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Background:Monomeric ephrinA1 exhibits anti-tumor activity and possesses a class-characteristic G-H loop for receptor
binding.
Results:Alanine-scanning mutagenesis of the G-H loop revealed amino acids with specific contributions to the function of the
ligand.
Conclusion:Our results document a critical importance of the G-H loop for ephrinA1 tumor-suppressing activity.
Significance:More potent anti-tumor isoforms of ephrinA1 can be generated.

The EphA2 receptor is overexpressed in glioblastoma multi-
forme and has been to shown to contribute to cell transforma-
tion, tumor initiation, progression, andmaintenance. EphrinA1
(eA1) is a preferred ligand for the receptor. Treatment with
monomeric eA1, the formof eA1 found in the extracellular envi-
ronment, causes receptor phosphorylation, internalization, and
down-regulation with subsequent anti-tumor effects. Here, we
investigated the structure-function relationship of amonomeric
eA1 focusing on its G-H loop (108FQRFTPFTLGKEFKE123G), a
highly conserved region among eAs that mediates binding to
their receptors. Alanine substitution mutants of the G-H loop
amino acids were transfected into U-251MG glioblastomamul-
tiforme cells, and functional activity of each mutant in condi-
tionedmedia was assessed by EphA2 down-regulation, ERK and
AKT activation and cellular response assays. Alanine substitu-
tions at positions Pro-113 Thr-115, Gly-117, Glu-122, and also
Gln-109 enhanced the EphA2 receptor down-regulation and
decreased p-ERK and p-AKT. Substitution mutants of eA1 at
positions Phe-108, Arg-110, Phe-111, Thr-112, Phe-114, Leu-
116, Lys-118, Glu-119, and Phe-120 had a deleterious effect on
EphA2 down-regulation when compared with eA1-WT.
Mutants at positions Phe-108, Lys-18, Lys-121, Gly-123
retained similar properties to eA1-WT. Recombinant eA1-
R110A, -T115A, -G117A, and -F120A have been found to
exhibit the same characteristics as the ligands contained in the
conditioned media mainly due to the differences in their bind-
ing to the receptor. Thus, we have identified variants of eA1 that

possess either superagonistic or antagonistic properties. These
new findings will be important in the understanding of the
receptor/ligand interactions and in further design of anti-can-
cer therapies targeting the eA/EphA system.

The Eph receptors constitute the largest classified family of
vertebrate receptor-tyrosine kinases. The interaction between
the Eph receptors and their ligands, the ephrins, regulates cel-
lular repulsion and adhesion, an effect that plays a major
instructive role in tissue patterning, neuronal targeting, and
vascular and neuronal development during embryogenesis
(1–3) aswell as neuronal plasticity and regeneration in the adult
central nervous system (4–7). Similar to other receptor-tyro-
sine kinases, Ephs and ephrins have also been implicated in
carcinogenesis, assuming critical roles in oncogenic transfor-
mation, metastasis, and angiogenesis (8–10). Accordingly,
Ephs and ephrins have been shown to be overexpressed in a
variety of solid tumors (11–13), including breast (14, 15), pan-
creas (16), gastric (17), colorectal (18), prostate (19), and brain
(20, 21).
Eph receptors and ephrin ligands are classified into A and B

classes according to their sequence homology. There are nine
EphA receptors encoded in the human genome that bind to five
glycosylphosphatidylinositol-anchored class A ephrins (eAs)5
and five EphB receptors that bind to three transmembrane-
tethered ephrinB ligands (2, 3). In general, binding within each
class is prominent; however, interclass interactions such as the
binding of eA5 to EphB2 or ephrinB2 to EphA4 (22, 23) have
been documented. Eph receptors and ephrin ligands are unique
in that their binding results in bidirectional signaling that
affects the Eph-expressing cell (forward signaling) and the eph-
rin-expressing cell (reverse signaling) and often involves signal-
ing pathways with opposite effects, e.g. cellular adhesion versus
repulsion (3, 24).
Our laboratory has documented that the EphA2 receptor,

but not its preferred ligand eA1, is prominently overexpressed
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in the highly aggressive and lethal primary brain tumor glio-
blastoma multiforme (GBM). Moreover, EphA2 overexpres-
sion in GBM has been significantly linked to malignancy grade
(20, 21), malignant progression (25), and patient survival (26,
27). Thus, the EphA2 receptor represents an attractive molec-
ular target for therapeutic and diagnostic/imaging applications
for GBM.We have also shown that eA1-Fc, a recombinant sol-
uble homodimer of eA1, induces EphA2 phosphorylation,
internalization, and subsequent down-regulation thatmediates
the reversal of several of the malignant properties of GBM
cells, i.e. invasion, migration, and anchorage-independent
growth (20).
This effect was also observed when eA1 was ectopically

