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Unliganded EphA3 dimerization promoted by the SAM domain
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The erythropoietin-producing hepatocellular carcinoma A3
(EphA3) receptor tyrosine kinase (RTK) regulates morphogenesis
during development and is overexpressed and mutated in a variety
of cancers. EphA3 activation is believed to follow a ‘seeding
mechanism’ model, in which ligand binding to the monomeric
receptor acts as a trigger for signal-productive receptor clustering.
We study EphA3 lateral interactions on the surface of live cells
and we demonstrate that EphA3 forms dimers in the absence of
ligand binding. We further show that these dimers are stabilized by

interactions involving the EphA3 sterile o-motif (SAM) domain.
The discovery of unliganded EphA3 dimers challenges the current
understanding of the chain of EphA3 activation events and
suggests that EphA3 may follow the ‘pre-formed dimer’ model of
activation known to be relevant for other receptor tyrosine kinases.
The present work also establishes a new role for the SAM domain
in promoting Eph receptor lateral interactions and signalling on
the cell surface.
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INTRODUCTION

Erythropoietin-producing hepatocellular carcinoma A3 (EphA3)
is a receptor tyrosine kinase (RTK) that regulates axon guidance
and morphogenesis during development by controlling cell
adhesion, motility and contractility [1-4]. EphA3 also plays an
important role in tumorigenesis and is often overexpressed and/or
mutated in a variety of cancers including colorectal, pancreatic
and ovarian cancer, melanoma, hepatocellular carcinoma and
glioblastoma [5-7]. In addition, recent data show that EphA3 is
up-regulated in the stromal micro-environment of many different
tumour types, where it plays an important role in promoting
tumour growth [7]. Intriguingly, activation of the overexpressed
EphA3 in tumours can inhibit tumour growth [7], suggesting that
EphA3 may be an attractive molecular target for cancer therapies
[8]. Because EphA3 is scarcely expressed in healthy adult tissues
[9], a molecular therapy that is specific for EphA3 could offer
significant benefits and low side effects [4,10,11]. Therefore,
new basic knowledge about the mechanism of activation of this
receptor could pave the way to such new specific therapies.

The EphA3 receptor, like most RTKs, has a large extracellular
region, a single transmembrane segment and an intracellular
region. The extracellular region is composed of an N-
terminal ligand-binding domain (LBD), a Sushi domain, an
epidermal growth factor (EGF)-like domain and two fibronectin
type III repeats [10]. The intracellular region encompasses a
juxtamembrane (JM) segment known to regulate kinase activity,
followed by the kinase domain, a sterile o-motif (SAM) domain
and a PDZ-binding motif at the C-terminus.

The ligands of the Eph receptors are called ephrins and are
anchored to neighbouring cells [10]. Eph receptor activation
is believed to occur in response to dimerization/clustering of
ephrin-bound Eph receptors [3,12,13]. A ‘seeding mechanism’
for clustering has been proposed to occur in three steps: (i) an Eph

receptor binds to an ephrin ligand, (ii) the ligand-bound receptors
form dimers and (iii) these dimers assemble into larger clusters.
Thus, clustering and activation are believed to be triggered
by ligand binding occurring in the first step of this process.
Yet, there is evidence that direct receptor—receptor contacts are
also important for Eph function. In particular, solved crystal
structures of isolated Eph extracellular domains in complex with
ephrins reveal that direct receptor—receptor interactions could also
contribute to dimerization/clustering [12,14,15]. Furthermore, the
SAM domain, located in the intracellular region of the receptors,
has also been suggested to mediate dimerization/clustering [15—
19]. However, there is no conclusive experimental evidence that
the SAM domain plays a critical role in promoting or stabilizing
Eph-Eph interactions in the cellular environment. In fact, it has
also been proposed that the SAM domain mediates the interaction
of the Eph receptors with signalling effectors such as SH2 domain-
containing inositol 5-phosphatase 2 (SHIP2) [20,21].

