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Abstract

Eph receptor tyrosine kinases and ephrin ligands control many physiological and pathological
processes, and molecules interfering with their interaction are useful probes to elucidate their
complex biological functions. Moreover, targeting Eph receptors might enable new strategies to
inhibit cancer progression and pathological angiogenesis as well as promote nerve regeneration.
Because our previous work suggested the importance of the salicylic acid group in antagonistic
small molecules targeting Eph receptors, we screened a series of salicylic acid derivatives to
identify novel Eph receptor antagonists. This identified a disalicylic acid-furanyl derivative that
inhibits ephrin-A5 binding to EphA4 with an ICgy of 3 puM in ELISA assays. This compound,
which appears to bind to the ephrin-binding pocket of EphA4, also targets several other Eph
receptors. Furthermore, it inhibits EphA2 and EphA4 tyrosine phosphorylation in cells stimulated
with ephrin while not affecting phosphorylation of EphB2, which is not a target receptor. In
endothelial cells, the disalicylic acid-furanyl derivative inhibits EphA2 phosphorylation in
response to TNFa and capillary-like tube formation on Matrigel, two effects that depend on
EphA2 interaction with endogenous ephrin-Al. These findings suggest that salicylic acid
derivatives could be used as starting points to design new small molecule antagonists of Eph
receptors.
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The Eph receptors, which in the human genome comprise fourteen members, represent the
largest family of receptor tyrosine kinases. By interacting with their membrane-bound
ligands, the ephrins, they regulate a wide range of cellular properties, including cell-
substrate and intercellular adhesion, organization of the actin cytoskeleton, and cell shape,
movement and growth (1). The Eph receptors are divided into two classes comprising nine
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EphA and five EphB receptors according to sequence similarities and binding preferences
for the ephrin ligands. The EphA receptors promiscuously bind the five
glycosylphosphatidylinositol (GPI)-linked ephrin-A ligands, while the EphB receptors
promiscuously bind the three transmembrane ephrin-B ligands, and in addition EphA4 and
EphB2 can also bind ephrins of a different class (2). Eph receptor-ephrin binding leads to
activation of an intricate network of signaling pathways not only in the Eph receptor-
expressing cells (“forward” signaling) but also in the ephrin-expressing cells (“reverse”
signaling) (3, 4).

Besides their many roles in normal physiological processes, the Eph receptors have also
been linked to various pathological conditions and are therefore considered promising
targets for drug development (4-9). In particular, several Eph receptors are highly expressed
in different types of cancer, including breast, ovarian, prostate, pancreatic, gastric, lung and
brain cancers and melanoma. The roles of Eph receptors in cancer appear to be complex
because these receptors can act as either tumor promoters or tumor suppressors, depending
on the cell type and the cellular microenvironment. In addition, different Eph receptors may
exhibit distinct activities (10, 11).

In tumors where they are activated due to ephrin co-expression, several Eph receptors
appear to promote tumorigenicity (12-17). Moreover, the interplay between Eph receptors
and ephrins expressed in the tumor vasculature as well as surrounding tumor cells can
promote angiogenesis (4). Therefore, interfering with Eph-ephrin binding could be useful for
counteracting different aspects of cancer progression. Accordingly, treatment with soluble
Eph receptor extracellular domains decreases tumor growth and angiogenesis in various
mouse cancer models (18-22). Soluble forms of Eph receptors can also reduce
neovascularization in models of retinopathy, another condition where the Eph receptor/
ephrin system contributes to blood vessel pathology (23-25). Furthermore, Eph-ephrin
interactions can promote platelet aggregation (26), control glucose homeostasis (27) and
bone remodeling (28), inhibit nerve regeneration following injury (29), and regulate
extracellular glutamate levels in the nervous system (30, 31). Therefore, molecules capable
of modulating Eph receptor and ephrin activities could be useful in the treatment of many
different pathologies ranging from abnormal blood clotting to diabetes, bone disorders,
nervous system injury and neurological diseases characterized by glutamate toxicity. In
addition, molecules that selectively target a single Eph receptor or a subset of receptors
represent useful tools for investigating the complex functions of Eph receptors in normal
physiology and disease.

