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Targeting PKC-Mediated Signal Transduction Pathways
Using Enzastaurin to Promote Apoptosis in Acute Myeloid
Leukemia-Derived Cell Lines and Blast Cells
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ABSTRACT

Recent studies in acute myeloid leukemia (AML) suggest activation of pro-proliferative signaling cascades including those mediated by
protein kinase C (PKC) represent a poor prognostic factor for patients. The classical PKC isoforms a and 8 generally support survival signaling
and have emerged as important targets for anti-cancer therapy. Enzastaurin is a PKC  inhibitor and is in clinical trials for lymphomas,
gliomas, and lung cancer. Presently, it is not known if enzastaurin could be effective against AML. In the current study, we found that high
dose enzastaurin was found to promote apoptosis in the AML-derived cell lines and in blast cells from AML patients. The mechanism of cell
death, however, likely does not involve PKC B as another PKC  inhibitor was not toxic to AML cell lines and did not promote enzastaurin-
induced cell killing. While enzastaurin is fairly specific for PKC B, the agent can inhibit other PKC isoforms at higher concentrations.
Enzastaurin was effective at inhibiting PKC o phosphorylation and membrane localization in the AML cell lines and suppressed
phosphorylation of BCL2. Furthermore, enzastaurin suppressed activation of ERK (which can be activated by PKC «). Analysis of the
serine/threonine phosphorylation profile in HL60 cells after enzastaurin treatment revealed that the drug inhibits the phosphorylation of a
distinct set of proteins while promoting phosphorylation of another set of proteins. This suggests the drug may regulate multiple signaling
pathways. Taken together, these findings suggest that enzastaurin could be effective in the therapy of AML. J. Cell. Biochem. 112: 1696-1707,
2011. © 2011 Wiley-Liss, Inc.
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T he protein kinase C (PKC) family of serine/threonine kinases
consists of 12 known members found in three groups based on
structure and activation criteria [Corbalan-Garcia and Gomez-
Fernandez, 2006; Griner and Kazanietz, 2007; Redig and Platanias,
2007, 2008; Newton, 2010]. The classical PKC family (cPKC)
includes a, B, BII, and y. The cPKC isoforms require calcium and are
activated by diacylglycerol (DAG). The novel PKC (nPKC) isoforms
are activated by DAG like the cPKC family, but these kinases do not
require calcium. The nPKC family includes 8, €, m, o, and 6. Finally,
the atypical PKC (aPKC) family does not require calcium and is not
activated by DAG. The aPKC family includes ¢, \, and ¢. The cPKC
and nPKC family members have two PKC-1 homology domains (C1A

and C1B) that are responsible for binding DAG [Corbalan-Garcia and
Gomez-Fernandez, 2006; Griner and Kazanietz, 2007]. Among
cancer biologists there has been great interest in the cPKC and nPKC
family members as these kinases are activated by potent carcinogens
[e.g., phorbol esters; Griner and Kazanietz, 2007]. Phorbol esters are
believed to promote tumorigenesis by binding the C1 domains to
activate pro-proliferative PKC signaling [Castagna et al., 1982;
Corbalan-Garcia and Gomez-Fernandez, 2006]. The sphingolipid
ceramide appears to bind the single C1 domain in the aPKC members
which may activate signaling cascades that promote growth arrest
or death [Miiller et al., 1995; Wang et al., 2005]. While ceramide may
activate atypical PKC family members, the sphingolipid is effective
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at inhibiting classical PKC isoforms by promoting dephosphoryla-
tion of the kinase possibly via PP1 (Kitatani et al., 2007).

The role of the various PKC isoforms in tumorigenesis is complex.
For example, PKC o might act as a tumor suppressor in one cell type
[e.g., pancreatic and mammary; Detjen et al., 2000; Griner and
Kazanietz, 2007] but acts as a supporter of malignant cell growth in
another cell type [e.g., lymphoid and myeloid cells; Jiffar et al.,
2004; Kornblau et al., 2006; Kurinna et al., 2006]. The PKC o and
PKC B isoforms generally support pro-survival signaling in
hematopoitic cells [Redig and Platanias, 2008]. Thus, it is no
surprise that the PKC o and PKC 3 isoforms have been implicated in
tumorigenesis and the support of chemoresistance in leukemia
[Redig and Platanias, 2008]. PKC « has been shown to phosphorylate
BCL2 in acute leukemia cells resulting in greater anti-apoptotic
function [Ruvolo et al., 1998; Jiffar et al., 2004]. Activation of
multiple signaling pathways including PKC a has been shown to be
a poor prognostic factor in acute myeloid leukemia [AML; Kornblau
et al., 2006]. PKC BII is critical for BCR-ABL-mediated leukemogen-
esis [Perrotti et al., 2000; Xenaki et al., 2004]. Introduction of PKC
BII into hematopoietic progenitor cells promotes cell survival during
cytokine (i.e., IL-3) withdrawal. PKC BII, however, does not block
chemotherapy drug-induced apoptosis, at least when araC was the
chemotherapeutic agent [Xenaki et al., 2004].