expressed in GBM cells; however, in this case eA1 was being
released into the extracellular environment as a soluble, mono-
meric protein capable of mediating its effects in a paracrine
manner (28). Importantly, this finding supports the develop-
ment of a soluble, monomeric eA1-based ligand that may be
used as a vector for targeted delivery of therapeutic or imaging
agents to GBM tumors. With that in mind, we have recently
conjugated a bacterial toxin to eA1-Fc and demonstrated
remarkable EphA2-specificity and cytotoxic potency of this
conjugate on GBM cells (29). Taken together, these observa-
tions prompted us to study the structure-function relationship
of wild type (WT) eA1 by generating structural mutants by
site-directed mutagenesis and analyzing their effect on EphA2
down-regulation as a readily measured functional end point of
their activity.
In general, the structure of eA ligands is a variation of the

Greek key �-barrel-fold with parallel and anti-parallel
�-strands that are connected by several highly flexible loops

(30–32). Of particular importance for receptor binding is the
conserved G-H loop (Fig. 1A). This loop for eA1 packs within a
surface pocket of the N-terminal ligand binding domain of
EphA2 (Fig. 1B). In this work the G-H loop of eA1 (residues
108–123) was subjected to alanine-scanningmutagenesis in an
effort to identify variants that alter cellular effects. Most vari-
ants had either no or deleterious consequences on EphA2 bind-
ing. At least three variants within the turn of the loop (P113A,
T115A, and G117A) had increased activity when compared
with eA1-WT. These improved variants should help in the
design of more potent anti-tumor agents based on eA1.

EXPERIMENTAL PROCEDURES

Cell Culture—GBMcell linesU-251MG,U-373, and SNB-19
were obtained from the American Type Culture Collection
(Manassas, VA). U-251MG cells were grown in DMEM � glu-
tamine, 10% (v/v) FBS, 0.1mmol/liter nonessential amino acids,
and 1% (v/v) penicillin/streptomycin. eA1-mutant cell lines,
which are derived from the U-251 MG parental cell line, were
grown in the above medium supplemented with 200 �g/ml
Geneticin. U-373 cells were grown inMEM, 10% (v/v) FBS, and
1% (v/v) penicillin/streptomycin, and SNB-19 cells were grown
in RPMI, 10% (v/v) FBS, 0.1 mmol/liter nonessential amino
acids, sodium pyruvate, and 1% (v/v) penicillin/streptomycin.
All cultures were maintained at 37 °C and 5% CO2.
Alanine-scanning Mutagenesis—eA1 mutants were pre-

pared using a transformer site-directed mutagenesis kit from
Clontech (Mountain View, CA) and an eA1-pcDNA3.1� plas-
mid generated from full-length human ephrin mRNA obtained
from human umbilical vein endothelial cells using specific
primers for the eA1 gene. Mutagenesis and selection primers

FIGURE 1. The eA1 G-H loop and its interaction with EphA2. A, sequence alignment of the G-H loop of human eA ligands. The residues indicated in red are
conserved. Blue shading indicates the most common residue or residues with comparable biophysical properties. The G and H �-strands are indicated by green
arrows. B, structure model of the eA1-EphA2 complex. The G-H loop of eA1 (green) docks within a surface cavity of the ligand binding domain of the EphA2
receptor (white). The side chains of the G-H loop are highlighted in light blue (PDB 3CZU (31)). The figure was produced using PyMOL (The PyMOL Molecular
Graphics System, Version 1.3, Schrödinger, LLC.).
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used are listed in supplemental Table S1. BMH71-18 mutS
chemically competent Escherichia coli cells were then trans-
formedwithmutant ephrinA1 plasmids and cultured overnight
at 37 °C with shaking at 280 rpm; plasmid DNA was subse-
quently isolated with aQiaprepminiprep kit (Qiagen, Valencia,
CA). Sequence-verified eA1-mutant plasmids (Wake Forest
University DNASequencing Laboratory) were then transfected
into U-251 MG cells as described below.
Transfection Experiments—Mutant plasmids were trans-

fected into U-251 MG glioma cells in Opti-MEM (Invitrogen)
using Lipofectamine 2000 (Invitrogen) as per the manufactur-
er’s instructions. After 24 h, Opti-MEM media was replaced
with growth medium containing 20% FBS and then again, 24 h
later, with 10% FBS growth medium. Forty-eight hours later
cells were split into 100-mm2 dishes and selected with growth
medium containing 800 �g/ml Geneticin. Individual clones
were isolated with cloning rings, transferred into a 24-well
plate, andmaintained in growthmediumwith 200�g/mlGene-
ticin. Mutant eA1 expression in the cell media of clones was
verified by eA1 immunoblotting, and high-expressing clones
were further cultured in growthmediumwithout Geneticin for
at least 48 h to obtain conditioned media for EphA2 down-
regulation assays.
EphA2Down-regulation Assay—U-251MGcells were grown

