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Abstract: Erlotinib is commonly used as a second line treatment in non-small cell lung cancer patients with sensitiz-
ing EGFR mutations. In EGFR-wild type patients, however the results are limited. Therefore we evaluated whether
the combination of the Protein kinase C-3 inhibitor enzastaurin with erlotinib could enhance the effect in the A549
and H1650 cell lines. Cytotoxicity of erlotinib, enzastaurin and their 72-h simultaneous combination was assessed
with the MTT assay. The pharmacologic interaction was studied using the method of Chou and Talalay, cell cycle
perturbations were assessed by flow cytometry and modulation of ERK1/2 and AKT phosphorylation was deter-
mined with ELISA. For protein phosphorylation of GSK3B we performed Western Blot analysis and a Pamgene
phosphorylation array, while RT-PCR was used to investigate VEGF and VEGFR-2 expression before and after drug
treatments. A synergistic interaction was found in both cell lines with mean Cl of 0.58 and 0.63 in A549 and H1650
cells, respectively. Enzastaurin alone and in combination with erlotinib increased the percentage of cells in S and
G2M phase, mostly in H1650 cells, while AKT, ERK1/2 and GSK3[ phosphorylation were reduced in both cell lines.
VEGF expression decreased 5.0 and 6.9 fold in A549 cells after enzastaurin alone and with erlotinib, respectively,
while in H1650 only enzastaurin caused a relevant reduction in VEGF expression. The array showed differential
phosphorylation of EGFR, GSK3B, EphAl and MK14. In conclusion, enzastaurin is a protein kinase CB inhibitor,
working on several cellular signaling pathways that are involved in proliferation, apoptosis and angiogenesis. These
features make it a good compound for combination therapy. In the present study the combination of enzastaurin
and erlotinib gives synergistic results, warranting further investigation.
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Introduction approved. However, these subgroups are limit-
ed to adenocarcinoma histology and comprise
about 8% and 3% respectively of this patient

population [3, 4].

Non-small cell lung cancer (NSCLC) is currently
the leading cause of cancer incidence and mor-
tality worldwide [1]. About 70% of patients are

diagnosed with an advanced stage NSCLC. The
standard first line treatment for these patients
are platinum-doublet based regimens [2],
unless molecular profiling shows the presence
of actionable mutations/gene rearrangements.
In case of EGFR-mutations or ALK rearrange-
ments, EGFR- or ALK- inhibitors have been

The EGFR signaling pathway is an important
driver pathway which regulates growth, prolifer-
ation, differentiation and survival in mammali-
an cells [5]. The EGF receptor contains an extra-
cellular domain that is involved in ligand bind-
ing and receptor dimerization, a hydrophobic
domain, involved in interactions between the
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Figure 1. Postulated interaction between enzastaurin and erlotinib in the EGFR pathway. Upon stimulation several
downstream pathways such as the PI3BK/AKT and RAS pathway are activated. These pathways are involved in the
regulation of cell survival, proliferation and apoptosis. The EGFR signaling pathway can be inhibited by erlotinib,
which blocks EGFR autophosphorylation, a critical process for the kinase activation, leading to increased apoptosis

Proliferation

and decreased cell proliferation.

receptor and the cell membrane, and an intra-
cellular domain with tyrosine kinase enzymatic
activity. Stimulation by the ligand EGF or relat-
ed growth factors leads to receptor homo-
dimerization or hetero-dimerization and there-
by activates downstream signaling, involving
Ras and Phosphatidyl Inositol 3 Kinase (PI3K)
pathways amongst others (Figure 1) [5].

Erlotinib is an oral low-molecular weight quinaz-
oline-based agent, which acts as a selective
and reversible kinase inhibitor of the epidermal
growth factor receptor (EGFR) and is used to
treat NSCLC patients with activating EGFR
mutations [2], thereby inhibiting downstream
signaling. Even though erlotinib is currently
used in the treatment of several different can-
cers, of the minority of patients that present
with EGFR-sensitizing mutations, 70-80% is
sensitive to this drug. In particular, Ras [6],
EGFR T790M mutations [7] and cMET amplifi-
cation [8] have been associated with primary
and acquired resistance to erlotinib.

Enzastaurin is an oral acyclic bisindolylma-
leimide, which inhibits Protein Kinase C 32, by

817

ATP competition [9, 10]. The protein kinase C
family of enzymes consists of 11 serine/threo-
nine protein kinase isoforms which have a role
in signaling cascades of several cellular func-
tions, including cell growth, proliferation and
apoptosis as well as cancer growth [11]. In
NSCLC, increased phosphorylation and a differ-
ential expression of PKC isoforms has been
described [12]. These increased levels of PKC
have led to overexpression and increased
secretion of vascular endothelial growth factor
(VEGF) which is involved in neo-angiogenesis
[13]. Originally, enzastaurin was evaluated in
human tumor xenograft-bearing mice for its
anti-angiogenic activity. Due to PKCp inhibition,
a reduction of plasma VEGF levels and a
decrease in vessel density in the tumor was
shown [14]. However, other molecular mecha-
nisms are also involved in enzastaurin activity,
such as the suppression of PIBK/AKT, Glycogen
Synthase Kinase 3B (GSK3pB) and ribosomal
protein S6 [9].