The potential roles for PKC o and PKC {3 in supporting cancer cell
growth have inspired a number of strategies to target these kinases
for the treatment of a number of malignancies [Mackay and Twelves,
2007]. Staurosporine was identified as a PKC inhibitor which targets
the conserved ATP-binding domain but the drug inhibits many other
kinases [Mackay and Twelves 2007]. Staurosporine derivatives such
as PKC412 and UCNO1 have been developed with improved
specificity and are in use in clinical trials for solid tumors and
hematologic malignancies [Propper et al.,, 2001; Sausville et al.,
2001; Sampath et al., 2006; Mackay and Twelves, 2007] The Lilly
compound enzastaurin (LY317615) was found to be fairly specific
for PKC B and was originally developed as an anti-angiogenesis
agent based on the role of PKC B in that process [Teicher et al.,
2002a; Graff et al., 2005; Ma and Rosen, 2007]. At higher
concentrations, the drug can inhibit other PKC isoforms including
PKC « [Teicher et al., 2002a]. Enzastaurin has shown promise in a
recent Phase II clinical trial for diffuse large B-cell lymphoma
[Robertson et al., 2007]. Since lung cancer cells exhibit elevated

TABLE I. Patient Characteristics

expression of both PKC o and PKC 3, and enzastaurin can effectively
inhibit both kinases at concentrations used in therapy, the drug is
being used in clinical trials for lung cancer [Herbst et al., 2007].
Considering that PKC plays a key role in leukemia cell survival
[Redig and Platanias, 2008], a strategy using enzastaurin for the
therapy of AML is appealing. A recent study has shown that
enzastaurin promotes death ligand-induced apoptosis in leukemia
cells [Meng et al., 2010]. However, at present it is unclear how
enzastaurin affects AML cells. In the present study, we have found
that PKC « and PKC 8 gene expression levels are significantly
elevated in blast cells derived from AML patients compared to
counterpart CD34+ cells derived from normal donors. Enzastaurin
was found to be effective at promoting apoptosis in AML cell lines
and leukemic blast cells from AML patients. While suppression of
PKC B does not appear to be required for enzastaurin-induced cell
death of the AML cells, the drug was effective at suppressing PKC o
phosphorylation and membrane localization, inhibiting ERK
phosphorylation, blocking BCL2 phosphorylation, and altering
phosphorylation status of a distinct set of proteins. These results
suggest that enzastaurin may be an effective agent in the therapy of
AML.

MATERIALS

All reagents used were purchased from commercial sources unless
otherwise stated. Enzastaurin was kindly provided by Eli Lilly and
Company (Indianapolis, IN) or purchased from LC Laboratories
(Woburn, MA).

CELL LINES AND PATIENT SAMPLES

OCI-AML2 and OCI-AML3 cells were kindly provided by M. D.
Minden (Ontario Cancer Institute, Toronto, ON, Canada). U937, KG1,
K562, THP-1, and HL60 cells were obtained from the American Type
Culture Collection (Rockville, MD). Cells were maintained in RPMI
medium 1640 supplemented with 5% fetal bovine serum and 5% calf
serum at 37°C in 5% CO,. Samples of peripheral blood were obtained
for in vitro studies from patients with newly diagnosed or recurrent
AML with high (more than 40%) blast count. Informed consent was
obtained following institutional guidelines. Clinical data for AML
patient samples used in the in vitro assays are presented in Table 1.