Besides soluble forms of Eph receptors and ephrins, other molecules that interfere with Eph-
ephrin association have been identified, including a number of peptides and three small
molecules (32-35). One of these small molecules is a bile acid, lithocholic acid, which was
found to similarly inhibit all Eph receptor-ephrin interactions examined (36). The other two
small molecules are isomeric salicylic acid-dimethylpyrrole derivatives that we previously
identified and found to inhibit ephrin binding to EphA2 and EphA4 (37, 38). In a search for
compounds with improved potency and containing chemical entities different from the
pyrrole ring, a group that can be problematic (39, 40), we screened a collection of small
molecules containing the salicylic acid group. This identified a disalicylic acid-furanyl
derivative that inhibits ephrin binding to several Eph receptors as well as Eph receptor
activation and biological activities in cultured cells. Further characterization of one of the
two salicylic acid-dimethylpyrrole derivatives and the disalicylic acid-furanyl derivative
revealed that both compounds may act through non-classical mechanisms of inhibition.
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Methods and Materials

Chemical synthesis

Compound 3 was synthesized from the starting material 1 with an appropriate boronic acid 2
under Suzuki coupling conditions (Scheme 1). Compound 3 was subjected to microwave
irradiation at an output of 350 W for 90 min with acetone in the presence of potassium
carbonate at 100°C to generate 4 in moderate yield. Final compound 5 (76D10) was
obtained by condensation of 4 with compound 3 in the presence of aqueous potassium
carbonate in ethanol under microwave irradiation. Compound 76D10 was characterized by
NMR and mass spectrometry (MS) and its purity was verified by high-performance liquid
chromatography (HPLC) (95% pure) (Supplementary Figure 1; Supplementary
Experimental Procedures). The compound was dissolved in DMSO, stored at —20°C and
used within 5 weeks. It should be mentioned that one step synthesis of 5 from compound 3
using two equivalents of compound 3 under similar conditions as mentioned above was not
successful. Compound 6 (76B8) was obtained from compound 3 by hydrolysis in the
presence of lithium hydroxide (Scheme 2) while compound 8 (76A5) was obtained from
compound 3 in the two steps shown in Scheme 2 (see Supplementary Experimental
Procedures).

ELISA assays

Protein A-coated wells (Pierce Biotecnology, Rockford, IL) were used to immobilize Eph
receptor Fc fusion proteins (R&D Systems, Minneapolis, MN) incubated at 1 ug/ml in
TBST (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.01% Tween 20). Culture supernatants
from transfected 293HEK cells and containing ephrin-A5 fused to alkaline phosphatase
(ephrin-A5 AP) (32) or ephrin-B2 AP (GeneHunter, Nashville, TN) were diluted in TBST
and incubated for 3 hours in the presence or in the absence of compounds, as previously
described (37). Alternatively, immobilized ephrin-Fc fusion proteins were incubated with
the EphA4 ligand binding domain fused to AP (41). For ICsg measurements, the AP fusion
proteins were used at approximately 0.01 nM (based on AP concentrations calculated from
alkaline phosphatase activity (42)). The amount of bound AP-fusion protein was quantified
using pNPP as the substrate. Alkaline phosphatase activity from wells with Fc only was
subtracted as background. To examine the time dependency of inhibition by 76D10, the
compound was incubated for 30 min to 2 days together with ephrin-A5 AP in wells
containing immobilized EphA4 Fc. To determine whether the binding of 76D10 to EphA4 is
reversible, the compound was incubated in wells containing immobilized EphA4 Fc for 3
hours and the wells were then washed and incubated in binding buffer for 24 hours to allow
dissociation of the compound from EphA4. The wells were then further washed and
incubated with ephrin-A5 AP fusion protein for an additional 1 hour. Further control
experiments included addition of 0.1 mg/mL bovine serum albumin (BSA, Sigma-Aldrich,
Steinheim, Germany) or rat tail collagen (BD Biosciences, San Jose, CA) to the solution
containing compound 76D10 and ephrin-A5 AP.

To generate curves for ephrin-A5 AP binding to immobilized EphA4 Fc in the presence of
different 76 D10 concentrations, data sets at each compound concentration were fitted to the
Michaelis-Menten equation: B = Byax [SI/(Kp + [S]), where [S] is the concentration of
ephrin AP fusion protein and Kp is the dissociation constant, using non linear regression and
the program GraphPad (Prism). Ephrin-A5 AP concentrations were calculated from alkaline
phosphatase activity (42). Unless otherwise specified, all the binding and washing steps
were performed in TBST.
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NMR spectroscopy

The human EphA4 ligand-binding domain (residues 28-208) was prepared as described
previously (38). Briefly, the EphA4 cDNA fragment cloned into a modified pET32a vector
was transformed into Escherichia coli Rosetta (DE3) cells (Novagen). Expression of the
EphA4 ligand binding domain with an N-terminal fusion of 16 amino acids containing a
hexa-histidine tag (MHHHHHHSSGLVPRGS) was induced at 20 °C overnight with 0.4
mM isopropyl 1-thio-D-galactopyranoside. Uniformly 1°N-labeled protein was produced by
growing the bacteria in M9 medium with 1°NH4CI as the sole nitrogen source and purified
using Ni, affinity chromatography.

