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ABSTRACT: Ten protein kinase C (PKC) isozymes play divergent roles in signal
transduction. Because of sequence similarities, it is particularly difficult to generate
isozyme-selective small molecule inhibitors. In order to identify such a selective
binder, we derived a pharmacophore model from the peptide EAVSLKPT, a
fragment of PKCe that inhibits the interaction of PKCe and receptor for activated
C-kinase 2 (RACK2). A database of 330000 molecules was screened in silico,
leading to the discovery of a series of thienoquinolines that disrupt the interaction
of PKCe with RACK2 in vitro. The most active molecule, N-(3-acetylphenyl)-9-
amino-2,3-dihydro-1,4-dioxino[2,3-g]thieno[2,3-b]quinoline-8-carboxamide (8),
inhibited this interaction with a measured ICs, of 5.9 uM and the phosphorylation
of downstream target Elk-1 in HeLa cells with an ICs, of 11.2 uM. Compound 8
interfered with MARCKS phosphorylation and TPA-induced translocation of
PKCe (but not that of PKCS) from the cytosol to the membrane. The compound

reduced the migration of HeLa cells into a gap, reduced invasion through a reconstituted basement membrane matrix, and

inhibited angiogenesis in a chicken egg assay.

B INTRODUCTION

Protein kinase C (PKC) is a family of serine/threonine-specific
protein kinases. The PKC isozymes can be classified into three
groups: (i) the conventional @, B, fII, y; (ii) the novel §, ¢,
0, n, and (iii) the atypical 4/t (mouse/human) and {. PKC
isozymes seem to play important roles in the activation of signal
transduction pathways leading to synaptic transmissions, the
activation of ion fluxes, secretion, proliferation, cell cycle control,
differentiation, and tumorigenesis. Because of their role in a
complex network of signal transduction pathways, different
isoforms have divergent, sometimes opposite roles within a
given biological process. As a result, no simple, unique function
can be assigned to a given PKC isozyme.

The PKCe isozyme has been reported to participate in neo-
plastic transformation," cardiac hypertrophy,” protection from
ischemic insult,® nociceptor function,* macrophage activation,”
diabetes,® and alcohol consumption.” A PKCe isozyme-specific
inhibitor would be a valuable tool for analyzing the function of
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PKCe and is expected to have pharmaceutical potential for
cancer, stroke, drug addiction, or pain.g’9 Typically, kinase
inhibitors interact with the ATP-binding site, which is well
conserved among different kinase families and is even more so
within isoforms of a given kinase. This poses a serious hurdle for
the development of isozyme-specific inhibitors, as there are
about 500 kinases encoded by the human genome.'® Although
several selective kinase inhibitors have been reported, it was later
found that they also inhibit other targets. For example, the
marketed drug imatinib was developed as an inhibitor of the
oncoprotein Ber-Abl. However, it has turned out to inhibit also
other tyrosine kinases such as Kit and platelet-derived growth
factor receptor, as well as non-kinase targets. Similarly, relatively
unspecific inhibitors initially intended as PKCf-selective, such as
ruboxistaurine''* and enzastaurine,"® are in clinical trials for
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diabetic retinopathy and cancer, respectively. Rottlerin was
described as specific inhibitor of PKCS. However, additional
modes of action have also been observed more recently for this
compound.*

Because of the high degree of conservation among the ATP-
binding sites in PKC isozymes, it is obviously very difficult to
develop monospecific inhibitors. While monospecificity is not a
prerequisite for a successful drug, secondary activities create
ambiguity in the interpretation of biochemical, pharmacological,
and clinical results.

We employed a different approach to specifically target PKCe
signaling by preventing the binding of PKCe to its adaptor
protein, the PKCe-specific receptor of activated C-kinase 2
(RACK2, #'COP).">' It has been shown that adaptor proteins
bind and translocate activated PKC isozymes to subcellular sites
in proximity to their substrates.'” RACK2 binds to activated
PKCe. The peptide EAVSLKPT, corresponding to amino acids
14-21 of PKCe, selectively inhibits the translocation of PKCe
but not that of other PKC isozymes by binding to RACK2.>'®
It has also been shown that the PKCe antagonist EAVSLKPT
inhibits protection from hypoxia-induced cell death of cardiac
myocytes.'"® One example of an inhibitor of such protein—
protein interactions is aurothiomalate, which interferes with
the interaction between PKCi and its adaptor molecule Par6.
The compound blocks oncogenic PKC signaling and growth of
human lung cancer cells."”

The objective of the current work was to develop a small
molecule peptidomimetic of EAVSLKPT that prevents the
PKCe/RACK2 interaction. It has been shown that small
molecule inhibitors of protein—protein interactions are useful
for pharmacological purposes.””*' A cell-permeable inhibitor
of PKCe signal transduction could help to explain the exact

function of PKCe and could probably also be developed further
for pharmaceutical purposes.

