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 The receptor tyrosine kinase, erythropoietin-producing hepatocellular A4 (EphA4), was recently
. identified as a molecular target for Alzheimer’s disease (AD). We found that blockade of the interaction
of the receptor and its ligands, ephrins, alleviates the disease phenotype in an AD transgenic mouse
: model, suggesting that targeting EphA4 is a potential approach for developing AD interventions. In
. this study, we identified five FDA-approved drugs—ergoloid, cyproheptadine, nilotinib, abiraterone,
and retapamulin—as potential inhibitors of EphA4 by using an integrated approach combining virtual
screening with biochemical and cellular assays. We initially screened a database of FDA-approved drugs
using molecular docking against the ligand-binding domain of EphA4. Then, we selected 22 candidate
drugs and examined their inhibitory activity towards EphA4. Among them, five drugs inhibited EphA4
clustering induced by ephrin-A in cultured primary neurons. Specifically, nilotinib, a kinase inhibitor,
inhibited the binding of EphA4 and ephrin-A at micromolar scale in a dosage-dependent manner.
Furthermore, nilotinib inhibited the activation of EphA4 and EphA4-dependent growth cone collapse
in cultured hippocampal neurons, demonstrating that the drug exhibits EphA4 inhibitory activity in
cellular context. As demonstrated in our combined computational and experimental approaches,
repurposing of FDA-approved drugs to inhibit EphA4 may provide an alternative fast-track approach for
identifying and developing new treatments for AD.

Erythropoietin-producing hepatocellular (Eph) receptors, the largest family of receptor tyrosine kinases, are
involved in a diverse spectrum of cellular processes'. Eph receptors are activated by binding with their trans-
membrane ligands, ephrins, to generate bidirectional signals via cell-cell interactions"2 The Eph receptors are
: subdivided into EphAs (EphA1-EphA8 and EphA10) and EphBs (EphB1-EphB4 and EphB6). EphA receptors
. preferentially bind to their cognate ligands, ephrin-As (ephrin-Al-ephrin-A5), which are anchored to the mem-
© brane via glycosylphosphatidylinositol linkage; meanwhile, EphB receptors preferentially bind to ephrin-Bs
. (ephrinBl-ephrinB3), which are transmembrane proteins"2. Among the Eph receptors, EphA4 is unique because
it can interact with most ephrin-As and ephrin-Bs®.
EphA4 plays an essential role in different developmental processes and functioning—in particular, neuronal
: migration and neural circuit formation during brain development as well as synapse development and synaptic
. plasticity*®. Deregulated expression or aberrant increased activity of EphA4 is reported in various human diseases
. such as Alzheimer’s disease (AD), amyotrophic lateral sclerosis, and cancers including breast cancer and pancre-
atic cancer, suggesting that Eph A4 may be a promising drug target®=. Therefore, identification of lead compounds
as inhibitors that target EphA4 would be desirable for drug development'°.
: EphA4 comprises extracellular, transmembrane, and cytoplasmic regions. The extracellular region includes
. the ephrin ligand-binding domain (LBD), cysteine-rich domain, and fibronectin type III domain. Meanwhile, the
. cytoplasmic region contains the juxtamembrane region, tyrosine kinase domain, SAM domain, and PDZ target
site'!. Inhibitors of kinases can be designed on the basis of their ability to target the ATP pocket in the kinase
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domain at the active or inactive state or inhibiting the receptor-ligand interaction'’. Given that the ATP-binding
sites are well conserved among different Eph receptor members, it is challenging to identify inhibitors that are
selective for EphA4.

Here, we identified small molecules that target the LBD of EphA4 for drug discovery. The whole extracellular
domain of EphA4 is crystallized in its dimer or trimer form with or without ephrins'2 This domain is composed
of J-K and D-E loops that form complexes with its cognate ephrin ligands in a sandwich manner. While the D-E
loop is always a beta-hairpin, the J-K loop adopts various conformations in different crystal structures. To date,
there are three crystal structures of human EphA4 LBD available in the Protein Data Bank (PDB): one in apo
form (PDB ID: 2WO1) and the other two in holo forms (PDB IDs: 2WO2 and 2WO?3)3, These three structures of
the EphA4 LBD are very similar, except for the J-K loop. The interaction of the LBD with ephrin naturally induces
different conformations of the J-K loop, which is quite different from that in the apo form. Specifically, the J-K
loop in 2WOL is a beta-hairpin, the corresponding part in 2WO?2 is a loop conformation with ephrin-B2, and that
in 2WO3 is an alpha-helix secondary structure with ephrin-A2. Moreover, the distance between the J-K and D-E
loops also varies, rendering different sizes of the binding sites.

