP-induced Smad2/3 activation, consistent with the notion
that it is mediated by autocrine TGF-� signaling (Fig. 7D).
These results illustrate the BMP-induced enhancement of cell-
surface TGF-� receptors, resulting in increased autocrine
TGF-� signaling.

We next evaluated whether the increased levels of TGF-�
receptors at the cell surface enable BMP-induced autocrine
expression of TGF-�/Smad3 target genes. As was done to eval-
uate the amplification of the TGF-� response (Fig. 6), we quan-
tified the expression of mRNA for the TGF-�–responsive genes
SERPINE1, SNAI2, and SMAD7, which are known to be tran-
scriptionally activated by Smad3/4 complexes, but not by BMP-
activated Smad1 and/or Smad5. The expression of all three
genes was up-regulated in response to BMP-4 and was inhibited
in the presence of the T�RI kinase inhibitor SB431542, consis-
tent with autocrine TGF-� receptor signaling in response to
BMP (Fig. 7E). In contrast, BMP-induced induction of ID1 and
ID3, which are directly activated by BMP signaling through
Smad1 and/or Smad5 (43), was not significantly affected by

SB431542 (Fig. 7F). BMP-induced activation of SERPINE1,
SNAI2, and SMAD7 was only mildly repressed by AktVIII (Fig.
7G). This is consistent with incomplete repression of TGF-�–
induced activation of these genes by AktVIII (Fig. 6C) and the
fact that Akt controls the up-regulation of cell-surface TGF-�
receptors but not T�RI-mediated Smad2/3 activation.

Taken together, these data support a model of BMP-induced
enhancement of TGF-� responsiveness as a result of TGF-�
receptor up-regulation at the cell surface. BMP-induced sensi-
tization of cells to autocrine TGF-� signaling can lead to acti-
vation of TGF-�–responsive Smad2 and/or Smad3 and gene
expression changes that are associated with TGF-� signaling
(Fig. 8).

Discussion

Our results reveal a novel mechanism of ligand-induced sig-
naling amplification. Specifically, we show that ligand-induced
activation of low levels of cell-surface receptors results in a
rapid mobilization of receptors from intracellular stores to the
cell surface, thus increasing the abundance of cell-surface
receptors and consequently the cell’s responsiveness. We
defined this mechanism in the context of the TGF-� receptors
T�RI and T�RII in response to TGF-�. We additionally show

Figure 5. Enhanced TGF-� receptor availability at the cell surface confers increased T�RI–T�RII receptor association and Smad activation. A,
coimmunoprecipitation of T�RI and T�RII in HaCaT cells treated with TGF-�1 for 30 min in the presence of AktVIII inhibitor or control solution. Inhibition
of Akt with AktVIII decreased the ligand-induced interaction of T�RI and T�RII. B, cell-surface analysis of HaCaT cells treated with TGF-�1 in the presence
or absence of AktVIII. TGF-�1 promoted association of Smad3 with cell-surface proteins, which was inhibited by AktVIII. C and D, immunoblot (IB)
analysis of Smad2 and Smad3 activation. HaCaT cells were stimulated with TGF-�1 for the times indicated in the presence of AktVIII or control solution
(C) or for 30 min with TGF-�1 in the presence of MK2206 or control (D). Smad2 and Smad3 activation in response to TGF-�1, assessed by anti–phospho-
Smad2 or -Smad3 immunoblotting, was attenuated by AktVIII or MK2206, whereas total Smad2 and Smad3 protein levels were unaffected by TGF-�1 or
AktVIII or MK2206. Note that in this figure, B presents data from the same experiment shown in Fig. 2C, and D presents data obtained from the same
experiment as shown in the right panel of Fig. 2A.
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that BMP also promotes the mobilization of intracellular
TGF-� receptors to the cell surface, thus resulting in increased
sensitivity to TGF-�– and BMP-induced enhancement of auto-
crine TGF-� signaling (Fig. 8).

