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RESEARCH ARTICLE

CELL BIOLOGY

Controlling Long-Term Signaling: Receptor
Dynamics Determine Attenuation and Refractory
Behavior of the TGF-$ Pathway

Pedro Vizan,'* Daniel S. J. Miller," llaria Gori,' Debipriya Das,’
Bernhard Schmierer,?'* Caroline S. Hill'#

Understanding the complex dynamics of growth factor signaling requires both mechanistic and kinetic
information. Although signaling dynamics have been studied for pathways downstream of receptor
tyrosine kinases and G protein (heterotrimeric guanine nucleotide—binding protein)—coupled recep-
tors, they have not been investigated for the transforming growth factor—p (TGF-g) superfamily path-
ways. Using an integrative experimental and mathematical modeling approach, we dissected the
dynamic behavior of the TGF-p to Smad pathway, which is mediated by type | and type Il receptor
serine/threonine kinases, in response to acute, chronic, and repeated ligand stimulations. TGF-p ex-
posure produced a transient response that attenuated over time, resulting in desensitized cells that
were refractory to further acute stimulation. This loss of signaling competence depended on ligand
binding, but not on receptor activity, and was restored only after the ligand had been depleted. Fur-
thermore, TGF-g binding triggered the rapid depletion of signaling-competent receptors from the cell
surface, with the type | and type Il receptors exhibiting different degradation and trafficking kinetics. A
computational model of TGF-g signal transduction from the membrane to the nucleus that incorpo-
rates our experimental findings predicts that autocrine signaling, such as that associated with tumor-
igenesis, severely compromises the TGF-p response, which we confirmed experimentally. Thus, we
have shown that the long-term signaling behavior of the TGF- pathway is determined by receptor
dynamics, does not require TGF-p—induced gene expression, and influences context-dependent re-

sponses in vivo.

INTRODUCTION

Cells respond continually to their environment by inducing appropriate
programs of gene expression, which in turn modulate cell behavior. In
many cases, this is achieved by the binding of extracellular ligands to re-
ceptors on the surface of responding cells, triggering activation of signal
transduction pathways that regulate expression of target genes. For many
ligands, the molecular components of such signaling pathways are well
understood, but prediction of how rapidly a cell will respond to a ligand,
how strong or sustained the response will be, or how cells adapt to chronic
or repeated ligand stimulations requires understanding of the dynamics of
the system. Elucidating these complex modes of signaling is crucial for
determining how these pathways function in physiological and patholog-
ical contexts in vivo, but for many signal transduction pathways, our
knowledge of the dynamics of signaling is limited.

Transforming growth factor— (TGF-B) belongs to a superfamily of
secreted cytokines that signal through the activation of serine/threonine
kinase receptors on the cell surface (7). These ligands are crucial for early
embryonic development and tissue homeostasis, and TGF-f signaling is
deregulated in several human diseases, including cancer and fibrosis (2).
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Signaling requires two types of receptors: type I and type I, which interact
upon ligand binding. The type II receptor phosphorylates and activates the
type I receptor, which then propagates the signal. The best-studied intra-
cellular substrates of the TGF-B type I receptor kinase ALKS are the
receptor-regulated Smads, Smad2 and Smad3, which are phosphorylated
at their extreme C termini. When phosphorylated, these Smads form
homomeric complexes or heteromeric complexes with Smad4 and accumu-
late in the nucleus, where they regulate the transcription of many different
genes and, as a result, control a wide range of cellular functions (3). The
pathway is not linear but, rather, a dynamic network in which the Smads
constantly shuttle between the cytoplasm and the nucleus (4). In stimulated
cells, this shuttling provides a mechanism by which cells monitor receptor
activity. Moreover, continuous receptor trafficking also occurs between the
plasma membrane and the cytosol, and both receptors as well as ligand are
internalized upon stimulation (5-7).

In contrast to the rapid kinetics of signaling by tyrosine kinase recep-
tors, the kinetics of Smad phosphorylation are slow (8), with Smad2 phos-
phorylation peaking about 1 hour after ligand exposure, then declining
over the next 8 hours (9). Several mechanisms have been proposed to ex-
plain this signal attenuation (/0). A prominent one involves negative
feedback, in which receptor degradation is mediated by complexes of
Smad7 with either of the E3 ubiquitin ligases Smurf1 or Smurf?2, all of
which are synthesized in response to TGF-B (71, 12). Receptor de-
phosphorylation mediated by a GADD34-PP1c complex recruited by
Smad7 has additionally been demonstrated (/3). Phosphorylated Smad2
(PSmad2) degradation, promoted by secondary phosphorylation of Smad2
in the nucleus (/4), and ligand depletion (/5) have also been reported to
play roles in signal termination. Several of these mechanisms, in particular
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those requiring Smad?7, are thought to require the action of TGF- target
genes in a negative feedback loop. However, the TGF-$ pathway fully
attenuates even in the presence of protein synthesis inhibitors, such as
cycloheximide (9, 16), indicating that the mechanism governing attenua-
tion relies on proteins constitutively present in the cells before they receive
the signal. Moreover, how cells respond to a subsequent ligand exposure
during the attenuated state is currently not known.

