
Profiling Epidermal Growth Factor Receptor and
Heregulin Receptor 3 Heteromerization Using Receptor
Tyrosine Kinase Heteromer Investigation Technology
Mohammed Akli Ayoub1,3, Heng B. See1, Ruth M. Seeber1, Stephen P. Armstrong1, Kevin D. G. Pfleger1,2*

1 Laboratory for Molecular Endocrinology-GPCRs, Western Australian Institute for Medical Research (WAIMR) and Centre for Medical Research, The University of Western

Australia, Nedlands, Western Australia, Australia, 2 Dimerix Bioscience Pty Ltd, Nedlands, Western Australia, Australia, 3 Protein Research Chair - Department of

Biochemistry, College of Science, King Saud University, Riyadh, Kingdom of Saudi Arabia

Abstract

Heteromerization can play an important role in regulating the activation and/or signal transduction of most forms of
receptors, including receptor tyrosine kinases (RTKs). The study of receptor heteromerization has evolved extensively with
the emergence of resonance energy transfer based approaches such as bioluminescence resonance energy transfer (BRET).
Here, we report an adaptation of our Receptor-Heteromer Investigation Technology (Receptor-HIT) that has recently been
published as the G protein-coupled receptor (GPCR) Heteromer Identification Technology (GPCR-HIT). We now demonstrate
the utility of this approach for investigating RTK heteromerization by examining the functional interaction between the
epidermal growth factor (EGF) receptor (EGFR; also known as erbB1/HER1) and heregulin (HRG) receptor 3 (HER3; also
known as erbB3) in live HEK293FT cells using recruitment of growth factor receptor-bound protein 2 (Grb2) to the activated
receptors. We found that EGFR and HER3 heteromerize specifically as demonstrated by HRG inducing a BRET signal between
EGFR/Rluc8 and Grb2/Venus only when HER3 was co-expressed. Similarly, EGF stimulation promoted a specific BRET signal
between HER3/Rluc8 and Grb2/Venus only when EGFR was co-expressed. Both EGF and HRG effects on Grb2 interaction are
dose-dependent, and specifically blocked by EGFR inhibitor AG-1478. Furthermore, truncation of HER3 to remove the
putative Grb2 binding sites appears to abolish EGF-induced Grb2 recruitment to the EGFR-HER3 heteromer. Our results
support the concept that EGFR interacts with Grb2 in both constitutive and EGF-dependent manners and this interaction is
independent of HER3 co-expression. In contrast, HER3-Grb2 interaction requires the heteromerization between EGFR and
HER3. These findings clearly indicate the importance of EGFR-HER3 heteromerization in HER3-mediated Grb2-dependent
signaling pathways and supports the central role of HER3 in the diversity and regulation of HER family functioning.
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Introduction

Cell surface receptors promote and control vital physiological

functions and constitute the major targets for drugs used to treat

various diseases. Receptor tyrosine kinases (RTKs) are among the

most extensively studied receptors due to their involvement in the

control of cell proliferation, survival and differentiation. The type

1 RTK class is the HER/erbB receptor family and comprises four

members, epidermal growth factor (EGFR, also known as erbB-1

or HER1, which is the most studied and characterized of the

family), erbB-2/HER2, erbB-3/HER3, and erbB-4/HER4 [1–5].

RTKs are single chain transmembrane polypeptide proteins

composed of three different domains: (i) the extracellular domain

where the ligand binds the receptor, (ii) the transmembrane

domain, and (iii) the cytoplasmic domain [1–5]. The cytoplasmic

domain in turn consists of the juxtamembrane region, the tyrosine

kinase domain that phosphorylates tyrosine residues, and the C-

terminal region containing tyrosine residues that are themselves

phosphorylated following ligand binding [4]. This autophospho-

rylation constitutes the key step linking RTK activation with

multiple intracellular proteins containing Src homology 2 (SH2)

domains, such as Chk, Grb2, Shc, and PI3-kinase. These adaptor

proteins are then involved in a large protein interaction network

that in turn activates various signal transduction molecules,

including small G protein Ras, protein kinase B (PKB or Akt),

the tyrosine kinase Src, mitogen- and stress-activated protein

kinases, c-Jun kinase, and signal transducers and activators of

transcription (STATs) [1–5].

The HER receptor family is of particular importance due to the

link between abnormal expression and function of these receptors

and many types of cancer [5–8]. Indeed, the dysregulation in

erbB-mediated signaling has been shown to have major conse-
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quences on cell proliferation, apoptosis, angiogenesis, and

migration. Moreover, the overexpression of erbB members has

been observed in various human cancers [1,3,9]. Therefore, the

investigation of RTK function is of considerable interest for drug

discovery and cancer therapy programs based on the development

of small molecule antagonists or antibodies blocking RTK-

dependent signaling and responses.