TGF-� enhances TGF-� responsiveness by increasing TGF-�
receptors at the cell surface

The control of receptor availability plays a major role in
defining the amplitude and nature of ligand-induced cell
responses, and deregulated receptor routing contributes to dis-
ease progression. This has been documented for transmem-
brane tyrosine kinase receptors that respond to growth factors,
including epidermal growth factor, insulin, vascular endothelial
growth factor, and platelet-derived growth factor receptors (3,
44 – 47). In general, increased cell-surface levels of receptors
confer increased responsiveness yet can lead to aberrant
responses. In the case of TGF-�, the receptor abundance at the
cell surface is a major determinant of the cellular response, and
cells control TGF-� responsiveness by modulating the avail-
ability of cell-surface receptors (13, 20, 22). Several mecha-
nisms, including post-translational modifications, protein deg-
radation, and subcellular compartmentalization, have been
shown to control cell-surface levels of TGF-� receptors. N-Gly-
cosylation occurs on T�RI and T�RII and promotes transport
of T�RII to the cell surface and increased TGF-� responsive-
ness (48, 49). Polyubiquitylation resulting in degradation of

TGF-� receptors at the cell surface decreases TGF-� respon-
siveness (5, 50), whereas ectodomain shedding of the T�RI
receptor by the metalloprotease TACE (tumor necrosis factor-
�-converting enzyme) also decreases cell-surface levels of
TGF-� receptors in response to Erk MAPK or p38 MAPK path-
way activation (20). Additionally, high glucose and insulin,
which acts through a tyrosine kinase receptor, effect a rapid
increase in cell-surface TGF-� receptors by promoting trans-
port from intracellular compartments and thus induce in-
creased TGF-� sensitivity and autocrine TGF-� signaling (21,
22). Our results now reveal that TGF-� itself, acting through a
low-level population of cell-surface T�RI and T�RII, causes the
cells to quickly up-regulate TGF-� receptor availability, thus
amplifying TGF-�–induced Smad activation and gene re-
sponses. This novel mode of auto-induced signal amplification
complements previous mechanisms of positive feedback regu-
lation. Ligand has been shown to increase ligand expression, as
first documented for TGF-� and interleukin-1 (51, 52) and sub-
sequently also for TGF-�–induced TGF-�1 expression (53).
Additionally, TGF-� ligand can induce the expression of its
receptors, which is also predicted to enhance responsiveness
(54). The current mode of auto-induced signal amplification
is immediate, without a need for new protein synthesis, and
does not rule out contributions of these other two modes of
signal amplification.