Here, we have applied an integrative experimental and computational
modeling approach to understand the dynamics of TGF-B signaling and to
dissect the mechanisms determining signal attenuation and cellular re-
sponsiveness to repeated ligand stimulations. We have shown that TGF-3
stimulation induces a refractory period in which cells are unresponsive
to further acute ligand stimulation. This desensitization occurred indepen-
dently of target gene expression and accounted for the signal attenuation
observed after acute ligand stimulation. We have shown that rapid deple-
tion of signaling-competent receptors in response to TGF-$ binding and
their slow replenishment produces the refractory state and attenuated
signaling. We have built an ordinary differential equation—based model
that simulates the observed behaviors associated with long-term TGF-B
signaling. The model predicts that high autocrine signaling, which occurs,
for instance, in certain late-stage tumors (/7), would reduce cell respon-
siveness to an acute TGF-f stimulus. We have confirmed this prediction
experimentally with cancer cell lines.

RESULTS

A refractory state triggered by acute TGF-B signaling
TGF- signal intensity can be monitored by measuring abundance of
PSmad2. When human keratinocytes (HaCaT cells) are exposed to TGF-,
PSmad2 peaks at about 1 hour after stimulation, then gradually declines
over the next 6 to 8 hours (Fig. 1A) (9, 74). We investigated whether this
signal attenuation was due to ligand depletion or degradation, as previous-
ly reported (15), or to cell insensitivity to ligand. Medium taken from cells
treated with a saturating concentration of TGF-B (2 ng/ml) for 8 hours
induced phosphorylation of Smad?2 in naive cells (Fig. 1B, compare lanes
b and d), indicating that, under these conditions, ligand depletion had not
occurred to a sufficient extent to explain the attenuated signaling. Howev-
er, cells previously stimulated with TGF-B for 8 hours failed to induce
Smad2 phosphorylation when exposed to fresh ligand (Fig. 1B, compare
lanes b and e), demonstrating that the cells were in a refractory state. The
signal attenuation after initial ligand exposure and the refractory state were
not dependent on changes in the amounts of total Smad2 or ALKS5, which
remained stable throughout the experiment (Fig. 1B). Moreover, it was not
unique to HaCaT cells, but was observed in other human and mouse cell
lines (fig. S1).

We next investigated whether 1 hour of signaling triggered the refrac-
tory state. Because the abundance of PSmad2 was maximal at this time
point, we treated the cells with the ALKS catalytic inhibitor SB-431542
for 1 hour after the initial TGF-B stimulation to substantially reduce
PSmad2 levels (4) before washing out the inhibitor and incubating with
fresh TGF-B. Cells treated with SB-431542 alone and then washed were
competent to respond to TGF-f3, demonstrating that the inhibitor washout
was efficient (Fig. 1C, compare lanes a and b). Pretreatment of cells with
TGF-B for 1 hour before addition of SB-431542, however, almost com-
pletely prevented PSmad2 induction in response to fresh TGF-f after the
inhibitor washout, indicating that the refractory state was triggered after
only 1 hour of TGF-B stimulation (Fig. 1C, lanes ¢ and d). The fact that
a short exposure to ligand was sufficient to provoke a refractory state sug-
gested that new protein synthesis in response to TGF-8 was unlikely to
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Fig. 1. TGF-p stimulation triggers a refrac-  gaqe
tory state. (A) HaCaT cells were treated

with TGF-B for the times indicated. (B) ~ Tubulin E

HaCaT cells were treated for 1 hour with g 1
TGF-B (TB) (b) or for 8 hours (c), followed £ 05 I l
by reinduction with fresh TGF-B for 1 hour ol

(e). TGF-B—containing medium that had

been in contact with cells for 8 hours was used to induce naive cells for
1 hour (d). (C) Cells were treated with TGF-B for 1 hour followed by 1 hour
of SB-431542 (SBI) to reduce the amount of PSmad? (c). Cells were then
washed and reinduced with fresh TGF-B for 1 hour (d). A control experi-
ment without the initial TGF-B treatment is also shown (b). (D) SB-431542
was added, or not, simultaneously with TGF-B to HaCaT cells for 1 hour,
before washing and reinduction with TGF-B for 1 hour. In all cases, immu-
noblots of whole-cell lysates were probed with antibodies against the indi-
cated proteins. Grb2, MCM®6, and tubulin are loading controls. In the
experimental schemes, green arrows indicate addition of TGF-B; curved
arrow, induction of naive cells with conditioned medium; red arrows, addi-
tion or removal of SB-431542. A representative blot is shown for each pan-
el. Quantifications are shown below the blots and are the normalized
(relative to loading control) average and SDs of three independent repli-
cates in (A), (C), and (D), and the normalized averages (relative to loading
control) and ranges of two independent experiments in (B). In (A) and (B),
the amount of PSmad? after a 1-hour TGF-B stimulation was set to 1, and in
(C) and (D), the amount of PSmad?2 after a 1-hour TGF-B stimulation after
SB-431542 washout was set to 1.
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play a role. Therefore, we investigated whether binding of the ligand to
receptors was sufficient for attenuation and induction of the refractory
state or whether the kinase activity of the ligand-bound TGF-B receptors
was also necessary. Cells were incubated with SB-431542 with or without
TGF-B for 1 hour, then washed and restimulated with TGF-$ for 1 hour.
Treatment with ligand, even in the absence of active receptors, was suffi-
cient to render the cells almost insensitive to a second exposure to TGF-
(Fig. 1D, compare lanes a and b with lanes ¢ and d).

These findings revealed that signal attenuation is not due to ligand de-
pletion, but rather to loss of cellular responsiveness, which occurs inde-
pendently of negative feedback through induction of TGF-f target genes.
Thus, the cells adapt to the presence of TGF-p.