B RESULTS

Molecular Modeling. The lack of any known nonpeptidic
inhibitor of the PKCe/RACK2 interaction and the very limited
structural data available render rational drug discovery of an
inhibitor of this protein—protein interaction a difficult task.
A crystal structure is only available for the N-terminal-C2-like
domain of PKCe (PDB entry 1GMI), but no structural data are
available on RACK2. The PKCe protein segment EAVSLKPT,
which as a peptide is known to disrupt PKCe/RACK?2 inter-
action, is highly solvent-exposed and expected to undergo
conformational changes during the interaction with RACK2.
The interface is large (with respect to the size of small molecule
inhibitors), only vaguely characterized, and interaction hot spots
remain speculative. Conformations observed for EAVSLKPT
(in particular Glul4 and Lys19; numbering according to the
crystal structure) in the crystal structure are likely to be
influenced by crystal packing.

Lacking known ligands and structural data for modeling,
several pharmacophore models were derived directly from
EAVSLKPT in its crystal structure conformation (Figure 1A).
One pharmacophore model obtaining comparably high specificity
is reported in Figure 1B. It consists of three hydrogen bonding
features and one hydrophobic feature. The latter attempts to
resemble the hydrophobic area presented to RACK2 by Vall6,
while the hydrogen bonding features characterize the side chain
properties of Glul4, Serl7, and Lys19. The rationale for selecting
these features was their surface exposure and, consequently,
an increased likelihood of being involved in the interaction with
RACK2. In order to account for protein flexibility (as far as

1 (PKCe16)

EO N\ s HN
BSOS oS A
NH,

8 (PKCe141)

Figure 1. Structure-based modeling of the mimic of the PKCe protein fragment EAVSLKPT. (A) X-ray structure of the C2 domain of PKCe (PDB
code 1GMI). The protein backbone is illustrated as cartoon, while the protein segment EAVSLKPT is highlighted as sticks in the yellow box. (B)
Pharmacophore model derived from EAVSLKPT (extracted from the crystal structure). Hydrogen bonding and hydrophobic features are indicated
with red/green and yellow spheres, respectively. (C) Structures of 1 and 8. (D) Alignment of 1 with the pharmacophore model. (A), (B), and (D)

were generated using LigandScout 3.0.2
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possible and without becoming overly unspecific), the tolerance
spheres of the pharmacophore feature and projection points were
set to 1.5 and 2.0 A, respectively (the latter are not indicated in
Figures 1B and 1D). This pharmacophore model was used for
virtual screening of the Asinex Gold and Platinum collections
(Asinex Ltd, Moscow, Russia), which contain approximately
330000 compounds in total.

Virtual screening with this pharmacophore model resulted
in a list of 468 molecules. The hit list was refined by ranking
candidate molecules according to their geometric fit to the
pharmacophore model and by visual inspection. Nineteen
compounds (Supporting Information Table 1) were selected
and purchased for in vitro testing. One of them, 3-amino-N-(6-
ethoxy-1,3-benzothiazol-2-yl)-7-methoxythieno[2,3-b]quinoline-
2-carboxamide (1), showed significant activity. It disrupted the
interaction of PKCe and RACK2 with an ICy, of 25.5 uM
(Figure 1C, Figure 1D). Nineteen further thienoquinolines,
structurally related to 1, were purchased or synthesized for in
vitro testing.

Structure—Activity Relationships Observed for Thie-
noquinoline-Based Disruptors of the PKCe/RACK2
Interaction. Significant disruption of the PKCe/RACK2 inter-
action was detected for several tested thienoquinolines (Table 1),
with the most active compound being N-(3-acetylphenyl)-9-
amino-2,3-dihydro-1,4-dioxino[2,3-g]thieno[2,3-b]quinoline-8-
carboxamide (8) (Figure 1C). Acetylphenyl substituents at R1
appear favorable for activity, with a preference for meta- over
para-substitution (as exemplified by 8 and 13). Also the amine
group at R4 increases activity (see 8 and 11). Compounds with a
hydrogen bond acceptor at R3 tend to exhibit significant activity
(such as 3, 6, 8, 13).

A pharmacophore-based alignment of 8 with the peptide itself
might allow the formulation of a binding mode hypothesis.
Compound 8 may cover the pharmacophore features of
the solvent-exposed side chains of EAVSLKPT. However,
these considerations remain highly speculative, and hopefully
more data on structure—activity relationships will help to shed
some light on the potential molecular binding mode of 8 in the
future.

Compound 8 Prevents PKCe/RACK2 Interaction in
Vitro. Compound 8 led to a dose-dependent inhibition of the
PKCe/RACK? interaction (Figure 2A) and exhibited an ICg, of
5.9 uM. The peptide EAVSLKPT-RRRRRRR was used as a
control. Seven arginines were added to EAVSLKPT to increase
internalization of the peptide for experiments in intact cells.
IC;, for the inhibition of the PKCe/RACK2 interaction by
EAVSLKPT-RRRRRRR in this assay was 1.02 M (Supporting
Information Figure 1). It has been shown previously that
PKCJII interacts with the adaptor protein RACK1.** There-
fore, we investigated whether 8 can also prevent the PKCSII/
RACK1 interaction. As shown in Figure 2B, compound 8 does
not prevent the PKCPII/RACKI1 interaction, indicating
specificity of 8 for the PKCe/RACK?2 interaction.