The mechanism of Eph receptor activation is unique within
the RTK superfamily, as the rest of the RTKs generally signal
as dimers without forming clusters [22,23]. RTK dimerization
brings the two kinase domains in close proximity, so that they can
phosphorylate and activate each other. In the canonical ‘diffusion-
based’ model of RTK activation [24], RTKs are monomers in the
absence of ligand, but dimerize and cross-phosphorylate/activate
each other upon ligand binding. However, previous work has
identified unliganded RTK dimers [25-29] and thus an alternative
model was proposed, the so-called ‘pre-formed dimer model’
[30]. In this model, the RTKs form dimers in the absence of ligand
and ligand binding induces a structural change in the receptor that
re-orients the catalytic domains for efficient activation. Now it
is established that for some RTKs (such as epidermal growth
factor receptors (EGFRs), fibroblast growth factor receptors
(FGFRs) and tropomyosin receptor kinases (Trk)), the unliganded
dimer is an important signalling intermediate [29-33]. Some
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unliganded dimers are tyrosine phosphorylated and their basal
phosphorylation has been suggested to ‘prime’ the kinase for
rapid activation upon ligand binding [29,30]. Furthermore, the
response of the pre-formed dimers to ligand binding is not limited
by the diffusion of the receptors within the plasma membrane and
is thus faster.

In our exploration of the mechanism of EphA3 activation, in the
present study we use a Forster resonance energy transfer (FRET)-
based approach to investigate if EphA3 can form dimers on the
surface of live cells in the absence of ephrin ligand binding.
The results demonstrate that EphA3 has a strong propensity to
dimerize in the absence of ligand binding. Furthermore, they
show that EphA3 unliganded dimers are stabilized by interactions
involving the SAM domain.

MATERIALS AND METHODS
EphA3 cloning and mutagenesis

Monomeric eYFP was obtained from Professor M. Betenbaugh
(Johns Hopkins University). Monomeric turquoise (mTurq) was a
generous gift from Professor Paul S. Park (Case Western Reserve
University, Cleveland, OH, U.S.A.).

The EphA3 receptors were linked to eYFP and mTurq at their C-
termini via (GGS)s unstructured linkers. The cDNA encoding the
EphA3 receptor was originally cloned in the pIRES2-EGFP vector
as described [6]. We sub-cloned EphA3in the pcDNA3.1(+)
vector (Invitrogen) between the BamHI and EcoRI restriction
sites. We used 5'-GCC CCC GGATCC ACC AGC AAC ATG
GAT TGT CAG C-3' as a forward primer and 5-GGG CCC
GAA TTC CAA CAC GGG AAC TGG GCC-3' as a reverse
primer in the PCR. The PCR products for (i) the (GGS); linker
with mTurq and (ii) the (GGS)s linker with monomeric eYFP
were generated from existing pcDNA 3.1(+) plasmids in the
laboratory, with EcoRI and Xhol restriction sites at the ends using
5'-GCC CCC GAATTC GGA GGA AGT GGC GGA AGT GGC-
3"as aforward primer and 5'-GGG CCC CTCGAG TTACTT GTA
CAG CTC GTC CAT GC-3 as areverse primer. The PCR products
were double digested and ligated into pcDNA 3.1(+4) EphA3
between the EcoRI and Xhol sites to obtain the plasmid constructs
pcDNA 3.1(+ ) EphA3-15aa-mTurq and pcDNA3.1( + ) EphA3-
15aa-eYFP.