Kinetic characterization of the refractory state

Continuous trafficking of TGF-f receptors between endosomal compart-
ments and the plasma membrane has been reported (3, 6, 18). By analogy
with the Smads, which shuttle between the cytosol and nucleus to monitor
receptor activity, trafficking of receptors between endosomes and the plas-
ma membrane may continuously monitor the presence of extracellular lig-
and (/9). However, the observed refractory behavior suggests that all
available competent receptors are rapidly occupied within 1 hour of expo-
sure to ligand, whereupon cells appear unable to signal beyond the limits
imposed by trafficking of competent receptors to the plasma membrane.

To investigate this further, we asked how long cells required exposure
to TGF-B to reach maximal production of PSmad2, measured at 1 hour.
To remove TGF-B at specific times, we used an antibody against TGF-8
that prevents receptor binding (ligand-neutralizing antibody) and an
isotype-matched immunoglobulin G1 (IgG1) monoclonal antibody as a
control (20). When added simultaneously with TGF-f, the neutralizing
antibody, but not the control antibody, abolished signaling (Fig. 2A, lanes
c and d). We then added the neutralizing antibody at different times after
TGF-B stimulation (Fig. 2A) and observed that similar amounts of
PSmad2 were produced at 1 hour when the control or ligand-neutralizing
antibody was added 5 or 10 min after TGF-f. Thus, only 5 min of ligand
exposure was sufficient to trigger most of the PSmad?2 response detected
at 1 hour.

We reasoned that the amount of ligand might also affect the refractory
behavior observed, so we investigated how the pathway responded to dif-
ferent doses of TGF-B. The concentration of TGF-$ used throughout
this study was 2 ng/ml, which is a saturating concentration. By contrast,
0.1 ng/ml is a limiting concentration that produces a submaximal PSmad2
response (fig. S2). We tested the cellular response to a second saturating
concentration of TGF-B after exposure to different concentrations of TGF-8
(2, 0.5, or 0.1 ng/ml). After an initial induction with TGF-$ (2 or 0.5 ng/ml),
the cells were refractory to a further stimulation (Fig. 2B). However, after
stimulation with 0.1 ng/ml TGF-B, cells showed a small induction of
PSmad?2 upon restimulation, suggesting that full receptor occupancy is im-
portant for the refractory behavior (Fig. 2B).

To investigate how long cells required to fully recover their responsive-
ness once ligand had been removed, we exposed HaCaT cells to TGF-B,
and once the signal had naturally attenuated, we added neutralizing anti-
body to mimic TGF-f removal. Four hours of antibody treatment reduced
the amount of PSmad2 to basal, indicating that even in the attenuated
state, the cells responded to the TGF-B in the medium. Thus, although
the cells cannot produce a maximal response to a second TGF-B exposure,
they detect depletion of TGF-B from the medium (Fig. 2C, compare lanes
¢ and d). The neutralizing antibody was washed out at different times over
a period of 24 hours (see fig. S3A for confirmation of washout efficien-
cy), and the cells were restimulated with TGF-B for 1 hour (Fig. 2C).
Cellular responsiveness to TGF-B increased from 4 to 24 hours, with
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the amount of PSmad2 at 12 and 24 hours similar to that in cells not ex-
posed to antibody.

From the previous experiment, we concluded that cells require 12 to
24 hours after ligand removal to completely recover their capacity to respond
to TGF-B. However, the neutralizing antibody was used to artificially re-
move TGF-B. We reasoned that in vivo cells would not start to recover
responsiveness until they had depleted the ligand themselves, for instance,
by cellular uptake. To determine how long HaCaT cells need to deplete
TGF-B from the medium, we measured TGF-f in the medium at different
times after stimulation by enzyme-linked immunosorbent assay (ELISA)
and found that by 30 hours, ligand was substantially depleted (fig. S3B).
This was corroborated by the observation that the medium that had been
in contact with HaCaT cells for 30 hours failed to stimulate naive cells
(fig. S3C). We therefore compared the behavior of cells chronically ex-
posed to ligand (addition of TGF-B every 10 hours for 30 hours) with
those induced once and left for 30 hours (Fig. 2D). Cells exposed once
to TGF-B partially responded to a second TGF-B stimulation 30 hours
later (Fig. 2D, compare lanes ¢ and d), indicating that they had consumed
the ligand and begun to recover competent receptors. In contrast, cells
induced every 10 hours exhibited an attenuated PSmad2 response that
was not further increased by exposure to TGF-B for 1 hour (Fig. 2D,
lanes e and f).

Mechanisms underlying the refractory state

Signal attenuation after an acute stimulus has been attributed to negative
feedback through TGF-B target genes, such as those encoding Smad7,
Smurfl, and Smurf2, which promote inactivation or degradation of recep-
tors, or both (/0). Phosphorylated Smads have also been proposed to be
primed for degradation (/4). However, we found that in the presence of
cycloheximide, which blocks new protein synthesis, the attenuation of the
TGF-B signal as monitored by the quantity of PSmad?2 still occurred, and
Smad2 abundance remained constant (Fig. 3A). By contrast, the proteaso-
mal inhibitor MG-132 abolished attenuation and the amount of PSmad2
remained stable (Fig. 3A). This stabilization of PSmad2 was not observed
when receptor activity was inhibited with SB-431542 (Fig. 3B), suggest-
ing that PSmad2 was not directly degraded, but rather turnover of the re-
ceptor was affected by MG-132. When both MG-132 and cycloheximide
were used simultaneously, we observed that phosphorylation of Smad2
was not maintained to the same extent as that observed with MG-132
alone, indicating that new protein synthesis contributes to the signal dur-
ing the attenuation phase (Fig. 3A).

