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Abstract

Aims/hypothesis Type 2 diabetes is characterised by impaired
glucose-stimulated insulin secretion (GSIS) from pancreatic
islets. Since erythropoietin-producing hepatoma (Eph)—ephrin
bidirectional signalling fine-tunes GSIS from pancreatic beta
cells, we investigated Eph receptor tyrosine kinases (RTK) as
potential drug targets for selectively increasing GSIS.
Methods Insulin secretion assays were carried out using
mouse and human pancreatic islets as well as mouse
insulinoma (MING6) cells in the presence or absence of two
Eph RTK inhibitors. Furthermore, the most potent inhibitor
was injected into mice to evaluate its effects on glucose
tolerance and plasma insulin levels.
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Results We showed that the Eph RTK inhibitors selectively
increased GSIS from MING6 cells as well as mouse and
human islets. Our results also showed that the insulin secre-
tory effects of these compounds required Eph—ephrin sig-
nalling. Finally, pharmacological inhibition of Eph receptor
signalling improved glucose tolerance in mice.
Conclusions/interpretation We showed for the first time
that Eph RTKSs represent targets for small molecules to
selectively increase GSIS and improve glucose tolerance.

Keywords Compound - Eph - Ephrin - Glucose tolerance -
Insulin secretion - Pancreatic islets

Abbreviations

Eph Erythropoietin-producing hepatoma
GLP-1  Gucagon-like peptide-1

GSIS Glucose-stimulated insulin secretion
M Imatinib mesylate

NMR  Nuclear magnetic resonance
RTK Receptor tyrosine kinases
WST-1 Water-soluble-tetrazolium-1
Introduction

Insulin is secreted by pancreatic beta cells in response to
elevated blood glucose levels. More specifically, glucose is
taken up by the beta cells via glucose transporters (GLUT?2 in
rodents, GLUT1 and/or GLUT3 in humans), and its metabo-
lism increases the ATP/ADP ratio [1-3]. The latter closes
ATP-sensitive K channels, resulting in depolarisation of the
plasma membrane and subsequent opening of voltage-gated
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Ca** channels. The influx of Ca®" finally triggers the exocy-
tosis of insulin.

Physiological insulin secretion is also influenced by many
other factors, for example cell-cell communication between
the beta cells in the pancreatic islets [4]. Konstantinova et al
previously showed that this cellular communication improves
glucose-stimulated insulin secretion (GSIS) in part via eryth-
ropoietin-producing hepatoma (Eph)A forward and ephrin-A
reverse signalling [5, 6]. While EphA receptors belong to the
family of receptor tyrosine kinases (RTKs), their ligands, the
ephrin-As, are glycosylphosphatidylinositol (GPI)-linked cell
surface proteins. Together they mediate EphA—ephrin-A bidi-
rectional signalling [7-9]. Adult mouse pancreatic islets ex-
press several, partially redundant EphA receptors (EphAl,
EphA2, EphA4, EphAS, EphA7 and EphAS), whereas only
three, partially redundant ephrin-A ligands, ephrin-Al,
ephrin-AS and to a lesser extent ephrin-A2, are expressed [5].

Since the activation of EphA RTKs suppresses insulin
secretion [5], we investigated whether pharmacological inter-
ference with EphA forward-signalling would improve GSIS
from pancreatic islets. Imatinib mesylate (IM; Gleevec, Axon
Medchem, Groningen, the Netherlands), a small-molecule
RTK inhibitor currently in use for the treatment of some types
of cancer [10], has recently been shown to have beneficial
effects on blood glucose levels by increasing insulin sensitiv-
ity in peripheral organs [11]. This finding demonstrates that
rather non-selective RTK inhibitors could have some, as yet to
be explored, therapeutic potential for the treatment of diabetes.