Patient PB BM

number FAB  WBC  blast  blast Cytogenetics

1 M4 42.1 84 84 Hyperdiploid clone 47,XY, + 8[14],Diploid male karyotype 46,XY[6]

2 M1 23.6 63 25 Diploid male karyotype 46,XY[20]

3 M5 0.7 5.4 84 Pseudodiploid clone 46,XY,t(9;11)(p22;q23)[20] 44,X,del(X)(q26q28),-5,del(9)(q32q34),-13,-18, + del(20)
(q11.2q13.3)- 22, + mar[2],44,sl,del(17)(q23q25)[10],Hypodiploid metaphase 44,

4 M1 9.9 96 NA sl, + der(1;19)(q10;p10),-18[1] Pseudodiploid clone 46,XX,del(12)(p11.2p13)[3],46,XX, del(12)(p11.2p13),
inv(12)(p13q22)[16],Hyperdiploid metaphase 47,

5 M4 16.5 48 62 XX, + 8,del(12)(p11.2p13),inv(12)(p13q22)[1]

6 UNK 11.3 98 90 Pseudodiploid clone 46,X,t(X;3)(p22.1;p21),t(3;11)(p21;p13)[20]

7 M2 9.4 80 73 10/30/2007:Diploid female karyotype 46,XX[20] 12/3/2007:46,XX,t(5;19)(q15;q13.3)[15],
46,XX t(5;19)(q15;q13.3)[cp4],46,XX,del(4)(q2 1q27),t(5;13)(q15;q32),

8 M2 16.3 98 97 add(19)(q13.4)[1]

9 M4 0.5 60 78 11/30/2007:Diploid female karyotype 46,XX[20]

FAB, French-American-British; WBC, white blood count; PB, peripheral blood; BM, bone marrow.
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Patient karyotypes were obtained by conventional methods as part
of the standard diagnostic workup, typically on samples derived
from bone marrow. Samples were obtained from all patients prior
to treatment. Mononuclear cells were isolated by centrifugation
through Ficoll-Hypaque (Sigma Chemical Co, St. Louis, MO) density
gradients. Samples from healthy bone marrow donors were
selected for CD34+ cells using a Mini-Macs magnetic-antibody
separation column (Miltenyi Biotech, Auburn, CA) as directed by the
manufacturer.

GENE EXPRESSION ANALYSIS

Leukemia-derived cell lines (OCI-AML3, U937, KG1, K562, HL60),
blast cells from 75 AML patients, and CD34+ cells from six normal
donors were washed, lysed with RNA Stat 60 (Tel-Test, Friendswood,
TX), and then stored at —80°C pending final extraction of total RNA.
To ensure complete removal of trace genomic DNA or other factors
that could interfere with downstream enzymatic processes (i.e.,
heparin anticoagulant), all RNA samples were subjected to final
purification using RNeasy Mini Columns (Qiagen, Valencia, CA)
with on-column treatment by DNAse I as directed by the
manufacturer. We prepared cDNA from 1.0 ug of total RNA per
20pl mix containing 0.07 pg/pl random-sequence hexamer
primers, 1mM dNTPs, 5mM DTT, 0.2U/ul SuperAsin RNAse
inhibitor (Ambion, Austin, TX), and 10 U/pl SuperScript III reverse
transcriptase (Invitrogen, Carlsbad, CA). RNA and primers were
denatured 5min at 70°C and then chilled on ice. All components
except enzyme were added and the mixture was incubated at room
temperature for 2min to allow nucleic acids to anneal. After
addition of reverse transcriptase, the mixture was incubated for
10min at 25°C, then 1h at 50°C, followed by heat-inactivation of
the enzyme for 15min at 72°C. All cDNAs were stored at —80°C
when not in use. To verify the complete removal of any residual
genomic material in the real-time PCR assays, we incubated in
parallel 1.0 ng of total RNA per 20 ul of a mix containing all
components except reverse transcriptase.

We carried out real-time PCR using an ABI Prism 7700 Sequence
Detection System (Applied Biosystems, Foster City, CA). We ran
duplicate 25 pul reactions containing 0.5 ul cDNA; reactions were
repeated if the C; values were more than 0.25 cycles apart. As
primers and probes we used TagMan Gene Expression Assays
(Applied Biosystems) specific for the genes of interest in this study
(Table II) as directed by the manufacturer. We used ABL and b2M as
housekeeping genes to normalize gene expression. To calculate the

TABLE II. List of PKC Genes and ABL1 and B2M Control Analyzed
Using Real-Time PCR With Applied Biosystems (ABI) Tagman
Assays

Common Chromosome

name Symbol location ABI assay ID
PKC o PRKCA 17q22-¢23.2 Hs00176973_m1
PKC B PPP2R1B 16p11.2 Hs00176998_m1
PKC 3 PPP2R2A 3p21.31 Hs00178914_m1
PKC ¢ PPP2R5A 2p21 Hs00178455_m1
B-2-microglobulin B2M 15q21-q22.2 Hs99999907_m1
ABL1 ABL1 9q34.1 Hs00245445_m1

relative abundance (RA) of each transcript of interest relative to that
of housekeeping gene, the following formula was employed:
RA = 100 x 2724l where AG; is the mean C; of the transcript of
interest minus the mean C; of the transcript for ABL or b2M. The
Mann-Whitney Rank Sum Test was used to test for a difference in
gene expression of PKC isoforms between normal CD34+ bone
marrow cells and blast cells from AML patients. Differences
were considered statistically significant when P < 0.05. Statistical
analysis was performed with Sigma Stat computer software (SSPS,
Chicago, IL).