Figure 6. TGF-�–induced increase of TGF-� receptors at the cell surface enhances the cell response to TGF-�. A and B, Smad3 reporter assays in
HaCaT cells treated or not with TGF-�1 and/or AktVIII (A) or SB431542 (B). Cells were transfected with a luciferase reporter under the control of
Smad-binding elements (SBE-Luc) 24 h prior to addition of inhibitors and stimulation with TGF-�1 for the times indicated. AktVIII repressed the
Smad-mediated transcription response, quantified by luminescence. C and D, relative mRNA levels of selected endogenous TGF-�–responsive genes.
mRNAs of the indicated genes were quantified by qRT-PCR and normalized to expression of RPL19 mRNA (internal control) in HaCaT cells treated for 90
min with TGF-�1 and/or AktVIII (C) or SB431542 (D). AktVIII decreased the TGF-�–induced SERPINE1, SNAI2, and SMAD7 expression, whereas blocking the
T�RI kinase with SB431542 prevented their expression. All data are shown as the means � S.D. (error bars) of normalized results from three independent
experiments. Significance was calculated from unpaired t tests (Mann–Whitney U method) using data from three independent experiments (E–F). *, p �
0.05; **, p � 0.01; ***, p � 0.001. RLU, relative light units.
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Figure 7. BMP signaling promotes increased cell-surface TGF-� receptor levels, thus enhancing the autocrine TGF-� response. A, cell-surface biotiny-
lation analysis of HaCaT cells stimulated with BMP-4 for the times indicated in the presence or absence of AktVIII. BMP-4 induced an increase of T�RI and T�RII
at the cell surface, and AktVIII repressed this TGF-� receptor response to BMP-4. B, cell-surface biotinylation analysis of HaCaT cells stimulated for 30 min with
TGF-�1 (lanes 2 and 3) or BMP-4 (lanes 4 and 5) in the absence or presence of the anti-TGF-� neutralizing antibody 1D11. The 1D11 antibody suppressed the
TGF-�–induced increase of the T�RI and T�RII receptors at the cell surface, but not the milder induction of this cell-surface response to BMP-4. C, immunoblot
(IB) analysis of Smad activation in HaCaT cells in response to BMP-4, in the presence or absence of SB431542. BMP-4 induced the activation of the TGF-�–
responsive Smad3 and Smad2, assessed by immunoblotting for phospho-Smad3 and -Smad2, in addition to the BMP-responsive Smad1/5. SB431542 pre-
vented activation of Smad3 and Smad2 but did not affect the BMP-responsive Smad1/5 activation. D, immunoblot analysis of Smad activation in HaCaT cells
in response to TGF-�1 (lanes 1– 8) versus BMP-4 (lanes 9 –16) in the presence or absence of the neutralizing anti-TGF-� antibody 1D11. BMP-4 treatment resulted
in activation of the TGF-�–responsive Smad2 and Smad3, assessed by immunoblotting for phospho-Smad3 and -Smad2, to a much lower level than TGF-�.
Activation of Smad2 and Smad3 in response to either TGF-� or BMP-4 was suppressed by the 1D11, whereas the BMP-induced activation of Smad1/5 was not.
E–G, expression of TGF-�- and BMP-regulated genes in response to BMP-4 stimulation. HaCaT cells were treated with BMP-4 for 90 min in the presence or
absence of SB431542 (E and F) or AktVIII (G). mRNAs of the indicated genes were quantified by qRT-PCR and normalized to RPL19 mRNA (internal control).
Induction of the TGF-�–responsive genes SERPINE1, SNAI2, and SMAD7 by BMP-4 was inhibited by SB431542 (E) and mildly repressed by AktVIII (G), whereas ID1
and ID3 expression, which are induced by the BMP-responsive Smad1 and Smad5, but not by TGF-� responsive Smad2 and Smad3, were unaffected by
SB431542 (F). qRT-PCR results (E–G) are shown as the means � S.D. (error bars) of normalized results from three independent experiments. Significance was
calculated from unpaired t tests (Mann–Whitney U method) using data from three independent experiments (E–F). *, p � 0.05; **, p � 0.01; ns, nonsignificant.
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Role of TGF-�–induced Akt activation

We reported that, in response to insulin, rapid increase in
cell-surface TGF-� receptors results from insulin-induced Akt
activation and phosphorylation of the membrane-associated
RabGAP AS160 (22). Consistent with this finding, inhibition of
TGF-�–induced Akt activation impaired TGF-�–induced up-
regulation of TGF-� receptors at the cell surface. This result
reveals a novel role of TGF-�–induced Akt activation in the
TGF-� response, adding to other established responses, e.g. in
TGF-�–induced gene expression, motility, and progression
through EMT (4). However, inhibition of Akt did not fully
repress the TGF-�–induced up-regulation of receptors, likely
because of the role of Akt in TGF-�–induced internalization of
TGF-� receptors. Adding our observations to previous ones,
the role of Akt in TGF-� signaling may be complex. Although
TGF-� induces Akt phosphorylation separately from Smad
activation, Akt activation may either synergize or antagonize,
depending on the response. Association of Akt with Smad3
attenuates TGF-�–induced Smad3 activation, thus decreasing
TGF-�/Smad-mediated gene responses (55, 56). Akt also con-
trols the activities of various DNA-binding transcription
factors with which activated Smad complexes cooperate, thus
contributing to the control of TGF-�/Smad-induced gene
responses (12, 57, 58). Additionally, Akt activation promotes
transport of TGF-� receptors to the cell surface and thus
increases the sensitivity and responsiveness to TGF-� (22).
Clearly, a complex role of Akt in TGF-�/Smad signaling
emerges that may be further exacerbated by a possible role in
TGF-� receptor internalization.