Because protein degradation was required for the attenuation of the
signal and the signal itself must induce a negative feedback to explain
the attenuation, we hypothesized that TGF-B stimulation might increase
the rate of receptor degradation. Using antibodies specific for the type I
receptor ALKS5 (27) and the type II receptor TBRII (fig. S4), we monitored
the abundance of endogenous receptors after different treatments. During
signal attenuation, the total amount of each receptor remained unchanged
(Figs. 1B and 3A). However, when protein synthesis was inhibited, the
receptors were rapidly degraded, and this was prevented by the addition
of MG-132 (Fig. 3A). We used the degradation rates in the presence of
cycloheximide to measure half-lives of the receptors. However, we could
not detect a significant difference in the half-life of either of the receptors
in the presence or absence of TGF-f, when total receptor pools were ana-
lyzed (Fig. 3C). The half-lives found were ~2 hours for TBRII and ~4 hours
for ALKS (Fig. 3, A and C), which are short compared with the half-life
of Smad2 (Fig. 3, A and C). These findings, however, do not exclude the
possibility of an increased rate of degradation of a small subfraction of
receptors, for example, those binding TGF-B, which has been observed
for TRRII in other cell lines (22, 23).
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Fig. 2. Characterization of the refractory behavior. (A) HaCaT cells were
treated with TGF-B (TB) for 1, 5, or 10 min before addition of a TGF-B—
neutralizing antibody, or a control antibody for 59, 55, or 50 min, respec-
tively, as indicated. Inductions of PSmad? are also shown for cells induced
with TGF-B for 1 hour and for cells treated simultaneously with TGF-B and
the antibodies for 1 hour. (B) HaCaT cells were treated with the indicated
concentrations of TGF-B for 1 hour, the signal was inhibited with SB-431542
for 1 hour, and after washout, cells were reinduced with TGF-B (2 ng/ml).
PSmad?2 was assayed by Western blot. (C) Cells were induced with TGF-
for 4 hours, and then neutralizing antibody was added. At different times,
the antibody was washed out and TGF- was added for 1 hour. (D) Acute
or chronic signaling was mimicked by stimulating HaCaT cells with TGF-B
once or every 10 hours, respectively. After 30 hours, cells were reinduced
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after a 1-hour TGF-B stimulation was set to 1.
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To determine whether changes in the amount of receptor at the cell — surface receptors in response to different times of TGF-§ stimulation. We
surface could account for the refractory behavior of the cells, and if so, have shown above that maximal TGF-$ receptor occupancy occurred
which of the TGF-f receptors was responsible, we studied the dynamics of ~ within 5 to 10 min of TGF-B stimulation (Fig. 2C) and cells are refractory
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to further acute responses after 1 or 8 hours of stimulation (Fig. 1). By
48 hours after TGF-f induction, the cells had consumed all the TGF-§ in
the medium and were fully responsive to acute stimulation (figs. S3 and
S5). Using a surface biotinylation assay to measure the amount of endog-
enous surface receptors after different times of ligand stimulation, we
showed that both the type I and type II receptors were efficiently depleted
from the plasma membrane upon TGF-§ stimulation, although with dif-
ferent kinetics, and both had recovered by the 48-hour time point (Fig. 3D
and fig. S6, A and B). Similar results for receptor depletion were also
observed in another cell line, MDA-MB-231 (fig. S6C), which shows
the same refractory behavior (fig. S1). The dynamics of TBRII trafficking
appeared to be rate-limiting for the establishment of the refractory state,
because TPRII was substantially depleted from the cell surface after only
10 min of TGF-B stimulation, whereas ALKS was only maximally de-
pleted by the 4-hour time point (Fig. 3D and fig. S6A).

Establishing a mathematical
model to simulate TGF-p A
signal attenuation and

refractory behavior

The data presented above suggest that rapid
receptor internalization and slow recovery
of the receptor at the surface, in conjunc-
tion with increased receptor degradation
upon TGF-f stimulation, might explain
both signal attenuation after acute stimula-
tion and the refractory behavior. To inte-
grate all the kinetic data presented into a
coherent dynamic framework and to test
the feasibility of this proposal, we devel-
oped a mathematical model of TGF- sig-
naling from the membrane into the nucleus.
As a starting point, we used our previously
published model of Smad dynamics (4).
We replaced the rudimentary description
of receptor biology contained in our previ-
ous model with a more realistic receptor
module (Fig. 4A), which we derived from
the data shown in Figs. 1 to 3 and from
testing several plausible network structures.
By fitting the resulting models to our data
sets, we arrived at the network presented in
Fig. 4A. This receptor module was the most
successful in reproducing the data and re-
quired only a few assumptions, which are
both biologically sound and supported by
experimental evidence (see text S1, “Model
conception: the receptor module™).

We merged the new receptor module
with the Smad shuttling network (4) (Fig.
4A and tables S1 to S3). The Smad module
and its parameter values were as described
(4), except for those parameters that re-
quired optimization to allow consistent merg-
ing of both modules (see text S2, “Model
parameterization”). Most independent pa-
rameters for the receptor module (table S1)
were derived from the kinetic data presented
in Figs. 1 to 3. The remaining indepen-
dent parameters in the receptor module were

}— SB-431542

www.SCIENCESIGNALING.org

either taken from the literature or obtained by fitting the model to previous
data (4).

