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Abstract
Upon ligand engagement, the single-pass transmembrane receptor
tyrosine kinases (RTKs) dimerize to transmit qualitatively and quantitatively
different intracellular signals that alter the transcriptional landscape and
thereby determine the cellular response. The molecular mechanisms
underlying these fundamental events are not well understood. Considering
recent insights into the structural biology of fibroblast growth factor
signaling, we propose a threshold model for RTK signaling specificity in
which quantitative differences in the strength/longevity of ligand-induced
receptor dimers on the cell surface lead to quantitative differences in the
phosphorylation of activation loop (A-loop) tyrosines as well as qualitative
differences in the phosphorylation of tyrosines mediating substrate
recruitment. In this model, quantitative differences on A-loop tyrosine
phosphorylation result in gradations in kinase activation, leading to the
generation of intracellular signals of varying amplitude/duration. In contrast,
qualitative differences in the pattern of tyrosine phosphorylation on the
receptor result in the recruitment/activation of distinct
substrates/intracellular pathways. Commensurate with both the dynamics of
the intracellular signal and the types of intracellular pathways activated,
unique transcriptional signatures are established. Our model provides a
framework for engineering clinically useful ligands that can tune receptor
dimerization stability so as to bias the cellular transcriptome to achieve a
desired cellular output.
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Introduction
The receptor tyrosine kinase (RTK) superfamily comprises  
58 single-pass transmembrane proteins. These receptors signal in 
response to extracellular stimuli delivered by over 100 different 
ligands (growth factors, cytokines, and hormones) and thereby  
govern a myriad of essential biological processes throughout an 
organism’s life span. RTK signaling is required for every event 
during embryonic development, including gastrulation, mesoderm 
induction, organogenesis, tissue patterning, and body plan  
formation1. It also regulates energy and mineral metabolism2,  
immune responses3, tissue homeostasis4, and a wide spectrum 
of other functions. The diversity of RTK actions is reflected by  
the fact that both gain- and loss-of-function mutations in RTKs 
are causative of a diverse array of developmental, metabolic, and 
autoimmune diseases5 as well as cancer6.

The insulin receptor (IR), vascular endothelial growth factor 
receptor, fibroblast growth factor receptor (FGFR), epidermal 
growth factor receptor (EGFR), nerve growth factor receptor 
(NGFR), stem cell factor (SCF) receptor c-Kit, and other RTKs 
each possess an extracellular ligand-binding domain, a single 
transmembrane helix, and an intracellular kinase domain which is  
flanked at either end by juxtamembrane (JM) and C-terminal 
tail regions. Based on differences in the overall architecture of  
their extracellular domains, RTKs are grouped into 20 subfamilies7. 
The extracellular domain of each subfamily features a unique  
configuration of domains such as Ig-like, fibronectin-like,  
leucine-rich, cysteine-rich, and other modular domains that are 
specialized for the recognition of distinct ligands such as EGF, 
platelet-derived growth factor (PDGF), insulin, NGF, and FGF. 
In contrast, the intracellular kinase domains, which catalyze 
the transfer of γ-phosphate from ATP to substrate tyrosine resi-
dues in both the receptor itself and in intracellular downstream  
substrates, are structurally homologous. With the exception of 
members of the IR subfamily, which are preformed dimers8, 
all RTKs are monomeric in the absence of ligand and rely on a 
process of ligand-induced dimerization to elevate the intrinsic 
activity of the intracellular kinase domain. In these cases, ligand-
induced dimerization of the extracellular domain of RTKs jux-
taposes the intracellular kinase domains in a precise orientation 
conducive to transphosphorylation of one or more tyrosines 
in the kinase activation loop (A-loop). This transphosphoryla-
tion activates the kinase in an allosteric fashion9. In the case 
of the IR subfamily, ligand binding reorients the subdomains 
within the extracellular domain of the preformed receptor dimer. 
This structural rearrangement is propagated through the trans-
membrane helices and enables transphosphorylation of A-loop  
tyrosines10. Some RTKs, including PDGF receptor beta  
(PDGFRβ), c-Kit, and fms-like tyrosine kinase 3 (FLT3), are  
activated by transphosphorylation of JM tyrosines, although they 
still depend on A-loop tyrosine phosphorylation to exert their 
full biological activities11–13. In the case of the EGFR subfamily, 
A-loop phosphorylation also plays a secondary role in receptor  
activation; EGFRs are activated via the formation of an asym-
metric kinase dimer, whereby an activator kinase allosterically  
stabilizes the active conformation of a receiver kinase14.

A-loop-dependent or -independent kinase activation triggers 
transphosphorylation of tyrosine residues located in the kinase 

insert region as well as in the JM and C-terminal tail regions15. 
These secondary phosphorylations play a critical role in sig-
nal transduction by creating specific docking sites for Src  
homology domain 2 (SH2)- or phosphotyrosine-binding domain 
(PTB)-containing cytosolic or membrane-anchored substrates 
(enzymes, adaptors, and scaffold proteins)16, thereby physically 
recruiting the substrate to the activated RTK. In the case 
of substrates endowed with enzymatic activity, such as  
phospholipase Cγ (PLCγ), this recruitment plays a dual role: 1) it 
facilitates phosphorylation and hence upregulation of the intrin-
sic activity of the enzyme, and 2) it brings the activated enzyme 
into proximity with its substrate—in this case, phosphatidyli-
nositol 4,5-bisphosphate (PIP2)—in the plasma membrane17. By 
contrast, recruitment of adaptors or scaffold proteins that lack  
enzymatic activity, such as FGFR substrate 2 alpha (FRS2α), 
solely facilitates their phosphorylation. Phosphorylated adaptor  
proteins serve as molecular hubs for the coordinated assembly 
of signaling complexes at the cell membrane close to their  
substrates18. A prime example of such events is the recruitment 
of the growth factor receptor-bound protein 2-son of sevenless  
(Grb2-Sos) complex next to membrane-associated Ras19,20. In 
other cases21, these indirect recruitments facilitate phosphoryla-
tion and activation of substrates such as SH2-containing pro-
tein tyrosine phosphatase 2 (Shp2) by the RTK itself. Such  
recruitment/phosphorylation events trigger activation of multiple 
downstream pathways, altering the transcriptional profile of the 
cell to influence cellular proliferation, differentiation, migration,  
apoptosis, metabolism, and senescence (Figure 1).