NMR spectra were acquired using a 600 MHz Bruker Avance spectrometer equipped with
TCI cryoprobe. All NMR data were processed and analyzed using TOPSPIN2.0 (Bruker
Biospin Corp., Billerica, MA) and SPARKY (43). 2D-[1°N, 1H]-HSQC spectra were
acquired using 128 scans with 2048 and 128 complex data points in the H and 15N
dimensions at 300 K. 76D10 binding was detected at 300K by comparing the 2D-[°N, 1H]-
HSQC spectra of 50 uM EphA4 in the absence and presence of compound at a molar ratio of
6:1. The chemical shift changes were calculated using the following equation (44):

2 2
(Appm= \/(AIH) +(0.17 + APN)y 'Resonance assignments were obtained by Qin et al. (38,
41).

Measurement of receptor tyrosine phosphorylation in cells

HT22 neuronal cells, which are derived from immortalized mouse hippocampal neurons and
endogenously express EphA4 (45), and COS cells (from ATCC), which endogenously
express EphA2 and EphB2, were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Mediatech, Inc, Herndon, VA) with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT)
and Pen/Strep. PC3 prostate cancer cells, which endogenously express EphA2, were grown
in RPMI 1640 medium (Mediatech, Inc, Herndon, VA) with 10% FBS and Pen/Strep. For
Eph receptors immunoprecipitations, the cells were serum-starved for 2 hours in serum-free
medium and preincubated for 15 min with 76D10 or DMSO as a control. The cells were
then stimulated with ephrin-Al Fc, ephrin-A5 Fc, ephrin-B2 Fc or Fc for 20 min in the
continued presence of the compound in serum free-medium. In some experiments, 0.1 mg/
mL BSA or collagen were also included in the serum-free medium with 76D10. To examine
the reversibility of 76D10 binding to EphA2 in the cellular context, cells were incubated
with the compound for 30 min, washed once in phosphate buffered saline (PBS), and
incubated with serum-free medium for 30 min before incubation with ephrin-A1 Fc for 20
min. After stimulation the cells were lysed in modified RIPA buffer (1% Triton X-100, 1%
Na deoxycholate; 0.1% SDS; 20 mM Tris; 150 mM NaCl; 1 mM EDTA) containing 10 uM
NaF, 1 uM sodium pervanadate and protease inhibitors. Protein concentrations were
measured using the BCA protein assay kit (Pierce Biotecnology, Rockford, IL).

For EphA4 immunoprecipitations, HT22 cell lysates were immunoprecipitated with 15ug
anti-EphA4 antibody (46). EphA2 was immunoprecipitated from PC3 cells and COS cells
using 2 pg of anti-EphA2 antibody (Millipore-Upstate, Inc, Temecula, CA), while EphB2
was immunoprecipitated from COS cells using 7 pg of an anti-EphB2 antibody made to a
glutathione S-transferase fusion protein of the EphB2 carboxyl-terminal tail (47). To assess
inhibition of EphA2 phosphorylation in response to endothelial cell stimulation with tumor
necrosis factor alpha (TNFa), HUVEC cells (Cascade Biologics, Portland, OG) were grown
in Medium 200 supplemented with low serum growth supplements (Cascade Biologics),
10% FBS, Pen/Strep and fungizone. The cells were serum starved for 2 hours in serum-free
medium before adding TNFa together with 76D10 or DMSO for 2 hours.
Immunoprecipitates and lysates were probed by immunoblotting with anti-phosphotyrosine
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antibody (Millipore, Inc, Temecula, CA) and reprobed with antibodies to the respective Eph
receptors, followed by a secondary anti-IgG peroxidase-conjugated antibody (GE
Healthcare, UK). The EphA2 and EphA4 antibodies used for immunoblotting were from
Invitrogen/Zymed Laboratories (San Francisco, CA).

EphA2 phosphorylation was also assessed by ELISA assay. PC3 cells were plated in 24 well
plates (Corning, Corning, NY), serum starved in serum-free medium for 1 hour and treated
with 76D10 and ephrin-Al Fc as described above. The cells were then lysed in RIPA buffer
or ELISA lysis buffer (20 mM Tris, pH 8.0, 137 nM NaCl, 1% Triton, 10% glycerol, 2 mM
EDTA, 1 mM activated Na orthovanadate, 10 ug/ml aprotinin, 10 ug/ml leupeptin).
Polystyrene high binding capacity plates (Corning, Corning, NY) were incubated overnight
at 4°C with 4 ug/ml goat anti-EphA2 antibody (directed to the extracellular region of the
receptor; R&D Systems, Minneapolis, MN) diluted in phosphate buffered saline (PBS), and
then incubated for 2 hours at room temperature with cell lysate diluted in RIPA or ELISA
lysis buffer. Tyrosine phoshorylation was measured with an anti-phosphotyrosine antibody
(Millipore, Inc, Temecula, CA) diluted 1:500, while total EphA2 was measured with a
mouse antibody directed to the cytoplasmic region of EphA2 (Invitrogen/Zymed
Laboratories, San Francisco, CA) diluted 1:1000 followed by a secondary anti-1gG
peroxidase-conjugated antibody (GE Healthcare, UK). 2,2"-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) (Sigma-Aldrich, Steinheim, Germany) in citric
acid was added as a substrate and the absorbance at 405 nm was measured. The absorbance
from wells where lysis buffer only was added was subtracted as the background. Unless
otherwise specified, all the binding and washing steps were performed in TBST.