Furthermore, one of the major characteristics of the HER

receptor family is their heteromerization, which results in diverse

HER-mediated cell signaling pathways [5,7,10,11]. For instance,

heteromerization is proposed to provide additional phosphotyr-

osine residues for the recruitment of various adaptor proteins and

effectors inducing distinct patterns of receptor phosphorylation

and downstream signaling [4,5]. Traditionally with this family,

ligand-induced dimerization has been considered to be the key

step in mediating signaling following receptor activation, by

positioning the two cytoplasmic domains of the receptors such that

tyrosine transphosphorylation can occur. However, more recently

it has been suggested that ligand binding results in conformational

change in pre-existing complexes [12,13]. To conciliate the

different hypotheses, a systematic analysis of HER monomers

versus dimers in various EGFR and HER2 expressing cell lines has

shown that the degree of pre-formed and ligand-induced receptor

dimerization depends on receptor expression levels and their

distribution, which may affect the receptor-ligand binding

properties [14]. There is also evidence for higher-order complex

formation, with Clayton et al. suggesting that tetramers and

higher-order oligomers of EGFR are the dominant activated

species [15], building on their earlier work suggesting EGFR

activation involves a dimer to tetramer transition [16].

The importance of RTK dimerization/oligomerization in

physiology and pathophysiology is illustrated by various receptor

complexes that can exist depending on the concentrations of the

receptors expressed, the concentrations of particular ligands and

some intrinsic degree of dimer selectivity [3,17,18]. Furthermore,

it has been reported that HER heteromers are more potent in

signal transduction than homomers. This is especially true when

considering the heteromerization between HER2 and HER3,

since HER2 enhances and stabilizes dimerization but has no

ligand and HER3 can recruit novel proteins, but apparently lacks

kinase activity [4,8,10,17,19]. Many studies have indicated that

HER2, through its heteromerization with other HER members

(essentially HER3), constitutes the key element in regulating and

diversifying HER-mediated signaling as well as HER-linked

cancer [20,21]. As for HER3, it is known to differ from other

HER members because of the absence of intrinsic catalytic kinase

activity and a possible defect in forming homomers at the cell

surface [22–24]. Therefore, HER3 is thought to be an activator for

the HER family and recent studies reported that HER3 may also

play a role in HER function and signaling through its hetero-

merization with other members including EGFR [11,25–27].

We have adapted our Receptor-HIT technology, previously

exemplified with GPCRs as ‘GPCR-HIT’ [28–33], to investigate

the heteromerization between EGFR and HER3 in real-time and

in live HEK293FT cells using the BRET platform to measure the

ligand-induced recruitment of Grb2 to the activated receptor

complex. One receptor was fused to the BRET donor, a variant of

Renilla luciferase known as Rluc8 (shown as RTK1/Rluc8) and

Grb2 was fused to the yellow fluorescent protein Venus as BRET

acceptor (Grb2/Venus). Both were co-expressed with a second

receptor (shown as RTK2) that was untagged with respect to

BRET (Figure 1). The heteromerization between RTK1 and

RTK2 was then assessed by measuring ligand-induced BRET

between RTK1/Rluc8 and Grb2/Venus upon selective activation

of RTK2, in a similar manner to that reported for GPCRs

recruiting b-arrestin 2 [29,31–33]. We compared these findings to

those observed upon treating with a ligand selective for RTK1/

Rluc8, in the presence and absence of RTK2, keeping in mind

that such signals are likely to be largely due to RTK1/Rluc8

homomer activation in the case of EGFR.

Materials and Methods

Materials
EGFR, HER3 and Grb2 cDNAs were obtained from Origene

(Rockville, MD, USA). EGFR and HER3 were subcloned into

pcDNA3-Rluc8 prepared previously from cDNA kindly provided

by Andreas Loening and Sanjiv Gambhir (Stanford University,

CA, USA). Grb2 was subcloned into pcDNA3-Venus prepared

previously from pcC2-Venus kindly provided by Atsushi Miyawaki

(RIKEN Brain Science Institute, Wako-city, Japan). HER3trunc

and HER3trunc/Rluc8 truncated after codon 1020 (correspond-

ing to residue 1001 of the mature protein, thereby removing the

C-terminal region but retaining the catalytically-inactive kinase

domain [25]) were made by generating PCR fragments with and

without a stop codon, from the internal BamHI site at nucleotide

position 2183 of HER3 to position 3060. Via subcloning, these

cDNA fragments were subsequently used to replace the C

terminus of the full-length constructs (with or without Rluc8).

Ligands used were EGF, Heregulin-b1 (HRG; Peprotech, Rocky

Hill, NJ, USA) and AG-1478 hydrochloride (Tocris, Bristol, UK).