Despite exerting a diverse array of biological responses, 
there are only a handful of intracellular pathways known to  
operate downstream of activated RTKs. Examples include the 
Ras/mitogen-activated protein kinase (Ras/MAPK)22, phosphoi-
nositide 3-kinase/protein kinase B (PI3K/PKB)17, c-Jun N-terminal 
kinase (JNK)23, P38 MAPK, Rac, PLCγ/protein kinase C  
(PKC)17, and Janus kinase/signal transducer and activator of 
transcription (JAK/STAT) pathways24. Activation of these path-
ways leads to changes in the cellular expression/phosphorylation 
status of numerous transcription factors15, ultimately culminat-
ing in distinct cellular responses/fates. Relative to intracellular 
pathways, transcription factors are more numerous, suggesting 
that each signaling pathway theoretically could act through a 
unique subset of these factors. However, different pathways often  
converge on common sets of transcription factors. For instance, 
the Ras/MAPK and PI3K/Akt signaling pathways share cAMP 
response element-binding protein (CREB), estrogen receptors, 
and GATA2 as transcription factors25–28. Accordingly, how RTKs  
elicit their distinct cellular/developmental responses through 
the use of a shared set of intracellular pathways constitutes a  
puzzle that has preoccupied researchers in the field for at least  
two decades29.

An initial solution to this conundrum was provided in a now-
classic paper by C.J. Marshall, who proposed that the overall  
duration and intensity of RTK-induced intracellular signaling 
pathways (more specifically, MAPK activation), and not a specific 
pathway per se, are the primary determinants of the cellular 
response22. However, later studies found that, depending on the 
nature of their cognate ligand, RTKs undergo transphosphorylation 
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Figure 1. Upon ligand binding, receptor tyrosine kinases (RTKs) dimerize and become activated. From left to right: ligand binding 
induces RTK dimerization, thus juxtaposing the intracellular kinase domains in a proper orientation/proximity such that transphosphorylation 
of tyrosines (shown as Y symbols) in the activation loop (A-loop), and hence kinase activation, can occur. This in turn triggers secondary 
transphosphorylations (shown in turquoise) in the kinase insert, juxtamembrane, and C-terminal tail regions, creating docking sites for  
the recruitment of distinct intracellular substrates (shown in an assortment of shapes/colors on the lower right). Darker shades are used  
to denote bound and activated substrates in the right-hand cartoon.

on distinct tyrosines, resulting in recruitment/activation of  
ligand-specific intracellular pathways and cellular responses30,31, 
thus supporting the concept of one pathway per cellular activity. 
This latter hypothesis has the advantage of simplicity but is 
undermined by the fact that there exist more RTK-mediated  
cellular outputs than intracellular pathways. Therefore, a holistic  
model for RTK signaling must consolidate the seemingly  
discordant ideas that RTKs use signaling intensity/duration as 
well as distinct intracellular pathways to determine specificity 
or diversity or both. Recent studies have suggested that the  
primary determinant of the cellular response may be the strength 
of receptor dimerization (dimer stability)32,33, defined by the  
thermodynamics of dimerization (that is, on- and off-rates). This 
in turn is governed by RTK-specific multivalent protein–protein 
binding events involved in dimer assembly, including (but not  
limited to) ligand–receptor, receptor–receptor, co-receptor–ligand, 
and co-receptor–receptor interactions. The aims of this review 
are to revisit previously existing models for RTK signaling and to  
synthesize a more comprehensive model that integrates past  

results with more recent findings. We also briefly present future 
directions for studying RTK signaling.

Role of signaling intensity and duration in receptor 
tyrosine kinase-mediated cellular and developmental 
processes
C.J. Marshall used the rat adrenal pheochromocytoma (PC12) 
cell line—which naturally expresses NGFR and EGFR—as a 
model system to show that RTKs can determine cellular fates 
byregulating the dynamics (that is, amplitude and duration) of  
MAPK pathway activation22. Treatment of PC12 cells with 
NGF causes sustained MAPK activation, giving rise to neurite  
outgrowth, whereas treatment of the same cells with EGF  
leads to transient MAPK phosphorylation, inducing cellular  
proliferation. However, forced overexpression of EGFR enables  
EGF to produce persistent MAPK activation and induce neurite 
outgrowth. Conversely, reducing the number of NGFR molecules 
per cell leads to transient MAPK activation and proliferation 
by NGF. These data led Marshall to conclude that the duration  
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and amplitude of MAPK activation, and not RTK or ligand  
identity, are the primary determinants of cellular responses.