Effect of Compound 8 on PKCe Translocation. Upon
activation, PKCe associates with RACK2 and is translocated
from the cytosolic to the membrane fraction.”*** We investi-
gated whether 8 also inhibits the translocation of PKCe to the
membrane. For these experiments PC-3 prostate adenocarci-
noma cells were employed because they express relatively
high levels of endogenous PKCe (Figure 3). In PC-3 cells,
treatment with 12-O-tetradecanoylphorbol 13-acetate (TPA)
led to an increase of PKCe in the membrane fraction.
Accordingly, the amount of PKCe in the cytosol decreased
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(Figure 3). Furthermore, activated PKCe is phosphorylated at
Ser729. TPA increased the phosphorylated form of PKCe.
Compound 8 does not inhibit PKCe in vitro (Supporting
Information Figure 2). Treatment of cells with 8 similarly did
not reduce Ser729-phosphorylated PKCe at the membrane
(Figure 3). This result illustrates that PKCe is phosphorylated
following treatment with TPA and 8 does not prevent this
phosphorylation. However, compound 8 partially inhibits the
cellular translocation of activated and phosphorylated PKCe to
the membrane fraction. PKC6 shows a high degree of homology
with PKCe. Therefore, we investigated the influence of 8 on
PKC4. As shown in Figure 3, compound 8 did not decrease
PKCo in the membrane. A similar result was obtained with
immunocytochemistry (Figure 4). Short-term treatment with
TPA led to an increase of PKCe in the plasma membrane.
Compound 8 prevented the TPA-induced PKCe translocation
to the plasma membrane (Figure 4).

Compound 8 Inhibits Elk-1 and MARCKS Phosphor-
ylation in Vitro. PKCe is situated in the signal transduction
cascade upstream of Raf-1.>> In a HeLa cell line containing a
doxycycline-inducible constitutively active PKCe, active PKCe
leads to phosphorylation of the transcription factor Elk-1%°
(Figure SA, Figure SB). To obtain information on whether 8 is
able to prevent the PKCe/RACK2 interaction in intact cells, we
tested the compound for inhibition of Elk-1 phosphorylation
in a PathDetect HeLa luciferase (HLR) trans-reporting HeLa
cell line. In these cells, activation of PKC by TPA leads to the
expression of luciferase. As shown in Figure SC, compound 8
inhibited the phosphorylation of Elk-1 in a dose-dependent
manner with an ICy, of 11.2 4M in intact cells.

In cells, PKCe phosphorylates myristoylated alanine-rich protein
kinase C substrate (MARCKS).”® As shown in Figure 6A, com-
pound 8 inhibited the phosphorylation of MARCKS in HeLa
cells. These results show that 8 exhibits the features of an
inhibitor of PKCe signaling in vitro and also in intact cells.

Effects of Compound 8 on Cell Proliferation,
Migration, Invasion, and Angiogenesis. A major question
is whether such an inhibitor is toxic or in other words whether
the observed effects are due to inhibition of cell proliferation
rather than of Elk-1 mediated signaling. Therefore, we tested
the compound for inhibition of cell proliferation in HeLa-HLR
and human PC-3 prostate adenocarcinoma cells. These cell lines
were used because HeLa-HLR cells were employed for Elk-1
phosphorylation and PC-3 cells for the PKCe translocation
experiments described above. As shown in Figure 6B, in both of
the cell lines even 50 M 8 did not show any inhibition of cell
proliferation. It has been shown previously that PKCe does not
increase cell proliferation. However, it increases cell migra-
tion®*° and is associated with metastatic spread and invasiveness
of human cancer cells.”” Therefore, we investigated whether 8
inhibits PKCe-induced cell migration or invasion. Invasion of
cells through an extracellular matrix was indeed inhibited by 8
(Figure 6C). As shown in Figure 7, untreated HeLa cells
containing a constitutively active doxycycline-inducible PKCe
showed only low migration into a scratch made with a pipet tip
on a tissue culture dish. If the scratch was made into the mono-
layer cells and the expression of constitutively active PKCe
was induced by doxycycline, after 24 h a significant part of the
scratch was covered with cells. PKCe increased migration of cells
into a gap, and 8 indeed inhibited this PKCe-induced migration
(Figure 7). This result is interesting for cancer research. Another
question in the cancer area is whether the compound inhibits
angiogenesis. As shown in Figure 8, in a chicken egg assay the
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Table 1. Structure and Activity of Tested Thienoquinolines
R2

R3

Compound Vendor ID Bond R4  Inhibition SD SEM n
type (% of untreated
Internal ID ring A control)
Mean*
1 ASN 02538754 double s ) methoxy H NH2 37.7 249 144 12

PKCel6 _§<\
2 AO-799/42008044 _ double % e H H NH2 427 89 22 16
— {e]
PKCel19 ( >

3 AG-690/40698925 double . o™ H ethoxy NH2 324 87 22 16
PKCel23 —§4</ j/\‘(
o
S
4 AG-690/40754166 double e methoxy H NH2 60.8 132 33 16
PKCel27 —%
HeC
5 AG-690/40752930 double H ethoxy NH2 60.5 13.0 33 16
PKCel29 %‘@*‘
6 AG-690/40698789 double K /_°H° H methoxy NH2 29.6 99 25 16
{e]
PKCel33 E
7 ASN 05544752 double —\ H methox NH2 329 73 2.1 12
—% N o y
PKCel140 \ /
8 ASN 05545158 double 9 0-CH2-CH2-O NH2 133 6.1 07 80
PKCel41 - (at 25 uM
% concentration)
23.6 102 15 48
(at 10 pM
concentration)
9 PKCe2022 double 9 0-CH2-0 NH2 58.9 17.6 5.1 12
CHy
10 PKCe2023 double o, 0O-CH2-O H 51.2 129 3.7 12
CHg
11 PKCe2024 double 0 0-CH2-CH2-0 H 64.9 123 3.6 12
CH,
12 PKCe2092 single Ho, 0O-CH2-CH2-O NH2 101.6 490 173 8