Reproducing the experimental data with the
mathematical model

The resulting model not only fitted the original kinetic data of nuclear
accumulation of Smad?2 (fig. S7) but also reproduced the attenuation be-
havior of the pathway after an acute treatment with TGF-f (compare Fig.
4B with Fig. 1A, and see fig. S8). In the simulations, cells also exhibited
insensitivity to restimulation at 8 hours (Fig. 4C) and at 1 hour after the
initial stimulus (Fig. 4D), as demonstrated in the experiments (Fig. 1, B
and C, and fig. S8). The model reproduced the fast triggering of the re-
fractory period, the dose response, and the long recovery time of between
12 and 24 hours shown experimentally (compare Fig. 5, A to C, with Fig.
2, A to C, and see fig. S8). It also captured the kinetics of cell-dependent

B (Fig. 1A)

0.24 —— PSmad2

S —— Active receptors
8 0.16 —— Preactive receptors
w
nK" 0.08
Rl kmat R ksyn 0
o 0 1 2 3 4 5 6 7 8
kg Time (h)
c (Fig. 18)
k. —— Active receptors —PSmad2
on 21— Total receptors ~ ---TGF-B r.__3
kott
& 2
GMQ 8 =
Smad . &
H CIF*kip CIF*kin
K D (Fig. 1C)
0.32
®
_’g 0.24
g
= 0.16
g
& 0.08 ©
& ©
0(a
0 1 3

Time (h)

Fig. 4. The mathematical model captures both attenuation and refractory behavior. (A) Topologies of the
receptor and Smad networks used for modeling. TGF-§ binds competent receptors at the surface (RS,),
which become preactive (Ry) until they are internalized (Rae) and can phosphorylate Smad2. Not all re-
ceptors are able to signal; they need to mature (kmar) intracellularly (Rlom). RS, and Rlom are assumed
to be in equilibrium. Receptors are subject to synthesis (ksyn) and degradation (kg) rates, with a factor (D)
to increase degradation of ligand-bound receptors. The Smad network is as previously described (4). (B to
D) Model simulations (see also fig. S8). All model species are given as fractions of total Smad2 (or of total
receptors in the absence of signaling), which are both set to 1. (B) TGF-B time course (see Fig. 1A for
PSmad?2 and Fig. 3D for the receptor behavior). (C) Refractory behavior at 8 hours after TGF-8 stimulation
(see Fig. 1B). (D) Refractory behavior after 1 hour of TGF-B. Letters correspond to experimental conditions
shown in Fig. 1C; the colors represent the two different experimental schemes in Fig. 1C.
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ligand depletion (compare Fig. 5D with Fig.
2D and fig. S3B, and see fig. S8). Simula-
tions of PSmad2 kinetics under different
conditions, in particular in the presence of
cycloheximide (reduced protein synthesis
rate), MG-132 (reduced protein degrada-
tion rate), and SB-431542 (reduced Smad2
phosphorylation rate), showed a good agree-
ment with the experimental observations
(compare Fig. SE with Fig. 3, A and B,
and see fig. S9). A satisfactory model fit
required that TGF-f—bound receptors had
an increased degradation rate relative to un-
bound receptors (parameter D > 1). Be-
cause only a small proportion of receptors
are ligand-bound, ligand-enhanced degrada-
tion is predicted to only marginally affect
the total pool of receptors (Fig. 5F) and
would, thus, be likely undetectable in im-
munoblots (Fig. 3C and fig. S9).

Having established that the model could
encapsulate long-term TGF-B signaling dy-
namics consistent with the data, we used it
to focus on the kinetics of the receptors. The
simulations agreed well with the experimen-
tal data showing the rapid disappearance of
surface receptors and their slow replenish-
ment upon ligand removal (compare Fig.
5, G and H, with Fig. 3D; see also Fig.
5C). In summary, the comprehensive model
qualitatively explained the attenuation and
the refractory behavior of TGF-$ signaling
and is consistent with previously published
quantitative data (4).

Using the model to predict key
regulated steps

Model simulations can suggest which param-
eters influence signaling kinetics and are
thus potential targets of regulatory mecha-
nisms. The simulations identified the rate
of receptor turnover as an important kinetic
determinant. In the case of a long receptor
half-life, the signal is sustained; an inter-
mediate half-life gives rise to the observed
attenuation behavior, and a very short half-
life weakens the response and makes it
even more transient (Fig. 6A). In addition,
the receptor turnover rate directly determines
how quickly TGF-B is consumed and how
rapidly surface receptors are depleted in re-
sponse to a signal (Fig. 6A). A similar pic-
ture emerges if the ligand-induced receptor
degradation—to—constitutive receptor degra-
dation ratio (parameter D) is varied (Fig.
6B). If D equals 1, the response is strong
and sustained, but it gets progressively
weaker and more transient if D increases,
consistent with a previous model (24). In
contrast, the initial concentration of surface