To delete the SAM domains from pcDNA 3.1( + ) EphA3-15aa-
mTurq and pcDNA3.1( + ) EphA3-15aa-eYfp, we made use of the
naturally occurring EcoRV restriction site right before the SAM
domain. First, the sequences after the SAM domains, including the
EphA3 C-terminus, the (GGS)s linker and the fluorescent protein
were amplified by PCR using 5'-GCG ATA TCT CAA AGA ATG
GCC CAG TTC C-3' as a forward primer and 5'- ACC CCC CAG
AAT AGA ATG ACA C-3' as areverse primer. Then, the pcDNA
3.1(+) EphA3-15aa-mTurq plasmid and the PCR products were
double digested using the restriction enzymes EcoRV and Xhol.
The double digested PCR products were ligated to obtain the
plasmid constructs pcDNA3.1(+) EphA3 ASAM-15aa-mTurq
and pcDNA3.1(+ ) EphA3 ASAM-15aa-eYFP.

Cell culture and transfection

Human embryonic kidney 293T (HEK293T) cells were purchased
from the A.T.C.C. The cells were cultured in Dulbecco’s modified
Eagle medium supplemented with 10 % FBS (Hyclone), 3.5 g/l
(19.4 mM) D-glucose and 1.5 g/1 (17.9 mM) sodium bicarbonate.
For FRET experiments, the cells were plated in collagen-
coated 35 mm glass bottom dishes (MatTek Corporation). The
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cells were co-transfected with either pcDNA3.1(+) EphA3-
15aa-mTurq and pcDNA3.1(+) EphA3-15aa-eYFP or EphA3
ASAM-pcDNA3.1(+ ) EphA3-15aa-mTurq and EphA3 ASAM-
pcDNA3.1(+) EphA3-15aa-eYFP. Various amounts of DNA,
ranging from 130 to 4 pg, were used for transfection, in order
to achieve a broad range of receptor expression in individual
cells. Transfections were performed using Lipofectamine 3000
(Invitrogen) following the manufacturer’s protocol.

We used HEK293T cells under reversible osmotic stress
as a novel model system to characterize EphA3 dimerization
(Figure 1). To swell the cells, we followed the protocol described
in [34], exposing the cells to hypo-osmotic medium (10 %
medium + 90 % distilled water + 25 mM HEPES) under
conditions ensuring that cell adhesion is preserved so that the
cells can be imaged. Since HEK293 cells are known to express
ephrins that may interact with overexpressed Eph receptors
on neighbouring adherent cells [13], in our experiments we
imaged only isolated membranes not near other cells, as shown
in Supplementary Figure S1in the Supplementary Data. All
experiments were further performed under starvation conditions,
to ensure that no soluble ephrin-A ligand is present and that
unliganded EphA3 dimerization is studied.

Two-photon microscopy

A spectrally resolved two-photon microscope with line-scanning
capabilities was used to acquire spectral images as described
previously [35,36]. A MaiTai femtosecond mode locked laser
(Spectra- Physics) was used as the excitation energy source.

Measurement of dimerization propensity

In the two-photon microscope, we measure the donor intensity
in the presence of the acceptor, F™*, as well as the acceptor
intensity F*, as described in [35,37,38]. This is accomplished by
performing two scans. In the first scan, we excite the donor with
minimal acceptor excitation (800 nm) and in the second scan we
excite the acceptor only (960 nm). As described in [35], we then
calculate the FRET efficiency E and the intensity of the donor,
FP, as if no FRET occurred, using the following equation:

ey

Next, the FRET efficiency E is corrected for the so-called
‘proximity FRET’, which occurs when donors and acceptors
approach each other by chance within distances of 100 A (1
A = 0.1 nm) or so without engaging in specific interactions. This
correction, which is required for membrane proteins, has been
discussed in detail and experimentally verified [39].

To calculate donor and acceptor concentrations, [D] and [A]
from F® and F*, we image solutions of purified fluorescent
proteins of known concentrations in order to calibrate the
fluorescence intensity of the EphA3 receptors as discussed in
previous publications [40,41]. We determine the acceptor fraction
as:

[A]

= 2
[D] +[A] @

XA

The dimeric fraction is determined from the corrected FRET
efficiency according to:

E
fD: )CAE (3)
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Figure 1
osmotic stress [34]

The results are in agreement with the complete reversibility of the treatment reported previously [34].