to 60% confluence in 60-mm dishes at 37 °C, 5% CO2, and sub-
sequently dosed with conditioned media containing equivalent
amounts of wild type eA1 or mutant eA1 as evaluated by eA1
Western blotting and densitometry analysis. For determination
of the effect of all the mutants together on EphA2 down-regu-
lation and activation of AKT and ERK as well as in the migra-
tion/cell morphology assays, eA1 was measured by ELISA (see
below). Negative controls for these experiments included fresh
media and conditioned media from vector-transfected U-251
MGcells, whereas positive controlswere recombinant homodi-
meric eA1-Fc at 1�g/ml (R&DSystems,Minneapolis,MN) and
wild type eA1-conditioned media. U-251 MG cells were incu-
bated for 24 h at 37 °C, 5% CO2 with the corresponding condi-
tioned media or controls before obtaining cell lysates.
Sandwich ELISAAnalysis of eA1 in ConditionedMedia (CM)—

eA1 inCMwas determined using a sandwich ELISA assay. CMs
were collected from subconfluent monolayers of U-251 MG
parental and vector-, WT-, and mutant eA1-transfected cells.
Media were centrifuged for 5 min �1000 rpm to pellet any
insoluble debris, and supernatant was collected. A 96-well plate
was coated with 5 �g/ml polyclonal goat anti-mouse human
eA1 (R&D Systems), blocked in 5% milk, and incubated with
serial concentrations of eA1-Fc (R&D Systems) or CM. Detec-
tion was achieved using a primary antibody against human eA1
(clone V18, Santa Cruz Biotechnology, Santa Cruz, CA) fol-
lowed by HRP-conjugated anti-rabbit secondary antibody
and 2,2�-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS). Detectionwas performed at 405 nm. Both primary and
secondary antibodies were raised against epitopes outside of
the eA1 GH-loop and thus enable detection of eA1 GH-loop
mutants. A standard curve was constructed using the signals
corresponding to the eA1-Fc serial dilutions, and mutant eA1
content in CM was calculated.

ConditionedMedia Treatment of U-251MGCells—Subcon-
fluent cultures of U-251 MG cells were grown in 60-mm2

dishes. Cells were treated with conditioned media dilutions
based on the results from the sandwich ELISA assay, recombi-
nant mouse eA1/Fc chimera (R&D Systems), or conditioned
growth media control for the indicated times. Cells were pho-
tographed by phase contrast microscopy with a 20� objective
lens, and images were processed using Photoshop (Adobe Sys-
tems). Cell lysates were collected and used for Western
blotting.
Western Blotting—Cell lysates were prepared by washing

treated U-251 MG cells with PBS and lysed in radioimmuno-
precipitation assay buffer (0.5% (w/v) sodium deoxycholate,
0.1% (w/v) sodium dodecyl sulfate, 0.5% (w/v) Igepal in 10 mM

phosphate-buffered saline) containing mammalian protease
inhibitor mixture and 0.5% v/v sodium vanadate (Sigma). Cell
lysates were separated by SDS-PAGE in 10% polyacrylamide
gels (EphA2/actin immunoblotting) or 12% polyacrylamide
gels (ephrinA1-immunoblotting for conditioned media) and
then transferred to a polyvinylidene difluoride membrane
(Pierce).Membraneswere subsequently blocked (5% (w/v)milk
in PBS containing 0.05% (v/v) Tween 20 (Sigma)) for at least 1 h
at room temperature and then incubated overnight at 4 h with
shaking with the appropriate primary antibodies including
anti-EphA2 clone D7 at 1:1000 (Santa Cruz Biotechnology),
anti-�-actin diluted at 1:50,000 (Sigma), anti-ephrinA1 clone
V18 at 1:300 (Santa Cruz Biotechnology), anti-phospho-p44/42
MAPK (ERK1/2) (Thr-202/Tyr-204) XPTM, anti-p44/42
MAPK (Erk1/2), anti-phospho-AKT (Se-r473) XPTM, anti-Akt
(Cell Signaling Technology, Danvers, MA), and anti-� tubulin
(Thermo Scientific, Fremont, CA). After three 5-min washes in
0.05% (v/v) Tween 20 in PBS, membranes were incubated with
secondary antibody conjugated to horseradish peroxidase (goat
anti-mouse IgG or goat anti-rabbit IgG) at a dilution of 1:5000
in blotto for 1 h at room temperature with shaking.Membranes
were then again washed three times with 0.05% (v/v) Tween 20
in PBS, and proteins were detected using the Enhanced Chemi-
luminescence Plus Western blotting detection system (Amer-
sham Biosciences). Membranes were subsequently exposed to
BioMax XAR autoradiographic film (Eastman Kodak Co.) for
10–20 s. Films were scanned at a resolution of 600 dpi using a
HP ScanJet3979 and Adobe Photoshop 5.0 Software. Densi-
tometry analysis was conducted using Image J Software
(National Institutes of Health).
Migration Assay—Wounds were made in a confluent mono-