Both erlotinib and enzastaurin can selectively
act on aberrant cancer signaling. Because only
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the minority of NSCLC-patients presenting with
an EGFR activating mutation is sensitive for
erlotinib, combining it with enzastaurin could
enhance its effect. Therefore, the aim of this
study was to investigate whether the combina-
tion of erlotinib and enzastaurin could have a
synergistic effect in NSCLC cells, and to evalu-
ate the molecular mechanisms underlying the
pharmacological interaction. For this purpose
we used the NSCLC cells A549 and H1650 cell
lines, which are characterized by a Kras muta-
tion and an EGFR activating mutation, resulting
in a reduced and increased sensitivity to erlo-
tinib, respectively. The combination with enza-
staurin could inhibit the involved pathways,
increasing apoptosis and decreasing prolifer-
ation.

Material and methods
Drugs and chemicals

Erlotinib (N-(3-ethynylphenyl)-6,7-bis(2-metho-
xyethoxyO-4-quinazolinamine) was a gift from
Roche Pharmaceuticals, while enzastaurin hydr-
ochloride (1H-Pyrrole-2,5-dione,3-(1-methyl-1H-
indol-3-yl)-4-[1-[1-(2-pyridinylmethyl)-4-piperi-
dinyl]-1H-indol-3-yl] was a gift from Eli Lilly
Corporation. The drugs were dissolved in DMSO
and diluted in culture medium before use. RPMI
medium, fetal bovine serum (FBS), penicillin
(50 1U/ml) and streptomycin (50 ug/ml) were
obtained from Gibco (Gaithersburg, MD). All
other chemicals were obtained from Sigma (St.
Louis, MO).

Cell lines

The human NSCLC cell lines A549 and H1650
were obtained from the American Type Culture
Collection (ATCC) (Manassas, VA, USA) and cul-
tured in RPMI (Flow Laboratories Irvine,
Scotland) with 10% heat inactivated FBS and
1% penicillin and streptomycin (Gibco Paisley,
UK). The cell lines were maintained as monolay-
er cultures in 75 cm? flasks (Costar, Cambridge,
MA), at 37°C and 5% CO.,,. Cells were harvested
with trypsin-EDTA (Invitrogen, Paisley, UK) when
they were in exponential growth and the flasks
were 75% confluent.

Cytotoxicity assays
Growth inhibition was assayed as described

earlier [15]. Shortly, 5000 cells/well were plat-
ed in a 96-wells plate and were allowed to
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adhere for 24 hrs. The cells were treated for 72
hrs with various concentrations (0.1-50 uM or
1-50 uM) of the studied drugs. After treatment,
the medium was removed and replaced by 50
uL/well of (3-(4,5-dimethylthiazol-2yl)-2,5 diph-
enyltetrazolium bromide) MTT solution (final
concentration 0.42 mg/ml). The cells were
incubated for 3 hours at 37°C. The formed
formazan crystals were dissolved in 150 uL/
well DMSO, while shaking for 10-20 minutes.
The absorbance was measured at 540 nm
using a spectrophotometric microplate reader
(Tecan Spectrafluor, Salzburg, Austria). The
growth inhibition was expressed as the per-
centage of control (vehicle treated). The 50%
inhibitory concentration of cell growth (IC,.)
was estimated from the growth inhibition
curves.

Drug combination studies

To evaluate the possible synergistic effect of
both drugs, cells (5000 cells/well) were treated
with a constant ratio calculated with respect to
drug IC, values. The cytotoxicity of the combi-
nation was compared with the cytotoxicity of
each drug alone using the combination index
(Cl) as described by Chou and Talalay [16]. If
the Cl is lower than 0.8, the drugs work syner-
gistically, 0.8<CI<1.2 means additive, and a
CI>1.2 shows an antagonistic effect [17]. The
mean Cl was calculated from data points of
FA>0.5, as values lower are not considered rel-
evant for growth inhibition [18]. The data was
processed using the Calcusyn Software
(Biosoft, Oxford, UK).