Marshall’s hypothesis has since gained momentum by numerous 
studies, particularly on the FGF system. This is perhaps best 
exemplified by the functional dichotomy between FGF8a and 
FGF8b, two alternatively spliced FGF8 isoforms, which use 
the Ras/MAPK pathway as the nexus to pattern the midbrain34. 
The “b” isoform of FGF8 (FGF8b) induces differentiation of 
the midbrain into cerebellum, whereas the “a” isoform (FGF8a) 
lacks this effect, instead causing expansion (proliferation) of the 
midbrain. However, FGF8b can be functionally converted to 
FGF8a by simply reducing its expression level35. Since changing 
FGF ligand concentration naturally affects the extent of recep-
tor phosphorylation and accompanying downstream intracellular  
signaling, these data imply that signaling strength, rather than  
ligand identity, determines the nature of neuronal patterning.  
Indeed, follow-up quantitative analysis in the same study revealed 
that FGF8b produces a MAPK signal two orders of magnitude 
stronger than that of FGF8a35. Thus, reminiscent of PC12 cell  
differentiation, differences in the neuronal patterning capacities 
of FGF8a and FGF8b can be traced to corresponding differences 
in the magnitude of the Ras/MAPK signal transmitted by these  
two isoforms. Consequently, a strong Ras/MAPK signal elicited 
by FGF8b is necessary to cause differentiation of midbrain 
into cerebellum, whereas a weak signal sent by FGF8a leads to  
expansion of the midbrain36. Similarly, a study of inner ear 
development in mouse embryos revealed the existence of a  
quantitative threshold for FGF signaling necessary for otic vesicle 
formation37. Moreover, a gene knockout study in mice designed 
to dissect the role of four FGF family members expressed by the  
apical ectodermal ridge (AER) found that inactivation of  
FGF4, 9, and 17 either individually or in combination with  
FGF8 results in skeletal phenotypes of increasing severity38. These 
data imply that each FGF contributes to the total FGF signal 
emanating from the AER, whose magnitude must meet a certain  
threshold in order to induce/ maintain proper limb development. 
Similarly, successive knockdown of the E26 transformation- 
specific (ETS) family transcription factors Erm, Etv5, and Pea3  
in the zebrafish embryo results in an increase in cardiac  
progenitors, and the blocking of all three genes in turn results in 
the suppression of FGF target genes39. Because Pea3 contains a  
MAPK-specific phosphorylation site also present in both Erm 
and Etv540, this indicates that all three factors are regulated by  
MAPK activation. Hence, FGF-induced MAPK signaling  
dynamics may determine the landscape of activated ETS factors, in 
turn establishing distinct events in zebrafish development.

A similar conclusion can be drawn from gene knock-in studies 
in mice designed to dissect the roles of intracellular pathways in 
mediating particular cellular actions of other RTKs41–43. One of 
these studies43 examined the roles of five different pathways 
downstream of PDGFR in the development and maintenance of 
vascular smooth muscle cells/pericytes; the approach involved 
the generation of a PDGFRβ allelic series in mice carrying 
progressive mutations of tyrosines that mediate the recruitment/
activation of these intracellular pathways. The severity of the loss 
of vascular smooth muscle cell/pericyte population was found to 
correlate with the number of intracellular pathways inactivated. 

Manipulation of PDGFR expression levels also showed a  
quantitative relationship between receptor expression levels 
and the vascular smooth muscle phenotype. Additional support 
for Marshall’s model has been provided by cell-based studies  
showing that changing the concentration (and thus the signaling 
strength) of FGF2 or FGF8, and FGF9, respectively, induces  
distinct responses in pre-somitic mesoderm and primordial germ 
cells44,45.

A hallmark of the Marshall model is that neither receptor nor 
ligand identities are relevant to the cellular response: rather, the 
signaling intensity, duration, and, more specifically, the extent of 
MAPK activation are all that matters. Indeed, it has been shown 
that many RTKs are interchangeable in exerting a particular  
biological function. This is exemplified by data showing that  
tracheal migration defects seen in DFGF-R mutant fly embryos  
can be partially rescued by a constitutively dimeric allele of Torso, 
a Drosophila RTK homologous to human PDGFR. Moreover,  
swapping the intracellular kinase domain of this constitu-
tively dimeric allele of Torso with those of other fly RTKs,  
including DFGF-R1, DFGF-R2, DER (the Drosophila homolog 
of EGFR), and Sevenless (an RTK most similar to IR and  
IGF1R), does not affect the rescue capacity of dimeric Torso46. 
The ability of heterologous RTKs to mimic the action of  
DFGF-R in tracheal development argues strongly in favor of the 
involvement of an overlapping set of intracellular pathways in  
tracheal development.

Consistent with data garnered from multicellular systems, a  
recent study in yeast has shown that exposure to different  
dosages of mating pheromone activates MAPK to different 
extents so as to elicit distinct cellular responses47. Specifically, 
a high pheromone dose induces sustained activation of Fus3—a 
downstream MAPK protein—resulting in growth arrest and 
the formation of a pear-shaped morphology. Conversely, a 
low pheromone dosage leads to transient Fus3 activation and  
elongated cell growth. Hence, it appears that the regulation of  
cellular fates by ligand-induced changes in MAPK dynamics is  
an evolutionarily conserved mechanism.