The constant E in eqn (4) is the ‘intrinsic FRET’, a structural
parameter that depends only on the separation and the orientation
of the two fluorescent proteins in the dimer, not on the
dimerization propensity. The dependence of the intrinsic FRET,
E, on the distance between the fluorescent proteins in the dimer,
d, is given by:

1
y 6
1+ (£)
where R, is the Forster radius for the mTurq—YFP FRET pair,
54.5 A. Based on the law of mass action, the dimeric fraction can
be written as a function of the total receptor concentration, 7 and
the 2D dissociation constant K, according to eqn (5):

=t (T _ K (w/l 8T/ K — 1)) (5)

T 4

E= @)

We use eqns (3) and (5) to fit the measured dimeric
fractions while optimizing for the two adjustable parameters: the
dissociation constant K. and the intrinsic FRET E.

The Gibbs free energy of dimerization is calculated according
to:

AG = RT In(K4) (6)

with the standard state defined as 1nm?*/receptor [41].

Western blots

For Western blots, 4 x 105 HEK293T cells per dish were
transfected with 0.05-2 ug of pcDNA3.1(+) EphA3-15aa-
eYFP or EphA3 ASAM-pcDNA3.1(+) EphA3-15aa-eYFP.
Transfection was performed using Lipofectamine 3000 following
the manufacturer’s protocol. Twenty four hours post transfection,
cells were lysed in lysis buffer (25 mM Tris/Cl, 0.5 % Triton
X-100, 20 mM NaCl, 2 mM EDTA, phosphatase inhibitors and
protease inhibitors; Roche Applied Science). The lysed samples

swollen post-swelling

Images of HEK293T cells expressing full-length EphA3 (top) and EphA3 ASAM (bottom) before, during and after the application of reversible

were subjected to centrifugation at 15000 g for 15 min at 4°C.
The lysates were collected and stored at —20°C. The total
protein concentrations in the lysates were measured using the
BCA Protein Assay Kit (BioRad). The same total protein
amounts were loaded on 3 %-8 % NuPAGE"Novex"Tris-Acetate
mini gels (Invitrogen) and the proteins were separated using
SDS/PAGE. The proteins were transferred on to a nitrocellulose
membrane and blocked using 5 % non-fat milk in 1 x TBST. Total
EphA3 expression was probed with anti-N-EphA3 antibodies
(Santa Cruz Biotechnology). The membranes were then stripped
and re-probed with anti-phospho-Y779-EphA3 antibodies (Cell
Signaling) to measure EphA3 phosphorylation. The secondary
antibodies were anti-rabbit horseradish peroxidase-conjugated
antibodies (Promega). The membranes were incubated with
Amersham ECL Plus™ Western Blotting Detection Reagent (GE
HealthCare Life Sciences) for 2 min and the bands were visualized
in a ChemiDoc Molecular Imager (Bio-Rad). The intensities of the
bands were quantified with the ChemiDoc Quantity One software.

RESULTS
EphA3 forms dimers in the absence of ligand binding

We have previously shown that dimerization curves for membrane
receptors can be measured in plasma membrane vesicles, derived
from mammalian cells, using FRET [42,43]. This model system
offers a critical advantage over live cells by allowing precise
measurements of the 2D concentration of the receptors, which
is known to govern the dimerization behaviour according to the
law of mass action. On the other hand, the plasma membrane
of live cells is highly ‘wrinkled’, as cells possess 2-3 times
the membrane surface needed to sustain their shape [44,45].
The complex membrane topology prevents the conversion of
effective 3D receptor concentrations, determined by comparing
the fluorescence intensities with standard solutions of known
concentrations, into 2D receptor concentrations within the plasma
membrane. It has been previously shown, however that cells
‘un-wrinkle’ their membranes in a reversible manner [34] when
subjected to controlled osmotic stress. This controlled osmotic
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stress is not lethal and leads to disassembly of the caveolae, which
are 60-80 nm cup-shaped invaginations of the plasma membrane.