Here, we provide a proof-of-concept study showing that
small molecular weight compounds can target Eph receptors
to selectively increase glucose-stimulated rather than basal
insulin secretion. We previously showed that Eph RTKs are
partially dephosphorylated at high glucose concentrations,
and that the extent of their tyrosine phosphorylation is
inversely related to the extent of GSIS from pancreatic islets
(Fig. 1a). In this study, we now report that ‘type II’ pan-Eph
RTK inhibitors can further dephosphorylate EphA RTKs at
stimulatory glucose concentrations (Fig. 1b) and thus in-
crease GSIS and improve glucose tolerance. Our findings
therefore point to a new therapeutic avenue for the treatment
of type 2 diabetes.

Methods

Compounds Compound 6 (see electronic supplementary
material [ESM] Fig. 1a), compound 9 (ESM Fig. 1b) and
controls were synthesised as previously described [12].
Based on 'H nuclear magnetic resonance (NMR) spectros-
copy, their purity was estimated to be 95-99% (ESM Figs 2
and 3). IM was purchased from Axon Medchem (Groning-
en, the Netherlands) and exendin-4 from Genscript USA
(Piscataway, NJ, USA).

NMR spectroscopy Compound 6 and compound 9 were
dissolved in *H-labelled DMSO solution at a concentration
of 10 mmol/l each. The spectrum was subsequently acquired
using a 600 MHz Varian NMR instrument (Agilent-Varian,
Santa Clara, CA, USA).

Pharmacokinetic studies Pharmacokinetic studies of com-
pounds 6 and 9 were carried out by Sai Advantium Pharma,
Hyderabad, India, on 8- to 12-week-old, male Swiss albino
mice at a concentration of 10 mg/kg body weight through
the peritoneum. Blood was drawn at different time points,
and compound concentrations were analysed by liquid chro-
matography (LC)-MS/MS.

Mouse model, pancreatic islets, glucose tolerance test,
insulin tolerance test and measurement of plasma insulin
Efna5~" mice have previously been described [5, 13], and
C57BL/6J mice were purchased from Janvier (Saint
Berthevin, France). Mice were provided with standard lab-
oratory chow and drinking water ad libitum. The local
animal ethics committee approved all the experiments.

Glucose tolerance tests were performed on 8- to 12-week-
old male C57BL/6J mice by intraperitoneal injection into
fasted mice of 2 g glucose/kg body weight with or without
5 mg/kg body weight of compound 6 or 12 mg/kg body
weight of compound 9. Insulin tolerance tests were performed
on non-fasted, 8- to 12-week-old male C57BL/6J mice by
intraperitoneal injection of 0.75 mU/g body weight human
insulin (Berlinsulin H; Berlin-Chemie AG, Berlin, Germany).
Plasma insulin levels were measured on 8- to 12-week-old
male C57BL/6J mice or 10- to 14-month-old male Efina5 '~
and control mice using an ultrasensitive rat insulin ELISA
(Crystal Chem, Chicago, IL, USA). Male 8- to 12-week-old
C57BL/6] mice or 6- to 8-month-old Efna5 " and control
mice were used to isolate pancreatic islets as previously de-
scribed [5, 14]. Human islets were isolated at the San Raffaele
Scientific Institute from three different donors after ethical
committee approval (ESM Table 1).

Cell culture MING cells [15] were used from passage 27 to
passage 35 and nucleofected (Lonza, Cologne, Germany)
according to the manufacturer’s instructions with either
pEGFP or dominant-negative EphAS plasmid.