Distinct pathways mediate specific cellular functions
Although mounting evidence exists in support of the Marshall 
model, a wealth of cell-based evidence suggests that RTKs use 
distinct intracellular pathways to exert their specific cellular  
activities. Importantly, many studies have dissected the role of 
intracellular pathways in a given biological readout by ablating 
the docking sites on RTKs for distinct SH2/PTB-containing  
intracellular substrates. For example, elimination of a conserved 
tyrosine residue in the C-terminal tail of FGFR prevents the 
receptor’s ability to recruit, phosphorylate, and activate the  
PLCγ/PKC pathway. This mutation has no impact on FGF- 
induced MAPK activation, mitogenesis of L6 myoblasts48, or 
the differentiation of PC12 cells49, but it does impair FGFR  
internalization50. Hence, the PLCγ/PKC pathway is evidently  
dispensable for mitogenic/differentiation responses to FGFs, 
but it is essential for receptor endocytosis/trafficking. In  
contrast, it has been shown that FGF-induced mitogenesis and dif-
ferentiation depend on the efficient recruitment/phosphorylation  
of FRS2α, an adaptor protein that links FGFR activation  
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to the MAPK and PI3K pathways. Specifically, disruption of the 
docking site for the PTB domain of FRS2α in the JM region of  
FGFR1 impairs FRS2α binding to FGFR1, leading to reduced  
tyrosine phosphorylation of FRS2α and about a 30–40%  
reduction in MAPK activation51. Moreover, FGF treatment 
of FRS2α-deficient fibroblasts completely failed to induce 
MAPK activation, cellular proliferation, and migration52. Nota-
bly, in the same study, rescue experiments using wild-type and  
mutated FRS2α constructs carrying mutations in the docking  
sites for Grb2 and Shp2 showed that the latter two proteins 
synergistically contribute to FGF-induced MAPK activation,  
cellular proliferation, and migration. These impairments are 
due to the inability of the mutant FRS2α constructs to translo-
cate the Grb2-Sos complex (a Ras GTP exchange factor) into the  
vicinity of its substrate (Ras) in the plasma membrane53. 
Intriguingly, the additive effects of Grb2 and Shp2 binding to  
FRS2α in activating MAPK pathways and promoting cellular  
proliferation and migration are reminiscent of the additive effects 
of downstream pathways in PDGFR-mediated regulation of  
vascular smooth muscle cells/pericytes in mice43. Together, 
these data show that FGF-induced mitogenesis and differentia-
tion are inextricably linked to FRS2α-mediated activation of the  
Ras/MAPK pathway. Ablation of the FRS2α docking site on 
FGFR had no effect on activation of the PLCγ/PKC pathway52,  
confirming earlier data showing that PLCγ/PKC pathway 
activation is dispensable for FGF-induced proliferation and  
differentiation.

In the case of PDGFR, mutations of five tyrosine residues  
located in the kinase insert and C-terminal tail regions of the 
receptor—which together are responsible for the recruitment and  
activation of PLCγ, the Ras GTPase-activating protein (RasGAP), 
and the P85 subunit of PI3K—have been shown to compromise 
the ability of PDGFR to conduct mitogenesis54. Upon selectively  
reinstating the tyrosine residues that mediate PLCγ and PI3K 
recruitment/activation, respectively, mitogenic functionality could 
be fully restored. In contrast, reinstating the tyrosine residue that 
mediates RasGAP recruitment/activation alone failed to rescue 
mitogenesis.

In another example, ablation of the Grb2-recruitment site and  
application of wortmannin (a PI3K-selective inhibitor55) were 
each used to dissect the roles of the Ras/MAPK and the PI3K  
pathways in mediating cell dissociation/scattering and branch-
ing tubulogenesis by MET (the receptor for hepatocyte growth 
factor/scatter factor [HGF/SF]) in MDCK (Madin-Darby 
canine kidney) epithelial cells56. Although the inhibition of 
PI3K eliminated the ability of HGF to induce cell dissociation/ 
scattering, it had no impact on HGF-induced tubulogene-
sis. Conversely, disruption of Grb2 recruitment (inhibition of 
MAPK) eliminated HGF-induced tubulogenesis without affect-
ing the ability of HGF to induce scattering of MDCK cells. 
Hence, MET-mediated cell dissociation/scattering and branch-
ing tubulogenesis appear to be pathway dependent and not  
contingent on signaling dynamics.

The hypothesis that RTKs rely on non-overlapping pathways 
to exert their cellular actions is reinforced by data showing 
that ligands that signal through a shared receptor selectively  

recruit/activate particular intracellular substrates to elicit their  
distinct functions. For example, immunofluorescence and  
immunoelectron microscopy analyses in epithelial cells have  
shown that whereas FGF7 stimulation of FGFR2b causes recep-
tor degradation and cell proliferation, FGF10 stimulation of the 
same receptor leads to receptor recycling and cell migration57. 
Mechanistically, it appears that FGF10 binding to FGFR2b  
induces receptor phosphorylation of a particular tyrosine  
residue, Y734, which the binding of FGF7 cannot achieve. When  
phosphorylated, this residue mediates recruitment of a complex 
consisting of P85-PI3K and the adaptor protein SH3 domain- 
binding protein 4 (SH3BP4) to FGFR2b. Mutation of Y734 to 
phenylalanine switches the FGF10 response into an FGF7-like 
response, thereby implicating this complex as the molecular  
conduit for FGF10-mediated effects58.

Other studies that did not depend on the mutation of  
recruitment sites for intracellular substrates have also shown  
qualitative associations between intracellular pathways and  
cellular responses59. For example, while FGFR4 employs the  
PLCγ pathway to induce cardiac hypertrophy in chronic  
kidney disease, it also activates the JNK pathway to regulate  
bile acid synthesis in hepatocytes60,61. Similarly, as a matter of  
preference between RTK and choice of pathway, PDGF and 
FGF each use distinct pathways in order to activate MAPK to  
comparable levels in mouse fibroblasts. PDGFR accomplishes 
this by exhibiting a strong preference for PI3K-dependent  
pathways, whereas FGFR, which is only a very weak activa-
tor of PI3K, activates MAPK through relatively more potent  
Ras-dependent pathways62. Furthermore, comparison of the tran-
scriptional response of mouse embryonic palatal mesenchyme 
cells with PDGF and FGF revealed that the PDGF response  
is PI3K dependent and promotes differentiation but that the  
FGF response is MAPK dependent and favors proliferation31.  
Even within the same RTK subfamily, differences in preference 
for downstream pathways are persistent. For example, FGFR1  
favors the Ras/MAPK pathway, whereas FGFR4 signals mostly 
through PLCγ63. Thus, although some RTKs seem to require 
specific pathways for carrying out a distinct function, like  
PDGFR with respect to PLCγ/PKC and mitogenesis, other  
receptors such as FGFR1 find these pathways dispensable for  
the same function.

