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Abstract

In this work, we put forward the provocative hypothesis that the active, ligand-bound RTK dimers from
unrelated subfamilies can associate into heterooligomers with novel signaling properties. This hypothesis
is based on a quantitative FRET study that monitors the interactions between EGFR and VEGFR2 in the
plasma membrane of live cells in the absence of ligand, in the presence of either EGF or VEGF, and in the
presence of both ligands. We show that direct interactions occur between EGFR and VEGFR2 in the
absence of ligand and in the presence of the two cognate ligands. However, there are not significant
heterointeractions between EGFR and VEGFR2 when only one of the ligands is present. Since RTK
dimers and RTK oligomers are believed to signal differently, this finding suggests a novel mechanism
for signal diversification.

� 2021 Elsevier Ltd. All rights reserved.
The 58 Receptor Tyrosine Kinases (RTKs) sense
the extracellular environment and initiate cellular
responses such as growth, survival, differentiation,
and motility.1,2 They are single-pass membrane
proteins with extracellular (EC) N-terminal ligand-
binding domains and intracellular (IC) regions con-
taining the kinase domains. RTKs respond to extra-
cellular ligands by associating into ligand-bound
dimers or, sometimes, higher-order oligomers.3–5

Dimerization brings the kinase domains into close
proximity, so they can cross-phosphorylate and
activate each other. Phosphorylated tyrosines in
the IC domain serve as docking sites for cytoplas-
mic effector proteins, which trigger the downstream
signaling cascades that control cell fate.6,7 All RTKs
are critically important for normal physiological pro-
cesses, and are implicated in many diseases.8–10

Despite decades of research, however, many
aspects of RTK activation are not well understood,
and this lack of knowledge is an impediment to
the development of effective and specific therapies.
td. All rights reserved.
Typically, investigations have focused on
specific RTKs, in efforts to define the role of
each RTK in cell physiology and in disease. In
addition, there has been interest in uncovering
common principles and in developing
mechanistic models of RTK activation. After the
discovery of RTKs in the 1970s, a simple model
of RTK activation was proposed: the ligands act
as cross-linkers to induce RTK dimerization.11,12

This “canonical” model, however, cannot explain
all experimental observations in the literature.13,14

Instead, most observations can be explained
within the context of the more complex “transition
model” of RTK activation.15 The transition model
states that (1) RTKs have a propensity to interact
laterally and to form dimers even in the absence
of ligand, (2) different unliganded RTK dimers
have different stabilities, (3) ligand binding leads
to RTK dimer stabilization or oligomerization, and
(4) ligand binding induces structural changes in
the RTK dimer.
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Within the framework of the transition model, the
ligand plays two roles: it stabilizes RTK dimers
and oligomers and induces a structural change in
the receptors.15 Details about the structural
changes due to ligand binding have been elusive,
as there are no high resolution full-length RTK
structures. Nevertheless, many biochemical and
biophysical experiments, albeit indirect, are consis-
tent with the idea of ligand-induced structural
changes.16–21 Furthermore, addition of ligand leads
to a substantial increases in RTK phosphorylation
and in downstream signaling, but typically induces
only a modest increase in RTK interac-
tions.18,19,22,23 Thus, there is strong support for the
idea that unliganded and ligand-bound RTK
dimers/oligomers have different stabilities, struc-
tures, and activities. As such, they are viewed as
different signaling entities within the context of the
transition model.15

Most cell types express multiple RTKs, and these
RTKs can also engage in heterointeractions, in
addition to homointeractions.24 Heterointeractions
are easily incorporated into the transition model,
which can explicitly account for all relevant interac-
tions with the help of thermodynamic cycles.15 The
extent of the different heterointeractions in the tran-
sition model is determined by the relative expres-
sion levels of the interaction partners, in
accordance with the law of mass action.24

It has long been recognized that RTKs that belong
to the same subfamily (a group of receptors with
homologous EC domains) can engage in
heterointeractions.24 First, common ligands were
proposed to drive these interactions, but now it is
clear that heterointeractions can occur in the
absence of a common ligand, and even in the
absence of any ligand.25–28 More recent work has
demonstrated that RTKs engage in heterointerac-
tions not only within subfamilies, but also across
the 20 different subfamilies; the literature of this
subject was reviewed in detail recently.24 To gain
insights into these processes, we recently used
quantitative fluorescence microscopy to study the
heterointeractions of nine unrelated RTK pairs in
the plasma membrane, in the absence of ligand.29

We showed that these RTKs can form unliganded
heterodimers which, surprisingly, were almost as
stable as the respective unliganded homodimers.29