Water-soluble tetrazolium-1 viability assay, insulin
secretion and content Islet viability was estimated by
water-soluble tetrazolium-1 (WST-1) assay (Roche Diag-
nostics, Penzberg, Germany) by static incubation at 37°C
for 3—4 h. For insulin secretion measurements, islets and
MING cells were maintained at 37°C for 1 h in 2 mmol/l or
25 mmol/l glucose with or without 100 nmol/l compound 6,
compound 9 or IM. The amount of insulin secreted into the
buffer along with the amount of total insulin in MIN6 or
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Fig. 1 Pharmacological inhibition of Eph RTK phosphorylation in-
creases GSIS. (a, b) Model showing parts of two adjacent pancreatic beta
cells that interact via Ephs (red; plain red symbol, less phosphorylated
EphA; red symbol with encircled P, phosphorylated EphA) and ephrins
(green). Eph receptors are partially dephosphorylated at high, stimulatory
glucose concentrations (a). This dephosphorylation at high glucose con-
centrations, due to protein tyrosine phosphatase activity, attenuates EphA
forward signalling, which inhibits the secretion of insulin (black dots).
The aim of this study was to further dephosphorylate the Eph receptors
using small-molecule Eph RTK inhibitors, thus further enhancing GSIS
(b). (¢, ) Mouse insulinoma cells (MIN6) (¢) and mouse pancreatic islets
(e) were treated with 100 nmol/l Eph inhibitors, i.e. compound 6 and
compound 9, and 100 nmol/l RTK inhibitor IM (Gleevec). The
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percentage of EphAS phosphorylation was calculated after performing
phospho-EphAS and total EphAS ELISA, and is shown in the presence or
absence of the compounds. Phosphorylation levels were normalised to the
amount of total EphAS protein. (d, f, g) Insulin secretion at 2 mmol/l
glucose (white bars) and 25 mmol/l glucose (black bars). The secreted
insulin was first normalised to the total insulin content and then adjusted
to 100% basal control. The assay was carried out in the presence of
compound 6, compound 9 and IM at a concentration of 100 nmol/l each.
Both compound 6 and compound 9 significantly increased GSIS from
MING cells (d), mouse pancreatic islets (f) and human pancreatic islets
(g), whereas IM had no effect. Human islets were from a 49-year-old male
donor with a BMI of 27.7 kg/m%. *p<0.05, **p<0.01 (two-tailed Stu-
dent’s # test). All values are means+SD; n=3-4
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islet cell lysates was measured using an ultrasensitive rat
insulin ELISA (Crystal Chem). Secreted insulin was first
normalised to total insulin content. Subsequently, basal in-
sulin secretion under control conditions was set to 100%,
and all other values were presented as a percentage of this.
Raw data are shown in ESM Table 2.

Total EphA5 and phospho-EphAS5 content Total EphAS and
phospho-EphAS were measured in MING6 cells and islets
using an ELISA (R&D Systems, Wiesbaden-Nordenstadt,
Germany), according to the manufacturer’s instructions.
Phospho-EphAS was normalised to the total EphAS content
and presented as a percentage of the DMSO control.

Statistical analysis A Student’s ¢ test with a two-tailed dis-
tribution and two-sample unequal variance was used to deter-
mine statistical significance. In all tests, only two groups were
analysed, which had only one changed variable. To further test
the correctness of the statistical significance in Figs 2e and 3c,
two-way ANOVA followed by Bonferroni correction was
carried out using GraphPad PRISM 5.0d (GraphPad, La Jolla,
CA, USA; ESM Table 3).

Results

Pharmacological inhibition of Eph receptor phosphorylation
increases GSIS We first investigated whether two small
molecular weight Eph inhibitors, namely compound 6 and
compound 9 (ESM Fig. la and 1b), could reduce the phos-
phorylation levels of EphA5 in MING6 cells and mouse pan-
creatic islets at a high, stimulatory glucose concentration
(Fig. lc and e). EphAS was chosen from the eight EphA
receptors expressed in mouse islets, since it was shown to be
produced in human islets and represents a well-characterised
member of the EphA receptor family [5]. Treatment with the
two compounds was found to lead to a small but significant
dephosphorylation of EphAS (Fig. 1c, e). In contrast, treat-
ment with IM (ESM Fig. 1¢), taken as a control RTK inhibitor
with little affinity for Eph RTKSs, did not inhibit EphA5
phosphorylation (Fig. lc, e). In turn, IM reduced the phos-
phorylation of cKit, a non-Eph RTK (ESM Fig. 4), whereas
compounds 6 and 9 had no effect on cKit phosphorylation.
Next, we treated MIN6 cells, mouse islets and human
islets with these compounds. Importantly, both Eph RTK
inhibitors significantly and selectively increased GSIS
(Fig. 1d, f, g), whereas IM had no effect. Since islet prepa-
rations can differ, human islets were isolated from three
different donors and subsequently analysed (Fig. 1g, ESM
Fig. 5). Importantly, both compounds significantly increased
GSIS from all three preparations of human islets. Further-
more, two compounds, ALW-11-41-26 (ESM Fig. 6a) and
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Fig. 2 Mechanism by which Eph RTK inhibitors increase GSIS. (a, b)
Insulin secretion assays using MING6 cells transfected with either an
empty expression vector (a) or a vector expressing a dominant-nega-
tive-EphAS5 lacking the cytoplasmic signalling domain (b). Cells were
treated with 100 nmol/l compound 6, compound 9 or IM. (¢, d) Insulin
secretion assays using pancreatic islets isolated from control littermates
(¢) or Efna5™"" mice (d). Islets were treated with 100 nmol/I compound 6,
compound 9 or IM. (e) Insulin secretion assays using control and ephrin-
AS5-deficient islets in the absence (—) or presence (+) of 0.1 nmol/l
exendin-4, a GLP-1 receptor agonist. White bars, insulin secreted at
2 mmol/l glucose; black bars, insulin secreted at 25 mmol/l glucose from
pancreatic islets or MING6 cells. ¥p<0.05, *¥p<0.01, 7p=0.057 (two-
tailed Student’s 7 test). All values are means+SD; n=3