ANALYSIS OF CELL VIABILITY AND APOPTOSIS

Cells were treated with various doses of enzastaurin for times up to
72 h in media containing 19 fetal bovine serum. Where appropriate,
cells were pretreated for 1h prior to enzastaurin addition with
40 pM caspase 3 inhibitor (Z-DEVD-FMK; Calbiochem, La Jolla, CA)
or 10 nM okadaic acid (Calbiochem). Cells were also treated alone or
co-treated with 200 nM PKC B inhibitor (Calbiochem). Cell viability
was measured by trypan blue dye exclusion assay. To determine that
the mechanism of cell death was apoptosis, cells were stained with
Annexin V/TMRM (tetramethyl rhodamine methyl ester) and the
percentages of apoptotic cells were assessed by flow cytometry. Cells
were washed in PBS, resuspended in binding buffer containing
Annexin V (Roche Diagnostics, Indianapolis, IN). Apoptotic cells
were identified as positive for Annexin V staining using a Becton
Dickinson LSR II flow cytometer (Becton Dickinson, San Jose, CA).
Differences in cell viability and percent apoptosis in the cell
lines were considered statistically significant when P < 0.05 using
Student’s #-test.

METABOLIC LABELING, IMMUNOPRECIPITATION, AND
IMMUNOBLOTTING ANALYSIS

OCI-AML3 cells were treated with 5 M enzastaurin for 3 h during
metabolic labeling with **P-orthophosphate and BCL2 phosphor-
ylation status was analyzed by immunoprecipitation as previously
described [Ruvolo et al., 1998]. Anti-sera from Santa Cruz
Biotechnology (Santa Cruz, CA) was used to immunoprecipitate
BCL2. Immunoprecipitated protein was electrophoresed in a 12%
acrylamide/0.1% SDS gel, transferred to nitrocellulose, and exposed
to Kodak X-Omat film at —80°C. To confirm the identity of
phosphorylated bands as BCL2, the same blot was used for Western
blotting with an antibody that was different than the one used for
immunoprecipitation. Anti-BCL2 anti-sera from Dako (Carpinteria,
CA) was used in the Western analysis.

WESTERN BLOT ANALYSIS

HL60 cells, OCI-AML3 cells, or blast cells from AML patients were
sonicated in lysis buffer [62.5mM Tris (pH 8.0), 2% SDS, 10%
glycerol, 100 uM AEBSF, 80 nM Aprotinin, 5 wM Bestatin, 1.5 pM
E-64, 2 uM leupeptin, 1 uM Pepstatin, 500 .M sodium orthovana-
date, 500 uM glycerol phosphate, 500 uM sodium pyrophosphate,
and 50 uM DTT], and protein (5x 10° cell equivalents) was
subjected to electrophoresis using 10-14% acrylamide/0.1% SDS
gels. Proteins were transferred to a nitrocellulose membrane and
Western blotting analysis was performed with antibodies against
phospho-PKC o (Cell Signaling, Beverly, MA), PKC « (Cell
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Signaling), phospho-PKC B (Cell Signaling), PKC 3 (Cell Signaling),
phospho-ERK (Cell Signaling), ERK (Cell Signaling), phospho-serine
70 BCL2 (Cell Signaling), BCL2 (Dako) Actin (Sigma, St. Louis, MO),
and Tubulin (Sigma). Western blots were developed using an ECL kit
(Amersham, Piscataway, NJ).