Figure 1. Receptor-HIT and its application to study RTK
heteromerization (RTK-HIT) using BRET. Cells co-expressed RTK1
fused to a BRET donor (Rluc8), untagged RTK2, and a RTK signaling or
adaptor protein tagged with a BRET acceptor (Venus), exemplified here
by Grb2/Venus. After cell stimulation with the RTK2-selective agonist,
only the recruitment of Grb2/Venus to the RTK1/Rluc8-RTK2 heteromer
can be detected by BRET resulting from the physical proximity between
RTK1/Rluc8 and Grb2/Venus.
doi:10.1371/journal.pone.0064672.g001

Profiling EGFR-HER3 Heteromer Using RTK-HIT
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Cell culture and transfection
HEK293FT cells (Life Technologies) were maintained at 37uC

in 5% CO2 and complete media (Dulbecco’s modified Eagle’s

medium (DMEM) containing 0.3 mg/ml glutamine, 100 IU/ml

penicillin and 100 mg/ml streptomycin (GIBCO BRL, Carlsbad,

CA, USA)) supplemented with 10% foetal calf serum (FCS) and

400 mg/ml Geneticin (Gibco). Transient transfections were carried

out 24 h after seeding about 550,000 cells/well of a 6-well plate.

Genejuice (Merck, Kilsyth, Australia) transfection reagent was

used according to the manufacturer’s instructions. Cells were

harvested with 0.05% Trypsin-EDTA (Gibco).

Ligand-induced BRET assays
HEK293FT cells were transiently transfected with cDNA

encoding a RTK fused to Rluc8 (RTK/Rluc8) and Grb2 fused

to Venus (Grb2/Venus), along with a second RTK that was

untagged with respect to BRET signaling, or empty vector

(pcDNA3). Following initial titration of cDNA amounts (data not

shown), two ratios were selected for the heteromer combinations

shown in Figure 2. For a 6-well plate, 0.1, 0.3 and 0.5 mg/well

were used for the combination of EGFR/Rluc8, Grb2/Venus and

HER3 and 0.1, 0.3 and 0.1 mg/well were used for the

combination of HER3/Rluc8, Grb2/Venus and EGFR. 24 h

post-transfection, cells were harvested into 96-well plates (Nunc)

and 48 h post-transfection, cells were incubated at 37uC, 5% CO2

for 2 h with 30 mM EnduRen (Promega) to ensure substrate

equilibrium was reached. BRET measurements were taken at

37uC using the VICTOR Light plate reader with Wallac 1420

software (PerkinElmer, Glen Waverley, Victoria, Australia).

Filtered light emissions were sequentially measured at 400–475

and 520–540 nm. The BRET signal was calculated by subtracting

the ratio of 520–540 nm emission over 400–475 nm emission for a

vehicle-treated cell sample from the same ratio for a second aliquot

of the same cells treated with agonist, as described previously

[34,35]. In this calculation, the vehicle-treated cell sample

represents the background, eliminating the requirement for

measuring a donor-only control [34,35]. For these BRET kinetic

assays, the final pretreatment reading is presented at the zero time

point (time of ligand/vehicle addition). The situation where

addition of ligand specific for the untagged RTK results in a

ligand-induced BRET signal indicates Grb2 binding specifically to

a heteromer complex [36].

Data presentation and analysis
Data were analyzed using Prism 5 graphing software (Graph-

Pad, La Jolla, CA, USA). Sigmoidal curves were fitted to the dose-

response data using non-linear regression (log(inhibitor) versus

response for the AG-1478 inhibition curves). Statistical analysis to

compare pEC50 or pIC50 values was carried out using one-way

ANOVA followed by Tukey’s multiple comparison post-test.

Results

Kinetic analysis of the interaction between EGFR and
HER3 using RTK-HIT

To investigate the functional interaction between EGFR and

HER3 using RTK-HIT as shown in Figure 1, various combina-

tions of Rluc8-tagged and untagged EGFR and HER3 were co-

expressed with Venus-tagged Grb2 and real-time kinetic analysis

carried out (Figure 2). We found that the co-expression of HER3

with EGFR/Rluc8 and Grb2/Venus did not substantially affect

the rapid and very strong BRET increase promoted by EGF when

compared to cells co-expressing only EGFR/Rluc8 and Grb2/

Venus (Figure 2a). In contrast, HER3 co-expression was required

for an HRG-induced BRET signal to be observed between

EGFR/Rluc8 and Grb2/Venus (Figure 2b). In cells co-expressing

HER3/Rluc8 and Grb2/Venus, no or little BRET signal was

observed when cells were stimulated with either EGF (Figure 2c)

or HRG (Figure 2d) respectively, consistent with minimal

interaction between HER3 and Grb2. Interestingly, when EGFR

was co-expressed with HER3/Rluc8 and Grb2/Venus, a strong

BRET increase was observed upon stimulation with either EGF

(Figure 2c) or HRG (Figure 2d). Taken together, these data

indicate a functional interaction between EGFR and HER3

(heteromerization) enables EGF and HRG to promote Grb2

recruitment to the EGFR-HER3 heteromer. In fact, our data

clearly demonstrate that the interaction between EGFR and

HER3 is crucial for HER3 to functionally interact with Grb2.

Dose-response analysis of the interaction between EGFR
and HER3 using RTK-HIT

To further profile the functional interaction between EGFR and

HER3, we analyzed the dose-response effect of EGF and HRG on

BRET signal using similar combinations to those described in

Figure 2. The dose-response profile of EGF on BRET between

EGFR/Rluc8 and Grb2/Venus was unchanged regardless of

whether HER3 was co-expressed or not (Figure 3a; Table 1).