We further showed that the abundance of the
homo- and heterodimers is regulated by ligand
binding. In particular, the addition of a cognate
ligand abolished the heterodimer population, likely
as a consequence of homodimer stabilization due
to ligand binding.29

While the depletion of heterodimers upon ligand
binding can be predicted by the law of mass
action, this depletion appears largely inconsistent
with a large body of literature which documents
significant biological effects due to
heterodimerization in the presence of ligands.24
2

For example, endogenous FGFR1, FGFR2, and
FGFR3 appear to interact with endogenous EphA4
in neuronal cells only in the presence of the ligand
ephrin-A1.30 Significant interactions between
ROR1 and EGFR have been detected in the pres-
ence of the ligand EGF, in lung carcinoma cells that
endogenously express both receptors.31 ROR1
interacts with ErbB3 in triple negative breast cancer
cells in the presence of the ligand neuregulin-1,
resulting in ErbB3 phosphorylation on a unique tyr-
osine, Tyr1307.32 Other examples include TrkA-
ErbB2 heterointeractions in the presence of the
ligand NGF;33 TrkB-ErbB2 interactions in response
to the ligand BDNF, resulting in increased ErbB2
phosphorylation;34 and MET-VEGFR2 interactions
in the presence of the ligand HGF, leading to MET
phosphorylation.35 Of particular note, PDGFRb
and VEGFR2 were found to coimmunoprecipitate
in the presence of both VEGFA and PDGF-BB,
but not when only one or neither ligand was pre-
sent,36,37 suggesting that both cognate ligands
may be necessary for some heterointeractions. A
question therefore arises whether direct heteroint-
eractions may occur between ligand-bound recep-
tors from unrelated RTK subfamilies. Thus far,
insights have come almost exclusively from co-
immunoprecipitation experiments,24 but this possi-
bility has not been investigated using direct quanti-
tative biophysical methods. However, such
heterointeractions could have significant biological
implications, as they involve receptors that are in
their highly active liganded configurations.4,38–40

One pair of receptors that has been shown to
engage in direct heterointeractions is the pair of
EGFR and VEGFR2. The interactions between
these two receptors are of interest, because they
are often co-expressed in cells and because of
substantial crosstalk between the two signaling
pathways.41–43 Furthermore, the activity of one
receptor can interfere with cancer treatments that
seek to inhibit the other receptor.44–46 Here, we test
the hypothesis that these two receptors interact
directly in the plasma membrane when they are
ligand-bound. To directly detect heterointeractions
between EGFR and VEGFR2 in the plasma mem-
brane, we performed hetero-FRET experiments in
which one of the RTKs was labeled with mTur-
quoise (MT, a FRET donor) and the other with
YFP, a FRET acceptor. Because of the labeling
scheme used, the detection of FRET in this experi-
ment is a direct demonstration of the presence of
heterointeractions.
Previously, we have studied these interactions in

the absence of ligand.29 As both full-length EGFR
and full-length VEGFR2 exhibited poor expression
in HEK 293 T cells,29 the most informative experi-
ments utilized versions of the receptors that con-
tained the entire EC and transmembrane (TM)
domains, while the IC domains were replaced with
the fluorescent protein reporters. We found that
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these versions, referred to as “ECTM EGFR” and
“ECTM VEGFR2,” directly interact in the absence
of ligand. Importantly, these interactions occurred
even when the intracellular domains, known to con-
tribute stabilizing contacts within RTK dimers, were
not present, suggesting that the interactions are sig-
nificant. This conclusion was supported by further
data analysis, which revealed that ECTM EGFR
and ECTM VEGFR2 form a heterodimer with stabil-
ity that is similar to the stabilities of the ECTMEGFR
and ECTM VEGFR2 unliganded homodimers.29

The FRET measurements followed a quantitative
protocol (termed FSI-FRET)47 which yields (i) the
donor concentration, (ii) the acceptor concentration,
and (iii) the FRET efficiencies in the plasma mem-
brane of individual cells.47 Because transient
expression levels vary from cell to cell, a wide range
of receptors concentrations were sampled and
measured in each transfection experiment. A few
hundred cells, imaged across multiple independent
experiments, were analyzed, and the data were
combined.
Spectral images were acquired under two-photon

excitation using a Mai Tai femtosecond mode-
locked laser (Spectra Physics), the OptiMiS True
Line Spectral Imaging system (Aurora Spectral
Technologies), and a Zeiss Observer wide field
microscope with a 63X NA 1.2 water immersion
objective as described.48 Two scans were per-
formed: a “FRET scan” with excitation at
k1 = 840 nm, in which the donor is maximally excited
and an “acceptor scan” with excitation at
k2 = 960 nm, in which the acceptor is maximally
excited.47 The output of these scans were a set of
complete spectra in each pixel of the plasma
membrane.
Figure 1 shows pixel-level emission spectra of