Small molecule inhibitors of EphA4 with different scaffolds, e.g., 2,5-dimethylpyrrolyl benzene'* and rhyn-
chophylline®, have been identified. Nonetheless, a major challenge for further drug development is the toxicity of
lead compounds'®. Repurposing of already-approved drugs for other indications may be an alternative for drug
development'®. This strategy is based on drug promiscuity/polypharmacology, which is the intrinsic nature of
many compounds’’. Several drugs have been successfully repurposed in past decades through the use of both in
silico and in vitro/vivo methods'®-?°. Accordingly, in this study, we combined virtual screening and cellular assays
to identify novel EphA4 inhibitors from among FDA-approved drugs.

Results

We performed virtual screening for EphA4 inhibitor candidates using AutoDock Vina, a docking program that
computationally examines the binding energy of a compound to its target. We ranked 1317 FDA-approved
drugs according to their simulated binding energy. Based on a previously identified inhibitor of EphA4, rhy-
nchophylline, whose docking energy is —9.0kcal/mol®, we set the threshold to be —10.0kcal/mol in order to
obtain more potent candidates. As a result, we selected 43 compounds with a docking energy <—10.0kcal/mol
(Supplementary Table S1). Regarding their structures, most of these molecules had an elongated scaffold with
several rings (Supplementary Fig. S1), indicating that they are complementary to the shape and hydrophobic
nature of the binding site.

We examined the inhibitory activities of 22 candidate EphA4 inhibitors using an ephrin-Al-induced EphA4
clustering assay in cultured hippocampal neurons. We found that five drugs—ergoloid, cyproheptadine, nilotinib,
abiraterone, and retapamulin—inhibited the ephrin-Al-induced EphA4 clustering (by ~30% at a dose of 50 uM;
Fig. 1). Specifically, nilotinib inhibited the interaction between the extracellular domain of mouse EphA4 and
ephrin-Al in a dose-dependent manner (IC5,=70.67 uM; Fig. 2a). The effectiveness of nilotinib to inhibit Eph A4
was further demonstrated in cellular context. Nilotinib essentially abolished ephrin-A1-induced tyrosine phos-
phorylation (Fig. 2b) and effectively blocked ephrin-A1-induced growth cone collapse (Fig. 2¢) in hippocampal
neurons.

The interactions of the EphA4 LBD with the five experimentally validated drugs are depicted in Fig. 3. Despite
a few hydrogen bonds, binding was mainly achieved through hydrophobic interactions via several essential resi-
dues in the binding site of EphA4: F154, V157, and L166 in the J-K loop and I59 in the D-E loop. The binding of
ergoloid to EphA4 is established by the hydrogen bond with D158 in the J-K loop and hydrophobic interactions
with I59, F154, V157, and V195. Cyproheptadine binds EphA4 via pure hydrophobic interactions with 159, F154,
V157, M164, L166, A193, and V195. Nilotinib is predicted to form hydrogen bonds with Q70 in the D-E loop
and T104 as well as hydrophobic interactions with F154, V157, 1163, L166, A193, and V195. The binding of abi-
raterone to EphA4 is achieved by a hydrogen bond with E62 in the D-E loop as well as hydrophobic interactions
with 159, F154, V157, M164, L166, A193, and V195. Last, retapamulin forms a hydrogen bond with T104 and
hydrophobic interactions with I59, F154, V157, L166, A193, and V195. To demonstrate the selectivity of these
five experimentally validated drugs for EphA4, we conducted molecular docking analysis of these compounds
towards other EphA and EphB receptors whose LBD crystal structures were available in the PDB. All five com-
pounds bind EphA4 better than the other Eph receptors, with at least 1.1 kcal/mol less docking energy, suggesting
that these compounds are selective EphA4 inhibitors (Supplementary Table S2).

Discussion

In this study, we identified five FDA-approved compounds as EphA4 inhibitors. EphA4 is a promising target for
different diseases, and blocking EphA4-ligand binding is a feasible therapeutic intervention approach for EphA4
inhibitors. Repurposing FDA-approved drugs is attractive because the safety and bioavailability of the agents have
already been established.