However, the dose-dependent effect of HRG on BRET between

EGFR/Rluc8 and Grb2/Venus was only observed when HER3

was co-expressed (Figure 3b) consistent with EGFR-HER3

interaction. As expected from the kinetic curves shown in

Figure 2c and d, the increasing concentrations of both EGF

(Figure 3c) and HRG (Figure 3d) nicely promoted increased

BRET between HER3/Rluc8 and Grb2/Venus only when EGFR

was co-expressed, with similar potencies between EGF and HRG

(Table 1). These dose-response data indicate that the functional

interaction between EGFR and HER3 is crucial for HRG to

promote Grb2 recruitment via HER3 activation. In addition, the

data clearly demonstrate that the recruitment of Grb2 to the

EGFR-HER3 heteromer exclusively depends on the activation of

at least one receptor within the heteromer.

Effect of EGFR inhibition on EGF- and HRG-induced
receptor-Grb2 interaction

To confirm the link between the ligand-induced Grb2

recruitment and receptor activation we examined the effect of

EGFR inhibitor AG-1478, known to inhibit EGFR activation,

phosphorylation and downstream signaling [37]. We studied the

effect of increasing doses of AG-1478 on the recruitment of Grb2

to EGFR and HER3 homo- and heteromers. As shown in

Figure 4a, increasing concentrations of AG-1478 completely

inhibited EGF-induced BRET measured in cells co-expressing

EGFR/Rluc8 and Grb2/Venus. Surprisingly, we observed that at

10 mM of AG-1478, the inhibitory effect was such that the BRET

signal was brought down below baseline, consistent with inhibition

of constitutive BRET between EGFR/Rluc8 and Grb2/Venus

(Figure 4a). This observation is supported by the data shown in

Figure 4b, where AG-1478 dramatically reduced the BRET signal

below the basal level in a dose-dependent manner with cells co-

expressing EGFR/Rluc8 and Grb2/Venus and pretreated with

HRG (which as expected and shown previously, did not promote a

BRET increase in these cells). Moreover, when the curves in

Figure 4a and b are compared, the pIC50 values for AG-1478 on

both constitutive and EGF-induced BRET are similar (Table 2).

Together these data indicate that AG-1478 inhibits both

constitutive as well as EGF-induced EGFR-Grb2 interaction.

The effect on the constitutive interaction suggests that AG-1478

Profiling EGFR-HER3 Heteromer Using RTK-HIT
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Figure 2. Kinetic analysis of EGF and HRG-induced recruitment of Grb2 to complexes containing EGFR and/or HER3. HEK293FT cells
expressing EGFR/Rluc8 and Grb2/Venus, with and without HER3, were treated with 1 mM EGF (a) or HRG (b). Similarly, cells expressing HER3/Rluc8
and Grb2/Venus, with and without EGFR, were again treated with 1 mM EGF (c) or HRG (d). BRET was measured in real-time and live cells before and
after stimulation with the agonists as indicated. Data represent mean 6 SEM of 3–7 independent experiments.
doi:10.1371/journal.pone.0064672.g002

Figure 3. Dose-response analysis of EGF and HRG-induced recruitment of Grb2 to complexes containing EGFR and/or HER3.
HEK293FT cells expressing EGFR/Rluc8 and Grb2/Venus, with and without HER3, were treated with increasing concentrations of EGF (a) or HRG (b).
Similarly, cells expressing HER3/Rluc8 and Grb2/Venus, with and without EGFR, were again treated with increasing concentrations of EGF (c) or HRG
(d). BRET was measured in live cells before and after stimulation with the agonists as indicated, with the data shown generated after about 25
minutes of agonist stimulation. Data represent mean 6 SEM of 3–9 independent experiments.
doi:10.1371/journal.pone.0064672.g003
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acts as an inverse agonist on EGFR homomers with respect to

their interaction with Grb2. The inhibitory effect of AG-1478 on

the basal BRET signal cannot be explained by a non-specific effect

on the BRET signal since the increasing concentrations of AG-

1478 had no effect on BRET measured in cells co-expressing

HER3/Rluc8 and Grb2/Venus and pre-treated or not with

20 nM of either EGF (Figure 4c) or HRG (Figure 4d). These

observations also confirm that HER3 homomers are not

interacting with Grb2 in the absence of EGFR co-expression.

In EGFR-HER3 heteromer configurations, increasing doses of

AG-1478 inhibited BRET signals in both EGF- (Figure 4e and g)

and HRG-treated (Figure 4f and h) cells. The pIC50 values for

AG-1478 inhibiting EGFR/Rluc8-Grb2/Venus proximity (in-

duced and constitutive) was not significantly affected by the co-

expression of HER3 (Table 2). This may well be because much of

the inhibition of the BRET signal with the EGFR/Rluc8, Grb2/

Venus and HER3 combination is actually inhibition of EGFR/

Rluc8 homomers interacting with Grb2/Venus. In contrast,

EGFR co-expression was required in order for AG-1478 inhibition

of BRET between HER3/Rluc8 and Grb2/Venus to be observed

(Figure 4g and h), with pIC50 values not significantly different from

those observed between EGFR/Rluc8 homomers and Grb2/

Venus (Table 2).