ALW-II-50-1 (ESM Fig. 6b) were chosen as controls, as
they had structures similar to compound 6 and compound 9,
respectively, but had no significant activity towards EphAS5
(data not shown). Neither of these control compounds in-
creased GSIS from mouse islets (ESM Fig. 6¢). Finally, we
tested the toxicity of compounds 6 and 9 using a WST-1
mitochondrial function assay. Neither compound inhibited
the mitochondrial function of mouse and human islets,
indicating that they did not negatively affect islet viability
(ESM Fig. 7).

Mechanism of Eph RTK inhibitors To further confirm that

the two compounds did not increase GSIS by inhibiting
RTKs other than the Eph receptors, we transfected MIN6
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Fig. 3 Eph RTK inhibitor compound 6 improves glucose tolerance in
mice. (a, b) Glucose tolerance tests (a) and AUC (mmol/l x min) (b) of
male C57BL/6J mice after intraperitoneal administration of glucose
(2 g/kg body weight) together with 5 mg/kg body weight of compound
6 (black circles in a) or vehicle (white squares in a). n=7-8. (¢) Plasma
insulin levels in male C57BL/6J mice were measured before (0 min)
and 20 min after intraperitoneal administration of glucose (2 g/kg body
weight) along with 5 mg/kg body weight of compound 6 (black bars)
or vehicle (white bars). n=7-8. (d) Insulin tolerance tests were
performed on male C57BL/6J mice using an intraperitoneal injection
of 0.75 U/kg body weight regular human insulin, along with 5 mg/kg
body weight of compound 6 (black circles) or vehicle (white squares).
n=28. (e) Plasma insulin levels in male control and Efna57/ " mice were
measured before (0 min) and 30 min after intraperitoneal administra-
tion of glucose (2 g/kg body weight) along with 5 mg/kg body weight
of compound 6 (black bars) or vehicle (white bars). n=7-10. **p<
0.01, *p<0.05, 'p=0.079 (two-tailed Student’s ¢ test). All values are
means+SD

cells with a dominant-negative form of EphAS, which lacked
an RTK domain. MING6 cells transfected with the control
vector were found to have increased GSIS upon compound
treatment (Fig. 2a), whereas cells expressing the dominant-
negative EphA5 showed no response (Fig. 2b).

We then asked whether an interaction of the EphA recep-
tors with ephrin-AS5, one of the two ephrin-A ligands most
strongly expressed in beta cells, was required for the
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compounds to have an effect. Thus, ephrin-A5-deficient
mouse islets were treated and GSIS was measured. Islets from
control littermates producing ephrin-A5 showed a normal
increase in GSIS upon compound treatment (Fig. 2c). In
contrast, the compounds failed to significantly increase GSIS
in ephrin-A5-deficient islets (Fig. 2d). To rule out the possi-
bility that the lack of ephrin-AS5 generally excluded a pharma-
cologically driven increase in GSIS, we treated ephrin-AS
deficient islets with the glucagon-like peptide-1 (GLP-1) an-
alogue exendin-4, a drug in clinical use since 2005. Impor-
tantly, exendin-4 increased GSIS from both control and
ephrin-AS-deficient islets (Fig. 2e). In sum, the data suggest
that compounds 6 and 9 selectively increased GSIS by
inhibiting Eph receptor tyrosine phosphorylation.