CHy

13 PKCe2138 double g ::: :/° O-CH2-CH2-O NH2 22.8 58 1.7 12
CH,

14 PKCe2139 double K S 0O-CH2-CH2-O NH2 90.9 29.0 145 4

3238 dx.doi.org/10.1021/jm401605¢ | J. Med. Chem. 2014, 57, 32353246



Journal of Medicinal Chemistry

Table 1. continued

Compound Vendor ID Bond R1 R2 R3 R4  Inhibition SD SEM n
type (% of untreated
Internal ID ring A control)
Mean®
15 PKCe2140 double NS 0-CH2-0 NH2 30.8 99 29 12
0
16 PKCe2141 double NG 0-CH2-CH2-0 NH2 462 75 37 4
—N
17 PKCe2142 double e Ve 0-CH2-CH2-O NH2 483 62 3.1 4
=N
18 PKCe2143 double Q 0-CH2-CH2-O NH2 59.3 54 27 4
-OH
HeC o}
_/
N
19 PKCe2144 double gQ 0-CH2-CH2-O NH2 58.0 7.3 3.7 4
Cl
20 PKCe2145 double %Q 0-CH2-CH2-O NH2 57.6 19.6 9.8 4
Cl Cl
“PKCe/RACK2 in vitro binding assay.
A 100 " " B 200 - -
PKCe¢/RACK2 interaction PKCBII/RACK1 interaction
80 I
— 150 1 1
e o
o -
£ o I £ t
8 O 100
%5 40 l T k]
2 | R
20 50
Control 5puM 10 uM 25 uM Control 10 uM 25 uM
Compound 8 Compound 8

Figure 2. Effects of 8 in vitro. (A) Compound 8 prevents the in vitro interaction of PKCe with RACK2 in a dose-dependent manner. (B)
Compound 8 does not prevent the in vitro interaction between PKCSII and RACKI. In (A) and (B), the mean values (+SD) of four independent
experiments in which four samples were taken within each experiment are shown. Because the color development varies from experiment to
experiment, the data were normalized to the control (100%). Therefore, the standard deviation for the control is 0.

induction of angiogenesis by vascular endothelial growth factor is
indeed inhibited.

Inhibition of Kinases. Earlier, we found that the barbituric
acid derivative BAS 02104951 prevented PKCe/RACK2 inter-
action (IC5, = 28.5 uM). In addition, this compound also
inhibited PKC# and PKCe directly.”® Therefore, we tested 8
for its inhibition of PKC isozymes. As shown in Supporting
Information Figure 2, 50 #M compound inhibited PKCs a, fI,
and 7 to approximately 80%. If compared to the inhibition
of the PKCe/RACK?2 interaction (IC5, = 5.90 uM), this is
not a major effect. However, these are significant inhibitions,
in particular for PKCy. This has to be considered in further
investigations into this compound.

3239

A screen of 109 kinases showed that many kinases are not
or only slightly affected by 8 (Table 2). Among the kinases
inhibited by 8 are ERK1, NUAKI1 PIM3, BTK, and RSK2.
However, compound 8 affected these kinases less than the
PKCe/RACK2 interaction. As shown in Figure 2A, 25 uM
solution of 8 inhibited the PKCe/RACK?2 interaction to approxi-
mately 10% of untreated controls, whereas 25 yM solution of
8 inhibited the most affected kinase RSK2 to 27% (Table 2).
All other kinases were less affected.

B DISCUSSION

PKC isozymes seem to play important roles in several signal
transduction pathways. The exact functions of the different

dx.doi.org/10.1021/jm401605c¢ | J. Med. Chem. 2014, 57, 3235—3246
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Figure 3. Effect of 8 on PKCe and PKCS§ translocation. IGFI-fR and GAPDH were used as loading controls for the membrane and the
cytosolic fraction, respectively. In the densitometric analysis, four independent experiments were scanned and the mean values (+SD) are shown:
(%) p = 0.02. Depending on the exposure time of the membrane to the film, the bands vary from experiment to experiment. Therefore, the data were
normalized to the control (100%) and no standard deviation can be reported.