TWO-DIMENSIONAL ELECTROPHORESIS

Two-dimensional electrophoresis was performed by Kendrick Labs,
Inc (Madison, WI). Isoelectric focusing was carried out using 2%
ampholines of pH 3.5-pH 10 (LKB/Pharmacia, Baltimore, MD) for
9,600V/h in a tube gel. Each tube gel was then electrophoresed
using a 10% acrylamide SDS slab gel for 5 h at 25 mA/gel. Duplicate
gels were obtained from each sample. Proteins were transferred to
nitrocellulose and Western analysis was performed with phospho-ser/
phospho-thr antibodies from Qiagen. Films were scanned with a
laser densitometer (Model PDSI; Molecular Dynamics Inc, Sunny-
vale, CA). The images were analyzed using Progenesis PG240
software with TT900 (version 2006; Nonlinear Dynamics). Student’s
t-test values were generated by Progenesis software for an n of
4 films.

IMMUNOFLUORESCENCE (IF) MICROSCOPY

OCI-AML3 cells were treated with vehicle (0.1% DMSO0) or with
1M or 10 uM enzastaurin for 24 h. Cells were spun onto slides
using a Statspin Cytofuge 12 (Cytofuge, Westwood, MA), fixed with
49 paraformaldehyde and permeablized with 100% methanol. Cells
were incubated in blocking solution (3% FBS/1% BSA/1 x PBS). PKC
o or PKC 3 rabbit polyclonal antibodies (both from Santa Cruz) were
added to cells at 1:200 dilution in blocking solution. Cells were
washed and secondary antibody (Alexa 488 tagged donkey anti-
rabbit; Invitrogen, Eugene, OR) was added in blocking solution. Cells
were washed, stained with DAPI, washed again, and visualized using
an Olympus FV500 Laser Scanning Confocal microscope (Center
Valley, PA).

GENE EXPRESSION OF PKC 8 IS ELEVATED IN AML BLAST CELLS
COMPARED TO NORMAL CD34+ CELLS.

We measured gene expression of PKC o, PKC 3, PKC 3, PKC ¢ by RT-
PCR in a number of myeloid leukemia cell lines including OCI-
AML3, U937, KG1, K562, and HL60. A common feature among the
cell lines was that for each cell line PKC 3 and PKC & were the more
highly transcribed isoforms and little if any PKC ¢ was detected in
the myeloid cell lines (Fig. 1A). As shown in Figure 1A, gene
expression of PKC a varied among the various myeloid leukemia cell
lines. We next surveyed the relative abundance of transcripts
encoding the various PKC isoforms among 65 patients newly
diagnosed with AML using real time PCR. We included assays for
PKC «, PKC B, PKC §, and PKC ¢ (Table II). Average expression of the
chosen PKC isoforms in the samples from 65 AML patient and six
bone-marrow transplant donors is depicted in Figure 1B. There was a
significant increase in the expression of PKC o (P=0.027), PKC B
(P=0.0002), and PKC & (P < 0.0001) when comparing AML blast
cells and normal BM cells. This finding suggests these kinases may
play a role in AML biology.
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Fig. 1. PKC B and PKC 3 expression is generally elevated IN AML blast cells
compared to normal CD34+ bone marrow cells. Real-time PCR was performed
as described in Materials and Methods section. Expression of PRKCA (PKC «),
PRKCB (PKC B), PRKCD (PKC &), and PRKCE (PKC €) genes are presented as
relative to 100 copies of b2M for AML~derived cell lines (A) and as relative to
100 copies of ABL1for CD34+ cells derived from bone marrow from normal
donors (N = 6) and blast cells derived from AML patients (N = 75; B). Pvalues
were derived as described in Materials and Methods section. Statistically
significant differences from expression in normal bone marrow cells
(P<0.05) are marked by "*."

ENZASTAURIN PROMOTES APOPTOSIS IN HUMAN

AML-DERIVED CELL LINES

To investigate the use of enzastaurin as a cytotoxic agent against
AML cells, OCI-AML3 were used in a dose response study. While
enzastaurin inhibits PKC 8 in the nanomolar range, it is in the low
micromolar range where the drug has demonstrated effectiveness
against a wide variety of cancer cell lines including leukemia cells
[Graff et al., 2005; Meng et al., 2010]. OCI-AML3 cells were treated
with vehicle (0.1% DMSO0), 1, 5, or 10 wM enzastaurin for 24, 48, and
72 h. Cell viability was assessed by trypan blue exclusion. As shown
in Figure 2A, enzastaurin suppressed cell growth of cells but only at
higher doses of the drug (i.e., 5 or 10 uM enzastaurin). Similar
patterns of cell growth inhibition were observed with OCI-AML2 and
THP-1 cells (data not shown). To determine if enzastaurin promotes
apoptosis, HL60 and OCI-AML3 were treated with 5 uM enzastaurin
for 24, 48, and 72h. Cell viability was assessed by trypan blue
exclusion. As shown in Figure 2B, enzastaurin potently killed HL60
cells but was less effective against the OCI-AML3 cells. While
roughly 50% of HL60 cells were killed after 72h with 5pM
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Effect of enzastaurin on cell viability and caspase-dependent apoptosis in two AML cell lines. A: OCI-AMLS3 cells were treated with vehicle (0.1% DMSO; marked 0),