In the present study, we use HEK293T cells under reversible
osmotic stress to study whether the EphA3 receptor forms dimers
in the plasma membrane of live cells in the absence of ligand
binding to the ephrin-binding pocket. The two-photon images
in Figure 1 demonstrate the reversibility of the osmotic stress
effect on cells expressing EphA3. The pre-swelling images
were captured after cell starvation for 12 h. The dish was then
removed from the microscope stage and the starvation medium
was replaced with swelling medium (10 % medium + 90 %
distilled water + 25 mM HEPES). After 5 min, the swollen cells
were imaged again. After ~2 h (a typical length of an imaging
session), the swelling medium was replaced with starvation
medium and the cells were placed in the incubator. After 2 h
more, the post-swelling images of the cells were recorded. They
are indistinguishable from the pre-swelling images (Figure 1),
consistent with prior reports of complete reversibility [34].

The cells under reversible osmotic stress exhibit large areas
of stretched membrane with homogeneously distributed EphA3
fluorescence (Supplementary Figure S1in the Supplementary
Data), such that EphA3 concentration in the plasma membrane
can be calculated, along with the FRET efficiencies. This allows
us to calculate two parameters that describe EphA3 dimerization
[41,46]. The first parameter is the dissociation constant, K,
which is used to calculate the dimer stability or dimerization free
energy AG. The second parameter is the structural parameter
‘intrinsic FRET’, E [41,47,48], which depends on the dimer
structure and in particular on the distance and orientation of the
fluorescent proteins in the dimer.

We used full-length EphA3 tagged at the C-terminus with the
fluorescent proteins mTurq or eYFP, which are a FRET pair,
via a (GGS)s flexible linker. This linker has been previously
shown to not perturb dimerization [47] and to lack secondary
structure [49] and was used to ensure free rotation of the
fluorescent proteins. HEK293T cells were co-transfected with
plasmids encoding EphA3-eYFP and EphA3-mTurq at a 1:3
ratio, while varying the total amount of plasmids. After receptor
expression, reversible osmotic stress was applied and images of
the swollen cells were captured in the two-photon microscope.
For data analysis, regions of homogenous, diffraction-limited
membrane fluorescence of approximately 3 pm in length were
chosen and analysed (Supplementary Figure S1). FRET efficiency
and donor and acceptor concentrations were calculated for
each region. Because EphA3 expression levels after transient
transfection vary from cell to cell, a wide range of receptor
concentrations were sampled. Two hundred and seven individual
cells expressing various levels of EphA3 were imaged in five
independent experiments and the images were analysed to
construct a dimerization curve.

The FRET efficiencies measured for full-length EphA3 are
shown in Figure 2(A) (black symbols), with each data point
representing a single membrane region. Figure 2(B) shows the
donor concentration versus the acceptor concentration in each
membrane region. From the FRET efficiencies and the donor
to acceptor ratios in Figures 2(A) and 2(B), we calculated the
EphA3 dimeric fraction at each receptor concentration following
the step-by step protocol described in [41]. A model describing the
equilibrium between EphA3 monomers and dimers was fitted to
these data according to eqn 5, yielding the dimerization curves in
Figure 2(C), as described in published work [50-53]. The fit also
yielded the optimal dissociation constant K and the intrinsic
FRET constant E and their 95 % confidence intervals (Table 1). In
Figure 2(C), the dimeric fractions are binned and the averages and
standard errors are shown together with the best-fit dimerization
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Figure 2 FRET measurements of EphA3 dimerization propensities