The docking method has successfully identified rhynchophylline as an EphA4 inhibitor®, which exhibited
EphA4 inhibitory activity in an in vitro assay and in an animal system. Importantly, rhynchophylline allevi-
ates the synaptic dysfunction in an AD transgenic mouse model and other systems. The identification of five
FDA-approved drugs as EphA4 inhibitors substantially contributes to drug discovery by increasing the number
of scaffolds of potential inhibitors of EphA4.

Ergoloid is traditionally used to relieve the signs and symptoms of decreased mental capacity due to the aging
process®!. It is also used to treat some mood or behavior disorders, or other problems that may be due to changes
in the brains of patients with AD or multiple small strokes?>. Cyproheptadine is an H1-receptor antagonist and
serotonergic antagonist®>. Abiraterone acetate is combined with prednisone to treat patients with metastatic
castration-resistant prostate cancer before chemotherapy?!. Retapamulin is used for the treatment of bacterial
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Figure 1. Inhibitory activity of 22 selected FDA-approved drugs in ephrin-Al-induced EphA4 clusters

in cultured rat hippocampal neurons. Cultured hippocampal neurons at 3 days in vitro were treated with

the candidate drugs (50 pM), followed by clustered ephrin-A1 (A1). The neurons were then subjected to
immunostaining for EphA4 (green) and Tau-1 (red) antibodies. (a-c) Representative images of EphA4- and
Tau-1-stained neurons. Ephrin-A1l (A1)-treated neurons without drug treatment (a), or with pretreatment with
nilotinib (b) or paliperidone (c). (d) Quantitative analysis of EphA4 clusters on axons of ephrin-Al-treated
neurons. Scale bar = 10 um. n =4 neuronal cell cultures; *p < 0.05 vs. Cont (ephrin-Al treated neurons alone);
unpaired Student’s ¢-test.

skin infections such as impetigo®. As an antibacterial agent, specifically a protein synthesis inhibitor, retapamulin
selectively inhibits bacterial protein synthesis by interacting at a site on the 50S subunit of the bacterial ribo-
some via an interaction that differs from those of other antibiotics?. Specifically, nilotinib, which demonstrated a
promising ICs, in the ELISA experiment, is a kinase inhibitor that targets kinases including BCR-ABL, KIT, LCK,
EPHA3, EPHAS8, DDR1, DDR2, PDGFRB, MAPK11, and ZAK?.

Importantly, as these compounds are FDA-approved drugs, they have already passed many rigorous tests on
safety, pharmacokinetics, and pharmacodynamics, which are essential in clinical trials. The biochemical and
cellular assays validate that they are EphA4 inhibitors with potential to be further developed as repurposed drugs
for new indications. Our integrated approach combining ix silico and in vitro/vivo methods also demonstrated an
efficient and successful application of drug repurposing for complicated diseases such as AD, thus shedding light
on potential novel therapeutics.

Conclusion

Our aim of this study is to identify new EphA4 inhibitors as prospective therapy for various neurodegenerative
diseases. Thus, our combined approach for repurposing FDA-approved drugs was demonstrated to be promising,
and the identified drug candidates offer new scaffolds for AD drug discovery.

Methods

Virtual screening of FDA-approved drugs. We first checked all of the FDA-approved small molecule
drugs in DrugBank and then manually removed inorganic compounds, organic polymers, and those unsuitable
for docking®. This step left us with 1317 drugs. To perform the virtual screening of these drugs with the EphA4
LBD, we utilized AutoDock Vina to estimate the binding energy of the ligand and target®*. We selected a struc-
ture from 2WO2, an EphA4-ephrin-B2 complex with ephrin-B2 manually removed. The PDB IDs of the other
Eph receptors were as follows: 3HEI for EphA2, 4LOP for EphA3, 4ET7 for EphA5, 3ETP for EphB2, and 2HLE
for EphB4. AutoDock Tools was used to prepare the protein by merging nonpolar hydrogens and add Gasteiger
partial charges®. We also prepared each drug with the assignments of partial charge and bond type. The docking
grid box was centered between the J-K and D-E loops, with a volume of 22 x 20 x 22 A. Finally, each docking
simulation had 48 (parameter: exhaustive) parallel runs.
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Figure 2. Nilotinib inhibits ephrin-A and EphA4 interaction, and EphA4-dependent signaling and cellular
functions. (a) Dose-response curve of the inhibitory activity of nilotinib against the interaction of mouse
EphA4 with ephrin-Al. (b) Nilotinib attenuated the ephrin-A1 (Al)-induced EphA4 tyrosine phosphorylation
in rat hippocampal neurons. Lysate was immunoprecipitated with EphA4 antibody and subjected to western
blot analysis for P-Tyr. (c) Nilotinib inhibited ephrin-A1-stimulated growth cone collapse in cultured
hippocampal neurons (mean &= SEM, >75 neurons for each group from 3 experiments). ***p < 0.001; two-way
ANOVA followed by the Bonferroni post hoc test. Cont (ephrin-Al-treated neurons alone).