A (Fig. 2A) B (Fig. 2B)
—— 10 mi 0.32
032, 9P 005 € — 2ngml
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Fig. 5. Simulations of the refractory behavior and model fitting. (A) Simulation of the experiment shown in Fig. 2A (see
also fig. S8D). PSmad? (solid lines) and surface receptor (dashed lines) in cells treated with TGF-B plus neutralizing
antibody after 1, 5, or 10 min are shown. (B) Simulation of the TGF-§ dose experiment shown in Fig. 2B. (C) Sim-
ulation of the experiment shown in Fig. 2C (see also fig. S8E). After a 4-hour stimulation with TGF-B followed by a
4-hour incubation with neutralizing antibody, cells were washed and allowed to recover for 4, 8, 12, and 24 hours,
before restimulation with TGF-B for 1 hour. PSmad? and signaling-competent surface receptors are shown. (D) Sim-
ulation of acute versus chronic TGF-B (experiment in Fig. 2D; see also fig. S8F). Cells were treated with TGF-3 once
(acute) or every 10 hours (chronic) for 30 hours. Solid lines depict PSmad2 and TGF- levels for acute treatment, and
dashed lines for chronic treatment. (E) Time course simulation in cells treated with TGF-B + cycloheximide (CHX) =
MG-132 (MG) or MG-132 followed by SB-431542 (SBI) (see Fig. 3, A and B, and fig. S9). MG-132 was assumed to
inhibit degradation by 80%. (F) Total receptors in cells treated as indicated (see Fig. 3C and fig. S9). (G) Simulation of
the surface receptor biotinylation experiment shown in Fig. 3D and ligand depletion. (H) Receptor behavior during
the first 30 min of the model simulation shown in Fig. 4B. The relevant experimental data are shown in Fig. 3D.
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Fig. 6. Defining the determinants of signaling
kinetics. (A) Receptor turnover is a major deter-
minant of the signaling kinetics. Receptor half-
life was set to ~10 hours (kg = 0.064, blue), the
measured value of ~2 hours (kg = 0.32, red), or
to ~0.4 hour (kg = 1.6, green). This parameter

influences the kinetics of Smad2 activation (left

PSmad2 (fraction)

S
o
Ny
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o
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panel), TGF-B depletion (middle panel), length
of the refractory period (right panel), and rate
of the depletion of surface receptors (right panel,
inset). (B and C) Varying parameter D strongly
affects the signaling kinetics (B), but varying
the initial amount of surface receptors does not
(C). In (B) and (C), the left panels show the ac-
tual simulation results. The right panels show the
results normalized such that the peak value
achieved was 1 to facilitate the comparison of

receptors (Fig. 6C) does not significantly affect the kinetic behavior. The
steps identified here as strong effectors of signaling behavior are likely to
be subject to regulation.

The mathematical model as a tool to simulate complex
physiological conditions

In vivo, particularly in pathological contexts such as late-stage tumors,
cells exhibit autocrine TGF-§ signaling (/7). Therefore, we expanded
the model to include a TGF-B production term, which describes TGF-
synthesis as a function of transcriptionally active nuclear Smad complexes
(text S3, “Modeling autocrine signaling”). Different rates of ligand synthe-
sis were applied, and the amount of PSmad2, TGF-B, and surface recep-
tors was predicted using the model. The simulations indicate that cell
behavior shows an ultrasensitive response to changes in the TGF-B pro-
duction rate, which defines two qualitatively distinct types of behavior. To
quantify the steepness of the threshold and thus the degree of ultrasensi-
tivity (25), we fitted a Hill function to the simulation, obtaining a Hill
coefficient of 9, indicating an ultrasensitive response (Fig. 7A). If the
TGF-B production rate is below the threshold, cells consume essentially
all they produce, the TGF-B concentration in the medium stays close to
zero, and no autocrine signaling is observed. If TGF-f production is above
the threshold, cells produce more TGF-§ than they consume, TGF-f} ac-
cumulates, and cells exhibit autocrine signaling, with amounts of PSmad?2
similar to the attenuated level reached during chronic signaling observed
in cultured cells. Close to the threshold, the transition between these two
states is triggered by a small increase in the TGF-f production rate (Fig. 7A).

www.SCIENCESIGNALING.org

the kinetics. All parameters except for the one
indicated were kept constant.

Cells in these distinct states are expected to respond very differently to
an acute stimulus. A cell with low autocrine activity will respond to an
acute stimulation by TGF-$ and return to the original basal nonsignaling
state after some time, depending on the rate of ligand depletion (Fig. 7B).
By contrast, cells with high autocrine activity are predicted to show only a
weak response when stimulated acutely because they are in a refractory
state (Fig. 7C).

To test these predictions, we used a well-characterized series of
cell lines derived from different stages of mouse skin carcinogenesis
(26). The CNS cell line is a mouse keratinocyte line, the PDV cell line
was derived from a squamous carcinoma, and the H11 and D3 cell
lines were derived from late-stage, spindle cell tumors. We first inves-
tigated the ability of these cell lines to produce active TGF-B by apply-
ing conditioned medium from cultures of these cells to naive HaCaT
cells and measuring PSmad2. Only the spindle cell tumor cell line D3
produced sufficient TGF-B to induce phosphorylation of Smad2 in
these conditions (Fig. 7D, left panels). In agreement with the model
prediction, the ability of the D3 cell line to stimulate phosphorylation
of Smad?2 in response to exogenous TGF-B was substantially less than
that of the other three related cell lines, which did not produce suffi-
cient TGF-B to activate naive cells (Fig. 7D, right panels). Similar re-
sults were obtained if the conditioned medium from D3 cells was used
instead of TGF-B (fig. S10). Consistent with the lower TGF-f inducibility
of the cell lines derived from spindle cell tumors, they exhibited lower
levels of surface type I receptor compared with the CN5 and PDV cells

(Fig. 7E).
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Fig. 7. Mathematical model predictions of TGF-B signaling in complex
systems. (A) Autocrine signaling and its effects on the response. TGF-$ syn-
thesis as a function of the amount of Smad2-Smad4 complexes in the nu-
cleus was included in the model to simulate signal-dependent autocrine
signaling. Steady-state amounts of the indicated species are plotted with
respect to the rate constant of TGF-B synthesis. The ultrasensitive response
as a function of the TGF-B synthesis rate defines two qualitatively distinct
regimes. (B) Acute TGF-B stimulation of a cell with low TGF-B synthesis rate
(Ksynr = 0.25). The cell responds strongly to the signal. (C) Acute TGF-B
stimulation of a cell with high TGF-B synthesis rate (Ksynt = 0.5). Even before
the acute stimulation, surface receptors are low, and the cell is in a refrac-