layer of U-251 MG cells with a sterile 200-�l tip, and growth
media containingWTandmutant eA1was added. Conditioned
growth medium from untransfected cells was used as the neg-
ative control, whereas eA1-Fc (1�g/ml) was added as a positive
control. Phase contrast microscopy pictures were taken of the
same field at 0, 8, 16, and 24 h. Distance of thewound in�mwas
measured in five places for each of three wounds for each treat-
ment or cell type at each time point using ImagePro Plus soft-
ware, and the percent wound closure over 24 h was calculated
for graphical representation.
Production of Recombinant Variants of eA1—Recombinant

eA1-WT and its variants R110A, T115A, G117A, and F120A
were produced using the baculovirus expression vector system
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from BD Biosciences. eA1 (19–175) WT, one of the forms of
eA1 that we identified in the media of cancer cells (unpub-
lished) and the four eA1 mutants were amplified by PCR using
the forward primer 5�-TATAGGATCCCATCACCATCAC-
CATCACGATCGCCACACCGTC-3� (BamHI restriction site
and the coding sequence for the N terminus Histidine tag), and
the reverse primer 5�-CACGAATTCCTATTATTAAAC-
CCGCACCTCTGGGTCATC-3� (EcoRI restriction site and
stop codons). The amplified fragments were cloned into
BamHI-EcoRI sites in the Baculovirus transfer vector
pAcGP67-B (BD Biosciences) and sequenced. This vector car-
ries the gp67 Baculovirus-encoded secretion signal sequence
upstream the MCS forcing the secretion of the recombinant
proteins. The generated recombinant bacmids pBeA1, pBeA1-
110, pBeA1-115, pBeA1-117, and pBEe1-120, respectively,
were amplified in E. coli DH5� cells.

Sf9 insect cells were co-transfected with pBEA1, pBeA1-110,
pBEA1-115, pBEA1-117, and pBEA1-120 recombinant bac-
mids and the linearized BaculogoldTM Baculovirus DNA (BD
Biosciences) using the BaculogoldTM Transfection kit (BD Bio-
sciences) following the instructions of the supplier. Infectious
recombinant baculoviruses were amplified two times in BD
BaculogoldTM MaX-XP Serum-free Insect Cell Medium (BD
Biosciences) in Sf9 serum-free media-adapted cells at 27 °C for
5 days to obtain high titer virus stocks. Sf9 cells, serum-free
media-adapted, were infected with high titer virus stocks and
grown at 27 °C for 5 days to produce the recombinant proteins.
Sf9-baculovirus infected media containing the recombinant

proteinswere collected, and floating cells were removed by cen-
trifugation (at 3000 � g for 10 min). Supernatant was filtered
through a 0.22-�mpore filter, 0.1 M ureawas added, and the pH
was adjusted to 7.4. The His6-tagged recombinant proteins
were purified by affinity chromatography with HisTrap HP
affinity column (GE Healthcare). The column was equilibrated
in bufferA (50mMNaH2PO4�H2O, 150mMNaCl, pH7.4). After
loading, the column was washed with 10 column volumes of
buffer A, and the recombinant proteins were eluted with a step
gradient with buffer B (50 mM NaH2PO4�H2O, 300 mM NaCl,
250mM imidazole, pH 7.4). Recombinant proteins were filtered
(0.22 �m) and stored at �20 °C.
Surface Plasmon Resonance Assay—Binding interactions

between eA1 (wild type and mutants) and EphA2 were mea-
sured by surface plasmon resonance in a BIAcore T100 instru-
ment (33, 34). Recombinant human EphA2 receptor (R&D Sys-
tems) was immobilized on the dextran matrix of a CM5
biosensor chip using amine coupling chemistry (29�g/ml at pH
4) to achieve a sparse monolayer in the sample chamber
(5991 � 139 response units (RU), n � 3) and a blank immobi-
lization in the reference chamber. Unreacted sites in both
chambers were blocked with ethanolamine. All surface plas-
mon resonance procedures were carried out at 25.0 °C.
Binding curves were obtained with eA1 monomer (0–3000

nM) and dimer (0–2400 nM) by delivering aliquots of each pro-
tein in HEPES-buffered saline, pH 7.4, to both sample and ref-
erence chambers at 30 �l/min. RU versus time profiles were
monitored for 700 s during the binding step; dissociation was
then monitored for 1500 s as buffer was delivered. Bound
ligands were removed by regeneration with 1 M NaCl followed