ECTM EGFR-MT and ECTM VEGFR2-YFP,
expressed in HEK 293 T cells, acquired at
k1 ¼ 840nm and k2 ¼ 960nm (FRET and acceptor
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Figure 1. Examples of a FRET and acceptor spectra,
(highlighted in yellow), for the FRET pair of MT and YFP. The
of 840 nm in a two photon microscope, and the acceptor spe
Each single pixel fluorescence spectrum (open black symbo
the donor (turquoise line), acceptor (yellow line), and backg
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scan, respectively). These spectra are then
unmixed into donor and acceptor components as
described.47 To accomplish this, cells in control
experiments were transfected with a single recep-
tor, to acquire emission spectra of the donor only
and the acceptor only, to serve as a basis for the
unmixing. Pixel-level control spectra were averaged
over many pixels and smoothed over the emission
wavelengths26 to produce the basis spectra FD

basis

for the donor and FA
basis for the acceptor. Then, the

hetero-FRET emission spectra, F ðkÞpixelk1;k2
, as the

ones in Figure 1, are assumed to be a linear sum
of three contributions: the fluorescence of the donor
in the presence of the acceptor, FDA(k), (with the
spectral features of FD

basis); the fluorescence of the
acceptor in the presence of the donor, FAD(k) (with
the spectral features of FA

basis); and a background
contribution (see Figure 1). The unmixing of
F ðkÞpixelk1;k2

per each pixel was performed using linear
least squares optimization in MATLAB, as
described in detail in King et al.47 The unmixed
spectra are then integrated to yield the cumulative
fluorescence intensities.
To calculate concentrations from the integrated

fluorescence intensities, we also imaged solution
standards of the donor and acceptor fluorophores.
Four known concentrations of soluble fluorescent
proteins were imaged at both excitation
wavelengths, and a line of slope i was fit to the
integrated intensity versus concentration data for
every pixel of the image.47 The four slopes, iD ;k1,
iD ;k2, i A;k1, and iD ;k2, were calculated for every pixel,
for both the donor and acceptor solution standards,
at the two excitation wavelengths,k1 and k2. As
shown previously,47 the fluorescence properties of
the fluorescent proteins are the same in cells and
in the calibrating solutions, which allows a direct
comparison.
From these experiments, we calculated (i) the

donor concentration [D], (ii) the acceptor
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round (dotted red line) contributions.
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concentration [A], and (iii) the FRET efficiencies in
the plasma membrane of each individual cell
using the following equations:

FRET ¼ 1� FDA
k1 =F

D
k1 ð1Þ
D½ � ¼ FD
k1

iD ;k1
¼ FDA

k1

1

iD ;k1
þQD

QA
ðFAD

k1 � iA;k1
iA;k2

FA
k2ÞÞ ð2Þ
½A� ¼ FA
k2

iA;k2
¼ 1

iA;k2
ðFAD

k2 � iD;k2

iD;k1
FAD

k1 Þ � ð1� iA;k1
iA;k2

iD;k2

iD;k1
Þ
�1

ð3Þ

In these equations, FRET is the measured FRET

efficiency. FD ;A
k1;2 is the total fluorescence of the

donor or acceptor in the absence of FRET for

excitation at k1 or k2. FDA
k1 is the measured

(quenched) fluorescence of the donor in the

presence of acceptors, and FAD
k2 is the measured

fluorescence of the acceptor, enhanced due to
FRET. iD ;k1 and i A;k2 are the slopes of the solution
standard intensity versus micromolar
concentration curves. QA and QD are the quantum
yields of the donor and the acceptor.
To report [A] and [D] as 2D concentrations, the

pixel-level fluorescence intensities for FD, FA, and
FAD are integrated (summed) over a membrane
region (reg). The total integrated fluorescence of
the region, FDA

k1;reg, F
D
k1;reg, or F

A
k2;reg, is then divided

by the arc length of the region to calculate the
average integrated fluorescence per unit length of
membrane. To obtain the effective 2D
concentration from the 3D concentration, the
mean integrated fluorescence is multiplied by the
pixel width as described in detail in King et al.47