A unifying model for regulation of receptor tyrosine 
kinase signaling specificity
The data summarized above clearly support the view that RTKs 
can dictate cellular responses by transducing intracellular  
signals that are both qualitatively and quantitatively distinct.  
Our cumulative insights into the structural biology of FGF  
signaling have enabled us to formulate a “threshold” model for 
RTK signaling specificity that unifies the wealth of literature 
highlighting the existence of a link between specific cell fates 
and quantitative and qualitative differences in intracellular  
signals.Crystal structures of FGFR kinase transphosphorylation  
complexes and associated steady-state kinase assay data have 
revealed kinetic differences in the “phosphorylability” of differ-
ent tyrosines64–67; that is, some sites appear kinetically disadvan-
taged over others. This implies that different phosphorylation 
sites require different degrees of dimer stability in order to  
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become phosphorylated. It follows that the extent and pattern of 
tyrosine phosphorylation in a given RTK are directly governed 
by different thresholds in durability/strength of the RTK dimer. 
More specifically, compared with a strong/stable dimer, a weak/
transient RTK dimer is unable to phosphorylate kinetically  
disadvantaged sites and also phosphorylates fewer A-loop and 
recruitment-site tyrosines overall. In contrast, a strong/persistent 
RTK dimer robustly phosphorylates/activates both A-loop and 
kinetically disadvantaged recruitment-site tyrosines, thereby 
quantitatively and qualitatively activating more downstream  
pathways. Therefore, we propose that different thresholds in 
dimer strength/stability enable the generation of distinct down-
stream signals and that these give rise to unique transcriptional  
landscapes that determine cellular fates. In physicochemi-
cal terms, the dimer stability—that is, the distinction between a  
“weak” and “strong” RTK dimer—is dictated by the on- and 
off-rates of dimerization. This in itself is a reflection of both the 
net energetic parameters of various multivalent protein–protein  

binding events involved in dimer assembly and the concentra-
tions of the reactants (ligand, receptor, co-receptor, and so on). 
These protein–protein binding events include ligand–receptor, 
receptor–receptor, co-receptor–ligand, co-receptor–receptor, and 
other interactions that are specific to a given RTK. Intuitively, 
a weak/transient dimer would be expected to have a slow 
on-rate and a fast off-rate, whereas a strong or stable dimer 
would possess a relatively faster on-rate and a slower off-rate  
(Figure 2).

The crystal structure of FGF8b in complex with the “c” isoform 
of FGFR2 (FGFR2c) has been particularly instrumental in  
formulating the threshold model. This structure reveals that  
Phe-32 from the alternatively spliced N-terminus of FGF8b,  
absent in FGF8a, engages in an additional hydrophobic contact 
with FGFR2c that confers on FGF8b an FGFR binding affinity 
that is an order of magnitude higher relative to FGF8a. Mutation 
of Phe-32 to alanine (F32A) reduces the binding affinity of 

Figure 2. A unifying threshold model for receptor tyrosine kinase (RTK) signaling specificity and cell fate determination. Different 
thresholds in dimer strength/stability are required to alter the transcriptional landscape and cellular fate. The strongest/most-stable dimer—at 
the right-hand end of the threshold spectrum (depicted by the shaded/sectioned triangle)—is able to perform any and all cell responses to 
its left. By contrast, the weakest/less-stable dimer—pictured at the left end of the spectrum—is capable only of eliciting a single response. 
The on- and off-rates of a prototypical ligand-induced RTK dimer (that is, dimer stability) are determined by the energetics of ligand–receptor, 
receptor–receptor, and other protein–protein binding events specific to a given RTK. Based on the model, therapeutically useful ligands can 
be engineered by fine-tuning receptor dimer stability through changes in the strengths of individual protein–protein interactions involved in 
dimerization. Intensity of color and sharpness of focus as well as oscillations of the dimer are used to emphasize differences in dimer strength/
stability (that is, on- and off-rates) and rigidity.
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FGF8b for its receptors to levels similar to that of FGF8a while 
functionally converting the mutant FGF8b to an FGF8a-like  
molecule. Specifically, in chick brain explants, the F32A FGF8b 
mutant failed to induce differentiation of chick midbrain into 
hindbrain and instead mirrored the functionality of FGF8a 
by causing proliferation of the midbrain68. These results were 
confirmed at the level of midbrain gene expression: FGF8b  
strongly induces the expression of genes for the homeobox  
transcription factors En2 and Gbx2 as well as for the cytoplas-
mic-negative regulator Spry1. Because Gbx2 is a suppressor of  
Otx2, another homeobox transcription factor and a midbrain- 
specific marker, FGF8b also represses Otx269. In contrast, as in 
the case of FGF8a, the mutant F32A FGF8b only weakly induces  
En2 and Spry2 and completely fails to induce Gbx2, thus leaving 
Otx2 expression unchanged.