by 0.1% SDS. Time-dependent changes obtained with buffer
delivery were subtracted from each protein binding profile
(sample � reference RU signals) to obtain double-corrected
kinetic traces.
Anchorage-independent Growth—U-251 MG cells (2 � 103)

were plated in 6-well plates in growth medium plus 0.35% agar
on a base layer of BactoTMAgar, BD Biosciences, growth
medium plus 0.5% agar. Cells were supplemented with eA1-
WT, eA1-R110A, eA1-T115A, eA1-G117A, and eA1-F120A
at 1.0 and 0.1 �g/ml or vehicle alone. Fresh media-eA1 was
added to the cells 3 days and 1 week after plating. Colonies
were counted after 14 days. Clusters of colonies greater than
50 cells were counted in 10 random fields at low power. Each
experimental condition was done in triplicate for every
assay.
Statistical Analysis—Probability (p) values were calculated

using the analysis of variance one-way test using MS Excel; p
values �0.05 were considered to be statistically significant.

RESULTS

EphA2 Is Differentially Down-regulated by G-H Loop eA1
Alanine Mutants—We demonstrated that EphA2 is differen-
tially down-regulated in U-251 MG cells treated with an
equimolar amount of CM obtained from U-251[eA1](�) and
variousU-251[G-H loopmutant eA1s](�) cells. First, we deter-
mined that there are three principal groups of alanine-mutated
eA1 variants. In the first group a diminished EphA2 down-reg-
ulation was observed among CM from R110A, F111A, T112A,
L116A, E119A, F120A, and G123A eA1 mutants when com-
pared with eA1-WT CM (Fig. 2A). In the second group three
substitution mutations, namely F108A, K118A, and K121A
yielded activity similar to those obtained with U-251[eA1](�)
CM (supplemental Fig. S1). Interestingly, the third group of
variants (Pro-113, Thr-115, Gly-117, and Glu-122) exhibited a
39, 67, 39, and 57% (Fig. 2B) enhanced down-regulation of
EphA2, respectively. Q109A demonstrated a similar effect (not
shown). It is noteworthy that T115A and E122A are two of few
other residues that are unique to eA1 G-H loop. Further exper-
iments revealed that non-conservative substitutions at position
115, such as T115R, T115D, and T115G, not only abolished the
enhancing effect on EphA2 down-regulation that had been
obtained with T115A CM, but they made the variants inactive
(supplemental Fig. S2). One substitution, F114A, was the only
mutant of eA1 found in small amounts in the cell lysate and not
released into the media and, thus, of unknown activity (not
shown).
G-H LoopMutant CMs Promote Cell Rounding and Decrease

Migration of GBM Cells—Next, U-251 MG parental and G48a
GBM cells were treated with equal concentrations of the differ-
entmutant eA1 CMs asmeasured directly by ELISA.We inves-
tigated an ability of the mutants to elicit a characteristic mor-
phological response to eA1 in a form of cell rounding (20, 35).
Cells treated with the alanine mutant CMs became rounded
within 20 min of treatment as did cells exposed to
U-251[eA1](�) CM or homodimeric eA1-Fc (not shown; more
detailed analysis of cell rounding was performed with recombi-
nant forms of eA1 as shown in Fig. 5E). Cell rounding was
accompanied by EphA2 receptor down-regulation (Fig. 2C).
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FIGURE 2. EphA2 down-regulation ability of alanine point-mutants of human ephrinA1. A, eA1 G-H loop mutants with diminished ability to down-regulate
EphA2. Shown are Western blots of EphA2 immunoreactivity in U-251 MG cells treated with CM from eA1-R110A, eA1-F111A, eA1-T112A, eA1-L116A, eA1-
E119A, eA1-F120Am and eA1-G123A for 24 h. Equivalent dosing (1.0� to 0.1�) was verified by Western blotting; eA1-Fc (1 mg/ml) and eA1-WT CM were used
as positive controls. B, eA1 G-H loop mutants with enhanced effect on EphA2 receptor down-regulating ability. Shown is a Western blot of EphA2 immunore-
activity in U-251 MG cells treated with CM from eA1-P113A, eA1-T115A, eA1-G117A, and eA1-E122A for 24 h. C, temporal analysis of EphA2 down-regulation
in response to the treatment with eA1-Fc (1 �g/ml), U-251 vector, eA1-WT, or eA1-mutant CM. Western blot of EphA2 immunoreactivity in U-251 MG cells
treated for 1 h and for 8 h are shown. ELISA was used to confirm equivalent dosing of eA1 mutants.
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Interestingly, P113A, T115A, and G117A CM induced rapid (1
h) EphA2 receptor down-regulation (Fig. 2C). This prominent
effect of the threemutants was sustained for 8 h post-treatment
when also the Q109A mutant showed an increased activity.
Furthermore, the treatment of U-251 MG cells with similar
concentrations of CM from P113A, T115A, G117A, K121A,
and E122Amutants also decreased the migration of U-251MG
cells (Fig. 3).
Ras-MAPK and PI3K-AKT Pathways Are Differentially