The black symbols in Figure 2 show the hetero-
FRET between ECTM-EGFR and ECTM-VEGFR2
in individual cells, in the absence of ligand.29 The
solid black line in all panels is the so-called proximity
FRET,49,50 which occurs when a donor and an
acceptor are randomly close to each other in the
absence of specific interactions.49,50 The shown
dependence of proximity FRET on acceptor con-
centration, derived mathematically,49,50 has been
verified experimentally using LAT as a monomer
control in prior work29; the LAT data are shown as
green symbols in all panels of Figure 2.
The hetero-FRET data measured for ECTM

EGFR and ECTM VEGFR2 in the absence of
ligand (black symbols in all panels) lie above the
proximity line, indicative of specific hetero-
interactions. However, we previously found that
the addition of 10 nM EGF (effectively saturating
concentration, since the effective EGF-EGFR
dissociation constant is ~1 nM51) decreased the
FRET efficiencies to the point that the hetero-
FRET straddled the proximity FRET line (red sym-
bols in Figure 2(B)). This is an indication that
heterointeractions are abolished in the presence
of EGF.29

To test the hypothesis that interactions can also
occur between ligand-bound EGFR and
4

ligand-bound VEGFR2, we performed hetero-
FRET experiments in the presence of both EGF
and VEGF. Both ligands were added at high
concentrations: 10 nM for EGF (as in Figure 2(B))
and 56 nM for VEGF. Effective dissociation
constants for VEGF binding to VEGFR2 are in the
range 75 pM to a few nM,52–55 and thus this exper-
imental design ensures that the vast majority of the
receptors are ligand-bound. The measured hetero-
FRET efficiencies in individual cells, which report
on the heterointeractions between ligand-bound
receptors, are shown in Figure 2(C) with the purple
symbols. Most hetero-FRET efficiencies now
appear above the FRET proximity line, thus reveal-
ing heterointeractions in response to the two
ligands.
In control experiments, we added 56 nM VEGF

(but no EGF) and we measured the hetero-FRET
between ECTM EGFR and ECTM VEGFR2. The
measured hetero-FRET versus acceptor
concentration is shown in Figure 2(D) with the
pink symbols. The hetero-FRET now straddles the
monomer proximity FRET, similar to what
occurred after the addition of EGF. This indicates
a significant decrease in the heterointeractions
when only VEGF is present, as compared to the
case when both ligands are present.
To obtain a quantitative measure of the deviation

of the measured hetero-FRET from proximity
FRET, we subtracted the proximity FRET from the
experimental measurements. Histograms of the
deviations from proximity FRET in the individual
cells are shown in Figure 3(A)–(E). The averages
and the standard errors are compared in Figure 3
(F). We see that the deviation from proximity is
not statistically significant in the presence of either
EGF or VEGF, but is highly significant when the
two ligands are present. Thus, one ligand is
insufficient for heterointeractions between EGFR
and VEFR2; instead both ligands are required.
These results suggest that the observed FRET is
due to interactions between ligand-bound EGFR
and ligand-bound VEGFR2.
Taken together, the data show that ECTM EGFR

and ECTMVEGFR2 engage in direct interactions in
the plasmamembrane, in the absence of ligand and
in the presence of the two cognate ligands, EGF
and VEGF. However, there are no significant
heterointeractions between ECTM EGFR and
ECTM VEGFR2 when only one of the cognate
ligands is present.
This interesting observation can be explained by

the idea that unliganded EGFR and VEGFR2
interact in the plasma membrane, and so do
ligand-bound EGFR and VEGFR2. On the other
hand, unliganded VEGFR2 and liganded EGFR
do not interact significantly, and neither do
unliganded EGFR and liganded VEGFR2. This is
a fundamentally novel observation, which is
straight-forward to interpret in the context of the
transition model of RTK activation, since the