DISCUSSION

Here, we have assessed the response of cells to acute, chronic, and re-
peated TGF- stimulation. We found that an acute stimulus renders cells
refractory to further acute TGF-B stimulation. The data from cultured cells
indicated that cells enter such a refractory state because surface receptors
were rapidly occupied and internalized, whereas replenishment of the re-
ceptors at the cell surface was very slow. The refractory state was induced
by TGF-B binding to receptors and did not require negative feedback
through TGF-P target genes. As long as excess ligand was still present
in the extracellular environment, the very low steady-state amounts of sur-
face TGF-P receptors present after an acute response dictated the magni-
tude of steady-state signaling. Cell-dependent depletion of TGF-B from
the medium (/5) was not required for signal attenuation, but was essential
for the ability of the cells to regain response competence after the refrac-
tory period. Once the ligand was depleted or consumed, cell surface re-

www.SCIENCESIGNALING.org

tory state and does not react proportionally to acute stimulation. (D) Left
panels: TGF-B or medium from CN5, PDV, H11, or D3 cells, which represent
sequential stages of mouse skin carcinogenesis, was added to naive HaCaT
cells, and PSmad?2 abundance was detected by Western blot after 1 hour.
Right panels: CN5, PDV, H11, and D3 cell lines were stimulated for 1 hour
with TGF-B, and induction of PSmad2 was measured. Quantifications are nor-
malized (relative to the most highly induced cell line, PDV) and presented as
the average and ranges of two independent experiments. (E) Amounts of sur-
face receptors were measured using surface biotinylation assay. Whole-cell
lysates were also assayed by Western blotting for ALK5 and TBRII. A repre-
sentative blot of three independent experiments is shown for each panel.

ceptor levels were slowly restored and the cells became once more fully
competent to respond to an acute stimulation. For the purposes of this
study, we used phosphorylation of Smad2 as a readout of receptor activity,
although Smad-independent signaling has been reported (27), and it will
be interesting in the future to extend the model to incorporate this. The
behavior we report here for the TGF-f signaling pathway is in contrast to
some other signaling pathways, for instance, that downstream of the eryth-
ropoietin receptor (EpoR). In this case, the amount of unoccupied cell sur-
face EpoR recovers very quickly after ligand stimulation and the system
never reaches a refractory state (28). Moreover, cells regain their ability to
respond fully to an acute stimulation just 2 hours after an initial Epo sig-
nal, compared with ~48 hours for TGF-§ signaling.

Our experiments demonstrated a marked difference in the kinetic be-
havior of TBRII and that of ALKS. TRRII was substantially depleted from
the plasma membrane within 10 min of TGF-f treatment, whereas ALKS5
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was only maximally depleted after 4 hours. A possible explanation for the
initially stable surface amount of ALKS is that ALKS might be in excess
over TRRIL Eventually, ALKS was also depleted, probably as a result of
TGF-p stimulating the interaction of ALKS with newly synthesized
TBRII, which is constantly trafficked to the cell surface (23). The data thus
indicated that it is the loss of surface-exposed TBRII rather than the loss of
surface-exposed ALKS that determines the kinetics of signal attenuation.
At present, we cannot exclude that synthesis and trafficking of ALKS are
rate-limiting in the slow restoration of surface receptors after depletion of
ligand.

Having deduced a working hypothesis, we built a mathematical model
to determine whether it was possible to construct a signaling network with
which we could computationally simulate the observed behaviors asso-
ciated with long-term TGF-f signaling. The resulting model consistently
explained all our data, both qualitatively and semiquantitatively, and
enabled us to make predictions, and the successful verification of these
predictions provided additional support for the proposed mechanism.

We used the mathematical model to predict which parameters were
critical determinants of the dynamics of TGF-f signaling. The kinetic
properties of attenuation and the refractory state are determined by the rate
of receptor turnover and the ratio of ligand-induced to constitutive receptor
degradation (factor D), but not by the initial amount of surface receptors.
Thus, enzymes involved in regulating receptor turnover, such as E3 ubiquitin
ligases, deubiquitinating enzymes, lysosomal enzymes, or regulators thereof,
are likely to be crucial determinants of the kinetics of TGF-B pathway
signaling and also the rate of ligand consumption.

These results are crucial for understanding the response of cells in vivo
to both chronic and acute TGF-f signals. TGF-f is normally produced in a
latent form in which the prodomain remains tightly associated with the
mature ligand, even after cleavage. Further local activation is then required
to produce active TGF-B (29). We propose that this ligand activation
mechanism may be important in vivo to limit the exposure of cells to high
concentrations of mature TGF-f that would provoke a refractory state. In-
deed, high TGF-B exposure is associated with disease states, for example,
during wound healing, fibrosis, or in tumorigenesis (2, 30). The conse-
quence of exposure to high concentrations of TGF-§ is not only acute
pathway activation but also desensitization. Therefore, a tumor that re-
ceives a constant supply of TGF-B, either because of autocrine signaling
as exemplified by the D3 cell line or through production of TGF-§ by
stromal cells (30), would maintain only a low level of signaling. This
would allow expression of a subset of TGF- genes, but keep silent those
that require a strong acute signal. Chronic exposure of tumors to TGF-f
could explain the loss of specific TGF- responses in tumors in vivo (30).
This conclusion is based on the assumption that receptor trafficking in
tumor cells is as we have observed in HaCaTs. Tumors that contain addi-
tional mutations such that receptor trafficking or degradation is perturbed
may be resistant to ligand-induced desensitization.