Cell cycle analysis

Flow cytometry was used to determine cell
cycle distribution and cell death in the different
cell lines treated with erlotinib, enzastaurin,
combination or vehicle for 72 hrs. 500,000
cells were plated in a 6-wells plate (Greiner Bio-
One GmbH, Frickenhausen, Germany), and
treatment started 24 hrs after plating the cells.
After 72 hrs floating and adherent cells were
collected and transferred into round-bottom
FALCON tubes (BD, Franklin Lakes, NJ, USA).
After centrifugation the cell pellets were
resolved in 1 ml hypotonic propidium iodide (PI)
solution (50 mg/ml Pl, 0.1% sodium citrate,
0.1% Triton X-100, 0.1 mg/ml ribonuclease A)
and stored for 30 minutes on ice. Flow cytom-
etry analyses were performed using FACScan
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Table 1. Sensitivity of A549 and H1650
NSCLC cells to erlotinib and enzastaurin and
their combination

IC,, (UM) Cl values
Cell line Erlotinib Enzastaurin  Fixed ratio
A549 2.88+0.35 883+0.05 0.71+0.22
H1650 0.2+0.05 18.83+2.05 0.14 +0.17

IC,, concentrations of erlotinib and enzastaurin are
depicted as means + SEM (n=3). The combination index
(Cl) indicates the extent of synergism and was calculated
from the average values at fraction affected 0.50 until
0.99 of each separate experiment as shown in Figure 2.

(BD Biosciences, Mount View, CA, USA), while
data analysis was carried out with CELLQuest™
software, using gates on DNA histograms to
estimate the amount of cells in G1, S, and
G2/M phases, as well as the apoptotic cells in
the sub-G1 region.

ELISA assays

To study the activation of AKT and ERK1/2,
500,000 cells were exposed to IC, values of
enzastaurin, erlotinib and enzastaurin-erlotinib
combination for 72 hrs. Proteins were isolated
and ELISA assays (Biosource International,
Camarillo, CA, USA) for total AKT, phospho-AKT
at serine residue 473 (AKT[pS473]), total
ERK1/2 and dual-phosphorylated ERK1 at
threonine 202 and tyrosine 204 (ERK1[pTpY-
202/204]) and dual-phosphorylated ERK2 at
threonine 185 and tyrosine 187 (ERK2[pTpY-
185/187]) were used for the analysis of the
activation of AKT and ERK1/2, respectively.
Analysis was performed according to the manu-
facturer’s protocol. All results were normalized
for protein content and the ratios of phospho-
rylation/total were calculated [19].

VEGF levels in the medium were determined
with the R&D VEGF ELISA (R&D diagnostics,
Minneapolis, USA), according to the manufac-
turers protocol. Of each sample, 200 pl of
medium was taken, centrifuged for 20 min at
1000 g. A calibration line was included in each
plate.

Real-time qRT-PCR

To study differential gene expression, cells
were treated with enzastaurin, erlotinib and
enzastaurin-erlotinib combination for 72 hrs.
RNA extraction was performed using TRI
REAGENT LS (Sigma-Aldrich, Zwijndrecht, the
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Netherlands) and reverse transcribed using the
DyNAMO c¢DNA synthesis kit for qRT-PCR
(Thermo Fisher Scientific, Landsmeer, the
Netherlands).

Primers and probes for VEGF and VEGFR-2
(Hs00173626_m1 and Hs00176676_m1,
respectively) and for EGFR were obtained from
Applied Biosystems. Data were normalized to
B-actin and target gene quantitation was per-
formed using standard curves obtained with
dilutions of c¢DNA from Quantitative-PCR
Human Reference Total-RNA (Stratagene, La
Jolla, CA, USA) [19].

Western blot

To evaluate the effect of the drugs on protein
concentration we performed Western Blot anal-
ysis. Cells were treated for 72 hrs with vehicle
or IC_, values of enzastaurin and erlotinib (sin-
gle or simultaneous combination). Cells were
harvested and redisolved in lysis buffer (0.1%
(v/v) Triton X-100, 10% glycerol, 150 mM NacCl,
10 mM Tris-HCL pH 7.6, 50 mM B-glycerophos-
phate, and 5 mM EDTA) and protein concentra-
tion was determined by the Biorad assay.
Samples were denatured in sample buffer con-
taining SDS and B-mercaptoethanol and equal
amounts of protein were loaded and separated
on 8-15% SDS-PAGE gels and transferred to
Odyssey polyvinylidene fluoride membranes
[20]. Next, the membranes were blocked with
5% nonfat dry milk/TBST and incubated over-
night at 4°C with the primary antibodies diluted
in 5% BSA/TBST. After washing, the mem-
branes were incubated with secondary anti-
body (1:1 Li-Cor: PBS) in the dark for 1 hr and
washed again. Detection was performed on the
Odyssey machine using Li-Cor.

The following primary antibodies were used:
GSK3[ 1:1000, phospho-GSK3p (Ser9) 1:1000
(from Cell Signaling Technology); Cdc25C
1:1000, phospho-Cdc25C (Ser 216) 1:1000,
CDK2 1:500, phospo-CDK2 (Thr160) 1:500,
CHK2 1:1000, and, as a loading control, B-actin
1:10000 (Sigma Aldrich). The fluorescent sec-
ondary antibodies were goat anti-rabbit-
IRDye800Cw (Westburg 926-32210D) and
goat anti-mouse-IRDye680 (Westburg 926-
32220D) 1:10000.