Figure 2. Hetero-FRET versus acceptor concentrations. Hetero-FRET efficiencies are measured in ~2–3 lm
stretches of plasma membrane of live HEK 293 T cells, using the FSI-FRET method,47 and are plotted as a function of
acceptor concentration. The solid black line shows the proximity FRET, which accounts for the random close
approach of donor and acceptor in the membrane. This is the highest FRET that can occur in the absence of specific
receptor interactions. As discussed previously,49,50 it depends mainly on the acceptor concentration. The protein LAT
(green) is used as a negative control as it is known to be monomeric63–65; FRET data for LAT straddle the FRET
proximity line.29 Black symbols show the measured FRET for EGFR-VEGFR2 heterodimerization in the absence of
ligand,29 in cells that were co-transfected with varying ratios of ECTM EGFR and ECTM VEGFR2, with a total of 0.5–
4 lg of ECTM EGFR DNA and 3–6 lg of ECTM VEGFR2 DNA. Solid black symbols correspond to FRET experiments
where VEGFR2 was labeled with the acceptor, YFP, and transparent black symbols correspond to FRET experiments
where EGFR was labeled with YFP (844 data points total). (B) Effect of 10 nM EGF on EGFR-VEGFR2 hetero-
FRET.29 Solid red symbols correspond to FRET experiments where VEGFR2 was labeled with YFP, and transparent
red symbols correspond to FRET experiments where EGFR was labeled with YFP (302 data points total). (C) Effect of
10 nM EGF and 56 nM VEGF on EGFR-VEGFR2 hetero-FRET. Solid purple symbols correspond to FRET
experiments where VEGFR2 was labeled with YFP, and transparent purple symbols correspond to FRET
experiments where EGFR was labeled with YFP (364 data points total). (D) Effect of 56 nM VEGF on EGFR-
VEGFR2 hetero-FRET. Solid pink symbols correspond to FRET experiments where VEGFR2 was labeled with YFP,
and transparent pink symbols correspond to FRET experiments where EGFR was labeled with YFP (370 data points
total). (E) Expressions measured in all heterodimer experiments, shown as the concentration of VEGFR2 versus
EGFR.
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Figure 3. Deviations from proximity FRET. Data from individual cells expressing either (A) LAT or (B–E) both ECTM
EGFR and ECTM VEGFR2 in the absence of ligand (B), the presence of 10 nM EGF (C), 10 nM EGF and 56 nM
VEGF (D), or 56 nM VEGF (E). (F) Average deviations from proximity FRET and standard errors. The average
deviation from proximity FRET is �0.0009 ± 0.005 for LAT,29 0.1136 ± 0.0045 for EGFR and VEGFR2 in the absence
of ligand,29 0.003 ± 0.005 in the presence of EGF only,29 0.061 ± 0.007 in the presence of EGF and VEGF, and
0.014 ± 0.004 in the presence of VEGF only. Differences between LAT, EGFR + VEGFR2 + EGF, and
EGFR + VEGFR2 + VEGF are not statistically significant. Differences between EGFR + VEGFR2 + EGF + VEGF,
and VEGFR2 + VEGFR + EGF/EGFR + VEGFR + VEGF are highly statistically significant (p < 0.0001, ****), based on
one way ANOVA.
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transition model views unliganded and liganded
RTKs as structurally distinct signaling entities.15

Based on the current knowledge about RTK
signaling, the observed heterointeractions in our
experiments probably involve EGF-bound EGFR
dimers and VEGF-bound VEGFR2 dimers, as at
high ligand concentrations both EGFR and
VEGFR2 exist as ligand-bound dimers.19,56,57 It is
likely that the ligand-bound EGFR and VEGFR2
dimers interact laterally to form higher-order oligo-
mers, giving rise to FRET in Figure 2(C). Such oli-
gomers have not been described thus far in the
RTK literature, to the best of our knowledge. How-
ever, oligomerization in response to ligand binding
has been implicated in important signaling
responses. For instance, EGFR has been proposed
to form oligomers in addition to dimers, and the
ligand-bound oligomers are believed to be more
active than the ligand-bound dimers. Specifically,
it has been suggested that the phosphorylation of
the proximal tyrosines in the C-terminal tail is more
efficient in the EGFR oligomers than in the EGFR
6

dimers.39,58 By being part of a larger complex, each
kinase may be able to both phosphorylate other
tyrosines and be phosphorylated, leading to higher
over-all RTK phosphorylation, as well as to higher
phosphorylation of downstream effectors.39,58

Thus, homooligomerization may be a mechanism
that allows for signal amplification and/or diversifi-
cation. It is possible that a similar phenomenon
occurs in the putative EGFR-VEGFR2 heterooligo-
mers, and its role may be to further amplify and/or
diversity signaling outputs. Furthermore, it is possi-
ble that heterooligomerization is not exclusive for
the EGFR-VEGFR2 pair, but can occur for many
RTKs. Indeed, the literature contains many exam-
ples of complex signaling processes occurring
when multiple RTKs and multiple cognate ligands
are present.24

It is known that RTK signaling can lead to different
biological outcomes in different cellular contexts,
though mechanisms that are poorly
understood.24,59–62 This work hints at a novel mech-
anism through which different cellular contexts can
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specify signaling, namely through the regulation of
co-expression of different receptors and their cog-
nate ligands. The differential expression, in turn, will
control the formation of different heterocomplexes
of ligand-bound RTK dimers. These heterocom-
plexes could exhibit different signaling properties,
as compared to homodimers and homooligomers.
The importance of this mechanism in cell signaling
is yet to be investigated, and so are its biological
consequences and therapeutic potential.
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