Kinetic profiles of the inhibitory effect from 1 mM of AG-1478

are shown in Figure 5. Cells were prestimulated with 20 nM of

either EGF or HRG and therefore AG-1478 was seen to inhibit

both the EGF-induced (Figure 5a) and constitutive (Figure 5b)

interaction of EGFR homomers with Grb2, in a time-dependent

manner. Indeed, this submaximal dose of AG-1478 (see Figure 4)

illustrates that, even though the pIC50 values are similar (Table 2),

receptor activation by EGF increases the dose of AG-1478

required to substantially reduce the constitutive BRET signal

(Figure 4a compared to 4b). Therefore, this means that 1 mM of

AG-1478 is able to effectively block the EGF-induced BRET, but

is not enough to affect the constitutive BRET (Figure 5a), in

contrast to the effect of this dose in the absence of EGF-stimulation

(Figure 5b). This is due to there being a difference between the

baseline ligand-induced BRET signal and the true baseline at

which there is no constitutive or ligand-induced receptor

activation. Consequently, the baseline ligand-induced BRET ratio

changes relative to the dose-response curve’s minimum and

maximum depending upon how much ligand-induced receptor

activation occurs. As expected, AG-1478 had no effect on HER3-

Grb2 interaction (Figure 5c and d).

In cells co-expressing EGFR/Rluc8, Grb2/Venus and HER3,

1 mM of AG-1478 abolished EGF- (Figure 5e) and HRG-

(Figure 5f) induced BRET and largely decreased the constitutive

BRET signal between EGFR/Rluc8 and Grb2/Venus in cells

stimulated with HRG, but not EGF (Figure 5f). This difference is

again due to the increased receptor activation observed with EGF

compared with HRG, in addition to constitutive receptor

activation, and the effect this has on the dose-response curves

(Figure 4e compared to 4f), in a similar manner to that discussed

above. In cells co-expressing HER3/Rluc8, Grb2/Venus and

EGFR, 1 mM of AG-1478 completely blocked EGF- (Figure 5g)

and HRG- (Figure 5h) induced BRET and strongly decreased the

constitutive BRET signal between HER3/Rluc8 and Grb2/Venus

within the EGFR-HER3 heteromers. All together, these kinetics

clearly confirm the link between the activation of EGFR

homomers, as well as EGFR-HER3 heteromers, and their

interaction with Grb2.

Importance of the Grb2 binding sites in HER3 for Grb2
interaction with EGFR-HER3 heteromers

Activation of the EGFR-HER3 heteromer could result in

recruitment of Grb2 to interact with either the EGFR or HER3

protomer, or both. To investigate this we generated a truncated

mutant of HER3 lacking its C-terminal region, and therefore all of

the putative binding sites for Grb2, and compared this with the full

length receptor using RTK-HIT. The positive controls confirmed

that EGF and HRG induced BRET signals between EGFR/Rluc8

(Figure 6a) or HER3/Rluc8 (Figure 6b) and Grb2/Venus within

the EGFR-HER3 heteromer. The co-expression of the truncated

rather than full length HER3 was not detrimental to the EGF- or

HRG-induced BRET signal between EGFR/Rluc8 and Grb2/

Venus (Figure 6c). Indeed, if anything the effect of HRG, but not

EGF, appears to be even stronger with truncated HER3 (Figure 6c)

compared to full length HER3 (Figure 6a). The lack of effect with

EGF treatment may be because this signal is predominantly from

EGFR/Rluc8 homomers recruiting Grb2/Venus. In contrast, the

truncation of HER3 completely abolished the EGF-induced

BRET signal between HER3/Rluc8 and Grb2/Venus even in

the presence of EGFR (Figure 6d), whilst a small but discernible

HRG-induced BRET signal was still observed.

Discussion

In this study we describe a proximity-based assay, RTK-HIT, to

investigate the heteromerization between EGFR and HER3 in

real-time and live HEK293FT cells. RTK-HIT is an adaptation of

GPCR-HIT previously described to identify and profile GPCR

heteromers [28,29,31]. By using RTK-HIT we demonstrate the

existence of functional interaction between EGFR and HER3 in

live HEK293FT cells. The heteromerization between the different

members of the HER family has been known for many years, but

their link with cancer means that the study of these receptor

complexes continues to be of considerable importance, including

development of novel approaches to investigate their pharmaco-

logical and signaling characteristics. Indeed, while EGFR is the

prototypical RTK, with its ability to bind EGF and activate

multiple downstream signaling pathways via the phosphorylation

of various specific tyrosine residues in its C-terminal domain, the

situation with HER2 and HER3 is completely different and

intriguing. HER2 is considered to be an orphan/silent receptor

with no specific ligand known, yet it seems to exhibit normal

kinase activity when heteromerizing with other HER members. In

contrast, HER3 is known to be the specific receptor of HRG, but

appears to have lost its tyrosine kinase activity suggesting that its

heteromerization with other family members is a prerequisite for

activation of specific signaling pathways [4,8,10,17,19–21,23].