Affected by eA1 G-H Loop Mutants—We next investigated the
effect of WT and mutant eA1s on intracellular signaling, spe-
cifically on classical oncogenic pathways such as Ras-MAPK
and the phosphoinositide 3-kinase/AKT pathways known to be
responsive to eA1 stimulation. Dimeric eA1-Fc suppresses sig-
naling through theRas-MAPKpathway (36–38) as does soluble
monomeric eA1 (28); hence, we examined whether or not an
altered suppression of this pathway would occur after treat-
ment with themutant eA1CM. Indeed, treatment withQ109A,
P113A, T115A, G117A, and E122A CM led to a decrease in
phosphorylation of ERK at 30 min (Fig. 4A). Surprisingly, this
effect was sustained for 8 h and less so at 24 h post-treatment
(Fig. 4A). It appears that eA1-F120A actually activated p-ERK.

DecreasedphosphorylationofAKTwasshownto followEphA2
receptor activation by eA1-Fc (39). Therefore, we investigated the
effect ofmutantmonomeric eA1son thePI3K/AKTpathway.The
treatment of U-251 MG cells with P113A, T115A, G117A, and
E122ACM led to a decrease in p-AKT at Ser-473 30min after the
treatment (Fig. 4B). This effect was at least partially sustained by
P113A, T115A, and G117Amutants for 8 h (Fig. 4B).
eA1 and Its Variants Bind to Immobilized EphA2 with Differ-

entAffinities—Purified recombinantmonomericeA1-WTand its
four variants (Fig. 5A), chosen on the basis of varying activities
identified in the experimentswithCM,were further characterized
for their binding abilities and biological properties. In the binding
assays using BIAcore system, plotting the maximum signal
changes versus eA1 concentration yieldedhyperbolic bindingpro-
files (supplemental Fig. S3). Analysis by nonlinear regression (Sig-
maPlot 11, SYSTAT Software, Santa Fe, CA) with a single site-
saturablemodel yieldedBmax � 229� 7RU andKd � 89� 21 nM
for eA1-Fc (dimer); eA1 monomer yielded Bmax � 163 � 26 RU
andKd � 580 � 240 nM.

EphA2 binding experiments with wild type eA1 andmutants
carried out at 1 �M yielded rapid signal changes during the
binding step that approached a plateau by 30–60 s; dissociation

FIGURE 3. Effect of eA1-WT and eA1-mutant CMs on the migration of GBM cells. A, phase contrast micrographs of a wound on confluent U-251 MG cells
(20� magnification) treated with control, eA1-Fc (1 �g/ml), eA1-WT, and mutant eA1 CM over a period of 24 h. B, shown is quantification of migration as the
percentage of wound closure at 24 h of U251-MG cells treated with control, eA1-Fc (1 mg/ml), eA1-WT, and mutant eA1 CM. ELISA was used to confirm
equivalent dosing of eA1 mutants.
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rates exhibited half-times �50 s (Fig. 5B). Plotting the maxi-
mum binding signals observed in replicate experiments with
eA1-WT (n� 11) and themutants T115A (n� 4), F120A ( n�
4), R110A (n � 3) and G117A (n � 3) yielded a consistent
pattern of tighter binding by eA1-T115 and eA1-G117A vari-
antswhen comparedwith eA1-WT, and a partial (eA1-R110) or
complete loss (eA1-F120) of the binding by the others (Fig. 5C).
Recombinant Variants of eA1 Display Enhanced Biological

Properties Relative to Wild Type eA1—The recombinant vari-
ants of eA1 were then tested for their ability to down-regulate
the EphA2 receptor, to induce cell rounding, and to affect
anchorage-independent growth ofGBMcells as an in vitro anti-
tumor activity measure. The most active variants in all these
assays were eA1-T115A and eA1-G117A, whereas eA1-R110A
and eA1-F120A were either significantly less active or lost the
activity altogetherwhen comparedwith eA1-WT. For example,
eA1-T115A and -G117A down-regulated the EphA2 receptor
at concentrations as low as 0.05�g/mlwhereas eA1-WT lacked
activity at 0.1 �g/ml (Fig. 5D). Furthermore, the same was
observed in a cell-rounding assay when these two super agonis-
tic variants of eA1 were still able to change the GBM cells mor-
phology at the lowest concentrations used (Fig. 5E). In the

anchorage-independent growth assay, eA1-T115A and eA1-
G117A showed significant inhibition of this growth compara-
ble with eA1-WT at 1.0 �g/ml, but they demonstrated more
pronounced inhibition than eA1-WT at the lower 0.1 �g/ml
concentration (Fig. 5F and supplemental Fig. S4, A and 4B).

