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Covering a Broad Dynamic Range:
Information Processing at the
Erythropoietin Receptor

Verena Becker,* Marcel Schilling,™* Julie Bachmann,* Ute Baumann,*
Thomas Maiwald,?t Jens Timmer,>*> Ursula Klingmiiller'-?f

Andreas Raue,’

Cell surface receptors convert extracellular cues into receptor activation, thereby triggering intracellular
signaling networks and controlling cellular decisions. A major unresolved issue is the identification of
receptor properties that critically determine processing of ligand-encoded information. We show by
mathematical modeling of quantitative data and experimental validation that rapid ligand depletion
and replenishment of the cell surface receptor are characteristic features of the erythropoietin (Epo)
receptor (EpoR). The amount of Epo-EpoR complexes and EpoR activation integrated over time
corresponds linearly to ligand input; this process is carried out over a broad range of ligand
concentrations. This relation depends solely on EpoR turnover independent of ligand binding, which
suggests an essential role of large intracellular receptor pools. These receptor properties enable the

system to cope with basal and acute demand in the hematopoietic system.

ells respond to alterations in their envi-
‘ ronment that are frequently encoded by

changes in the concentration of extra-
cellular ligands. These changes are perceived
by cell surface receptors, and the high fre-
quency with which receptors are mutated in
diseases and their accessibility to drugs make
them key targets for therapeutic interventions.
The dynamics of receptor activation are crit-
ically determined by the capacity to capture
and sequester ligand through endocytosis (7).
Ligand-encoded information could be processed
in a saturation-like or linear mode for increasing
ligand concentrations (Fig. 1A). Receptor proper-

Fig. 1. Strategies of informa-
tion processing through cell sur-
face receptors for a broad range
of ligand concentrations. (A) Rep-
resentation of two modes for
information processing. (B to D)
Hypothetical mechanisms for
linear information processing
through the EpoR: mobilization,
recycling, and turnover (see text).
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ties enabling cells to cope with ligand concen-
trations that vary over a broad range remained to
be identified.

A prime example for a receptor that en-
counters an extreme range of ligand concentrations
is the erythropoietin receptor (EpoR). The EpoR
ensures continuous renewal of short-lived eryth-
rocytes (2) and enhanced expansion of erythroid
progenitors upon demands such as blood loss.
Plasma concentrations of erythropoietin (Epo)
can differ ~1000-fold between basal and acute
conditions (3). Only a small proportion of EpoR
is present on the cell surface; the majority resides
in intracellular pools (4). Ligand binding triggers

phosphorylation of the cytoplasmic EpoR do-
main by Janus kinase 2 (JAK2) (5). Ligand-
induced endocytosis of EpoR has been proposed
to terminate signaling by removing receptors
from the cell surface (6). Additionally, the EpoR
is subjected to ligand-independent endocytosis
(7) [supporting online material (SOM) text]. The
specific impact of EpoR transport to the plasma
membrane and EpoR endocytosis on processing
of ligand-encoded information have remained ill-
defined.

Linear detection of ligand over a broad range
of concentrations could be facilitated by the
following properties reported for other receptors
(Fig. 1, B to D, and SOM text): (i) mobilization,
defined as ligand-induced additional transport of
newly synthesized receptor from intracellular
pools to the plasma membrane (8); (ii) recycling,
consisting of ligand-induced receptor endocyto-
sis and subsequent transport back to the plasma
membrane (9); and (iii) turnover, comprising
ligand-independent transport of newly synthe-
sized receptor to the plasma membrane and
removal from the plasma membrane by ligand-
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independent receptor endocytosis and subse-
quent degradation (/0). A further potential
strategy to cope with particularly high ligand
concentrations is expression of large amounts of
receptor on the plasma membrane (/7). However,
the abundance of EpoR on the cell surface is
rather low (12) (fig. S1 and SOM text).
Receptor mobilization, recycling, and turn-
over are highly dynamic and intertwined processes
that are difficult to disentangle experimentally.
To address these nonlinear processes, we devel-
oped dynamic mathematical models for ligand-
receptor interaction and trafficking kinetics and
fitted them to quantitative experimental data (13).

Fig. 2. Dynamic modeling
of the EpoR system. (A)
Graphical representation of
the mathematical core mod-
el. Colored boxes indicate
the experimentally accessi-
ble quantities “Epo in me-
dium” (Epo + dEpo,, red),
“Epo on surface” (Epo-EpoR,
blue), and “Epo in cells”
(Epo-EpoR; + dEpo;, green).
Biological processes described
by individual reaction rates
are given in the inset. (B)
Global parameter estima-
tion was performed simulta-
neously for the core model
and the auxiliary model (fig.
S4). Experimental data for
the core model are repre-
sented with standard devia-
tions (n = 3), and trajectories
of the best fit are shown. (C)
Trajectories for the predicted
behavior of experimentally
unobserved dynamic varia-
bles of the core model.