Thus, better understanding of the heteromerization between

HER3 and other members of the HER family is an important

research aim.

Table 1. pEC50 values for EGF and HRG.

Transfections EGF HRG

EGFR/Rluc8 + Grb2/Venus + pcDNA3 7.5760.13 (n = 6) ND (n = 4)

EGFR/Rluc8 + Grb2/Venus + HER3 7.7360.15 (n = 5) 7.4160.25 (n = 5)

HER3/Rluc8 + Grb2/Venus + pcDNA3 ND (n = 4) ND (n = 5)

HER3/Rluc8 + Grb2/Venus + EGFR 7.5560.15 (n = 9) 7.4660.14 (n = 5)

Values represent mean 6 SEM of multiple independent experiments as
indicated (n).
doi:10.1371/journal.pone.0064672.t001
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Our study shows that RTK-HIT is not only a method to detect

the proximity between different receptors (implying physical

interaction) but more importantly, it allows the investigation of

the functional consequences and features of such receptor

complexes (functional interaction) and their pharmacological

profiling. Indeed, we have clearly demonstrated that the interac-

tion of HER3 with Grb2 requires the heteromerization of HER3

with another receptor, such as EGFR. Furthermore, the utilization

of different BRET configurations of untagged or Rluc8-tagged

(BRET donor) EGFR or HER3 co-expressed with Grb2/Venus

(BRET acceptor), led us to demonstrate that the stimulation of

either EGFR or HER3 within the EGFR-HER3 heteromer was

Figure 4. Dose-response analysis of AG-1478-mediated inhibition of Grb2 recruitment to complexes containing EGFR and/or HER3.
Live HEK293FT cells were treated with 20 nM agonist followed by increasing concentrations of AG-1478 or vehicle control (Con) after about 20
minutes. The data shown were generated about 60 minutes following initial agonist stimulation. Cells expressing EGFR/Rluc8 and Grb2/Venus treated
with EGF (a) or HRG (b), cells expressing HER3/Rluc8 and Grb2/Venus treated with EGF (c) or HRG (d), cells expressing EGFR/Rluc8, Grb2/Venus and
HER3 treated with EGF (e) or HRG (f), and cells expressing HER3/Rluc8, Grb2/Venus and EGFR treated with EGF (g) or HRG (h). Data represent mean 6
SEM of 3–5 independent experiments.
doi:10.1371/journal.pone.0064672.g004
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sufficient to promote Grb2 recruitment. These observations

appear to contradict the canonical model of EGFR family

activation that involves tethering of the dimerization arm of

domain II in the unliganded receptor and upon ligand binding,

this arm is released to enable interaction with the partner receptor

and consequent activation of the signaling complex [38]. This was

thought to necessitate ligand binding to both protomers of the

dimer pair in order for both dimerization arms to be released for

interaction. However, the recent work of Liu et al. has provided

evidence that a single ligand is sufficient to activate EGFR dimers

[39], suggesting that interaction with a liganded receptor can

result in untethering and extension of an unliganded receptor such

that it can participate in a signaling complex. Notably, we and

others have provided evidence for allosteric activation of

unliganded receptors for GPCRs (see [29] for example), and

therefore there is also precedence from this other major class of

membrane receptors for such transactivation to occur.

The selective inhibition of EGFR using AG-1478 completely

abolished both the constitutive as well as EGF/HRG-induced

Grb2 interaction with the heteromer. Therefore, our data with

AG-1478 clearly demonstrate that (i) EGFR homomers are

constitutively interacting with Grb2 in HEK293FT cells, which

may be due to some constitutive activity of the receptor, at least

with regard to the Grb2 pathway in this cell line, (ii) EGF- as well

as HRG-induced Grb2 recruitment strictly depends on receptor

activation (constitutive or ligand-induced), and (iii) the recruitment

of Grb2 to HER3 is observed only when HER3 is engaged in a

heteromer complex with another receptor subtype such as EGFR.

Furthermore, our data with AG-1478, which only inhibits EGFR

activity, suggest that the activation of the EGFR-HER3 heteromer

occurs via a transactivation mechanism whereby the EGFR

protomer constitutes the key element for HER3 to interact with

Grb2 and activate its dependent signaling pathway.