EphA4 tyrosine phosphorylation, growth cone collapse, and EphA#4 clustering assays. Primary
hippocampal neurons were prepared from embryonic day 18-19 rat embryos as described previously®!. We
seeded rat hippocampal neurons on 48-well plates coated with poly-p-lysine (50 pg/mL; Sigma) at 6000 cells/
well for the EphA4 clustering assay, 0.1 x 10° cells/well (18 mm coverslip) for the growth cone collapse assay, and
5 x 10° cells/60-mm plate for the EphA4 tyrosine phosphorylation assay. We incubated neurons with Neurobasal
medium (Thermo Fisher Scientific) supplemented with 2% B27 (Thermo Fisher Scientific). We pretreated neu-
rons at 3—4 days in vitro with the test compounds (50 pM) for 20 min, followed by pre-clustered ephrin-A1 Fc
chimera (0.1-0.25 pg/mL; R&D Systems) or Fc (Jackson ImmunoResearch) as negative control of ephrin-A1l
treated neurons for another 30 min.

For the EphA4 tyrosine phosphorylation assay, cultured hippocampal neurons were lysed in RIPA lysis buffer
with various protease inhibitors. We then immunoprecipitated 500 ug protein lysates with EphA4 antibody (Santa
Cruz Biotechnology) at 4 °C for 2 h, followed by incubation with protein G-Sepharose at 4 °C for 1 h. The samples
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a

Figure 3. Molecular docking poses of five drugs in the cavity. Ligand-binding domain of EphA4 (a), and the
docking conformations of ergoloid (b), cyproheptadine (c), nilotinib (d), abiraterone (e), and retapamulin (f)
in the binding sites. The conformations with the lowest docking energy were selected for demonstration. The
proteins are shown in surface representation (b-f), whereas drugs are shown as sticks.

were then washed with lysis buffer and resuspended in SDS sample buffer. Co-immunoprecipitated proteins were
examined by western blot analysis as described previously®'.

For the growth cone collapse assay, neurons were fixed with 4% paraformaldehyde and then incubated with
Alexa Fluor 488-conjugated phalloidin (Molecular Probes) for filamentous actin labeling and anti-Tau-1 anti-
body (Millipore) for axon labeling®2.

For the EphA4 clustering assay, the fixed neurons were immunostained with anti-EphA4 and anti-Tau-1
antibodies®. We performed the cellular imaging and quantitation of EphA4 clusters by using an IN Cell Analyzer
6000 high-content assay system (GE Healthcare). To segment the EphA4 clusters in axons, neurons were labeled
with Hoechst and the axons were segmented according to Tau-1-positive signals. The EphA4 clusters in the
axons were defined by the intensity segmentation method. The minimum threshold of the EphA4 signal in axons
was determined in untreated neurons. To filter EphA4 clusters in the ephrin-Al-treated neurons, the maximum
threshold was determined through direct sampling of the pixel intensities of the EphA4 clusters in the axons. An
example of EphA4 cluster segmentation in ephrin-A1-treated neurons is shown in Supplementary Fig. S2. After
the segmentation was set, all images obtained were analyzed at the same time to reduce variation among exper-
iments. EphA4 clusters were quantified by calculating the proportion of the total area of EphA4 clusters in the
axons (i.e., the Tau-1-positive area) of each well. Two independent experiments were performed. Each treatment
was administered in duplicate for each experiment. Twenty fields with total of 50-100 neurons were obtained
from each well of 48-well plate for automated analysis. To evaluate the algorithm performance of the automated
IN Cell Investigator Image Analysis to quantify EphA4 clusters, nilotinib- or paliperidone-treated, or control con-
ditions were selected for manual analysis. EphA4 clusters on the axons of neurons in the above conditions were
quantified and using Image] as described previously (Supplementary Fig. $3)°. Ten to fifteen neurons from two
experiments were randomly selected for quantitation. The EphA4 cluster results obtained from the automated
and manual quantitative methods were comparable (Fig. 1b and Supplementary Fig. S3).