PAMgene array

A PAMchip array was used to analyse the effect
of the drugs on tyrosine kinase activity
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(PAMgene,'s Hertogenbosch, the Netherlands).
The Pamchip contains 136 phosphorylation
sites of 144 peptides each consisting of 15
amino-acids. The 13 amino-carboxylic acids
(R-COOH) of each peptide correspond to known
or putative phosphorylation sites of tyrosine
kinases. Experiments were performed and ana-
lyzed as described previously [21]. Briefly, A549
(107 cells/ml) cells were stimulated with epider-
mal growth factor (50 pyg/ml) for 5 min and sub-
sequently exposed for 2 hours to 4.6 uM erlo-
tinib, 10 yM enzastaurin or their combination.
Cells were harvested, snap-frozen and stored
at -80°C until analysis. Cell pellets were lysed
during 20 min at 4°C with Mammalian Protein
Extraction Reagent (M-PER), phosphatase and
protease inhibitors (Thermo Scientific, Rock-
ford, IL, USA). Next, the lysates were centri-
fuged (15 min at 10000g). 40 ul of sample mix
was subsequently prepared using reaction buf-
fer 1x ABL buffer (Westburg), 100 uM ATP
(Sigma-Aldrich), fluorescent labeled antibody
PY20 (Exalpha, Maynard, MA), 5 ug of (lysate)
protein and DMSO. The arrays were blocked
using 2% BSA and the sample mix was loaded.
After incubation at 30°C, analysis was started
for 60 cycles using a Pamstation 96 instrument
(Pamgene International). Repeated fluorescent
imaging took place throughout the analysis
with a 12-bit charge-coupled device (CCD) cam-
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Figure 2. Synergistic interaction between enza-
staurin and erlotinib. Cells were exposed to the
drugs for 72 hr. Representative growth inhibi-
tion curves (out of 3) for the single drugs and
the combination; A: A549 cells with a molar
ratio of erlotinib: enzastaurin 1:3. B: H1650
cells with a molar ratio of erlotinib: enzastau-
rin 1:94. C: The combination index at fraction
affected of 0.25, 0.5 and 0.75 of A549 and
H1650 cells; values are means + SEM.

era, thus real-time monitoring fluorescence.
Spot intensity was corrected for local back-
ground and initial phosphorylation rates (V)

were calculated using Bionavigator software
5.1 (Pamgene International).

Results

Growth inhibition and pharmacological interac-
tion studies

Previous experiments showed a dose depen-
dent inhibition of cell growth with erlotinib in
A549 and H1650 cells [19]. For the A549 cells
a dose dependent inhibition of cell growth was
also observed after enzastaurin treatment in
A549 cells with a mean IC_, + SEM value of
8.83 + 0.05 SEM [10] (Table 1). A dose depen-
dent inhibition of cell growth was observed in
H1650 cells treated with enzastaurin, with a
mean IC,, + SEM of 18.83 + 2.05 uM (Figure
2). When treating both cell lines with a constant
ratio of both drugs simultaneously, a synergis-
tic effect was obtained in both the A549 and
H1650 cell lines, with a mean + SEM Cl of 0.58
+ 0.24 and 0.63 + 0.03, respectively (Table 1).

Cell cycle modulation and induction of apop-
tosis

Flow cytometry with Pl was performed to evalu-
ate the effect on the cell cycle distribution and

Am J Cancer Res 2017;7(4):816-830
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Figure 3. Effect of erlotinib (Er) and enzastaurin (En) on cell cycle distribution and cell cycle proteins. Cells were
treated for 72 h at their IC, values or with 0.1% DMSO, A549: 2.88 uM Er and 8.83 uM En; H1650: 0.2 uM Er and
18.83 uM En. Values are means + SEM. **: P<0.01; ***: P<0.001 as compared to control (A) Cell cycle distribu-
tion. (B) Percentage of cells in sub-G1 phase. (C) Western Blotting of phosphorylated cell cycle proteins cdc-25C

and CDK2.

to determine the extent of cell kill (Figure 3). In
A549 cells erlotinib increased the G1 phase
from 66.2% to 71.3%, while enzastaurin and
the combination increased the S-phase from
9.8% to 11.9% and 10.8%, respectively. In
H1650 cells the treatment with enzastaurin
and the combination significantly increased the
S phase from 4.9% to 21.3% and 21.0%,
respectively, as well as the G2M phase from
17.0% to 36.4% and 35.9%. In contrast, the G1
phase decreased from 78.0% to 42.3% and
43.1%. Erlotinib alone did not cause cell cycle
arrest in H1650 cells. In A549 cells only a low
increase in cell death was observed after treat-
ment with enzastaurin or the combination from
3.4% t0 6.9% and 4.7%, respectively. In H1650,
however, enzastaurin and the combination
induced a marked cell kill from 3.5% to 18.8%
and 18.7%, respectively (Figure 3). In order to
determine how the alteration in the cell cycle
distribution was regulated we measured sever-
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al cell cycle specific proteins. First, both expres-
sion and phosphorylation of cdc25c, a key reg-
ulator of the G2/M checkpoint, were deter-
mined. Enzastaurin alone was sufficient to
downregulate both expression and phosphory-
lation of cdc25c, the same effect could be
observed after combination treatment. CDK2
plays a role during the G1- and S-phases of the
cell cycle. CDK2 had an overall lower expres-
sion in A549 cells as compared to H1650 cells,
but in both cell lines enzastaurin caused a
decrease in phosphorylation, which was even
enhanced after combined treatment with erlo-
tinib (Figure 3).