+TPA
Control 50 uM Cpd 8

Experiment 1

N
=
c
Q
£
=
[}
o
X
i

Experiment 3

Figure 4. Effect of 8 on PKCe translocation by immunofluorescence. PC-3 cells were employed for these experiments. TPA induces translocation of
PKCe to the plasma membrane. Compound 8 inhibits this TPA-induced translocation of PKCe. Experiments 1, 2, and 3 are three independent
experiments.
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Figure 5. PKCe induces phosphorylation of Elk-1. (A) In HeLa cells, a doxycycline-inducible constitutively active PKCe>” leads to phosphorylation
of Elk-1. The cells were left untreated or induced with doxycycline (2 yg/mL) for 24 h. Additional stimulation with TPA (50 nM) was performed for
10 min. Phosphorylation of Elk-1 was detected with a phospho-specific antibody against the Ser383 residue of Elk-1. GAPDH was used as loading
control. (B) Densitometric analysis of Western blots. Elk-1 phosphorylation was normalized to the GAPDH loading control, and data are expressed
relative to untreated cells (control). Bar graphs represent quantitation of three independent experiments (+SD). Dox = doxycycline. Fold of control
is calculated from Dox and TPA. (C) Compound 8 inhibits the phosphorylation of Elk-1 in PathDetect HeLa-HLR cells. Luciferase activity following
activation of Elk-1 is shown. Data shown are the mean values (+SD) of three independent experiments. Because the relative light units vary from
experiment to experiment, the data were normalized to the controls. Therefore, the standard deviation for the control is 0.
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Figure 6. Compound 8 inhibits MARCKS phosphorylation, cell proliferation, and invasion following treatment with 8. (A) HeLa cells were starved
for 16 h in medium without fetal calf serum. Subsequently, they were treated with S0 M solution of compound 8 for 30 min and 100 nM TPA for
the last 10 min. An amount of 150 pg of protein from lysed cells was loaded onto SDS 8—16% gels. Tubulin was used as loading control. Below a
representative blot, a bar graph corresponding to quantitative scans of three independent experiments (+SD) is shown. (B) Cell proliferation
following treatment of HeLa and PC-3 cells with 8. The mean values (+SD) of three independent experiments, in which three samples were taken
within each experiment, are shown. (C) Invasion of cells through a membrane. Cell invasion was determined as described in Experimental Section.
In HelLa cells with a doxycycline-inducible PKCe the expression of PKCe was induced with doxycycline (control + Dox). The mean of three
experiments (+£SD) is shown: () p = 0.03. The data are normalized to the control (100%). Therefore, the standard deviation for the control is 0.

PKCs in the cells are still being actively investigated. Isozyme- of PKCe was employed to identify a candidate molecule (1,
selective inhibitors would contribute to explain their functions. Figure 1C), which is based on a thienoquinoline core. Further
Kinase inhibitors usually bind to the ATP binding site. The thienoquinolines related to the structure of 1 were explored,
corresponding sequences, in particular in PKC isozymes, leading to the discovery of 8, which prevents this interaction
exhibit strong structural similarities. Therefore, kinase inhibitors with a half-maximal inhibitory concentration of 5.9 yM. Although
frequently are not selective for a particular kinase. In order to 8 inhibits other kinases to a certain extent (Figure 2A, Table 2),
identify a selective inhibitor of PKCe signaling, we sought to this level of selectivity is acceptable for an inhibitor lead.
prevent the PKCe/RACK2 interaction. A pharmacophore- In addition, detergent-sensitive aggregation effects may also be
based approach utilizing the crystal structure of the C2 domain involved at such high concentrations of inhibitors.”” Medicinal

3241 dx.doi.org/10.1021/jm401605¢ | J. Med. Chem. 2014, 57, 3235—3246
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Control

Experiment 1

Experiment 2

Experiment 3

+ Doxycycline

Doxycycline + 25uM Cpd 8

Figure 7. PKCe-induced migration of HeLa cells into a gap. The expression of constitutively active PKCe was induced by doxycycline for 24 h after a

scratch was made into monolayer cells with a pipet tip.

10 ng VEGF + DMSO

10 ng VEGF + 10 ng Compound 8

Figure 8. Inhibition of angiogenesis by 8. Angiogenesis was observed in a chicken egg assay with and without treatment with 8. Arrows indicate

blood vessels.

chemistry-driven optimization of this lead structure is expected to
lead to a substantial improvement of inhibitor specificity.

The aim of developing an inhibitor of signal transduction
is ultimately to use it for therapeutic purposes. Many enzyme
inhibitors used as drugs exhibit an IC, in the nanomolar range.
However, because of their particular physicochemical properties
(extensive, hydrophobic, surface-exposed interfaces), protein—
protein interfaces are more difficult to target than classical
ligand-binding sites. Attempts to tackle protein—protein
interactions have been reported in recent years, but experience
is still quite limited and experimental aspects are challenging
as well.”® The EAVSLKPT peptide, derived from the binding
site of PKCe to RACK2 and used for molecular modeling,

3242

inhibits this interaction with an ICy, of 1.02 uM. Therefore,
a peptidomimetic of EAVSLKPT with an IC;, of 5.9 uM may
be approaching the maximum achievable inhibitory activity,
considering the size of this molecule. Also aurothiomalate,
which prevents the interaction of PKCt and its adaptor protein
Par6, is active in the range of 10 uM."? For clinical application
a compound with an ICs, in the nanomolar range would be
preferable. However, this is not essential. For example, the
ribonucleotide reductase inhibitor hydroxyurea is used in the
clinic as an anticancer agent. It inhibits ribonucleotide reductase
with an ICy, of 37.2 uM.*! Furthermore, many clinically relevant
kinase inhibitors that are active at nanomolar concentrations in
vitro have cellular IC, values closer to the micromolar range

dx.doi.org/10.1021/jm401605c¢ | J. Med. Chem. 2014, 57, 3235—3246
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Table 2. Profile of Kinase Inhibition by 25 M Solution of 8

% of control SD, %
25 uM Solution of 8
control 100 0
ERK1 5§ S
RSK2 27 1
NUAK1 49 6
PIM3 46 4
BTK 42 1

“109 different protein kinases were tested for their inhibition by 8.
The five kinases that were inhibited most strongly are reported in this
table. All other kinases were affected less. Most of them are not
affected at all. Screening was performed by the National Centre for
Protein Kinase Profiling, Division of Signal Transduction Therapy,
University of Dundee. The data are portrayed as mean % activity and
standard deviation of assay duplicates.

because of the higher physiological concentrations of ATP
relative to those typically used for in vitro assays. In particular
for compounds with high ICy, values solubility might be a
problem. However, for 8 this seems solvable.