We also found that inhibition of T�RI kinase activity pre-
vented TGF-�–induced Akt activation. This is consistent with
some observations (30, 34), but at odds with recent observa-
tions that TGF-� induces Akt phosphorylation through PI3K
activation, mediated by the E3 ligase TRAF6 and independent
of TGF-� receptor kinase (31). Alternative mechanisms for the
direct activation of Akt in response to TGF-� may exist,
depending on cell type or cell physiological context.

BMP-induced TGF-� receptor up-regulation sensitizes cells to
autocrine TGF-�

Signaling cross-talk between the BMP- and TGF-�–induced
Smad pathways has been previously observed. In some cells,
including endothelial cells, TGF-� induces activation of the
BMP-responsive Smad1 and Smad5 (59). This “cross-activa-
tion” has been seen to result from T�RI-mediated activation of
the type I BMP receptor ACVR1 and was shown to be required
for cell migration or progression through EMT (60). BMPs have
also been observed to stimulate low levels of TGF-� signaling,
assessed by activation of TGF-�–responsive Smad2 and
Smad3. BMP-induced activation of Smad2 and Smad3 was
reported to occur directly through complexes comprising both
TGF-�– and BMP-responsive type I receptors (61). We now
show that BMP enhances autocrine TGF-� signaling by up-reg-
ulating TGF-� receptors at the cell surface, thus increasing the
sensitivity to autocrine TGF-� signaling. This is apparent from
the activation of TGF-�–responsive Smad2 and Smad3 and
TGF-�–induced genes, in response to BMP. Inhibition of Akt
activation abrogated the up-regulation of the cell-surface
TGF-� receptors, whereas T�RI kinase inhibition prevented
activation of Smad2 and Smad3 in response to BMP and inhib-
ited the expression of TGF-�–responsive, but not BMP-re-
sponsive, genes.

While providing mechanistic context for activation of
TGF-� response by BMP, these findings also highlight the
closely intertwined nature of BMP and TGF-� signaling. BMP
and TGF-� are often viewed as acting in opposition in develop-
ment; however, the interaction of these signaling pathways in
the spatial and temporal control of differentiation events is far
more intricate (62). For example, TGF-� signaling is needed to
maintain pluripotency of human embryonic stem cells in cul-
ture, whereas BMP signaling promotes their differentiation and
enhances definitive endoderm formation driven by TGF-� and
activin (63–66). Analysis of the induction and patterning of the
definitive endoderm from human pluripotent stem cells in cul-
ture revealed that BMP, fibroblast growth factor, and Wnt sig-
naling are needed to establish the primitive streak, whereas
TGF-� and fibroblast growth factor signaling cooperatively
drive formation of definitive endoderm from the primitive
streak (67). In some cases, TGF-� signaling provides a permis-
sive environment for cell fate specification, allowing BMP to
initiate differentiation processes. TGF-� enhances prolifera-
tion of osteoprogenitor cells (68) and BMPs drive osteoblast
differentiation (69), enabling TGF-� to greatly augment the
pool of differentiated osteoblasts (70). In this context, low-level
activation of TGF-� responses by BMPs may enable BMPs to
provide competence for cell differentiation and drive cell fate
decisions.

Experimental procedures

Cell culture and transfection

HaCaT and A549 cells were cultured at 37 °C and 5% CO2, in
Dulbecco’s modified Eagle’s medium with 4.5 mM glucose and
10% fetal bovine serum, or RPMI 1640 medium with 10% fetal
bovine serum, respectively. For assays involving stimulation
with growth factor, the cells were rinsed twice in PBS and then