Modulation of AKT, ERK1/2 and GSK3[3 phos-
phorylation

EGFR signaling is mainly transduced trough the

AKT and ERK1/2 pathway. To investigate
whether combining erlotinib with enzastaurin

Am J Cancer Res 2017;7(4):816-830
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(A-F) or representative blot out of 3 separate experiments (G).

decreases this signaling, we evaluated the
phosphorylation of these proteins. Whereas
the total expression of both proteins stayed
stable after the different treatments, we found
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a decreased ratio of p-AKT/total AKT in A549
cells. Enzastaurin or erlotinib in monotherapy
decreased this ratio by 40%, while the combi-
nation of these drugs even showed a 60%

Am J Cancer Res 2017;7(4):816-830
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reduction. In contrast, only a modulation of
20% in p-AKT/total AKT was observed in H1650
cells after combined treatment (Figure 4C).

Regarding the ratio of phospho-ERK/total ERK,
a decrease of 20% after enzastaurin monother-
apy was observed in H1650 cells, while erlo-
tinib reduced this ratio with 30% and the com-
bination of both drugs by 40%. Similarly, in
A549 cells a reduction of 20, 15 and 30% was
observed after enzastaurin, erlotinib and com-
bination treatment respectively (Figure 4F).

Since enzastaurin affects several cellular sig-
naling pathways, we also focused on GSK3p
phosphorylation, which was studied by western
blot analysis. These results showed that the
phosphorylation of GSK3p is already strongly
inhibited in both cell lines by treatment with
enzastaurin alone. Similarly, the simultaneous
combination of both drugs reduced GSK3p
phosphorylation to undetectable levels (Figure
4G).
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Modulation of VEGF and VEGFR-2 mRNA ex-
pression

Since enzastaurin is known for its anti-angio-
genic effect and the PKC pathway is involved in
angiogenesis we performed gRT-PCR to evalu-
ate the modulation of the expression of VEGF
and VEGFR-2.

A549 cells treated with enzastaurin or the com-
bination of enzastaurin and erlotinib showed a
5.0 and 6.9 fold decrease in VEGF expression,
respectively. On the other hand, erlotinib alone
did not show a relevant decrease in VEGF
expression. A 2.4 fold decrease was observed
in H1650 cells treated with enzastaurin, while
treatment with erlotinib and the combination of
both drugs did not alter VEGF expression in
H1650 cells (Figure 5A). Despite the strong
decrease in VEGF expression, secretion of
VEGF was hardly affected by the drugs; only in
A549 cells enzastaurin reduced VEGF secre-
tion by 15%, while the combination decreased

Am J Cancer Res 2017;7(4):816-830



The synergy of enzastaurin and erlotinib in NSCLC

41_653_665_Y627
ACHB~3837395"Y390
ACHD_3837395_Y390
ANXA1_13_25 vzvrrza

CALM 95 157 799/ 101
CBL —6937705_Y700
CD3Z_146_158"Y153
CD79A 181 T193_Y1827v188
CDKZ_8 20 T14/Y15

CDK7_ 157 _169_S164

CREB1_122 134 713475133

CRK 214 226 Y221

CTRB1 75.91 ¥86

DCX_109 121 Y112/5116

R1A 217 224 Y219

DVRlA 312 324 V3197Y321
EGFR_1103 T

EN
EPHA1_774_786_Y781
EPHA27765_777_Y772

EPHA7 607 619 _Y6087Y614
EPHBI_771_783_Y778
EPOR”361_3737Y368
EPOR”419°4317Y426
ERBB2 1241 1753 Y1248
ERBB2 870 887 Y877
FAK1_569_581_Y5767Y577
FAK2_5727584_Y579/Y580
FER_707_719_Y714
FES_706_718_Y713
FGFR2~762_774_Y769
FGFR3_7537765_Y760
FRK_380°3927Y387
GSK3B209°2217Y216
JAK1_1015_1027 vmzzﬁloza
K2CBE_53_65_559

K2C8 425 437 5431
KSYK_518 533 ‘75257Y5‘z)8

LAT 2497261_Y255
LCK™387399°Y394
LTK_669_681 Y77z 7757\'777
MBP_198 210 Y203
MBP_263_275 V268/§2667527o
MET_1227"1239_Y1730/Y1234/Y1235
MKO01_180_192_Y187
MK10_216_228_T2217Y223
MK12~178190_T183/Y185
MK14~173°185 T180/Y182
“NPTZ_501_513 T508
NTRK1-489 501 Y496
NTRK2_695_707_Y702/Y7067Y707
NTRK2 699“711 v702/v7os/v7o7
P2AB_297 309 T304/Y3
P85A eoo 612 vso7/ssoa
AXT_AiﬁIns Y118