ELISA. Weimmobilized recombinant mouse EphA4 ectodomain Fc chimera (R&D Systems) in buffer (25 mM
sodium carbonate and 25 mM sodium bicarbonate, pH 9.7) on a Nunc MaxiSorp 96-well plate (eBioscience). We
subsequently incubated the plate with biotinylated recombinant mouse ephrin-A1 in TBST (20 mM Tris-HCI [pH
7.6], 150 mM NaCl, 0.01% [v/v] Tween-20) at 30 °C for 1h, followed by streptavidin-conjugated HRP (Thermo
Scientific) for 1h. We then incubated the plate with the substrate, TMB One Solution (Promega), until a blue color
developed. We stopped the reaction by adding 1 N hydrogen chloride and measured the absorbance at 450 nm by
using an ELISA plate reader®.

SCIENTIFICREPORTS | (2018) 8:7377 | DOI:10.1038/s41598-018-25790-1 5



www.nature.com/scientificreports/

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

32.

33.

Pasquale, E. B. Eph-ephrin bidirectional signaling in physiology and disease. Cell 133, 38-52, https://doi.org/10.1016/].
cell.2008.03.011 (2008).

Chen, Y., Fu, A. K. Y. & Ip, N. Y. Bidirectional signaling of ErbB and Eph receptors at synapses. Neuron Glia Biol 4, 211-221, https://
doi.org/10.1017/S1740925x09990287 (2008).

Bowden, T. A. et al. Structural Plasticity of Eph Receptor A4 Facilitates Cross-Class Ephrin Signaling. Structure 17, 1386-1397,
https://doi.org/10.1016/j.5tr.2009.07.018 (2009).

. Egea, J. & Klein, R. Bidirectional Eph-ephrin signaling during axon guidance. Trends Cell Biol 17, 230-238, https://doi.org/10.1016/j.

tcb.2007.03.004 (2007).

. Lai, K. O. & Ip, N. Y. Synapse development and plasticity: roles of ephrin/Eph receptor signaling. Curr Opin Neurobiol 19, 275-283,

https://doi.org/10.1016/j.conb.2009.04.009 (2009).

. Fu, A. K. et al. Blockade of EphA4 signaling ameliorates hippocampal synaptic dysfunctions in mouse models of Alzheimer’s disease.

Proc Natl Acad Sci USA 111, 9959-9964, https://doi.org/10.1073/pnas.1405803111 (2014).

. Chen, Y, Fu, A. K. & Ip, N. Y. Eph receptors at synapses: implications in neurodegenerative diseases. Cell Signal 24, 606-611, https://

doi.org/10.1016/j.cellsig.2011.11.016 (2012).

. Jing, X. et al. EphA4-deleted microenvironment regulates cancer development and leukemoid reaction of the isografted 4T1 murine

breast cancer via reduction of an IGF1 signal. Cancer Med 5, 1214-1227, https://doi.org/10.1002/cam4.670 (2016).

. Liu, C., Huang, H., Wang, C., Kong, Y. & Zhang, H. Involvement of ephrin receptor A4 in pancreatic cancer cell motility and

invasion. Oncol Lett 7, 2165-2169, https://doi.org/10.3892/01.2014.2011 (2014).

Noberini, R., Lamberto, I. & Pasquale, E. B. Targeting Eph receptors with peptides and small molecules: Progress and challenges.
Semin Cell Dev Biol 23, 51-57, https://doi.org/10.1016/j.semcdb.2011.10.023 (2012).

Kania, A. & Klein, R. Mechanisms of ephrin-Eph signalling in development, physiology and disease. Nat Rev Mol Cell Biol 17,
240-256, https://doi.org/10.1038/nrm.2015.16 (2016).

Seiradake, E. et al. Structurally encoded intraclass differences in EphA clusters drive distinct cell responses. Nat Struct Mol Biol 20,
958-+, https://doi.org/10.1038/Nsmb.2617 (2013).

Qin, H. et al. Structural characterization of the EphA4-Ephrin-B2 complex reveals new features enabling Eph-ephrin binding
promiscuity. ] Biol Chem 285, 644-654, https://doi.org/10.1074/jbc.M109.064824 (2010).