It has been reported previously that PKCe appears to have
oncogenic properties.' Therefore, an inhibitor of the PKCe
signal transduction might exhibit antitumor activity. However,
as shown in Figure 6B, the proliferation of HeLa and PC-3
tumor cells was not inhibited by 8, which illustrates that the
compound seems not to exhibit general antitumor activity,
although mechanism-based anticancer applications cannot be
ruled out in tumors in which PKCe activation is associated with
the driving mutation. The data also indicate that the compound
does not exhibit toxicity, a particularly favorable characteristic
for a potential application as an inhibitor of PKCe signaling to
treat diseases such as myocardial hypertrophy,®*® diabetes,
stroke, or pain.*’ Our results are in agreement with reports®”**
showing that PKCe does not increase cell proliferation (Figure 6B)
but is involved in cell migration and invasion (Figures 6C and 7).
This is an indication that 8 might be an inhibitor of metastasis.
The potential use of the compound for pharmaceutical purposes
has to be examined in additional projects.

B CONCLUSIONS

Sequence similarities within the 10 members of the PKC family
render the development of isozyme-selective small molecule
inhibitors of PKCe a highly challenging task. In this study, our
aim was to develop a molecule blocking the activity of PKCe
by preventing it from binding to its adaptor protein, RACK2.
We successfully identified a cluster of active molecules based
on a thienoquinoline ligand core. The most active molecule,
compound 8, interferes with the PKCe/RACK2 interaction
with an activity comparable to that of a known peptidic
inhibitor of this interface (EAVSLKPT). Compound 8 inhibits
the phosphorylation of the PKCe-downstream target Elk-1,
the phosphorylation of MARCKS, and the TPA-induced
translocation of PKCe (but not that of its nearest relative
PKC§) from the cytosol to the membrane. It reduces cell
migration into a gap and invasion through a reconstituted
basement membrane matrix and inhibits angiogenesis in a
chicken egg assay. We believe that the herein reported
disruptor will be useful for investigating the function of PKCe
and may serve as an interesting starting point for the devel-
opment of drug molecules targeting this protein with ade-
quate specificity.
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B EXPERIMENTAL SECTION

Compounds. For in vitro screening purposes, all 19 initially
selected compounds (including compound 1, reported in Supporting
Information Table 1) were purchased from Asinex Ltd., Moscow,
Russia, together with compounds 7 and 8. Compounds 2—6 were
purchased from Specs, Delft, The Netherlands. Compounds 9—20
were synthesized in house. The 25 mM stock solutions were prepared
in DMSO or in DMF. This stock was incubated at 56 °C for 1 h to
dissolve the compound completely.

Characterization of Compound 8. For biological character-
ization of compound 8 a fully characterized batch synthesized in house
and checked for identity and purity was used. Mp >250 °C (dec)
(crystallized from DMF—MeOH). 'H NMR (DMSO-dy): & 2.58
(s,3H), 442 (d, ] = 6 Hz, 4H), 7.45-7.49 (m,3H), 7.55 (s,2H), 7.67
(d, J = 6 Hz, 1H), 8.01 (d, ] = 6 Hz, 1H), 8.34 (s, 1H), 8.89 (s, 1H),
9.58 (s, 1H). HRMS-ESI caled (C,,H,;N,0,S + H), 420.101 82;
found, 420.1043 (M + H)*; 442.0866 (M + Na)*; 861.1839 (2M +
Na)*. HPLC, 95.05% (H,O + H;PO,, 0.01 M, pH 2.6/MeCN).
Identity and purity (>95%) of 8 was determined using thin-layer
chromatography and liquid chromatography—mass spectrometry. 'H
NMR, ESI-MS, and HPLC analyses of 8 are shown in the Supporting
Information Figures 3—6.

Computational Approaches. PDB entry 1GMI was used as a
basis for the definition of structure-based pharmacophores of the
PKCe protein fragment EAVSLKPT. Catalyst (version 4.11, Accelrys
Inc, San Diego, CA, USA) was employed for pharmacophore
modeling and screening. Multiconformational databases of the Asinex
Gold and Platinum libraries (Asinex Ltd., Moscow, Russia) were
generated applying the FAST conformational search algorithm with a
maximum of 250 conformers created per molecule. The two databases
were screened using the Catalyst FAST algorithm.