PDPK1_369_381_Y373/Y376
PECAT 706 718 Y713
PGFRB_1002_1014_Y1009
PGFRB_572 583 vs7§/vsa1
PGFRB_709 721_Y716
PGFRB_768_780 _Y771/Y775]Y778
PGFRB_771°783°Y771/Y775/Y778
PLCG1_764_776_Y771
PRRX220272147Y214
PTN117535 547_Y542
PTN11 573 585 55767Y580
RAF1_331_343 $337/53387Y339/Y340
RBL2 99 111 Y111/5103
RET_1022_1034_Y1029
RON_134613587Y1353
RON_1353_1365_Y1356/Y1360
SRC8_CHICK_ 476 488 Y477/Ya83
SRC8_CHICK_49Z 504_Y499
“STAT2-6837695_Y690
STAT6_634_646_Y641
TEC5127524_Y519
TYRO3 679 691 Y686
VEGFR1-1030_1052-Y1048
VEGFR1-1049~ 1051-v1053
VEGFR1-1326_1338-Y1333
VEGFR2-1046_1058-Y1054
VEGFR2-105271064-Y1059
VEGFR2-1068_1080-Y1175
VEGFR2-944_956-Y951
VEGFR2-989_T1001-Y996

VGFR3_1061 1073 Y1063ZY10681 10..

827 Y821
ZAP70_485_497_Y4927Y493
ZBT16_621_633_5628

824

qIuI}0]43 + ULINE}SEZUT-»-

1SeZUT -

ulne

qIunojI~

Figure 7. Effect of enzastaurin,
erlotinib and their combination
on phosphorylation sites. A549
cells were exposed for 2 hrs (after
a challenge with EGF) to 4.6 uM
erlotinib, 10 yM enzastaurin and
their combination. Subsequently
phosphorylation activity was de-
termined in lysates of these cells.
The figure shows the initial velocity
(V-ini) of phosphorylation of those
peptides where a reliable signal
was found. Values in the absence
of drugs (0.1% DMSO) were set at
100%.

secretion by 30%. Erlotinib tre-
atmentalone caused no chang-
es in VEGF secretion (Figure
5A).

The expression of VEGFR-2 in
A549 cells increased 1.7 and
3.0 fold after treatment with
the combination or enzastau-
rin, respectively, whereas erlo-
tinib did not alter its expres-
sion. In H1650 cells VEGFR-2
expression dropped after tre-
atment with enzastaurin, erlo-
tinib and the combination in
comparison to the control
(Figure 6A). There was no sig-
nificant difference in VEGFR-2
expression between cells tre-
ated with erlotinib, enzastaurin
or their combination.

The EGFR levels of the control
in H1650 cells are 7-fold high-
er when compared to the
A549. Nevertheless, in both
cell lines erlotinib, enzastaurin
and the combination all
decreased EGFR expression,
with a much more pronounced
decrease in the H1650 cells.
The lowest levels of EGFR were
obtained after treatment with
the combination of both drugs
(Figure 6B).

Modulation of protein tyrosine
kinase activity by enzastaurin
and erlotinib

The Pamgene array consists of
144 peptides representing
known and assumed phos-
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phorylation sites. With this assay, the activity
and inhibition of the tyrosine kinases in exposed
cells can be determined in real-time (Figure 7).
From these peptides, signal intensity of 50
sites was considered to be too low to evaluate.
Enzastaurin or erlotinib monotherapy led to a
reduction of 11 and 15% in EGFR phosphoryla-
tion speed, respectively, whereas the combina-
tion led to a 55% reduction. On the remaining
peptides, erlotinib caused an overall decre-
ase in tyrosine kinase activity of 20%. A strong
decrease in MK14 (MAPK14) and RBL2 (retino-
blastoma-like 2) phosphorylation was observed,
whereas these effects were abrogated after
combining erlotinib with enzastaurin. Erlotinib
monotherapy only caused a 20% decrease of
EGFR phosphorylation. Enzastaurin treatment
resulted in an overall reduction of phosphoryla-
tion speed of 20%, whereas combination of
erlotinib and enzastaurin, led to an overall
decrease of 60%, with a total abrogation of
EPHA1 phosphorylation. Furthermore, the
enzastaurin induced decrease in phosphoryla-
tion of MK14 and RBL2 was abrogated after
combination therapy. In contrast, the phos-
phorylation of SRC8 (CTTN, Cortactin) and
PLCG1 was increased in comparison with that
of other peptides, whereas this was not the
case after treatment with erlotinib or enzastau-
rin alone.