(R) FRET as a function of acceptor concentration for full-length EphA3 (solid black symbols)
and EphA3 lacking the SAM domain (open red symbols). Every data point represents a single
membrane region. (B) EphA3 donor concentration plotted as a function of EphA3 acceptor
concentration in each membrane region analysed. (G) Dimeric fraction as a function of receptor
concentrations. The dimeric fractions are binned and averages and standard errors are shown for
each bin. The solid line, given by fp = %(T — %(\/1 + 8T /K giss — 1)), is the theoretical
curve for the best-fit dimerization model. The full-length EphA3 receptor forms dimers in the
absence of ligand binding (black). Deletion of the SAM domain decreases the dimerization
propensity of the EphA3 receptor (red).

curve. The data closely follow the dimer prediction over the
entire receptor concentration range, suggesting that EphA3 forms
dimers in the absence of ligand binding.

To further confirm that EphA3 forms dimers, we plotted
the FRET efficiency as a function of acceptor fraction, x,,
under conditions where dimerization does not strongly depend
on concentration (Figure 3). In particular, we selected data
points corresponding to membrane regions in which EphA3
concentration exceeded 600 receptors/um?, such that the dimeric
fractions in these regions are fairly constant (between ~80 %
and ~90 %, as shown in Figure 2C). Under these conditions, the
dependence of FRET efficiency on the acceptor fraction is known
to be linear for a dimer and non-linear for higher order oligomers
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Table 1 Parameters describing the stability and structure of EphA3
unliganded dimers

K5 is the dissociation constant (receptors/um?), AG is the dimerization free energy, £ is
the intrinsic FRET efficiency and d is the calculated distance between the fluorescent proteins
in the EphA3 dimers. Ky and £ are determined from a fit of the dimerization model to the
FRET data and the uncertainties are the 95 % confidence intervals from the fit. AG and d are
calculated using eqns (6) and (4) respectively. Deletion of the EphA3 SAM domain increases
the dissociation constant by an order of magnitude, corresponding to a dimerization free energy
change of — 1.3+ 0.3 kcal/mole.

Kgss (rec/um?)  AG (kcal/mol) £ d (k)
EphA3 55+ 16 —58+02 0.60+0.03 50+1
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Figure 3 FRET as a function of receptor acceptor fraction, for total EphA3
concentrations that exceed 600 receptors/um?

Under these conditions, the EphA3 receptors are ~80%-90% dimeric and the FRET signal
depends primarily on the acceptor fraction. The linear dependence is indicative of a dimer
[54-56].

[54-56]. We see that the data in Figure 3 are well described by a
linear function (P < 0.001), a finding that lends further support to
the conclusion that EphA3 forms dimers in the absence of ligand
binding.

The 2D dissociation constant, K, calculated for EphA3 is 55
receptors/um? (Table 1). This value and the dimerization curves
in Figure 2(C) allow us to directly evaluate the physiological
relevance of EphA3 dimerization using reported values of
EphA3 expression in cancer lines. For example, the human
acute lymphoblastic pre-B (LK63) pre-B leukaemia cell line has
been reported to express 20000-80000 EphA3 receptors per cell
[11,57]. Using an estimated cell area of ~400 um? [58,59], we
calculate receptor densities in the range of 50-200 receptors per
um?. This concentration range, bracketed by the two arrows in
Figure 2(C), matches or exceeds the measured 2D dissociation
constant of 55 receptors/um? (Table 1). Therefore, a substantial
fraction (50 %-70 %) of the EphA3 receptor is dimeric in this
concentration range (Figure 2C). Thus, EphA3 dimerization can
be very significant at physiological receptor expression levels.