Cells and Cell Proliferation. HeLa cells containing a tetracycline/
doxycycline-inducible constitutively active PKCe were described
previously.”® A PathDetect HeLa HLR cell line was obtained from
Agilent, Technologies, Wokingham, U.K. PC-3 prostate adenocarci-
noma cells were obtained from Dr. Helmut Klocker, Department of
Urology, Innsbruck Medical University. For cell proliferation HeLa
HLR and PC-3 cells were seeded at ~10 000 cells per well in 96-well
plates. After 4 h various concentrations of 8 were added and left for
72 h. Cell proliferation was determined by the SRB assay.>®

PKCe/RACK2 in Vitro Binding Assay. Recombinant RACK2
tagged with maltose-binding protein (RACK2-MBP) was purified on
columns with amylose resin (New England Biolabs, Ipswich, MA) as
described by the manufacturer. The recombinant protein was analyzed
by Coomassie Blue staining and Western blotting after SDS—PAGE.
Aliquots were stored in liquid nitrogen. The interaction between
PKCe and RACK2 was measured using an ELISA-based assay. The
96-well EIA/RIA high binding plates (Costar) were coated with 100 ng
of recombinant PKCe (ProQinase, Freiburg, Germany) in buffer A
(20 mM Tris-HC1/100 mM NaCl, pH 7.5) at 4 °C on a shaker with
gentle agitation overnight. The plate was washed twice with 225 uL/
well buffer A. After blocking of unspecific binding sites with 225 uL of
sterile-filtered 3% bovine serum albumin (BSA; Sigma-Aldrich, St.
Louis, MO) in buffer A at room temperature for 3 h, the plate was
washed twice with 225 uL of this buffer. PKCe was left untreated or
activated by addition of 60 yg/mL phosphatidylserine (Sigma-Aldrich)
and 100 nM TPA (Sigma-Aldrich) in a volume of 50 L of buffer A for
10 min at 30 °C. Recombinant purified RACK2-MBP (obtained from
Prof. Dr. Daria Mochly-Rosen, Stanford University, USA, as described
in ref 15) was either left untreated or incubated with EAVSLKPT-R7 or
8 at room temperature for 30 min in a final volume of 50 uL of
buffer A. Then 500 ng RACK2-MBP was added to untreated or
activated PKCe for 1 h at room temperature for binding. The plate was
washed twice with 225 uL of buffer A. Then 100 L of RACK2-specific
rabbit anti-RACK2 polyclonal antibody (obtained from Prof. F.
Wieland, University of Heidelberg, Germany) diluted 1:20 000 in 3%
BSA/buffer A was added for 1 h at room temperature. The plate
was subsequently washed three times with 225 uL of buffer A, and a
goat anti-rabbit HRP-conjugated IgG (Santa Cruz Biotechnology,
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Santa Cruz, CA) diluted 1:20 000 in 100 uL of 3% BSA/buffer A was
added for 1 h at room temperature. After three washes with 225 yL of
buffer A, 100 uL of ABTS substrate (0.5 mg/mL) diluted in ABTS
buffer (Roche, Vienna, Austria) was added and the plate was incubated
in the dark for 30—180 min. Color development was measured on a
plate reader at a wavelength of 420 nm.

PKCBII/RACKT1 in Vitro Binding Assay. This assay was similar to
the PKCe/RACK2 binding assay described above. 6-his-tagged
RACK1 was cloned into a pET-30a(+) vector (Novagen, Merck
KGaA, Darmstadt, Germany) and purified with Ni-NTA agarose
(Qiagen, Hilden, Germany). Final elution was performed with 500 nM
imidazole in elution buffer (20 mM Tris-HCI/300 mM NaCl, 20%
glycerol, pH 7.5). The integrity of purified recombinant protein was
analyzed by Coomassie Blue staining and Western blotting. Then
200 ng RACK1 was coated onto 96-well EIA/RIA high binding plates
(Costar, Corning, New York, NY) at 4 °C on a shaker with gentle
agitation overnight. Compound 8 was added at room temperature for
30 min. Then 500 ng of recombinant GST-tagged PKCSII (ProQinase)
was activated with CaCl,, phosphatidylserine, and TPA for 10 min.
The RACK1-coated plates with and without 8 were incubated for 1 h
with activated PKCPIL The interaction was determined with a primary
rabbit anti-GST antibody (Santa Cruz) and corresponding HRP-
conjugated goat anti-rabbit HRP conjugated secondary antibody (Santa
Cruz) as described above for the PKCe/RACK2 interaction.

Elk-1 Phosphorylation. Elk-1 phosphorylation was determined
with the PathDetect system (Agilent, Santa Clara, CA). PathDetect
HeLa HLR-Elk-1 cells contain a luciferase reporter cassette and express
a unique, stably integrated, trans-acting fusion protein. The fusion
protein consists of the activation domain of the Elk-1 transcriptional
activator>®™>® that is fused to the yeast GAL4 DBD (residues1—147).
The transcriptional activator domain of Elk-1 is activated. An amount
of 200 000 PathDetect HeLa HLR-Elk-1 cells per well was seeded in a
six-well plate and grown for 24 h. Cells were washed with phosphate
buffered saline and starved for 16 h in starvation medium (DMEM-
containing 0.5% fetal bovine serum and 1% glutamine). Compounds
were added in DMEM for 30 min. Following treatment with 50 nM
TPA for 5 min the cells were washed twice with phosphate buffered
saline and incubated for 4 h in starvation medium and compound 8.
Then 200 uL lysis buffer as described by the manufacturer was added.
The plates were shaken intensively at 4 °C for 20 min. Lysates were
collected and centrifuged at 11000g at 4 °C for 2 min and used
immediately for luciferase activity measurement. Protein concentration
was determined according to Bradford,” and 20 pg of each sample was
transferred to a white, opaque 96-well plate. An amount of 150 uL of
luciferase assay buffer as described by the manufacturer was injected,
and light emission from the reaction was measured for 3 s after a delay
time of 2 s. Relative light units were measured with a 1450 Microbeta
Wallac Jet luminometer (Perkin-Elmer, Waltham, MA).