Discussion

In the present study, we demonstrated a syner-
gistic interaction of the PKCPB inhibitor enza-
staurin and the EGFR inhibitor erlotinib in A549
and H1650 NSCLC cell lines. It has been shown
that sensitizing mutations in EGFR are good
biomarkers for erlotinib efficiency [4]. For enza-
staurin, no clear biomarkers have been found,
although evidence suggests that proteins relat-
ed with the JAK/STAT pathway might serve as
predictors for activity [22]. Here we investigat-
ed whether the combination of these two drugs
is synergistic in a cell line with sensitizing EGFR
mutations (H1650), as well as a cell line with-
out EGFR mutations (A549).

Several studies have shown the importance of
modulating the cell cycle in the effect of drug
combinations [23]. Drugs acting at different
stages of the cell cycle might potentiate each
other’'s effect. Previous studies showed that
PKC can mediate cell cycle transitions [24]. In
the A549 cells the effects on cell cycle arrest
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were minimal, but in the H1650 an increased
portion of the cells were in the S- or G2/M-
phase after treatment with enzastaurin alone
or in combination. Erlotinib by itself did not
result in cell cycle arrest in both cells.

CDK2 plays an active role in the transition
between the S- and G2-phase, controlled by
phosphorylation at Thr160 [25]. Western Blot-
ting revealed that phosphorylation at the CDK2-
Thr160 site was strongly decreased after the
combination therapy and to a lesser extent
after enzastaurin treatment. This decrease
might cause the S-phase arrest.

Cdc25C is inactive when phosphorylated at its
Ser216 residue and plays a role in the G2/M
transition of the cell cycle [26]. It has been
shown that cdc25C promotes the M-phase
transition by phosphorylating and activating
cdc2 [27]. Previous studies have shown that
PKC induces the phosphorylation of cdc25C,
thus promoting the G2 to M transition. When
inhibiting PKC with either antibodies or anti-
sense DNA, a G2/M phase arrest has been
demonstrated [28]. Our results indeed show a
strong decrease in both total cdc25C levels,
and in cdc25C-Ser216 phosphorylation, after
treatment with either enzastaurin or in the
combination, thus explaining the G2/M-phase
arrest.

In the present study, no induction of apoptosis
was observed, in contrast to studies combining
either erlotinib or enzastaurin with pemetrexed
[10, 19]. Since both erlotinib and enzastaurin
are not known as cytotoxic and cytostatic
drugs, this might explain the lack of apoptosis
induction as compared to the combinations
with the antimetabolite pemetrexed. Hence
combination of enzastaurin and erlotinib can
increase arrest in several cell cycle check-
points, without inducing apoptosis.

Regarding the downstream effectors of PKCp-
and EGFR-signaling, a decrease in the phos-
phorylation of AKT, ERK1 and GSK3p was
observed. Since AKT is a downstream effector
of both PKCB and EGFR [29, 30], levels of phos-
pho-AKT were decreased after all treatments in
both cell lines. In A549 cells the decrease of
phospho-AKT/total AKT ratio was most pro-
nounced. The other downstream target of both
PKCB and EGFR signaling [31, 32], ERK1/2
showed a decrease in phosphorylation at all
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treatment conditions. Moreover, the ratio phos-
pho-ERK1/2 over total ERK1/2 was decreased
in both cell lines after drug treatment. Since
GSK3p is an effector of PKCB [33] but not of
EGFR, a decrease in phosphorylation was only
observed after treatment with enzastaurin or
the combination, reported earlier for enzastau-
rin in different cell lines [9, 10, 34, 35]inducing
a decrease in p-AKT for 24 h [10]. These results
suggest that they may be used as pharmacody-
namic markers of enzastaurin activity.

Although enzastaurin has a direct effect on sev-
eral human cancer cells [10], it was originally
developed as anti-angiogenic compound. Enza-
staurin decreased intratumoral vessel density
and VEGF expression in several human xeno-
grafts and NSCLC cell lines [10, 14], and A549
cells in the present study. However, the drug
combination had no effect on VEGF expression
in H1650 cells, suggesting that several mecha-
nisms might be involved in VEGF expression
regulation. Although in vitro experiments
showed a reduction of VEGF in the medium
[10], in a clinical study enzastaurin increased
VEGF plasma levels which were further
increased by the combination of enzastaurin-
pemetrexed [36, 37]. However, another clinical
trial in advanced NSCLC patients treated with
enzastaurin did not show a consistent change
in VEGF plasma levels, but could associate low
baseline VEGF levels with longer progression
free survival [36]. Further research is warrant-
ed to clarify these results.

Finally, we also studied the VEGFR-2 expres-
sion, which was increased after treatment with
enzastaurin in both cell lines. This might be
explained by the reduction of VEGF expression,
inducing a feedback mechanism on VEGFR-2
expression in the cells. In case of a highly acti-
vated VEGFR-2 it would be useful to use a com-
bination with a drug active against VEGFR-2 (i.e
sorafenib). Therefore, these data showed prom-
ising results, which need further investigation,
possibly also in combination with other target-
ed compounds.