PC3 cell retraction assay

MTT assay

PC3 cells (4,000 cell/well) were plated in 96 well plates (Greiner Bio One, Frickenhausen
Germany) and grown for 17 hours. The cells were starved for 1 hour in serum-free RPMI,
incubated for 15 min with 76D10 or DMSO, and stimulated for 10 min with 0.5 pg/ml
ephrin-Al Fc or Fc as a control. The cells were then fixed for 15 min in 4% formaldehyde in
PBS, permeabilized for 3 min in 0.5% Triton X-100 in TBS, and stained with rhodamine-
conjugated phalloidin (Invitrogen). Nuclei were labeled with 4’,6-diamidino-2-phenylindole
(DAPI). Cells were photographed under a fluorescence microscope and total cell area in the
images was measured using Photoshop and ImageJ softwares. Average cell area was
calculated dividing total area by the number of cells present measured using ImageJ
software.

The cytotoxicity of 76D10 was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay. Cells were seeded in 96-well plates
and treated with compound or DMSO starting 3 or 1 day before they reached 100%
confluency. For the assay, MTT (Sigma-Aldrich, St. Louis, MO) was added at a final
concentration of 0.5 mg/mL and incubated with the cells for 3 hours. The resulting formazan
crystals were then solubilized by addition of 100% DMSO. The absorbance in each well was
measured at 570 nm using an ELISA plate reader. The results were expressed as the ratio of
the absorbance of cells treated with the compounds or left untreated.

Tube formation assay

HUVECS (2.3 x 10%) were grownfor 18 hours in24-well tissue culture plates (Corning,
Corning, NY) precoated with 80 uL. Matrigel (BD Bioscience, San Jose, CA) in HUVEC
complete culture medium containing different concentrations of 76D10. The length of the
tubes and the number of polygons formed were measured from phase contrast images using
ImageJ software.
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Results and Discussion

A disalicylic acid-furanyl derivative inhibits ephrin binding to EphA4 and other Eph

receptors

We previously reported the identification of 4- and 5-(2,5 dimethyl-pyrrol-1-yl)-2-
hydroxybenzoic acid (compounds 1 and 2; Table 1) as small molecule antagonists of the
EphA2 and EphA4 receptors and highlighted the critical importance of the salicylic acid
moiety for the inhibitory activity of the compounds (37, 38). To explore the activity of other
small molecules where the salicylic acid group is combined with different chemical entities,
we screened a small library of forty-six salicylic acid derivatives (48, 49) for inhibition of
ephrin-A5 AP binding to the immobilized EphA4 Fc receptor in ELISA assays
(Supplementary Table 1). The two compounds that showed greatest inhibition at 150 pM,
76D10 and 76D6, were further examined in dose-response curves, which yielded ICsq
values of 4.4 uM and 54 pM, respectively. Thus, the disalicylic acid-furanyl derivative 5,5'-
(5,5'-((1E,4E)-3-oxopenta-1,4-diene-1,5-diyl)bis(furan-5,2-diyl))bis(2-hydroxybenzoic acid
(76D10) is the most active compound of the series, and its average ICsq value calculated
from multiple experiments is 2.6 + 0.4 uM (Table 1). Compound 76D10 appears to be
somewhat more potent than the previously identified compounds 1 and 2, which in similar
assays inhibited binding with 1Csq values of ~10 uM (37) (but see below). In contrast, two
compounds related in structure to 76D10 but containing only one salicylic acid and one
furanyl group, (E)-methyl 2-hydroxy-5-(5-(3-methoxy-3-oxoprop-1-en-1-yl)furan-2-
yl)benzoate (76A5) and 5-(5-formylfuran-2-yl)-2-hydroxybenzoic acid (76B8), did not show
detectable inhibitory activity in the same assay (Table 1). Thus, the presence of two salicylic
acid groups and/or the larger size of compound 76D10 appear to be important for its
inhibitory activity.