1 M enzastaurin, 5 .M enzastaurin, or 10 wM enzastaurin for 24, 48, or 72 h. Cell death was assessed by trypan blue exclusion assay. B: HL60 cells and OCI-AML3 cells
were untreated or treated with 10 WM enzastaurin for 24, 48, or 72 h. Cell death was assessed by trypan blue exclusion assay. Error bars represent the mean +SD from
three independent experiments. Statistically significant differences from cell viability in DMSO-treated cells (standard t-test; P< 0.05) are marked by “*." C: HL60 cells and
OCI-AML3 cells were untreated or treated with 10 wuM enzastaurin for 48 h. Cell apoptosis was assessed by flow cytometry after Annexin V staining. Error bars represent
the mean =+ SD from three independent experiments. Statistically significant differences from % apoptotic cells in untreated cells (standard t-test; P < 0.05) are marked by “*."
D: HL60 cells were untreated or treated with 10 wM enzastaurin for 48 h. Where appropriate, cells were pre-treated with caspase-3 inhibitor (Z-DEVD-FMK) for 1 h before
adding drug. Cell apoptosis was assessed by flow cytometry after Annexin V staining. Error bars represent the mean + SD from three independent experiments. Statistically

significant differences from % apoptotic cells in untreated cells (standard t-test; P< 0.05) are marked by

enzastaurin only ~26% of OCI-AML3 cells were killed by the drug
under those conditions (Fig. 2B). Cell death induced by enzastaurin
was significant as compared to vehicle control (i.e., DMSO treated) in
all cases for both cell lines (P < 0.006). To determine if an apoptotic
mechanism was involved, induction of apoptosis in enzastaurin-
treated cells was observed by identifying Annexin V positive cells
(which indicates exposure of plasma membrane phosphatidyl
serine). Enzastaurin (5puM) promoted Annexin V staining of
HL60 cells and to a lesser degree OCI-AML3 cells. As shown in
Figure 2C, flow cytometry analysis of untreated HL60 cells and cells
treated with 5 WM enzastaurin for 72 h indicate that nearly one-third
of cells were Annexin V positive after staining. After 72-h treatment
of OCI-AML3 cells with 5uM enzastaurin, only ~18% were
apoptotic. These data indicate that enzastaurin has varying
effects on the promotion of apoptosis in AML cell lines. Next
we investigated whether enzastaurin-induced apoptosis involves
a caspase-dependent mechanism. Apoptosis assay measuring

wkn

Annexin V positive cells revealed that pretreatment of HL60 cells
with 40 uM caspase-3 inhibitor partially protected cells from
treatment with 5 wM enzastaurin after 72h (Fig. 2D). This result
suggests that the mechanism of enzastaurin-induced cells death
involves caspase-3 but since protection with the caspase inhibitor
was not complete, the process may require additional mechanisms.

ENZASTAURIN-INDUCED APOPTOSIS IS INDEPENDENT OF PKCf

IN OCI-AML3 CELLS

To determine if enzastaurin-induced cell death requires suppression
of PKC B, OCI-AML3 cells were co-treated with another PKC 3
inhibitor (i.e., Calbiochem PKC B inhibitor). The ICs, values for PKC
«, PKC BI, and PKC BII for the Calbiochem PKC { inhibitor are 331,
21, and 5nM, respectively. We used Calbiochem PKC  inhibitor at
200nM (to suppress both PKC B isoforms but not PKC « alone or
in combination with 10 WM enzastaurin. The Calbiochem PKC B
inhibitor alone had no effect on growth or survival of the OCI-AML3
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Fig. 3. Effect of PKC B inhibitor on enzastaurin-induced cell death in OCI-
AMLS3 cells. OCI-AML3 cells were treated with vehicle (0.1% DMSO; marked
0), 10 .M enzastaurin, 200 nM calbiochem PKC B inhibitor, or a combination
of 10 wM enzastaurin and 200 nM calbiochem PKC B inhibitor for 24, 48, or
72 h. Cell death was assessed by trypan blue exclusion assay.

cells even after 72h (Fig. 3). As shown in Figure 3, enzastaurin
suppressed cell growth of OCI-AML3 cells and inclusion of
Calbiochem PKC B inhibitor had no effect on enzastaurin-induced
cell killing.