Our findings with the truncated HER3 indicate that Grb2 is

able to bind to the EGFR protomer of the EGFR-HER3

heteromer even following HRG activation of HER3, implying

transactivation across the heteromer complex. However, even if

HER3 transactivates EGFR, it is still surprising that removal of the

putative Grb2 binding sites from the C-terminus of HER3 did not

prevent Grb2 recruitment to the EGFR-HER3 heteromer. This is

because the kinase activity of the activated EGFR protomer would

be expected to phosphorylate the HER3 C-terminus. The notion

that the activated EGFR protomer could phosphorylate its own C-

terminus goes against all current models of EGFR activation. One

possibility is that heteromerization somehow re-establishes the

kinase activity of HER3, or the combination of EGFR-HER3

enables the kinase activity of EGFR to be utilized, so that an

activated protomer could phosphorylate the C-terminus of its

unliganded partner protomer. HRG-induced activation of trun-

cated HER3 could then result in phosphorylation of the EGFR C-

terminus and consequent recruitment of Grb2/Venus, resulting in

a stronger BRET signal when the EGFR is Rluc8-tagged, but still

enabling a signal to be seen when the truncated HER3 is Rluc8-

tagged and energy is transferred across the complex. This is at

least consistent with the data seen in Figure 6c and 6d respectively.

An alternative and perhaps more likely explanation could be

provided by the formation of higher order complexes. For

example, our data would be consistent with a single ligand

activating one protomer in an EGFR-HER3 heterodimer (perhaps

preformed), the result being transactivation and release of the

dimerization arm from the unliganded protomer. This unliganded

protomer could in turn interact with and phosphorylate a third

protomer, potentially in another activated heterodimer. Two

heterodimers interacting to form a tetramer is conceptually very

similar to the canonical model of monomers interacting to form

homodimers, but with the (preformed) heterodimers effectively

acting like monomer units. The notion of preformed RTK

heterodimers undergoing a conformational change upon binding

ligand is not new [12,13]. Furthermore, EGFR activation resulting

in a dimer to tetramer transition has been proposed by Clayton et

al. [15,16] and Zhang et al. have also recently presented a model

of HER2-HER3 complex formation as a tetramer of side-by-side

heterodimers [10]. Therefore, this model of EGFR-HER3

activation in many ways reconciles the canonical activation model

with the concept of preformed heterodimers and active tetramer/

higher order complexes.

It is not inconceivable that, when the HER3 is not truncated,

there is competition between phosphorylation of the HER3 C-

terminus and the second EGFR protomer C-terminus. This may

explain the increase in HRG-induced BRET signal observed in

Figure 6c compared to 6a, keeping in mind that Grb2/Venus

recruitment directly to the EGFR/Rluc8 will result in a greater

BRET signal than recruitment to untagged HER3 proximal to

EGFR/Rluc8 (due to energy transfer dramatically increasing with

increased proximity).

With the opposite BRET orientation, HER3 truncation means

that Grb2/Venus can only bind to EGFR in the HER3trunc/

Rluc8-EGFR complex, which results in less donor-acceptor

proximity than binding to HER3/Rluc8. Again, a higher order

complex could enable recruitment of Grb2/Venus to a second

untagged EGFR protomer rather than HER3/Rluc8, which

would be expected to result in a lower BRET signal as is indeed

observed in Figure 6d compared to 6b.

These data also demonstrate the importance of the HER3 C-

terminal region for EGF-induced Grb2 signaling by the EGFR-

HER3 heteromer, as shown for PI3-kinase/Akt signaling mediated

by HER2-HER3 [40], as HER3 truncation totally abolished the

EGF-induced BRET signal. It is interesting however, that the

HER3 C-terminus is not required for HRG-induced Grb2

recruitment to the EGFR-HER3 heteromer. Together, our data

are consistent with the allosteric transactivation mechanism

involved in the activation of the EGFR-HER3 heteromer as

previously proposed for the HER family [41]. The importance of

the kinase domain of HER3 (not removed by the truncation) for

EGFR-dependent Grb2 interaction is in agreement with the

recent structural study showing that although the HER3 kinase

domain is not functional in terms of kinase activity, it can activate

the EGFR kinase domain by formation of the asymmetric dimer

[25]. In that study, the authors proposed that the kinase domain of

HER3 is always in the favorable form to engage and activate the

kinase domains of the other members of the family [25].

From the signaling point of view, our findings are consistent

with previous studies reporting that cells co-expressing EGFR and

Table 2. pIC50 values for AG-1478 determined in the
presence of 20 nM of agonist.

Transfections EGF stimulation HRG stimulation

EGFR/Rluc8 + Grb2/Venus + pcDNA3 6.6860.17 (n = 3) 6.3160.08 (n = 3)

HER3/Rluc8 + Grb2/Venus + pcDNA3 ND (n = 3) ND (n = 3)

EGFR/Rluc8 + Grb2/Venus + HER3 6.3560.11 (n = 4) 6.7660.11 (n = 5)

HER3/Rluc8 + Grb2/Venus + EGFR 7.2660.27 (n = 5) 7.1360.24 (n = 5)

Values represent mean 6 SEM of multiple independent experiments as
indicated (n).
doi:10.1371/journal.pone.0064672.t002
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HER3 show an EGF-dependent HER3 phosphorylation [42,43].