The receptor-binding affinity of FGF is a key determinant of 
the strength and stability/durability of cell surface FGF-FGFR  
dimerization. Therefore, we infer that differences in neuronal  
activities of FGF8 isoforms stem from their different abilities 
to promote FGFR dimerization33. Specifically, because FGF8b 
binds more tightly to its cognate FGFRs than FGF8a, FGF8b 
should induce the formation of FGF-FGFR dimers that are ther-
modynamically more stable and accordingly transmit a stronger 
and more sustained intracellular signal compared with FGF8a. 
It follows that, in the case of FGF8b, the magnitude of the  
MAPK signal should reach a threshold necessary for robust  
induction of En2, Spry2, and Gbx2, and the last of these should 
turn off Otx2 expression (Figure 3). According to our model, 
FGF-FGFR dimer stability plays a decisive role in the regulation 
of FGF signaling specificity by fine-tuning signaling intensity 

Figure 3. The “threshold model”, as exemplified by the FGF8-FGFR system, can explain disparities in transcriptional activity. (Left) 
FGF8a dimerizes its receptor weakly, thus transducing a transient signal that can only weakly induce En2 and Spry1 expression, while 
totally failing to induce expression of Gbx2, the Otx2 suppressor. In the absence of Gbx2, the expression of Otx2 remains high. Under 
these conditions, proliferation of midbrain is encouraged. (Center) Immunoblots previously published in Huang et al.33 (2017) showing a 
dose-dependent activation of the MAPK pathway (ERK1/2) by FGF8a, FGF8b, and FGF8bF32A in the BaF3 cell line. By introducing the F32A 
mutation or reducing the FGF8b concentration, the MAPK activation appears similar to FGF8a. Data are representative of three independent 
experiments. (Right) FGF8b dimerizes its receptor strongly, thus producing a robust and persistent signal that strongly induces En2, Spry1, 
and Gbx2 expression, which suppresses Otx2 expression. Under these settings, midbrain differentiates to cerebellum. Thus, quantitative 
differences in the stability of FGF-induced FGFR dimers translate into differences in the magnitude/duration of the intracellular signal, which 
in turn modify the transcriptional landscape and ultimately define the developmental response. Stronger receptor dimerization strength and 
higher signaling intensity are indicated by darker coloring. FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; MAPK, 
mitogen-activated protein kinase.
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and duration. This in turn exerts a qualitative distinction by alter-
ing the landscape of activated downstream substrates/transcription  
factors. Taking into account the structural/biochemical data on 
FGF8a and FGF8b, we infer that the strength of FGF-induced 
FGFR dimerization varies to produce a signal with a magnitude 
that traverses a threshold for activating some downstream  
transcription factors while repressing others.

Our threshold model provides a molecular explanation for the 
distinct patterning potentials of FGF8a and FGF8b and also 
helps to explain published data linking ligand concentration 
and stability with biological outcome. In accordance with Le  
Chatelier’s principle, ligand concentration will directly determine 
the population/concentration of ligand-induced receptor dimers 
and hence the quality/quantity of the resulting intracellular  
signal. This explains why Sato et al.35 (2001) were able to  
functionally convert FGF8b to FGF8a by simply reducing the 
expression level of FGF8b.

The threshold model can also account for why some RTKs are 
seemingly capable of employing signaling pathways in a cell 
type-dependent fashion. For example, in Swiss 3T3 cells, PDGFR 
redundantly uses the PI3K and PLCγ/PKC pathways to induce 
MAPK activation, whereas in Chinese hamster ovary (CHO) 
cells PDGFR strictly depends on PI3K to do so70. This apparent 
CHO cell-dependent requirement of PI3K for PDGFR signal-
ing can be reconciled with our threshold model. Specifically, 
compared with CHO cells, Swiss 3T3 cells express significantly 
higher levels of PDGFR such that, given sufficient ligand, they will  
display a much larger population of ligand-induced PDGFR  
dimers at the cell surface. The abundance of PDGFR dimers 
will maximally activate both the PI3K and the PLCγ/PKC 
pathways so much so that either pathway alone can generate  
sufficient signal to activate MAPK. As a result, elimination of 
the PI3K pathway would have little-to-no effect because the 
fully engaged PLCγ/PKC pathway alone can lead to sufficient  
activation of MAPK. By contrast, the signal flow from the PDGFR 
dimers in CHO cells is weak, such that only the additive effects 
of both the PI3K and the PLCγ/PKC pathways are capable of  
generating a strong enough signal to activate MAPK. Indeed, in 
the presence of lower physiological levels of PDGF, thus reduc-
ing the signal flow, PDGFR dimers require PI3K for activating  
MAPK in Swiss 3T3 cells70.

The threshold model also explains the manner by which lig-
and stability impacts cell fate. Protein stability effectively  
determines the concentration of the functionally active pool of  
ligands capable of receptor binding and inducing dimerization. 
It follows that ligand stability also plays an important role in 
regulating cell specificity or diversity or both. Indeed, the insta-
bility of FGF1 vis-à-vis FGF2 underlies the former’s failure to  
induce sustained MAPK activation and expression of NANOG, a 
transcription factor necessary for the maintenance of pluripotency 
in stem cells71.

Furthermore, the model provides a molecular explanation for 
the functional dichotomy between FGF7 and FGF10 ligands,  
which signal through a shared receptor, FGFR2b. FGF10-FGFR2b 
binding generates a sustained MAPK signal and promotes cell 
migration, whereas FGF7-FGFR2b binding transmits a transient 

MAPK signal that leads to proliferation58. Differences in intracel-
lular signaling amplitude/duration and associated cellular behav-
ior between these two ligands have been attributed to whether or 
not the ligands can induce phosphorylation of Y734 within the 
tyrosine kinase domain of FGFR2b. Specifically, unlike FGF10,  
FGF7 fails to induce phosphorylation of this site. Once phospho-
rylated, pY734 recruits a complex consisting of P85-PI3K and 
SH3BP4 to the receptor. This recruitment dictates recycling of 
the receptor to the plasma membrane, where the receptor contin-
ues to signal. Because FGF7 is unable to recruit this complex to 
FGFR2b, the receptor is destined for lysosomal degradation, thus 
allowing only a transient signal to propagate from the plasma 
membrane. We attribute the differential abilities of these two  
ligands to induce phosphorylation on tyrosine 734 to dispari-
ties in the stability of the FGFR2b dimers they induce. Indeed, 
relative to FGF7, FGF10 not only binds more tightly to FGFR2b 
but also has a higher affinity for the co-receptor heparan sulfate 
(HS)72. As a result, FGF10-FGFR2b dimers are significantly more 
robust than FGF7-FGFR2b dimers, and FGF10-FGFR2b dimers 
enable more efficient transphosphorylation on the A-loop and 
on tyrosines involved in substrate recruitment, including Y734  
(Figure 4). It follows that differences in ligand-induced dimer sta-
bility result in both differences in the dynamics of intracellular 
signaling via A-loop tyrosine phosphorylation and in the choice 
of intracellular pathways. The latter phenomenon involves the  
phosphorylation of tyrosines that mediate the recruitment/ 
activation of specific intracellular substrates.