A question may arise as to whether the interactions between
EphA3 receptors in the membrane are modulated by ephrin-
A ligands co-expressed on the cell surface, through ligand—
receptor interactions in cis [60]. There are reports that ephrin-
A3 is expressed in HEK293T cells [61], although at low levels
that are not detectable by Western blotting. In addition, in our

experiments the dimerization curves are measured over a broad
range of EphA3 concentrations, including very high EphA3
concentrations. As a consequence, there probably is a large excess
of EphA3 over ephrin-A molecules in the plasma membrane and
thus ephrin-A effects are expected to be negligible. Nevertheless,
to experimentally address this issue we measured EphA3
dimerization curves in cells treated with phosphatidylinositol-
specific phospholipase C (PI-PLC), which is known to remove
glycosylphosphatidylinositol (GPI)-anchored proteins such as
ephrin-As from the cell surface. We have previously shown by
Western blotting that a 4 h PI-PLC treatment of cells expressing
high ephrin-A levels efficiently removes these GPI-linked ligands
[60]. In addition, a 4h PI-PLC treatment also completely
eliminated the fluorescence of GPI-anchored YFP transiently
transfected in HEK293T cells, demonstrating the effectiveness of
GPI-linked protein removal from the cell surface (Figure 4A). We
therefore performed the FRET experiments after treating the cells
with PI-PLC for 4 h and then inducing swelling (Figure 4B). These
dimerization curves are essentially identical with those previously
obtained without PI-PLC treatment, demonstrating that EphA3
dimerization in our experiments is not affected by the presence of
ephrin-A ligands (Supplementary Table S1 in the Supplementary
Data).

We further reasoned that if EphA3 dimers exist and are
phosphorylated, the phosphorylation per receptor should increase
with the increase in receptor expression, similarly to the increase
in dimeric fraction. We therefore used Western blotting to
assess EphA3 phosphorylation in the absence of ligand, as a
function of receptor expression, using antibodies recognizing
the phosphorylated Tyr”” motif in the EphA3 activation loop.
One typical Western blot is shown in Figure 5(A) and a
quantification based on four independent experiments is shown
in Figure 5(B). These results demonstrate higher levels of EphA3
phosphorylation when receptor expression is higher, consistent
with the FRET results.

Deletion of the EphA3 SAM domain decreases EphA3 dimerization

Given the fact that SAM domains are known to mediate protein—
protein interactions, we investigated if the EphA3 SAM domain
contributes to EphA3 dimerization in the absence of ligand
binding. We therefore characterized the dimerization propensity
of EphA3 lacking the SAM domain (EphA3 ASAM). We
analysed 291 individual cells with various levels of EphA3 ASAM
expression, in five independent experiments. The comparison
of the raw FRET measurements for EphA3 ASAM (red open
symbols in Figure 2A) and full-length EphA3 (black solid
symbols) suggests that EphA3 dimerization is substantially
decreased in the absence of the SAM domain. The dimerization
curves in Figure 2(C) demonstrate a highly significant (P < 0.001)
decrease in dimerization upon the deletion of the SAM domain,
with the dissociation constant increasing by an order of magnitude
(Table 1). Over the physiologically relevant EphA3 concentration
range (50-200 receptors per pm?), the dimeric fraction is
reduced from 50 %—-70 % down to 15 %—40 % upon the deletion
of the SAM domain. These results demonstrate that EphA3
unliganded dimers are stabilized by receptor—receptor interactions
that involve the SAM domain.

Deletion of the EphA3 SAM domain decreases EphA3 tyrosine
phosphorylation

We probed lysates expressing full-length EphA3-eYFP and
EphA3 lacking the SAM domain (EphA3 ASAM-eYFP) with
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Figure 4 PI-PLC treatment does not alter the dimerization propensity of EphA3 and EphA3 ASAM

(A) In control experiments, PI-PLC treatment completely cleaves YFP-GL-GPI [76] from the surface of HEK293T cells. (B) Dimerization curves with and without PI-PLC treatment.

antibodies recognizing the phosphorylated Tyr’” motif in the

EphA3 activation loop. The cells were placed in fresh medium
without serum to ensure that there was no soluble ligand present.
The results in Figure 6 show that the tyrosine phosphorylation
of eYFP-labelled EphA3 ASAM is ~40% lower than full-
length EphA3 phosphorylation, whereas Supplementary Figure
S2 shows a similar decrease in phosphorylation for mTurg-
labelled EphA3 ASAM. Thus, deletion of the SAM domain
decreases tyrosine phosphorylation of the EphA3 receptor. This
is consistent with a role of the SAM domain in promoting EphA3
dimerization and tyrosine phosphorylation.