Noberini, R. et al. Small Molecules Can Selectively Inhibit Ephrin Binding to the EphA4 and EphA2 Receptors. Journal of Biological
Chemistry 283, 29461-29472 (2008).

Ashburn, T. T. & Thor, K. B. Drug repositioning: identifying and developing new uses for existing drugs. Nat Rev Drug Discov 3,
673-683, https://doi.org/10.1038/nrd1468 (2004).

Chong, C. R. & Sullivan, D. J. Jr. New uses for old drugs. Nature 448, 645-646, https://doi.org/10.1038/448645a (2007).

Lounkine, E. et al. Large-scale prediction and testing of drug activity on side-effect targets. Nature 486, 361-367, https://doi.
org/10.1038/nature11159 (2012).

Ekins, S., Williams, A. J., Krasowski, M. D. & Freundlich, J. S. In silico repositioning of approved drugs for rare and neglected
diseases. Drug Discov Today 16, 298-310, https://doi.org/10.1016/j.drudis.2011.02.016 (2011).

Tobinick, E. L. The value of drug repositioning in the current pharmaceutical market. Drug News Perspect 22, 119-125, https://doi.
org/10.1358/dnp.2009.22.2.1303818 (2009).

Oprea, T. L. et al. Drug Repurposing from an Academic Perspective. Drug Discov Today Ther Strateg 8, 61-69, https://doi.
0rg/10.1016/j.ddstr.2011.10.002 (2011).

Spiegel, R., Huber, F. & Koberle, S. A controlled long-term study with ergoloid mesylates (Hydergine) in healthy, elderly volunteers:
results after three years. ] Am Geriatr Soc 31, 549-555 (1983).

Rouy, J. M., Douillon, A. M., Compan, B. & Wolmark, Y. Ergoloid mesylates (‘Hydergine’) in the treatment of mental deterioration
in the elderly: a 6-month double-blind, placebo-controlled trial. Curr Med Res Opin 11, 380-389, https://doi.
0rg/10.1185/03007998909110139 (1989).

Graudins, A., Stearman, A. & Chan, B. Treatment of the serotonin syndrome with cyproheptadine. The Journal of emergency
medicine 16, 615-619 (1998).

Sorensen, S. et al. Budgetary impact on a U.S. health plan adopting abiraterone acetate plus prednisone for the treatment of patients
with metastatic castration-resistant prostate cancer. ] Manag Care Pharm 19, 799-808, https://doi.org/10.18553/jmcp.2013.19.9.799
(2013).

Williamson, D. A., Carter, G. P. & Howden, B. P. Current and Emerging Topical Antibacterials and Antiseptics: Agents, Action, and
Resistance Patterns. Clin Microbiol Rev 30, 827-860, https://doi.org/10.1128/CMR.00112-16 (2017).

Lawrence, C. P. R. A new tropical antibiotic for the treatment of uncomplicated skin infections. Medicamentos de actualidad = Drugs
of today 42, 91-102 (2008).

Singh, S. et al. In Multi-Targeted Approach to Treatment of Cancer 19-56 (Springer, 2015).

Wishart, D. S. et al. DrugBank: a comprehensive resource for in silico drug discovery and exploration. Nucleic Acids Res 34,
D668-672, https://doi.org/10.1093/nar/gkj067 (2006).

Trott, O. & Olson, A. J. AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. ] Comput Chem 31, 455-461, https://doi.org/10.1002/jcc.21334 (2010).

Morris, G. M. et al. AutoDock4 and AutoDockTools4: Automated docking with selective receptor flexibility. Journal of computational
chemistry 30, 2785-2791 (2009).

. Fu, W. Y. et al. Cdk5 regulates EphA4-mediated dendritic spine retraction through an ephexinl-dependent mechanism. Nat

Neurosci 10, 67-76, https://doi.org/10.1038/nn1811 (2007).

Shi, L. et al. Alpha2-chimaerin interacts with EphA4 and regulates EphA4-dependent growth cone collapse. Proc Natl Acad Sci USA
104, 16347-16352, https://doi.org/10.1073/pnas.0706626104 (2007).

Friguet, B., Chaffotte, A. F, Djavadi-Ohaniance, L. & Goldberg, M. E. Measurements of the true affinity constant in solution of
antigen-antibody complexes by enzyme-linked immunosorbent assay. J Immunol Methods 77, 305-319 (1985).