Figure 8. Model of cell-surface TGF-� receptor response to TGF-� and
BMP. Our findings allow us to propose the following model: TGF-� or BMP
binding to their type I/type II receptor complexes results in activation of Akt,
which induces translocation of intracellular TGF-� type I and type II receptors
to the cell surface. This increase in receptor availability increases the cell’s
responsiveness to exogenous or autocrine TGF-�, thus either amplifying
Smad3 and Smad2 activation in response to TGF-� or inducing Smad3 and
Smad2 activation by autocrine TGF-� signaling in response to BMP. The acti-
vation of TGF-�–responsive Smad3 and Smad2 results in activation of direct
TGF-�/Smad target genes.
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serum-starved for 6 h prior to stimulation. HaCaT cells were
starved in serum-free Dulbecco’s modified Eagle’s medium
with 4.5 mM glucose, and A549 cells were starved in in small
airway epithelial cell basal medium (Lonza). Transfections were
performed in Opti-MEM minimal medium (Thermo Fisher)
using TurboFect (Thermo Fisher) for A549 cells or Lipo-
fectamine 2000 (Life Technologies) for HaCaT cells, as speci-
fied by the manufacturers.

Growth factors, inhibitors, and antibodies

TGF-�1 and BMP-4, purchased from HumanZyme, were
added to culture medium at 0.25 or 5 ng/ml, respectively. The
phospho-Akt inhibitor AktVIII (EMD Millipore) and the T�RI
kinase inhibitor SB431542 (Sigma) were used at 5 �M. AktVIII
and SB431542 were added to culture medium for 20 min and
2 h, respectively, prior to adding TGF-�. The PI3K inhibitor
LY294002 (Millipore) was used at a final concentration of 100
�M. The ellagitannin corilagin (BOC Biosciences) was added to
culture media at 100 nM for 6 h prior to TGF-� treatment, as
described (33). The TGF-�–neutralizing antibody 1D11 (R&D
Systems) was added to culture medium, at a final concentration
of 0.2 �g/ml, 1 h prior to adding TGF-� or BMP-4. Immuno-
staining and/or coimmunoprecipitations were performed
using rabbit anti-T�RII and mouse anti-transferrin receptor
antibodies from Santa Cruz Biotechnology, rabbit anti-T�RI
and anti-phospho-Smad3 from Abcam, and rabbit anti-Smad2,
anti-phospho-Smad2, anti-Smad3, anti-phospho-Akt (Ser-
473), and anti-phospho-Akt (Thr-308) from Cell Signaling.
Horseradish peroxidase– conjugated secondary antibodies for
visualization of Western blots were AffiniPure goat anti-mouse
IgG, light chain-specific and IgG fraction monoclonal mouse
anti-rabbit IgG, light chain-specific antibodies from Jackson
ImmunoResearch.

Cell lysis, immunoprecipitation, and Western blotting

For immunoblotting assays without immunoprecipitation,
cells were rinsed twice with PBS and lysed at in ice-cold radio-
immune precipitation assay buffer, i.e. 10 mM Tris-HCl, pH 7.6,
1 mM EDTA, 1% Nonidet P-40, 0.25% sodium deoxycholate,
0.1% SDS, 150 mM NaCl, 10 mM NaF, 1 mM Na3VO4, and cOm-
plete Protease Inhibitor mixture (Roche). The lysates were
cleared by centrifugation for 10 min at 14,000 � g and 4 °C, and
protein concentration was quantified using protein assay dye
reagent (Bio-Rad). Total protein was normalized between sam-
ples before denaturation with LDS sample buffer (Invitrogen) at
95 °C for 2 min and analyzed by SDS-PAGE and immunoblot-
ting. For immunoprecipitation of endogenous T�RI, the cells
were washed twice after appropriate treatment and harvested
by scraping in prechilled lysis buffer containing 25 mM Tris-
HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 0.75% Triton X-100,
7% glycerol, 10 mM NaF, 1 mM Na3VO4, and cOmplete Protease
Inhibitor mixture (Roche) and incubated for 10 min on ice.
Lysates were cleared as described above and then immunopre-
cipitated with anti-T�RI overnight. The antibody-lysate solu-
tion was then centrifuged for 10 min at 14,000 � g and incu-
bated with protein G–Sepharose beads (GE Healthcare) for 2 h.
The beads were washed three times for 10 min with lysis buffer,
eluted with LDS sample buffer (Invitrogen), and subjected to

SDS-PAGE and immunoblotting. All steps until elution were
performed at 4 °C.