DISCUSSION

Whereas most RTKs have been long believed to dimerize only
in response to ligand binding, new knowledge is emerging
that some RTKs can form dimers in the absence of ligand
[25-29]. Whereas unliganded RTK dimerization is sometimes
overlooked, its importance can be profound. First, various cancers
have been linked to dysregulation of unliganded dimerization
due to RTK overexpression [62-70]. Second, some pathogenic
RTK mutations have been shown to cause aberrant signalling
by increasing RTK unliganded dimerization [69,71,72]. Third,
previous work has demonstrated that unliganded dimerization
potentiates the response of RTKs to their ligands [29,30].

In the present study, we present the first study of unliganded
dimerization of the EphA3 receptor in cells. Dimerization of
unliganded Eph receptors has been previously surmised based
on information under the high Eph receptor concentrations

© 2015 Authors; published by Portland Press Limited

present in crystals [15] and we now show that EphA3 forms
dimers in the absence of ligand at physiologically relevant
EphA3 concentrations. Therefore, the ‘pre-formed dimer’ model,
previously shown to be relevant for many RTKSs, such as EGFR,
fibroblast growth factor (FGF) and Trk receptors [29-33], is also
relevant for EphA3. This implies that the Eph receptors exhibit a
mode of activation that shares some similarities with other RTKs.

Our results suggest that EphA3 unliganded dimers are an
intermediate in the EphA3 activation process. The data further
suggest that in response to ligand binding, EphA3 clusters are
assembled from pre-formed EphA3 dimers, not just EphA3
monomers. In fact, EphA3 is predominantly dimeric for typical
EphA3 concentrations that are physiologically relevant and
thus clustering in some cases may occur predominantly via
ligand-induced lateral association of pre-formed EpA3 dimers.
Therefore, the ‘seeding mechanism’ of Eph receptor cluster
formation is probably incomplete, as it does not take into account
the formation of unliganded dimers.

Our work further uncovers a novel role of the SAM domain
in Eph receptor interactions. In particular, we find that the
dimerization of the EphA3 receptor is significantly inhibited
when the SAM domain is deleted, demonstrating that EphA3
dimers are stabilized by contacts that involve the SAM domain.
Furthermore, the deletion of the SAM domain leads to a decrease
in EphA3 phosphorylation in the absence of ligand. Interestingly,
two EphA3 non-sense somatic mutations identified in lung cancer
result in a truncated receptor lacking part or most of the SAM
domain [73,74]. These mutations and possibly other EphA3
cancer mis-sense mutations affecting residues in the SAM domain
(www.cbioportal.org), could decrease the tumour suppressing
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Figure 5 The average EphA3 receptor phosphorylation increases with
expression levels, supporting the idea of EphA3 dimerization in accord with
the law of mass action

(A) Western blots showing the expression and activation of EphA3-eYFP as a function of DNA
amounts used for transfection. (B) Quantification of EphA3 phosphorylation as a function of
DNA amounts used for transfection, from four independent experiments. Shown is the ratio of
anti-p-Tyr’® antibody staining and anti-EphA3 antibody staining, as a measure of the average
receptor phosphorylation.

effects of EphA3 signalling by inhibiting dimerization and
phosphorylation of the unliganded EphA3 receptor [6,75]. Thus,
the discovery that the EphA3 receptor can be predominantly
dimeric in live cells in the absence of ligand binding offers a
new mechanistic hypothesis for how these mutations contribute
to cancer progression.
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