Acknowledgements

We are grateful to members of the Ip laboratory for their helpful discussions. This study was supported in
part by the Research Grants Council of Hong Kong SAR (grants HKUST16102715, HKUST16149616, and
HKUST16102815), the National Basic Research Program of China (grant 2013CB530900), the Areas of Excellence
Scheme of the University Grants Committee (AoE/M-604/16), the Hong Kong Research Grants Council
Theme-Based Research Scheme (grant T13-607/12R), Health Medical Research Fund (03144476), University
Lodge of Hong Kong (ULHK15SCO01), Shenzhen Knowledge Innovation Program (JCYJ20170413173717055,
JCYJ20151030140325152, and JCYJ20151030154629774), and the Shenzhen Peacock Plan.

SCIENTIFICREPORTS | (2018) 8:7377 | DOI:10.1038/s41598-018-25790-1 6


http://dx.doi.org/10.1016/j.cell.2008.03.011
http://dx.doi.org/10.1016/j.cell.2008.03.011
http://dx.doi.org/10.1017/S1740925x09990287
http://dx.doi.org/10.1017/S1740925x09990287
http://dx.doi.org/10.1016/j.str.2009.07.018
http://dx.doi.org/10.1016/j.tcb.2007.03.004
http://dx.doi.org/10.1016/j.tcb.2007.03.004
http://dx.doi.org/10.1016/j.conb.2009.04.009
http://dx.doi.org/10.1073/pnas.1405803111
http://dx.doi.org/10.1016/j.cellsig.2011.11.016
http://dx.doi.org/10.1016/j.cellsig.2011.11.016
http://dx.doi.org/10.1002/cam4.670
http://dx.doi.org/10.3892/ol.2014.2011
http://dx.doi.org/10.1016/j.semcdb.2011.10.023
http://dx.doi.org/10.1038/nrm.2015.16
http://dx.doi.org/10.1038/Nsmb.2617
http://dx.doi.org/10.1074/jbc.M109.064824
http://dx.doi.org/10.1038/nrd1468
http://dx.doi.org/10.1038/448645a
http://dx.doi.org/10.1038/nature11159
http://dx.doi.org/10.1038/nature11159
http://dx.doi.org/10.1016/j.drudis.2011.02.016
http://dx.doi.org/10.1358/dnp.2009.22.2.1303818
http://dx.doi.org/10.1358/dnp.2009.22.2.1303818
http://dx.doi.org/10.1016/j.ddstr.2011.10.002
http://dx.doi.org/10.1016/j.ddstr.2011.10.002
http://dx.doi.org/10.1185/03007998909110139
http://dx.doi.org/10.1185/03007998909110139
http://dx.doi.org/10.18553/jmcp.2013.19.9.799
http://dx.doi.org/10.1128/CMR.00112-16
http://dx.doi.org/10.1093/nar/gkj067
http://dx.doi.org/10.1002/jcc.21334
http://dx.doi.org/10.1038/nn1811
http://dx.doi.org/10.1073/pnas.0706626104

www.nature.com/scientificreports/

Author Contributions

X.H. and N.Y.I. supervised the project; S.G., W.Y.E, AKE, EC.EL, X.H., and N.Y.I. designed the study; S.G.,
W.Y.E, and E.P.S.Z. performed the experiments; S.G., W.Y.E,, A.K.F. and N.Y.I. wrote the manuscript. All authors
analyzed and discussed the experimental results and provided critical comments on the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-25790-1.

Competing Interests: S.G., W.Y.E, A.K.F, EC.EL, X.H., and N.Y.I. are the inventors of a patent application
includes the findings from this study. E.P.S.T. declares no potential conflict of interest.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:7377 | DOI:10.1038/s41598-018-25790-1 7


http://dx.doi.org/10.1038/s41598-018-25790-1
http://creativecommons.org/licenses/by/4.0/

	Identification of new EphA4 inhibitors by virtual screening of FDA-approved drugs

	Results

	Discussion

	Conclusion

	Methods

	Virtual screening of FDA-approved drugs. 
	EphA4 tyrosine phosphorylation, growth cone collapse, and EphA4 clustering assays. 
	ELISA. 

	Acknowledgements

	Figure 1 Inhibitory activity of 22 selected FDA-approved drugs in ephrin-A1–induced EphA4 clusters in cultured rat hippocampal neurons.
	Figure 2 Nilotinib inhibits ephrin-A and EphA4 interaction, and EphA4-dependent signaling and cellular functions.
	Figure 3 Molecular docking poses of five drugs in the cavity.