Binding equilibrium was reached by 3 hours after addition of ephrin-A5 AP with compound
76D10 (Supplementary Figure 2A) and the binding does not appear to be reversible under
the conditions used in the ELISA assay (Supplementary Figure 2B). This may be due to the
presence of two potential sites for Michael-type reactions in compound 76D10, which could
result in covalent binding to EphA4 or strong non-covalent interactions. The inhibitory
activity of 76D10 was lost in the presence of 0.1 mg/ml BSA but was not affected by 0.1
mg/ml collagen (Supplementary Figure 2C), suggesting that the compound binds to BSA but
not to proteins in general.

Additional ELISA assays revealed that 76D10 inhibits the binding of EphA4 AP to all
ephrin-A and ephrin-B ligands with 1Cgq values between 2 and 10 uM (Figure 1A). This is
in contrast to compounds 1 and 2, which do not efficiently inhibit EphA4 AP binding to
ephrin-A4 and ephrin-B2 (37). Furthermore, compound 76D10 preferentially inhibits ephrin
binding to EphA2 and EphA4 among a number of EphA and EphB receptors examined
(Figure 1B), although not as selectively as the previously identified compounds 1 and 2 (37).
Indeed, 76D10 also inhibits with substantial potency ephrin-A5 binding to EphA5, EphA6
and EphA7 as well as ephrin-B2 binding to EphB4 and EphB6. However, a much lower to
undetectable inhibitory activity of compound 76D10 was observed for inhibition of ephrin
binding to EphA3, EphB1, EphB2 and EphB3, ruling out general inhibition of protein-
protein interactions and interference with the activity of the alkaline phosphatase reporter.

To more accurately compare the activity of 76D10 and the previously identified compound 1
(Table 1), we decided to measure 1Csq values using freshly synthesized preparations of both
compounds because we noticed that 76D10 dissolved in DMSO at concentrations < 10 mM
becomes less active after several weeks at —20°C or several days at room temperature (10
fold increase in 1Csq values after 4 days). Surprisingly, the newly synthesized compound 1
did not show detectable inhibition of ephrin-A5 AP binding to EphA4 Fc in ELISA assays
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or EphA2 phosphorylation in cells stimulated with ephrin-Al Fc (Supplementary Figure
3A,B). However, in the same experiments the purchased compound 1 had an activity
comparable to that previously reported (Supplementary Figure 3A,B; (37)), suggesting that
an oxidative process gives rise to an active form of compound 1. Indeed, when left exposed
to air at room temperature in dry form, compound 1 acquires a progressively darker brown
color. Concomitantly, the compound becomes progressively more active in ELISA assays
measuring inhibition of ephrin-A5-EphA4 binding (Supplementary Figure 3A).

Proton and carbon NMR spectra of the active and inactive compound 1 preparations were
similar and consistent with the structure of the compound (Supplementary Figure 3C and
data not shown). In addition, high-pressure liquid chromatography (HPLC) followed by
mass spectrometry (MS) analysis of both the newly synthesized and the purchased
compound 1 showed the presence of a major peak whose molecular weight of 232
corresponds to that expected for the compound (Supplementary Figure 3C). These data
indicate that while compound 1 in its oxidized form is reproducibly active against the
receptor, its inhibitory effect may depend on a redox phenomenon that presumably affects
the oxidation state of critical cysteine residues in the receptor rather than a pure antagonism
of the ephrin ligands. Nonetheless, to date we have not identified the active component(s) in
the preparations of compound 1, not have definitive experimental proof of the above
proposed mechanism. In fact, pyrroles can undergo polymerization, which also results in a
dark brown or black color (50). However, this mechanism would not be entirely consistent
with the NMR spectra of the compound. These observations are in agreement with the
current notion that compounds similar to 1 and 2 are promiscuous in nature and show
activity towards a number of other unrelated protein targets (39, 40), perhaps reflecting their
ability to undergo different modifications Nevertheless, it appears that 4-(2,5 dimethyl-
pyrrol-1-yl)-2-hydroxybenzoic acid (i.e. the unmodified compound 1) has some, albeit
weak, ability to bind to EphA4 because 1H proton NMR spectra in 10 mM phosphate buffer,
pH 6.5, showed resonance peak shifts of compound protons at increasing concentrations of
the EphA4 ligand-binding domain (Supplementary Figure 4). In addition, NMR HSQC
titrations showed progressively increasing chemical shift perturbations for residues of the
EphA4 ligand-binding pocket at increasing concentration of freshly HPLC-purified
compound 1 (data not shown), nearly identical to the purchased compound without the
additional HPLC purification (38). While the progressive increase in the activity of
compound 1 with time following synthesis suggests the occurrence of unknown
modifications, compound 76D10 is most active immediately following synthesis. This
implies that its active form is that shown in Table 1.