ENZASTAURIN BLOCKS PHOSPHORYLATION OF PKC «

AND ERK IN AML CELL LINES

Enzastaurin was developed as an inhibitor of PKC B [Teicher et al.,
2002a]. While the drug exhibits fairly high specificity for the kinase,
enzastaurin is effective at inhibiting other PKC isoforms at higher
concentrations. We examined expression and phosphorylation
status of PKC «, PKC B, and PKC & in the human AML-derived cell
lines HL60 and OCI-AML3 (Fig. 4). Both HL60 and OCI-AML3 cells
express abundant levels of PKC B. In both HL60 and OCI-AMLS3 cells,
the kinase was potently phosphorylated suggesting high PKC
activity levels. However, enzastaurin up to 10 M concentrations
appeared to have little if any effect on PKC 3 phosphorylation levels
in either cell line (Fig. 4). While enzastaurin displays high specificity
for PKC B, the drug can inhibit PKC « at higher concentrations. The
reported ICso for PKC a is 0.039 wM. While little phosphorylation of
PKC « is detected in OCI-AMLS3 cells, there is potent phosphorylation
of the kinase in HL60 cells. As shown in Figure 4, enzastaurin
potently blocked PKC o phosphorylation in both cell lines. At least
in OCI-AML3 cells, the drug appears to suppress expression of the
kinase at the highest dose used (i.e., 10 wM). These findings suggest
that PKC a might be a possible target for the drug in AML cells.

ENZASTAURIN BLOCKS MEMBRANE LOCALIZATION OF PKC «

BUT NOT PKC 3 IN AML CELL LINES

While phosphorylation of PKC is not truly indicative of its activation
state, lipid activation of PKC results in its localization to cellular
membranes [Gallegos and Newton, 2008; Newton, 2010]. We
examined the effect of enzastaurin on PKC o and PKC 3 sub-cellular
localization in OCI-AML3 cells using immunofluorescence (IF)

HL60 OCI-AML3

10 Enzastaurin (uM)

0 01 1 10 0 011
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Fig. 4. Effect of enzastaurin on PKC «, PKC B, and PKC & phosphorylation
status in two AML cell lines. Phosphorylation status of PKC o, PKC 3, and PKC &
was examined in HL60 and OCI-AML3 cells that were untreated or treated with
varying doses of enzastaurin for 24 h. Western blot analysis was performed on
protein lysate (1 x 10° cell equivalents) using antibody against p-PKCa, PKCa,
p-PKCa3, PKCB, p-PKC3, PKC3, p-ERK, ERK, and actin.

microscopy. Cells were treated with 1 or 10 uM drug or vehicle
(i.e., 0.19% DMSO) for 24 h. PKC « or PKC B was visualized using
rabbit polyclonal antibody against each kinase and fluorescent
labeled (i.e., Alexa 488) donkey-anti-rabbit antibody (PKC appears
green in Fig. 5). DAPI was included to visualize nuclei (appears
blue in Fig. 6). As shown in Figure 5, both PKC « and PKC { are
distributed among intra-cellular membranes in vehicle-treated
control cells. Enzastaurin at 1 wM suppressed localization of PKC «
while the drug at even 10 wM was not effective at disrupting PKC 3
sub-cellular localization (Fig. 5). These results suggest that
enzastaurin can inhibit activation of PKC a but not PKC 8 in
OCI-AML3 cells.

ENZASTAURIN BLOCKS BCL2 PHOSPHORYLATION

It has been demonstrated in hematopoietic and acute leukemia cells
that BCL2 phosphorylation at serine 70 is required for the anti-
apoptotic molecule’s full and potent suppression of apoptosis [May
et al., 1994; Ruvolo et al., 1998; Deng et al., 2000]. Physiologic BCL2
kinases that promote survival include PKC « [Ruvolo et al., 1998]
and ERK [Deng et al., 2000]. OCI-AML3 cells exhibit robust basal
levels of phosphorylated BCL2 and phosphorylation of the anti-
apoptotic molecule positively promotes resistance to chemother-
apeutic drugs including the BH3 small molecule inhibitor ABT737
[Konopleva et al., 2002; Konopleva et al., 2006]. To determine the
effect of enzastaurin on BCL2 phosphorylation, OCI-AML3 cells
were treated with 10 wWM enzastaurin for 3h during metabolic
labeling with **P-orthophosphate and the phosphorylation status
of BCL2 was examined following immunoprecipitation (Fig. 6A).
Western analysis demonstrates that roughly equivalent levels of
BCL2 protein were immunoprecipitated from untreated cells and
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Fig. 5. Effect of enzastaurin on PKC o and PKC 3 membrane localization in
OCI-AMLS3 cells. Membrane localization of PKC « and PKC B was examined in
HL60 and OCI-AML3 cells that were treated with vehicle (0.1% DMSO0), 1 M,
or 10 uM enzastaurin for 24 h. Cells were visualized using IF microscopy
following staining with PKC o or PKC B antibody and Alexa 488 tagged
secondary antibody (appears green). Cells were also stained with DAPI to
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visualize nuclei (appears blue).