The requirement for ligand consumption or “neutralization” for resen-
sitization of cells to further ligand stimulation may explain the plethora of
natural ligand antagonists known for the TGF-$ superfamily. This is par-
ticularly true of the ligands of the BMP (bone morphogenetic protein),
Nodal, and Activin families, for which the antagonists are important in
early embryogenesis (31, 32). Assuming that these ligands signal in an
analogous way to that described here for TGF-B, it is tempting to speculate
that the production of ligand antagonists in response to ligand stimulation,
such as the production of Lefty in response to Nodal signaling in verte-
brate embryos (33), might act to prevent ligand binding to receptors. This
would allow competent surface receptors to reaccumulate, thus sensitizing
cells for further Nodal stimulation. The time course of recovery from the
refractory period described here for TGF-f is 12 to 24 hours, which is of
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the order of one cell cycle. In early vertebrate development, where cell
cycles are much shorter and signaling is very dynamic, recovery is ex-
pected to be faster. To understand how these ligands function in early
embryos, it will be important to extend this model in the future to other
TGF-B superfamily members.

MATERIALS AND METHODS

Cell lines, treatments, and immunoblotting

The human keratinocyte cell line, HaCaT, was used throughout the study,
except where indicated. All cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM)/10% fetal calf serum. Conditioned medium
from the CN5, PDV, H11, and D3 cell lines was concentrated fourfold
before using it to stimulate naive HaCaT or cancer cells. Ligands and
reagents were used at the following concentrations: TGF-B (PeproTech),
2 ng/ml, except where stated otherwise; cycloheximide (Sigma), 20 ug/ml;
MG-132 (Tocris), 50 uM; SB-431542 (Tocris), 10 uM. The TGF-p—
neutralizing antibody (1D11) recognizing all three TGF-f isoforms and
the isotype-matched IgG1 monoclonal antibody raised against Shigella toxin
(13C4) were as described (20) and used at 30 ug/ml. To remove SB-431542,
the neutralizing antibody, or both, cells were washed three times with
warm medium. Except for the biotinylation experiments, whole-cell ex-
tracts were prepared as described (34). Immunoblotting was performed
with the following antibodies: anti-phospho-Smad2 (Millipore, catalog
# 04-953), anti-Smad2/3 (BD Biosciences, catalog # 610843), anti-Grb2
(BD Biosciences, catalog # 610112), anti-ALKS (Santa Cruz Biotechnol-
ogy, V-22), anti-TBRII (Santa Cruz Biotechnology, E6), anti-MCM7 (Santa
Cruz Biotechnology, 141.2), anti-MCM®6 (Santa Cruz Biotechnology,
C-20), and anti-tubulin (Abcam, catalog # Ab6160). Western blots were
visualized with an ImageQuant LAS 4000 mini (GE Healthcare) and
quantified with ImageQuant TL software version 7.0 (GE Healthcare)
or Imagel.

Surface biotinylation experiments

Cells were treated, or not, with TGF-$ for the times indicated, then were
immediately placed on ice, washed twice with ice-cold phosphate-buffered
saline (PBS)/CM (PBS containing 0.8 mM MgCl, and 1 mM CaCl,), and
labeled for 40 min with Sulfo-NHS-SS-biotin (6 mg/ml) (Pierce) in PBS/
CM. Biotinylation was then quenched with 20 mM tris-HCI (pH 7.4). The
reduced control was subsequently treated with reducing solution (50 mM
glutathione/75 mM NaCl, neutralized with 75 mM NaOH) for 40 min at
4°C to remove the biotin, followed by iodoacetamide (2.5 mg/ml) dis-
solved in PBS/CM/1% bovine serum albumin to quench the free SH
groups. All cells were then lysed in lysis buffer (PBS containing 1% Triton
X-100, 0.1% SDS, 10 mM EDTA, and protease inhibitors) and subjected
to streptavidin pull-down with NeutrAvidin beads (Pierce) overnight at 4°C.
Eluted samples were analyzed by Western blotting as described above.

TGF-p1 ELISA

The amount of TGF-f was monitored in the medium after ligand stimu-
lation with the human TGF-B1 Quantikine ELISA assay kit (R&D
Systems) according to the manufacturer’s instructions.

Model implementation

Details of the model construction are given in the Supplementary Mate-
rials. The model was implemented in the freely available software pack-
ages COPASI (http://www.copasi.org) and XPP (http://www.math.pitt.
edu/~bard/xpp/xpp.html). All simulations and parameter fitting were per-
formed in COPASI (35). The model for the Smad module was as in the
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original publication (4), but was converted from seconds into hours and
expressed in dimensionless form.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/6/305/ra106/DC1

Texts S1 to S3

Fig. S1. The refractory period is not unique to HaCaT cells.

Fig. S2. Kinetics of Smad2 phosphorylation.

Fig. S3. Blocking and depletion of ligand.

Fig. S4. Specificity of the TBRII antibody in Western blotting.

Fig. S5. Recovery from the refractory state.

Fig. S6. Biotinylation of surface receptors in HaCaT cells at different time points.
Fig. S7. Data fitting with previous data sets.

Fig. S8. Comparison between simulations and experimental data in Figs. 1 and 2.
Fig. S9. Comparison between simulations and experimental data in Fig. 3.

Fig. $10. Restimulation of naive cancer cell lines with medium from the D3 line.
Table S1. Model parameters.

Table S2. List of model species.

Table S3. Ordinary differential equations and initial conditions.
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