In addition to transient and sustained modes of RTK signaling, 
recent studies have suggested pulsatile or oscillatory signaling 
as a third mode of the RTK response73–77. This can occur when a 
bistable system—that is, a system in which positive feedback  
amplifies downstream signals such that two stable equilibria are 
produced—is joined by negative feedback. The ensuing response 
is a system that periodically transitions between “off” and “on” 
states, achieving specificity via oscillating signals. Through the 
lens of the threshold model, we speculate that ligand-induced 
receptor dimer stability may determine the threshold necessary 
for reaching the next steady state, thereby indirectly determin-
ing the oscillatory response and cell fate. Indeed, in a bistable  
embryonic stem cell model, FGF-induced MAPK signaling lev-
els have been shown to define the threshold value required for 
transitioning the system from a predominately epiblast (Epi)-
like fate to primitive endoderm (PrE)-like cell differentiation78.  
As these signaling levels are directly impacted by the recep-
tor dimerization strength, it will be important to define 
what kinds of correlation exist between the on-/off-rates of  
dimerization for RTKs and the frequency or amplitude (or both)  
of the oscillating signals.

Biased ligands lend support to the threshold model
For the threshold model to be robust, it should be possible to  
manipulate receptor dimerization strength so as to bias the 
expression of particular downstream factors, thereby achieving a  
desired cellular response. One way to do this would be to  
engineer mutated ligands that calibrate receptor dimeriza-
tion thermodynamics. Indeed, we have recently shown that the  
mitogenic and metabolic activities of FGF1 can be uncoupled 
by introducing mutations into the HS binding site of FGF1 that  
dampen HS-assisted FGF1-FGFR dimerization. Although the 
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Figure 4. The “threshold model” can account for the activation of distinct pathways by FGF7 and FGF10 binding to FGFR2b. (Left) 
Relative to FGF10, FGF7 exhibits poor affinities for both FGFR2b and the heparan sulfate (HS) co-receptor and hence forms a weaker dimer 
with FGFR2b. Consequently, FGF7-FGFR2b dimers are less efficient in promoting transphosphorylation of A-loop tyrosines (necessary for 
kinase activation) and altogether fail to phosphorylate Y734 (necessary for the recruitment of distinct substrates and receptor recycling). 
Weaker kinase activation corresponds with a transient and overall weaker activation of MAPK that is further exacerbated by the inability of 
FGFR2b to recycle to the cell surface. (Right) FGF10 dimerizes its receptor strongly, promoting robust phosphorylation of A-loop tyrosines so 
as to transduce a prolonged signal. Y734 also becomes phosphorylated, thus enabling the recruitment of the P85-SH3BP4 complex in order 
to elicit receptor recycling and cell migration. Stronger receptor dimerization strength and higher signaling intensity and phosphorylation 
levels are indicated by darker coloring. A-loop, activation loop; FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; MAPK, 
mitogen-activated protein kinase.

mutant FGF1 lost its ability to induce proliferation of cultured  
cells in vitro and in mouse liver, it retained the full capacity of 
wild-type FGF1 to lower glucose levels in vitro and in vivo33.  
Thus, a weak FGF1-FGFR dimer is sufficient to elicit a meta-
bolic response, whereas a mitogenic response requires strong 
and sustained dimerization. SILAC (Stable Isotope Labeling by  
Amino acids in Cell culture)-based phosphoproteomic analy-
sis of 3T3L1 fibroblasts (a pre-adipocyte cell line) that were  
stimulated with either wild-type or mutant FGF1 showed that the 
FGF1 mutant exhibited diminished FGFR phosphorylation on  
A-loop tyrosines and hence reduced total downstream signal flow 
compared with the wild type. Thus, quantitative differences in 
FGF1-FGFR dimerization strength translate into corresponding  