DISCUSSION

In thisworkwehave directly documented a critical role of the
eA1 G-H loop in mediating functional soluble monomeric eA1
activity. Importantly, the P113A,T115A,G117A, E122A, and to
some extent Q109A mutants of the eA1 ligand exhibited an
enhanced down-regulation of the EphA2 receptor, the typical
morphological changes of cancer cell-rounding, and altered cell
migration, all at significantly lower concentrations (Table 1). In
addition, the treatment with mutant eA1 ligands had profound
and sustained effects on classical oncogenic pathways in which
the eA1/EphA2 system is ultimately involved. These results
were recapitulated with the use of recombinant purified vari-
ants of eA1. Thus, eA1-T115A and eA1-G117A bind tighter to
the immobilized EphA2 receptor than eA1-WT whereas
A1-R110A and eA1-F120A bind less tightly or lose the binding
completely. The two superagonistic variants of eA1 have also
significantly more pronounced biological activities in down-
regulation of EphA2, cell rounding, and anchorage-indepen-
dent growth assays when compared with eA1-WT or eA1-
R110A or eA1-F120A (Fig. 5).
The G-H loop of eA1 packs into a surface pocket of the

EphA2 receptor (Fig. 1). Several of the variants lost part or all of
the ability to interact with the EphA2 (R110A, F111A, T112A,
L116A, E119A, and G123A). The most likely scenarios for the
observed loss in activity are that the structure of loop may have
been distorted or altered in its conformation dynamics. For
example, L116 fills completely a pocket primary generated by
the side chains ofMet-59 and Val-61 (Fig. 6). Amutation to Ala
would result in a loss of this hydrophobic interaction.Mutation
of eA1 at position 119 was detrimental in terms of EphA2
receptor down-regulation, a result that is also in line with its
role as the “latch” that strengthens the eA1/EphA2 interaction
(31). The F108A, K118A, and K121A variants exhibited WT
levels of activity.
In contrast, the P113A, T115A, G117A, E122A, and Q109A

mutants had improved interactionwith EphA2, as supported by
their ability to bind at significantly lower concentrations (Fig.
5C). A closer inspection at the details of the interactions of
P113A, T115A, and G117A with EphA2 (Fig. 6) provides some
rationale for the consequences of themutations. Pro-113 packs
against the disulfide bond between residues Cys-70 and Cys-
188 and the backbone atoms of residues Val-89 and Ala-190 of
EphA2. Perhaps the removal of the conformational rigidity of
Pro-113 enabled the loop to have more facile binding. Thr-115
fills a pocket lined by several residues including Thr-101, Thr-
151, Phe-156, Asp-155, and Val-61. It is unclear why an Ala
substitutionwould bemore favorable, but the requirement for a
small, uncharged amino acid at this position is supported by the
complete loss of EphA2 binding by the T115D and T115R vari-
ants (supplemental Fig. S2). It is also unclear why the mutation
of Gly-117, Glu-122, and Gln-109 to Ala would be favorable.
Clearly more work will be required to ascertain the molecular

FIGURE 4. Effect of eA1 G-H loop point mutants on oncogenic signaling. A,
Western blots of p-ERK and p42/p44 MAPK immunoreactivity in U-251 MG
cells treated with control, eA1-Fc (1 �g/ml), eA1-WT, and eA1-mutant CMs for
30 min, 8 h, and 24 h. B, Western blots of p-AKT and total AKT immunoreac-
tivity in U-251 MG cells treated with control CM, eA1-Fc (1 �g/ml), eA1-WT,
and eA1-mutant CMs for 30 min and 8 h. ELISA was used to confirm equivalent
dosing of eA1 mutants in both assays.
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FIGURE 5. Binding and biological activity of recombinant eA1 G-H loop mutants. A, Western blot of recombinant forms of eA1 mutants. B, surface plasmon
resonance analysis of the binding of eA1-WT and recombinant eA1 mutants to immobilized EphA2. Each protein was delivered at 1 �M for 700 s followed by
a 1500-s dissociation step. Solid line, eA1-WT; long dash, eA1-T115A; dash-dot, eA1-G117A; short dash, eA1-R110A; dotted line, eA1-F120A. C, quantification of
binding of recombinant eA1 mutants as assayed by surface plasmon resonance. Significant differences (p � 0.05) versus eA1-WT are indicated by asterisks. D,
down-regulation of the EphA2 receptor in GBM cells by recombinant eA1 mutants as shown by EphA2 western blotting. E, cell rounding of GBM cells in
response to various concentrations of recombinant eA1 mutants. F, quantification of the effect of recombinant eA1 mutants on anchorage-independent
growth of GBM cells. Significant differences (p � 0.05) versus untreated group are indicated by asterisk.
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basis for the observed improvements. Nonetheless, it is encour-
aging to find that single mutations can lead to significant
improvements in the eA1-EphA2 interaction. Further optimi-
zation of theG-H loop andperhaps othersmayultimately prove
to yield eA1 variants that will be useful for cancer therapy or
diagnosis.
Mutation of ephrinA1 at the five critical residues led to sus-