Compound 76D10 binds to the high affinity ligand-binding pocket of EphA4

The main Eph receptor interface conferring high affinity binding to ephrin ligands is a
hydrophobic cavity in the ligand-binding domain that accomodates the G-H loop of the
ephrins (51). Although other Eph receptor interfaces participate in ephrin binding, peptides
that target the high affinity ligand-binding pocket can inhibit ephrin binding (33, 52, 53).
The similar maximal binding (Bnax) Values and increasing dissociation constant (Kp) values
that were obtained by fitting curves of ephrin-A5 AP binding to EphA4 in the presence of
increasing 76D10 concentrations are consistent with competitive inhibition (Figure 1C).
However, while its activity does not depend on direct oxidation, compound 76D10 contains
a potentially reactive divinylketone group, hence we cannot exclude that this compound also
may act in an indirect, non-specific manner. Hence, we carried out two-dimensional

NMR 1H-15N HSQC to monitor the binding of the compound. The spectra show that a
number of peaks corresponding to residues that line the high affinity ligand-binding pocket
of EphA4 undergo significant chemical shift perturbation or disappear in the presence of
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76D10, consistent with a slow off rate (Figure 2). Taken together, these results strongly
suggest that 76D10 targets the high affinity ligand-binding pocket of EphA4.

Interestingly, in all ephrin-A ligands the G-H loop, which mediates the high affnity
interaction with EphA receptors, contains the amino acid motif (Y/F)XX(Y/F) — where Y
indicates a tyrosine, F a phenylalanine, and X any amino acid (32, 34). This same motif is
also found in several peptides that bind to EphA2 and EphA4. The phenyl rings in the
salicylic acid groups of 76D10 may recapitulate some of the interactions of the Y/F amino
acids with the EphA4 ligand-binding pocket, despite a distinct overall three-dimensional
arrangement of 76D10 and the four-amino-acid peptide motif.

Compound 76D10 inhibits ephrin-induced EphA2 and EphA4 activation in cells

To examine whether 76D10 can inhibit ephrin-induced Eph receptor activation in cells, we
used cells endogenously expressing EphA2 and EphA4, which are the two Eph receptors
most potently inhibited by the compound (Figure 1B). By probing EphA2
immunoprecipitates with anti-phosphotyrosine antibodies in immunoblotting experiments,
we found that 76D10 inhibits tyrosine phosphorylation (activation) of endogenous EphA2 in
COS cells and PC3 prostate cancer cells stimulated with ephrin-Al Fc (Figure 3A and
Supplemetary Figure 1D). This was confirmed in ELISA assays measuring EphA2 tyrosine
phosphorylation (Figure 3B and Supplemetary Figure 1E). Compound 76D10 also inhibits
EphA4 tyrosine phosphorylation in HT22 neuronal cells stimulated with ephrin-A5 Fc but
not EphB2 tyrosine phosphorylation in COS cells stimulated with ephrin-B2 Fc (Figure 3A),
consistent with the Eph receptor selectivity determined in ELISA assays (Figure 1B).
Interestingly, inhibition of ephrin-induced EphA2 phosphorylation in PC3 and COS cells by
76D10 was reversible (Supplementary Figure 2D), suggesting that irreversible binding is not
required for Eph receptor inhibition by the compound in the cellular environment.
Furthermore, the presence of BSA but not collagen in the culture medium inhibited the
activity of compound 76D10 (Supplementary Figure 2E). The reduced activity of 76D10 in
the presence of BSA suggests that the compound would not be active in vivo, where albumin
levels are high.

Compound 76D10 inhibits EphA2-mediated cell retraction in PC3 cells

PC3 cells undergo a dramatic retraction of the cell periphery and assume a rounded
morphology after stimulation with ephrin-Al Fc to activate EphA2 (37, 54). Compound
76D10 significantly counteracts these effects at concentrations between 25 and 100 uM
(Figure 3C, D). Notably, the compound does not affect cell morphology in the absence of
ephrin, which is an indication that it is not acutely toxic and does not act on many different
targets regulating PC3 cell morphology.

Compound 76D10 inhibits TNFa-induced EphA2 activation and capillary-like tube
formation in HUVE cells

We found that compound 76D10 inhibits EphA2 tyrosine phosphorylation in response to
stimulation with the angiogenic factor TNFa (Figure 4A), which is known to rapidly
upregulate expression of endogenous ephrin-Al thus causing EphA2 activation in
endothelial cells (37, 55). The compound also inhibits capillary-like tube formation in
HUVE cells plated on Matrigel (Figure 4B), which also causes upregulation of the ephrin-
Al ligand (56). These effects are not due to cell toxicity because HUVE cell viability
assessed using the MTT assay was not affected by treatment with 76 D10 at 200 uM for up
to one day and minimally affected after three days (Figure 4C).
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Conclusions and Future Directions