The core model included parameters for EpoR
recycling and turover (Fig. 2A) and was compared
with an extended model encompassing receptor
mobilization (core model + ko) (fig. S5A).
Briefly, unoccupied cell surface EpoR is subjected
to turnover with transport of newly synthesized
receptor to the plasma membrane (k; X Byax)—
where By, is the maximal binding capacity of
the total cell surface receptor population—and
ligand-independent endocytosis (k). Epo binds to
cell surface receptor with the association rate ko,
and dissociates with the rate k.. The definition
of the parameter kg is based on the dissociation
constant Kp (kon X Kp). Epo-EpoR complexes

A Mathematical core model

are subjected to endocytosis (k). These com-
plexes dissociate, and EpoR and Epo recycle back
to the plasma membrane (k) or undergo degra-
dation. Degraded Epo is retained in intracellular
compartments (kq;) or released to the extracellular
space in an inactive state (kq.), unable to rebind to
EpoR. In our extended model, we additionally
integrated EpoR mobilization as a single param-
eter ko, to Summarize its overall effect, includ-
ing a chaperone action mediated by the protein
kinase JAK2 (14) (fig. S2A).

We calibrated the mathematical model on the
basis of experimental data from BaF3-EpoR
cells, a murine proB cell line that exogenously
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expresses EpoR. The parameters By, and Kp
were measured using '*I-labeled Epo (13) (fig.
S1). To determine the rate &, we built an analog
auxiliary model for EpoR turnover (fig. S2B),
using a streptavidin-binding peptide (SBP)-tagged
EpoR (fig. S3 and SOM text). The kinetics of
radiolabeled ligand was monitored (fig. S3D), and
we estimated parameters simultaneously for the
core model and the auxiliary model (75). The tra-
jectories of the best fit captured the observed
dynamics (Fig. 2B and fig. S4A). The underlying
models were minimal models that were both con-
sistent with biological knowledge and well de-
termined by the experimental data. Each calibrated
model is structurally and practically identifiable
within tight confidence intervals as shown by the
likelihood profile (/6) (fig. S4B). Comparing the
contributions of reactions describing transport of
EpoR from intracellular pools to the plasma mem-
brane for the extended core model + 4, revealed
that the flux ko % Epo-EpoR is more than one
order of magnitude lower than the flux A X B
and therefore negligible (fig. S5B). Furthermore,
the performance of the extended model was lower
than that of the core model as revealed by statistical
tests (fig. S5C). Therefore, EpoR mobilization is
unlikely to make a major contribution, and further
analyses focused on the core model to determine
the impact of receptor recycling and turnover.

The calibrated core model enabled us to pre-
dict key dynamic properties of the EpoR system
(fig. S6). The ratio of the rate for EpoR turnover
(k.= 0.033 min") to the rate for ligand-induced
endocytosis (k.= 0.075 min ") indicated that Epo
binding accelerates receptor endocytosis by a factor
of about 2. In contrast to the epidermal growth fac-
tor receptor (17, 18), this low ratio implies a less
prominent contribution of ligand-induced EpoR
removal from the plasma membrane to attenuate
receptor activity (SOM text). Model simulations
for species not directly accessible by experimental
measurements predicted that intact Epo is rapidly
depleted from the medium by endocytosis-
mediated uptake and subsequent degradation
(Fig. 2C, left, and SOM text). Unoccupied EpoR
on the plasma membrane was predicted not to
diminish by more than 75% of the maximal value
Biax and to recover almost entirely (Fig. 2C, right).
Therefore, the EpoR system never reaches an
absolute refractory state but remains continuously
ligand-sensitive. To assess dynamic properties that
determine conversion of ligand binding into
receptor activation, we derived from the model
(13) the time-dependent half-life of species in a
specific subcompartment (fig. S7 and SOM text).
This analysis suggested that ligand-induced endo-
cytosis has an important role in shaping the early-
response kinetics of EpoR activation.

To confirm experimentally the predicted
recovery of cell surface EpoR, we performed
time-course analysis of receptor activation in
BaF3-EpoR cells. Receptor phosphorylation
returned to basal amounts between 60 and 120
min after cells were exposed to Epo (Fig. 3A).
However, restimulation of these cells with an

excess of ligand resulted in receptor phosphoryl-
ation comparable to that after initial activation. In
line with model predictions, endocytic removal of
cell surface EpoR does not attenuate long-term re-
ceptor signaling, but cells remain Epo-responsive.
For experimental validation of the model-predicted
ligand depletion, BaF3-EpoR cells were treated
with Epo, and the culture medium was used as the
stimulating medium for another cell pool. The
later the medium was collected, the less the
receptor was phosphorylated on the treated cells
(Fig. 3B). This decrease in stimulating capacity
of the medium did not occur in the absence of
EpoR (fig. S8A). By determining Epo amounts
in the medium, rapid ligand depletion was also
directly validated for murine and human EpoR
in BaF3 cells, as well as for erythroid progeni-
tors, which showed that receptor-mediated
ligand degradation is a general attribute of the
EpoR system (fig. S8, B to D, and SOM text). The
dynamics of cell surface receptor recovery and
ligand depletion challenge the conventional view
that EpoR degradation through the proteasome
and lysosome (6) is a major cause of attenuation
of receptor activation. Rapid ligand depletion and
receptor recovery for the related interleukin 3
receptor (fig. S9 and SOM text) suggest that
these processes are key properties conserved
among hematopoietic cytokine receptors.