tained EphA2 receptor down-regulation in GBM cells. It had
been previously documented that upon exposure to dimeric
eA1-Fc, the EphA2 receptor present on tumor cells undergoes
tyrosine phosphorylation and is down-regulated (40–42). The
effects of binding of eA1 to EphA2 have been hypothesized to
constitute a dual process comprised of direct signaling via

ligand-receptor interaction and the effects resulting from the
down-regulation of the receptor. The five mutants showed an
enhanced ability to down-regulate the receptor when com-
pared with eA1-WT treatment.
Binding of eA1 to EphA2 leads to SHP-2 recruitment and

subsequent FAK dephosphorylation that suppresses integrin
function and diminishes cell adhesion to the extracellular
matrix (35). The effects of this signaling cascade are visible in a
short period of time after eA1 administration, when tumor cell
rounding ensues most likely from the formation of the kinase-
active Src-FAK complex, which leads to contraction of the
cytoskeleton via myosin II and RhoA activity (43). Mutant eA1
CMs corresponding to the four critical residues cause a rapid
and profound cell rounding (Fig. 5E) (28). In addition, admin-
istration of eA1-Fc, eA1-WT, or the four mutants CM led to
decreased migration of GBM cells, in line with the result
obtained in breast and prostate cancer cells (37, 44) and in con-
trast with data obtained in osteosarcoma (45).
Previous reports indicated that eA1-Fc suppressed signaling

through theRas-MAPKpathway (28, 36–38). In contrast, other
reports indicate that ERK1/2 activity is actually increased after
treatment with eA1-Fc (44, 45). The treatment of U-251 MG
cells with eA1-P113A, -T115A, -G117A, and -E122A CM
decreased phosphorylation of extracellular signal-regulated
kinase beyond to what was seen with eA1-WT CM. Of partic-
ular interest is the fact that this effect was sustained for an
extended period of time, as decreased p-ERK was observed at
8 h of post-treatment in cells treated with these four mutants.
AKT activation in the majority of GBM has been reported to

result fromPTEN inactivation, receptor-tyrosine kinase activa-
tion, orAKT amplification (46, 47). Recent reports also indicate
the existence of a negative regulatory loop between ligand-ac-
tivated EphA2 and AKT (39, 48). In accordance with these
reports, treatment of U-251 MG cells with eA1-WT and
mutant eA1 CM corresponding to the critical residues in the
G-H loop led to a significant reduction in AKT phosphoryla-
tion. The effect of the four eA1mutant CMon the p-AKT levels

FIGURE 5—continued

FIGURE 6. Molecular interactions of the G-H loop near eA1 residues 113–
117. The coloring scheme is the same as Fig. 1 (PDB 3CZU (31)).

TABLE 1
Activity of eA1 G-H loop mutants in GBM cells
� to ���, arbitrary degree of potentiation of eA1 and its substitution mutants
activity. - to—, arbitrary degree of alteration of eA1mutants activity. NA, not done.

Mutant
EphA2

down-regulation
p-ERK

down-regulation
p-Akt

down-regulation

WT �� �� �
F108A �� - �
Q109A ��� ��� ��
R110A – – -
F111A – NA NA
T112A – NA NA
P113A ��� ��� ���
F114A NA NA NA
T115A ��� ��� ���
L116A – NA NA
G117A ��� ��� ���
K118A �� NA NA
E119A – NA NA
F120A – — –
K121A �� - –
E122A ��� ��� ���
G123A – – �
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was greater than that of the eA1-WT. The results further sup-
port the importance of eA1 signaling axis and its involvement in
GBM progression/maintenance.
Our previous work had determined that EphA2 represents a

promising target for new therapeutics to combat GBM (21).
The construction of a targeted cytotoxin wherein eA1-Fc was
conjugated to the truncated form of Pseudomonas exotoxin A
yielded a highly potent and specific agent that kills GBM,
breast, andprostate cancer cells at very low concentrations (29).
The results of the work presented here should prove helpful in
further rational design of these and similar cytotoxins. Being
that eA1 is a tumor-suppressing factor inGBMby itself, finding
an optimal variant(s) will have an important impact on the
design and production of novel anti-tumor agents.

Acknowledgment—We thank Dr. Young A. Choi for help with exper-
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