differences in intracellular signaling intensity and duration  
that determine mitogenic versus metabolic responses. We infer 
that there exists a certain threshold for FGF1-FGFR dimer sta-
bility such that, when crossed, the resulting signaling amplitude/ 
duration enables the activation of intracellular pathways/ 
transcription factors that are essential for a mitogenic signal but 
dispensable for a metabolic response (Figure 2). The threshold  
model appears to be applicable to other RTK systems as 
well. For example, an engineered SCF variant with a reduced  
ability to dimerize its receptor, c-Kit, has been shown to have 
a decreased signaling amplitude that biases the activation of 
hematopoietic stem and progenitor cells (HSPCs) over mast  
cells32.
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A directive role for the physicodynamics of ligand–receptor  
dimerization in dictating cellular response is also implied by 
studies done on the cytokine receptor system. Members of this  
subfamily lack intrinsic kinase activity and therefore must rely 
on non-covalently associated JAKs to transmit their signals. For  
example, characterization of a cytokine erythropoietin (EPO) 
mutation known to cause severe anemia in humans showed 
that this mutation causes a selective impairment of downstream  
signal transduction in erythroid cells. Specifically, the muta-
tion diminished JAK2-mediated phosphorylation of select  
downstream targets, including STAT1 and STAT3, while it had 
no impact on other targets such as STAT579. With total internal  
reflection fluorescence (TIRF) microscopy of labeled recep-
tor molecules on the cell surface, the EPO mutant was shown 
to incur an average 20% reduction in EPO receptor (EPOR)  
dimerization compared with the wild type, implying that EPO-
EPOR dimerization strength modulates the quality of ensuing  
downstream signaling. In another study, mutants of the cytokine 
interleukin-2 (IL-2) were engineered to calibrate their signaling 
amplitudes by manipulating their affinities toward the β and 
γc subunits of the IL-2 receptor80. These IL-2 mutants had an 
enhanced affinity for the β subunit of the receptor (IL-2Rβ) but 
a weakened affinity for the γc subunit, thereby impairing the  
dimerization dynamics of the receptor. The nature of the  
mutation at the γc interface is such that it is negatively corre-
lated with IL-2 signaling strength and STAT5 phosphorylation. 
Thus, as heterodimerization is reduced, the signaling amplitude is  
reduced as well, and the most deleterious mutation culminates 
in a significant reduction of STAT5 phosphorylation and  
immunosuppression. Naturally, besides dimer stability, other  
factors—including the overall topology of the dimer—impact 
the signaling magnitude and duration. Indeed, by reorienting the  
geometry of receptor dimerization via the use of synthetic EPO 
surrogates called diabodies, it is possible to manipulate the  
signaling magnitude and choice of pathway81. These diabodies 
impose large topological changes in the EPOR dimer that in turn 
affect pathway selection and the magnitude of the signal (STAT1 
and STAT3 activation was decreased with the use of diabodies, 
while STAT5 activation remained unaffected). Thus, the threshold 
model appears to be pertinent to non-RTK systems as well.

The data mentioned above identify a positive correlation  
between the strength/stability of RTK dimerization and the  
duration/amplitude of the intracellular signal. On the other 
hand, studies on the EGF ligand receptor system have unexpect-
edly shown a negative correlation. For example, amphiregulin  
(AREG), a partial agonist of EGFR dimerization, generates 
higher levels of receptor phosphorylation and cell proliferation  
than the full agonist EGF82. More recently, small-angle X-ray 
scattering (SAXS) showed that epiregulin (EREG)- and epigen 
(EPGN)-induced EGFR dimers are more than 60-fold weaker 
than those induced by transforming growth factor alpha (TGFα) 
and EGF in solution. Paradoxically, in cell-based studies, EREG 
and EPGN induced a more sustained activation of intracellular  
pathways compared with EGF or TGFα83. Nonetheless, as  
expected, the sustained signal propagated by EREG- or EPGN-
induced weak dimers leads to breast cancer cell differentiation, 
whereas the transient signal produced by EGF- or TGFα-induced 
strong dimers causes these cells to proliferate. To explain this  
disparity with respect to other RTK systems, the authors proposed 

that EREG- and EPGN-induced weak dimers may be unable to 
transphosphorylate a particular tyrosine residue on the recep-
tor. This phosphorylated tyrosine is necessary for the recruitment 
of intracellular complexes that mediate receptor endocytosis/ 
degradation and, consequently, signal termination. As a result, 
EREG- and EPGN-induced weak dimers may dwell longer on 
the cell surface and therefore transduce a more persistent signal 
than the EGF- and TGFα-induced stronger dimers. Indeed, it 
has been shown that each of the seven cognate ligands for EGFR 
signals for protein recruitment to the receptor in a distinctive 
way, and recruitment is dependent on ligand dosage84. The jus-
tification for the counterintuitive negative correlation between 
receptor dimerization strength and the duration/amplitude 
of the intracellular signal may lie in the fact that, unlike all 
other RTKs, the EGFR system is activated via the formation 
of an asymmetric kinase dimer independent of A-loop tyrosine  
phosphorylation.

Conclusions and future directions
Given the ubiquitous role of RTKs, understanding the  
mechanism by which they exert their distinct cellular functions 
is important for both advancing our comprehension of cellular  
biology and enabling strategies for treating human disease. Vari-
ous models have been proposed over the years, and the most recent 
suggests that RTKs depend on receptor dimerization strength  
for determining cell decisions. Further use of engineered ligands 
should lead to a better delineation of the relationship between 
receptor dimerization and cellular response. Additionally, future  
studies should continue to explore more innovative ways to  
examine the receptor–ligand complex and cell surface recep-
tors in general by engineering receptor mutants with varying 
levels of dimerization strength and topology. Moreover, future  
structural/biophysical work on the EGFR subfamily may reveal 
unknown conformational or kinetic differences within EGFR 
dimers that can account for their atypical mode of signaling  
compared to other RTK subfamilies.

Until very recently, quantification of RTK signaling could 
be done only in vitro. However, with the recent advent of a  
high-throughput phosphoproteomics platform, it is now possible 
to rapidly quantify the flow of RTK intracellular signaling  
in vivo85. Likewise, novel fluorescent reporters and biomarkers, 
including genetically encoded FRET (Förster Resonance Energy 
Transfer) biosensors, are emerging as particularly effective tools 
for monitoring the activity of a given RTK in a non-invasive,  
in vivo fashion with enhanced spatiotemporal resolution86,87.  
Furthermore, advances in RNA sequencing and optimized  
computational methods are opening the door for genome-wide  
analyses, making it possible to determine the distinct cellular  
transcriptomes from each ligand–receptor signaling complex88. 
Quantitative analyses of cell signaling mechanisms have been 
greatly enhanced by studies using Drosophila, making this 
an ideal system for pursuing additional genetic data on RTK  
signaling events89. By applying these methods to study RTK  
signaling, one can reasonably hope for a better understanding 
of cell signaling in general as well as greater predictive power  
with respect to cellular decision-making. Ultimately, these efforts 
should lead to the development of novel and highly selective  
therapeutics that can be tailored for application to specific  
clinical conditions.
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