Model simulations for increasing ligand con-
centrations showed saturation for the peak ampli-
tude of cell surface Epo-EpoR complexes (Fig.
4A, middle) that resulted from the limited amount
of receptor present on the plasma membrane at a
given time. A linear relation for integral EpoR oc-
cupancy representing the amount of cell surface
Epo-EpoR complexes integrated over time was

predicted even for high concentrations of Epo (Fig.
4A, right). Measurements of the peak amplitude of
phosphorylated EpoR and JAK2 (figs. S10 and
S11) coincided with the behavior predicted by
model simulations for cell surface Epo-EpoR com-
plexes (Fig. 4B, middle). The linear relation of lig-
and input and integral EpoR occupancy correlates
with the amount of EpoR and JAK2 phosphoryl-
ation integrated over time (Fig. 4B, right), which
shows that the extracellular stimulus is accurately
converted into receptor activation. To discriminate
between the influence of receptor recycling and
turnover, we performed simulations for various
values of the respective parameters. Despite
changing the recycling rate k., the linear relation
of ligand input and integral EpoR occupancy was
maintained, but with a different slope (Fig. 4C). The
linearity of this relation strictly depended on the
turnover k&, (Fig. 4D), which enables cells to
constantly repopulate the plasma membrane with
newly synthesized receptor from intracellular pools.
Although higher k; rates beyond the estimated
value had no impact, with lower turnover rate val-
ues, the linear resolution of ligand-encoded infor-
mation processing in the model gradually decreased.
Thus, EpoR tumover at a high rate functions as a
linear signal integrator and thus assigns an essential
role to large intracellular receptor pools (figs. S12
and S13 and SOM text) and enables cells to detect
ligand concentrations that vary over a broad range.

In this study, we identified rapid ligand deple-
tion and compensation of endocytic removal of
cell surface EpoR by receptor turnover as hall-
marks of the EpoR that facilitate linear information
processing for a broad range of ligand concen-
trations. These systems properties enable cells to
sample extracellular ligand continuously and there-

A Experimental validation: Receptor recovery

Min Epo
0 1 5 20 20 60 60 120 120 180 180 240 240 300 300 (5 U/ml)
P 1B - - - - + - + - + - + - + + Re-add Epo
apTyr le-pEpoR
aEpoR
aEpoR (+-EpoR
l¢-GSTAEpoR
B Experimental validation: Ligand depletion
Time course ctrl Culture medium
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aEpoR
oEpoR l«EpoR
l«-GSTAEpoR

Fig. 3. Experimental validation of model predictions for rapid receptor recovery and ligand depletion.
Immunoprecipitates (IP) were analyzed by quantitative immunoblotting (IB) with antibodies against
phosphotyrosine (pTyr) and against EpoR. (A) BaF3-EpoR cells were stimulated with 5 U/ml Epo, and if
indicated, 50 U/ml Epo was added 10 min before cell lysis. (B) BaF3-EpoR cells were stimulated with Epo
(time course). Freshly starved cells were stimulated for 10 min with culture medium collected at the
indicated times (medium) or with Epo (ctrl). pEpoR, phosphorylated EpoR; GST-AEpoR, recombinant
glutathione S-transferase (GST)—tagged protein used as reference.



by to cope with both basal and acute demand-
driven ligand concentrations. Epo has been widely
applied to treat anemia (/9), and current research

stimulating agents (20). Model simulations for
various ligand-binding rates point to a parameter
region that displays a trade-off between bio-

S14to S16 and SOM text). Thus, the combination of
mathematical modeling and quantitative biochemical
analysis enables a more rational development of

focuses on engineering more efficient erythropoiesis-  availability and bioactivity of Epo derivatives (figs.  therapeutic agents.
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Fig. 4. Linear conversion of Epo concentrations into integral receptor
occupancy depends on EpoR turnover. (A) Simulations for peak amplitude of
Epo-EpoR complexes at the plasma membrane (middle) and integral EpoR
occupancy defined as the amount of cell surface Epo-EpoR complexes
integrated over time relative to their dependence on Epo (right). Graphical
representations are shown for peak amplitude and integral EpoR occupancy
(left). (B) Experimental data (triangles) were acquired by quantitative
immunoblot analysis of EpoR and JAK2 activation in BaF3-EpoR cells (figs.

510 and S11). A Michaelis-Menten—like saturation and a linear function were
fitted to the data for peak amplitude (middle) and integral EpoR and JAK2
activation, defined as the amount of phosphorylated protein integrated over
time (right), respectively. Graphical representations are shown for peak
amplitude and integral EpoR activation (left). (C and D) Simulations for
integral EpoR occupancy for various parameter values around the estimated
rates of (C) recycling ke, or (D) turnover k.. Details for calculating the integral
are provided in the SOM text. pEpoR and pJAK2, phosphorylated proteins.
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