Small molecules that like 76D10 target Eph receptors involved in angiogenesis — such as
EphA2, EphA4 and EphB4 — may inhibit pathological forms of angiogenesis as well as
vascular mimicry in tumors (5, 57-59). Furthermore, studies using an EphA4-targeting
peptide suggest possible applications of EphA4 antagonistic small molecules for promoting
nerve regeneration after spinal cord injury (60). The ability of a compound to inhibit
multiple Eph receptor-ephrin interactions involved in angiogenesis (61-63) or nervous
system regeneration (64) may further enhance efficacy. However, the identification of small
molecules that inhibit Eph receptor-ephrin interactions and have good lead-like properties
has proven to be challenging, as is often the case when searching for small molecule
inhibitors of protein-protein interactions (65, 66). Only few examples of Eph-ephrin
inhibitory small molecules have been reported so far in the literature (36, 37, 67). The
recently discovered lithocholic acid, which is a reversible competitive antagonist capable of
inhibiting ephrin-induced Eph receptor tyrosine phosphorylation in cells, was found to
inhibit with similar low potency all Eph receptors examined (36). The two salicylic acid-
dimethylpyrrole derivatives that we previously reported (37), and have further characterized
here, appear to owe their activity to reaction products that remain to be characterized.

In this study, we have identified 76D10 as a disalicylic acid-furanyl derivative that targets a
subset of Eph receptors and inhibits the functional effects of EphA2 and EphA4 in cultured
cells. 76D10 is the most potent Eph receptor antagonistic small molecule reported so far,
which may be partially due to the irreversible nature of its interaction with Eph receptors
observed under certain experimental conditions. Although both 76D10 and the active
compound 1 derivative appear to function through inhibitory mechanisms that are not
typically considered suitable for lead optimization (39, 40), these compounds could
nevertheless represent useful tools to gain insight into the functions of Eph receptors. In
addition, given the many examples of small molecule drugs that operate by non-classical
covalent and/or redox mechanisms combined with specific targeting (68-71), it cannot be
excluded that optimization of 76D10 may yield improved compounds to inhibit Eph receptor
activation by ephrins. It also cannot be excluded that identification of the active compound 1
derivative and elucidation of its mechanism of action may yield a useful starting point for
the design of improved small molecules targeting Eph receptors. Finally, the presence of the
salicylic acid group in different classes of small molecules able to interfere with Eph-ephrin
interaction suggests that screening additional compounds containing one or multiple
salicylic acid groups may also represent a viable strategy for the identification of new Eph
receptors antagonists.
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ELISA enzyme-linked immunosorbent assay
GPI glycosylphosphatidylinositol
HPLC high-performance liquid chromatography
MS mass spectrometry
NMR nuclear magnetic resonance
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Figure 1.

The 76D10 salicylic acid-furanyl derivative inhibits ephrin binding to a subset of Eph
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receptors. (A) I1Csq values for inhibition of EphA4 AP binding to immobilized ephrin Fc

fusion proteins by 76D10. (B) ICgq values for inhibition of ephrin-A5 AP binding to

immobilized EphA receptor Fc fusion proteins and ephrin-B2 AP binding to immobilized
EphB receptor Fc fusion proteins by 76D10. It should be noted that we typically obtain

somewhat lower ICgq values in this version of the ELISA assay with immobilized Eph

receptors compared to the arrangement with immobilized ephrins. Error bars in A and B
represent the standard errors for 1Cs values calculated from 3-5 experiments. (C) Curves
showing binding of ephrin-A5 AP to immobilized EphA4 Fc in the presence of the indicated

concentrations of 76D10. The curves were fitted according to the Michaelis-Menten
equation. Error bars represent the standard errors from triplicate measurements.
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Figure 2.

Compound 76D10 causes chemical shifts in residues of the EphA4 ligand-binding pocket.
(A) Superposition of 1H-1N NMR HSQC spectra of the EphA4 ligand-binding domain (at a
concentration of 60 uM) in the absence (red) and in the presence (green) of 300 uM 76D10.
The residues whose peaks disappeared after the addition of 76D10 are labeled. (B) Residue-
specific chemical shift perturbation (CSP) values for the EphA4 ligand-binding domain in
the presence of 76D10. Peaks that disappear from the EphA4 spectrum in panel A are shown
as purple bars in the histogram and assigned an arbitrary 0.16 Appm value. A threshold dash
line is drawn at 0.06 Appm to indicate residues with significant (As > 30 Hz) perturbation,
which are shown as red bars in the histogram. The amino acids that are part of the EphA4
ligand-binding pocket shown in C are labeled. (C) Ribbon representation of residues in the
EphA4 ligand-binding domain that show significant perturbation in the presence of 76D10.
The residues that disappeared from the EphA4 spectrum in A are colored in purple and
labeled and the residues with Appm between 0.06 and 0.16 are shown in red. The structure
of the EphA4 ligand-binding domain is from the PDB structure 3CKH, with the missing
residues in the loop regions calculated using SWISS-MODEL.
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Figure 3.