Cell Fractionation and Western Blotting. For PKCe trans-
location PC-3 cells were starved for 16 h, treated with 8 for 30 min,
stimulated with S0 nM TPA for S min, lysed, and fractionated with
a CNMCS/CNM compartmental protein extraction kit (BioChain
Institute, Newark, CA). Western blotting was performed by a standard
procedure as described by Garczarczyk et al>”*® Cytosolic and
membrane fractions were loaded onto SDS gels and transferred to an
Immobilon membrane (Millipore, Billerica, MA). The membranes
were incubated with rabbit polyclonal IgG antibodies for detection
of PKCe (Santa Cruz Biotechnology; dilution 1:2000), for PKCe
phosphoSer’® (Millipore; dilution 1:1000), for PKCS (Santa Cruz
Biotechnology; dilution 1:1000), and for MARCKS phosphoSer152/
156 (Cell Signaling Technology, Danvers, MA; dilution 1:1000). For the
loading control tubulin (Santa Cruz Biotechnology; dilution 1:1000),
and as marker for the membrane fraction, an IGFI-AR rabbit poly-
clonal IgG antibody (Santa Cruz; dilution 1:1000) and, as secondary
antibodies, peroxidase-conjugated AffiniPure goat anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA; dilution
1:20000) were used. GAPDH (Chemicon, Millipore, Billerica, MA;
dilution 1:10000) was used as loading control for the cytosolic fraction.
A peroxidase-conjugated secondary antibody (AffiniPure goat anti-
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mouse IgG; Jackson ImmunoResearch Laboratories; dilution 1:20000)
was employed for detection.

Immunofluorescence. PC-3 cells were grown on glass coverslips
coated with poly-L-lysine (Sigma-Aldrich). After treatment with 8 for
30 min and with 100 nM TPA for S min, the cells were rinsed twice
with phosphate buffered saline (PBS) and fixed with filter sterilized 4%
(w/v) paraformaldehyde/4% sucrose (w/v) (both from Sigma-
Aldrich) in PBS at room temperature for 10 min. Subsequently the
cells were washed three times with PBS and permeabilized with 0.2%
Triton X-100/0.2% IgG-free BSA in PBS at room temperature for
10 min. After blocking with 5% normal goat serum diluted in PBS as
described above for 30 min, cells were incubated with the primary
antibodies for PKCe (Santa Cruz; diluted 1:500) in 0.2% Triton
X-100/0.2% IgG-free BSA in PBS at 4 °C overnight. Subsequently,
the cells were washed three times with the same buffer and incubated
with the labeled secondary antibody (Alexa Fluor, Invitrogen, Life
Technologies, Carlsbad, CA; 1:4000) at room temperature for 1 h.
After three more washes with 0.2% Triton X-100/0.2% IgG-free BSA
in PBS, cells were mounted with Mowiol (Sigma-Aldrich) and images
were taken with an Olympus BX S0 optical microscope (Olympus
Corporation, Tokyo, Japan).

Cell Migration and Invasion. For cell mi%ration and motility,
a scratch migration assay described by Cha et al.*' was employed. In a
tissue culture dish, with logarithmically growing HeLa cells containing
a doxycycline-inducible constitutively active PKCe, a migration gap of
approximately 1 mm was created by introducing a “scratch” to the
adherent layer of cultured cells using a sterile Gilson 200 yL pipet tip.
The scratch was administered by hand with sufficient pressure to remove
adherent cells from the polystyrene substrate but without causing physical
damage to the polystyrene surface. The dish was washed with PBS to
remove the cells and further incubated with 2 ug/mL doxycycline and
25 uM 8 for 24 h. Controls were left either untreated or were incubated
with 2 pg/mL doxycycline and DMSO. Migration into the scratch was
observed with an Olympus microscope. Invasion of HeLa cells through
a reconstituted basement membrane matrix was determined with a cell
invasion assay kit from Chemicon (no. ECMSS0) as described by the
manufacturer.

Chicken Egg Assay. Eggs from hen were incubated at 37 °C for
3 days, opened, and incubated for further 7 days. On day 10,
the growth factor VEGF and 8 were added as indicated in Figure 8.
After further incubation for S days, angiogenesis was observed by
microscope.

IC5, Determination and Statistics. IC;, values were determined
with CalcuSyn (Biosoft, Cambridge, U.K.). Significance was calculated
by the t test with GraphPad Prism, version 5.0.
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vitro); inhibition of RACK2-binding to PKCe by the peptide
EAVSLKPT; effect of 8 on PKC isozymes; '"H NMR of 8
purchased from Asinex; 'H NMR, ESI-MS, and HPLC of 8
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is available free of charge via the Internet at http://pubs.acs.org.
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