When comparing the kinase activity data of the
Pamgene analysis, several trends can be seen.
Phosphorylation of EGFR at Tyr1110 is linked to
its activation [38]. Tyr1110 phosphorylation is
affected by erlotinib treatment, and has been
correlated with EGFR mutations [38].
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GSK3p is a downstream target of both enza-
staurin [9] and erlotinib [39] through AKT. Acti-
ve GSK3p induces degradation of cyclin-D1,
thus inhibiting cell cycle G1 transition. In turn,
GSK38 is inhibited by AKT under normal condi-
tions through phosphorylation at the regulatory
Ser9 position. A reduction in phosphorylation
speed was also observed at the active site
Tyr216 residue both after enzastaurin (19%)
and erlotinib treatment (16%). The combination
of both inhibitors even led to a 57% reduction
of phosphorylation. GSK3p plays a role in the
Wnt-pathway were it phosphorylates B-catenin,
thus targeting it for degradation [40]. By phos-
phorylating B-catenin, this downstream target
of Wnt will not translocate to the nucleus to
exert its activator transcription function [41].
When GSK3p is phosphorylated at Tyr216, it is
ubiquitinated by B-TrCP and marked for degra-
dation, thus promoting B-catenin stability and
Wnt-signaling.So,whenTyr216-phosphorylation
of GSK3p is reduced, this might also lower sig-
naling through the oncogenic Wnt-pathway
[40].

EphAl (Ephrin Receptor Al) is a member of the
Eph superfamily. These receptors mainly play
roles in cell-cell interactions and migration,
with ligand and receptor sitting on the opposite
cell membranes of contacting cells. Several
Ephrin A ligands can activate bidirectional sig-
naling, with forward signaling downstream of
the receptor and reversed signaling down-
stream of the ligand [42]. These receptors and
ligands have been associated with both tumor
growth and suppression [43-47]. Which factors
influence the outcome has not yet been eluci-
dated. Moreover, several processes seem to be
independent of kinase activity of the receptors
[48]. We saw a strong downregulation of phos-
phorylation at the Y781 site of the EphAl
receptor after treatment with enzastaurin or
erlotinib and even a total abrogation of phos-
phorylation after treatment with the combina-
tion. A possible explanation is that a downregu-
lation of integrin adhesion is caused in a
kinase-dependent manner [49].

MK14 encodes for p38 MAPK [50]. This protein
is activated when it is dually phosphorylated at
Thr180 Tyr182 and is located at a crossroad of
several signaling pathways e.g. JNK and Rho.
Activation of p38 MAPK strongly declines after
erlotinib treatment, with the effect being lower
after enzastaurin or combination treatment.
p38 MAPK is a downstream target of PKC(. In
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hepatocellular carcinoma, p38 MAPK phos-
phorylation has been correlated with metastat-
ic potential of the cells. Enzastaurin inhibits
PKCpB-activation and decreases p38 MAPK
phosphorylation, thus affecting the invasive
and migratory potential of the cells [51].
Phosphorylated p38 MAPK has also been
shown to play a role in the EGFR signaling path-
way. In particular it degrades MDM2, thus pre-
venting p53 degradation. Next p53 translo-
cates to the nucleus and regulates the tran-
scription of EGFR [52]. When erlotinib blocks
EGFR signaling, the phosphorylation speed of
p38 MAPK strongly decreases. It has been
shown that EGFR-TKIs suppress the internaliza-
tion of EGFR [53]. This might result in a feed-
back to p38 MAPK, decreasing its phosphoryla-
tion and activity.

Our extensive in vitro studies are essential for
the judicious selection of the best combination
and models to be tested in future in vivo tumor
models, as well as to evaluate the role of poten-
tial biomarkers which can predict drug activity.
Earlier in vivo studies in the development of
enzastaurin showed effects on angiogenesis,
such as VEGF levels [9, 54], which were also
found in clinical studies [37]. Furthermore, in
both cultured tumor cells and in xenograft
tumor tissues from the same cell lines, enza-
staurin inhibited the phosphorylation pGSK3f3
[9, 54], and a more potent inhibition on protein
expression was observed when it was com-
bined with another EGFR-TKI, gefitinib [54].
Several other in vivo studies showed that both
enzastaurin and erlotinib affected the Akt path-
way [9, 10, 19]. Therefore, future in vivo studies
on the combination of erlotinib and enzastaurin
should investigate both the overall antitumor
effect, and whether the mechanism will include
effects on signaling and angiogenesis.

In conclusion enzastaurin is a PKCp inhibitor,
acting on several cellular signaling pathways
that are involved in proliferation, apoptosis and
angiogenesis. These features make it a good
compound to combine with other compounds
in combination therapy. Although it is no longer
in clinical development for NSCLC, research
into enzastaurin and related compounds is still
ongoing in other cancer types (eg glioblastoma
[55] and colorectal cancer [56]) and non-can-
cer related illnesses (cardiovascular condi-
tions, diabetes, bipolar disorder and transplan-
tation) [57].
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