Cell-surface protein biotinylation

The cells were washed twice with cold PBS and incubated for
20 min with EZ Link Sulfo-NHS-LC-Biotin (Thermo Scientific)
at a concentration of 0.25 mg/ml in PBS. The biotinylation reac-
tion was quenched by washing the cells twice with PBS and
incubating them for 15 min with 0.1 M glycine in PBS. Cell
lysates were then harvested after cell lysis in a mild lysis buffer
(MLB) containing 20 mM Tris, pH 7.6, 200 mM NaCl, 1% Non-
idet P-40, 10 mM NaF, 1 mM Na3VO4, and cOmplete Protease
Inhibitor mixture (Roche) for 10 min and removing the lysate
by scraping. Lysates were cleared by centrifugation at 14,000 �
g for 10 min and then incubated with NeutrAvidin beads
(Thermo Scientific) overnight. The beads were washed three
times in MLB, eluted with LDS sample buffer (Invitrogen), and
subjected to SDS-PAGE and immunoblotting. All steps until
elution were performed at 4 °C.

Cell-surface receptor internalization

Following serum starvation, the cells were washed twice with
cold PBS and incubated for 20 min with 0.4 mg/ml EZ Link
Sulfo-NHS-SS-Biotin (Thermo Scientific) in PBS on ice. The
cross-linking reaction of biotin with cell-surface proteins was
then quenched with 0.1 M glycine in PBS at 4 °C for 15 min. The
quenching solution was removed by washing with ice cold PBS,
and the cells were returned to prewarmed, serum-free medium
containing growth factors and inhibitors and incubated for 20
min at 37 °C, allowing endocytosis to proceed. Endocytosis of
cell-surface proteins was stopped by washing the cells twice
with cold PBS on ice and immediately proceeding to removal of
biotin label from proteins that remain exposed at the extracel-
lular surface: covalently linked, disulfide-bonded biotin was
removed from biotinylated proteins at the cell surface by reduc-
ing the disulfide bond, accomplished by incubating cells twice
for 15 on ice with a mildly reducing buffer containing 50 mM

GSH, 75 mM NaCl, 75 mM NaOH, and 10% fetal bovine serum in
PBS. The disulfide bond reduction was quenched by a 30-min
incubation with a solution of 50 mM sodium iodoacetamide and
1% BSA in PBS at 4 °C. The cells were then washed twice in
cold PBS and lysed in prechilled MLB buffer on ice for 10 min
and harvested by scraping. The lysates were cleared by cen-
trifugation at 14,000 � g for 10 min and incubated at 4 °C
overnight with NeutrAvidin beads (Thermo Scientific). The
beads were washed three times in chilled MLB, eluted with
LDS sample buffer (Invitrogen), and subjected to SDS-PAGE
and immunoblotting.

Luciferase reporter assay

The cells were transfected with the plasmid SBE-Luc, which
contains the firefly luciferase coding sequence under control of
four tandem SBEs and a Renilla luciferase reporter downstream
of the thymidine kinase promoter (Promega) as control. They
were then serum-starved for 20 h, stimulated with the appro-
priate growth factors and inhibitors for defined times, rinsed
with PBS, and, after aspirating liquid from the monolayer, fro-
zen at �80 °C and thawed on ice before lysis. Relative luciferase
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activity was quantified using a dual luciferase assay system (Pro-
mega) according to the manufacturer’s protocol. Readout was
normalized against Renilla luciferase expression as an internal
control. Mean and standard deviation were calculated from the
Renilla-normalized readout of three independent samples.

RNA preparation and quantitative real-time PCR

RNA was purified from cells using the RNEasy mini kit (Qia-
gen). Total RNA (1 �g/sample) was used as a template for
reverse transcription with iScript (Bio-Rad) according to the
manufacturer’s protocol. SERPINE1, SNAI2, SMAD7, SMAD6,
ID1, and ID3 mRNA levels were quantified by RT-PCR using IQ
SYBR-Green Supermix (Bio-Rad) and normalized against
RPL19 mRNA for a ribosomal protein. The results of three sep-
arate experiments, each calculated from three technical repli-
cates, were pooled using the ��CT method. The primers used
are shown in Table S1.
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