Also, HER3 has been reported to promote EGF-dependent PI3-

kinase activation in some cell lines co-expressing both EGFR and

HER3 [43]. Moreover, many studies reported that HER3 is

principally coupled to the PI3-kinase/Akt pathway through its

binding with the p85 subunit of PI3-kinase and this was essentially

mediated by the HER2-HER3 heteromer [23,44–46]. Similarly,

HRG-stimulated interaction of Shc with HER3 has been shown to

be mediated by the HER2-HER3 complex [47]. Here we describe

a mechanism by which HER3 interacts with the adaptor protein

Grb2 via its heteromerization with EGFR, linking HER3 with the

Ras/mitogen-activated protein kinase pathway. This demonstrates

Figure 5. Kinetic analysis of AG-1478-mediated inhibition of Grb2 recruitment to complexes containing EGFR and/or HER3.
HEK293FT cells were treated with 20 nM agonist followed by 1 mM AG-1478 or vehicle (control) after about 20 minutes as indicated. Cells expressing
EGFR/Rluc8 and Grb2/Venus treated with EGF (a) or HRG (b), cells expressing HER3/Rluc8 and Grb2/Venus treated with EGF (c) or HRG (d), cells
expressing EGFR/Rluc8, Grb2/Venus and HER3 treated with EGF (e) or HRG (f), and cells expressing HER3/Rluc8, Grb2/Venus and EGFR treated with
EGF (g) or HRG (h). BRET was measured in real-time and live cells before and after stimulation with the agonists, and before and after stimulation with
AG-1478 as indicated. Data represent mean 6 SEM of 3 independent experiments.
doi:10.1371/journal.pone.0064672.g005
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the importance of heteromerization for HER3-mediated signaling

and further illustrates the diversity of HER-dependent signaling

being mediated by heteromerization. In addition, the importance

of EGFR for HRG-induced HER3-Grb2 interaction indicates that

EGFR can also be considered as an allosteric activator of other

members of the HER family through heteromerization.

In addition, our data provide evidence for the importance of

EGFR-HER3 heteromerization in physiology and pathology since

the functional interaction between EGFR and HER3 and their

possible crosstalk at the level of downstream signaling is not clear

yet. Indeed, many studies on the HER family have pointed out the

central role of HER2 in regulating and diversifying EGFR and

HER3 function and their balance via different patterns of

heteromerization between these three members [17,20,21,48–

50]. For instance, a recent study on human mammary epithelial

cells has reported that EGFR activation can induce HER3

phosphorylation and activation only in the presence of HER2 but

the stimulation of the HER3 pathway by its ligand did not induce

EGFR activation regardless of the presence of HER2 [51].

Moreover, EGF and HRG have been shown to induce differential

signaling pathways by affecting the dynamic of receptor homomers

versus heteromers between EGFR, HER2 and HER3 where

HER2 seems to be the determining element within the system

[50]. However, our results support all the recent studies showing a

role of HER3 in the regulation of HER function and signaling

through its heteromerization with other members including EGFR

[11,25–27]. The importance of the EGFR-HER3 heteromeriza-

tion we have described here has been demonstrated by the recent

study showing a beneficial effect of a dual-action antibody

targeting both EGFR and HER3 [26,27]. Moreover, the

inhibition of HER3 has been shown to be more relevant than

the inhibition of EGFR and HER2 in breast [11] and lung [52]

cancer models.

As with GPCR-HIT, the RTK Heteromer Investigation

Technology (RTK-HIT) utilized in this study can be performed

using a range of proximity-based assays including bioluminescence

resonance energy transfer (BRET), fluorescence resonance energy

transfer (FRET), bimolecular fluorescence complementation

(BiFC), bimolecular luminescence complementation (BiLC), en-

zyme fragment complementation (EFC), and the protease-cleaved

transcription factor assay system known as TangoTM [30,36].

Advantages and disadvantages of these different reporter systems

have been discussed previously [36]. Finally, the ligand-dependent

nature of RTK-HIT, whichever assay platform is utilized, is an

asset for its application in pharmacological studies as well as drug

discovery programs. Indeed, the development of new cell-based

assays to assess the heteromerization of the HER family, and

profile their pharmacology and signaling in real-time and live cells,

is of great interest since many studies have shown that inhibition of

HER family-mediated signaling has considerable potential for

cancer therapeutics [26,27,53].
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Figure 6. Kinetic analysis of Grb2 recruitment to complexes containing EGFR and full length or truncated HER3. HEK293FT cells were
treated with 1 mM EGF or HRG. Cells expressing EGFR/Rluc8, Grb2/Venus and HER3 (a), cells expressing HER3/Rluc8, Grb2/Venus and EGFR (b), cells
expressing EGFR/Rluc8, Grb2/Venus and truncated HER3 (HER3trunc; c), and cells expressing HER3trunc/Rluc8, Grb2/Venus and EGFR (d). BRET was
measured in real-time and live cells before and after stimulation with the agonists as indicated. Data represent mean 6 SEM of 4 independent
experiments.
doi:10.1371/journal.pone.0064672.g006
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