Compound 76D10 inhibits EphA4 and EphA2 activation and cell retraction after ephrin
stimulation. (A) Cells pretreated with the indicated concentrations of 76D10 for 15 min were
stimulated for 20 min with ephrin Fc (+) or Fc (—) as a control in the continued presence of
the compound. COS cells were stimulated with 0.2 pg/mL ephrin-Al or 0.8 pg/mL ephrin-
B2 Fc and used to immunoprecipitate EphA2 and EphB2, while HT22 neuronal cells were
stimulated with 0.2 ug/mL ephrin-Al and used to immunoprecipitate EphA4. Eph
immunoprecipitates were probed with anti-phosphotyrosine antibody (PTyr) and reprobed
for the Eph receptor immunoprecipitated. (B) PC3 cells pretreated for 15 min with the
indicated concentrations of 76D10 were stimulated with 0.2 pg/mL ephrin-Al Fc (+) or Fc
as a control (=) for 20 min in the continued presence of the compound. The histogram shows
the average level of phosphorylated EphA2 normalized to the total amount of receptor in the
cell lysates, both measured in ELISA assays. Error bars represent standard errors from 4-10
measurements. The levels of EphA2 phosphorylation in cells treated with ephrin-Al Fc and
compound were compared to those in cells treated only with ephrin-Al Fc by one-way
ANOVA and Dunnett’s post test. ***P<0.001 by one-way ANOVA. (C-D)PC3 cells
pretreated for 15 min with the indicated concentrations of 76D10 were stimulated with 0.5
ng/ml ephrin-A 5Fc (+) or Fc as a control (=) for 20 min in the continued presence of the
compound. (C) The histogram shows the average area of the cells normalized to the value
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obtained for the Fc-treated cells. Error bars represent standard errors from three wells. The
average cell areas in cells treated with ephrin-Al Fc and compound were compared to that in
cells treated only with ephrin-Al Fc by one-way ANOVA and Bonferroni’s post test,
showing that 76D10 significantly (***P<0.001) inhibits ephrin-Al-dependent cell retraction
at concentrations between 100 and 25 pM. The effect of ephrin-Al was reverted completely
by 100 uM 76D10 and partially by 50 and 25 pM (comparison between Fc and ephrin-Al Fc
treated samples at each compound concentration yielded P values of >0.05 for 100uM,
<0.05 for 50 uM and <0.001 for 25uM 76D10. (D) Representative images of cells stained
with rhodamine-phalloidin to label actin filaments (red) and DAPI to label nuclei (blue).
Scale bar =50 um.
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Figure 4.

Compound 76D10 inhibits ephrin- and TNFa-induced tyrosine phosphorylation and
capillary-like tube formation in HUVE cells. (A) Cells plated on Matrigel were treated with
the indicated concentrations of 76D10 or DMSO and imaged 18 hours later. The number of
polygons present in each picture and the average tube length were quantified. The
histograms show averages from 4 independent experiments and the error bars represent the
standard errors. **P<0.01 and ***P<0.001 by one-way ANOVA and Dunnett’s post test.
(B) HUVE cells were left unstimulated or stimulated with 20 nM TNFa for 2 hours in the
presence of the indicated concentrations of 76D10. EphA2 immunoprecipitates were probed
with anti-phosphotyrosine antibody (PTyr) and reprobed for EphA2. (C) MTT assay to
determine the number of viable HUVE cells after growth in the presence of the indicated
concentrations of 76D10 for 1 or 3 days. Only DMSO was used in the “0 pM” sample, as a
control. The histogram shows average absorbance at 570 nm in the presence of 76D10
normalized to the absorbance in the absence of the compound. Error bars represent standard
error from 3 measurements in each of two experiments. *P<0.05 by one-way ANOVA and
Dunnett’s post test for the comparison to cells not treated with compound (0 uM).
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Synthesis of 76A5 and 76B8
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Table 1

Inhibition of ephrin-A5 AP binding to EphA4 Fc by salicylic acid derivatives

Compound  Structure MW 1Cso (M)
76D10 o ) ‘ . 7’ - 486 26+04 (n** =10)
76A5 ¥, 274 >500 (n=3)
FN_¢ )
Ho—4_ </g M
e}
76B8 ° 232 >500(n=3)
Ho—X,
HO- f::_}?' —< A -0
OH
Compound 1 HO, \ 232 13413
AN
P
HO *
Compound 2 0 232 10+1.6"

*
n, number of experiments;

*:

*
from ref. [36].
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