Eph RTK inhibition improves glucose tolerance in mice Finally,
we asked whether the compounds would also increase plas-
ma insulin content and glucose tolerance in vivo. Com-
pound 6 was found to reach a more than 20-fold higher
plasma concentration compared with compound 9 (ESM
Fig. 8), and corresponding to the better pharmacokinetics,
compound 6 more significantly improved glucose tolerance
in mice compared with the other compound (compare
Fig. 3a, b and ESM Fig. 9). In addition, compound 6
significantly enhanced plasma insulin levels 20 min after
glucose injection compared with controls (Fig. 3c), whereas
insulin sensitivity remained unchanged (Fig. 3d). Finally,
treatment of Efna5~ mice with compound 6 failed to sig-
nificantly increase plasma insulin levels (Fig. 3¢). We con-
clude that pharmacological inhibition of Eph receptors with
small molecules enhances glucose-induced plasma insulin
levels and improves glucose tolerance in vivo.

Discussion

The present study shows that Eph RTKs can serve as targets
for small molecules in order to specifically enhance GSIS
from mouse and human pancreatic islets. In addition, the data
reveal that small molecular weight Eph inhibitors can increase
glucose-induced plasma insulin levels and improve glucose
tolerance in mice. Both Eph RTK inhibitors and their control
compounds, including IM, are type II kinase inhibitors [12,
16]. As there are no reported Eph inhibitors that are selective
for a single Eph RTK family member, these compounds are
pan-Eph inhibitors, although they exhibit substantially re-
duced affinity for EphAl, EphA6, EphA7 and EphB1 [12].
Importantly, IM and the two control compounds do not affect
EphAS5 receptor phosphorylation and consistently do not af-
fect GSIS from both mouse and human islets. Conversely, in
contrast to IM, neither Eph RTK inhibitor affects cKit phos-
phorylation, but they increase GSIS.
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The two Eph RTK inhibitors (compounds 6 and 9) used
in this study dephosphorylate EphA5 by 20-35% at high
glucose concentrations. This moderate degree of inhibition
can be explained by our previous finding that Eph receptors
in pancreatic beta cells already have a low degree of phos-
phorylation at high glucose concentrations [5] and that Eph
receptors—Ilike many RTKs—are also phosphorylated by
non-receptor tyrosine kinases, such as Src family kinases,
which are not affected by Eph RTK inhibition [8]. Never-
theless, our genetic experiments using ephrin-A5-deficient
mouse islets and Efna5~" mice along with dominant-
negative Eph receptor production in MING6 cells all reveal
that the small-molecule Eph RTK inhibitors (compounds 6
and 9) selectively increase GSIS via their effects on Eph—
ephrin bidirectional signalling. This is because the cytoplas-
mic signalling domain of EphA5 and the Eph receptor
ligand ephrin-AS5 are both required in beta cells to observe
the insulin-secreting effects of the two compounds.

Our study warrants investigations of small molecular
weight Eph RTK inhibitors in order to develop new drugs
for the treatment of type 2 diabetes. First, the compounds
tested are not expected to introduce severe hypoglycaemia
as a life-threatening adverse effect since they selectively
increase GSIS rather than basal insulin secretion. Second,
Eph—ephrin bidirectional signalling takes place in cells and
tissues affected by long-term complications of diabetes,
including the heart, blood vessels and neurones, and recent
reports indicate that manipulation of Eph—ephrin signalling
pathways can protect against renal, neuronal and cardiovas-
cular pathologies [17-20]. Thus, further studies need to be
performed to analyse whether small molecular weight Eph
RTK inhibitors not only improve blood glucose control, as
shown here, but can also protect against some of the long-
term complications of diabetes, in particular those affecting
the cardiovascular and nervous systems of diabetic patients.
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