cells treated with the drug. While BCL2 was highly phosphorylated
in OCI-AML3 cells, phosphorylation of the protein was nearly
completely inhibited by enzastaurin (Fig. 6A). Enzastaurin potently
blocked both PKC « and ERK in OCI-AML3 cells (Fig. 4), thus it is not
surprising that the drug is effective at blocking BCL2 phosphoryla-
tion. To determine if enzastaurin suppresses phosphorylation of
BCL2 at serine 70 [the site targeted by PKC a and ERK; Ruvolo et al.,
1998; Deng et al., 2000], we used a phospho-serine 70 BCL2-specific
antibody to examine BCL2 phosphorylation by Western analysis in
cell lysates of OCI-AML3 cells treated with enzastaurin (Fig. 6B).
Cells were treated with 10 wM enzastaurin and/or 10 nM okadiac
acid for 24h. Protein phosphatase 2A (PP2A) dephosphorylates
BCL2 at serine 70 and inhibition of the enzyme with okadaic
acid promotes phosphorylation at this amino acid residues [Deng
et al.,, 1998; Ruvolo et al., 1999]. Cells displayed basal levels of
phosphorylated serine 70 BCL2 and levels were increased when
treated with okadaic acid alone (Fig. 6B). The slower migrating band
seen in the Western in cell treated with okadaic acid alone likely
reflects a hyperphosphorylated form of BCL2 that results when other
amino acid residues (e.g., serine 87 or threonine 69) are also
phosphorylated [Deng et al., 2001]. As shown in Figure 6B,
enzastaurin was found to suppress phosphorylation of BCL2 at
serine 70 in OCI-AML3 cells and was effective at preventing the
induced phosphorylation seen with okadaic acid. To determine if
suppression of PP2A can protect cells from Enzasataurin, cell
viability was assessed by trypan blue exclusion in OCI-AML3 cells
treated with vehicle (0.1% DMSO) for 24 h, 10 nM okadaic acid for
24h 30 min, 10 uM enzastaurin for 24 h, or pre-treated with 10 nM
okadaic acid for 30 min prior to addition of 10 wM enzastaurin for
24 h. As shown in Figure 6C, okadaic acid did not protect OCI-AML3
cells from the drug.

ENZASTAURIN HAS BOTH POSITIVE AND NEGATIVE EFFECTS ON
PROTEIN PHOSPHORYLATION IN HL60 CELLS

While BCL2 is an important regulator of cell survival [Yang
and Korsmeyer, 1996; Deng et al., 2001; Letai, 2008], it would be
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Fig. 6. Effect of enzastaurin on BCL2 phosphorylation in OCI-AML3 cells.
A: OCI-AML3 cells were labeled with [*2P] orthophosphoric acid (*2P). BCL2
was immunoprecipitated using anti-sera from Santa Cruz Biotechonolgy,
electrophoresed using 12% SDS/PAGE, transferred to an nitrocellulose filter,
and phosphorylated bands detected by autoradiography. The identity of the
BCL2 32P-labeled band was confirmed by Western analysis on the same filter
using a different BCL2 antibody (from Dako). B: OCI-AML3 cells were treated
with vehicle (0.1% DMSO; marked 0) or 10 uM enzastaurin for 24h.
Where appropriate, 20 nM okadaic acid was added to cells prior to addition
of vehicle or enzastaurin. Western blot analysis was performed on protein
lysate (1 x 10° cell equivalents) using antibody against p-BCL2 serine 70 and
BCL2. C: OCI-AML3 cells were treated with vehicle (0.1% DMSO; marked 0) or
10 wM enzastaurin for 24 h. Where appropriate, 20 nM okadaic acid was added
to cells prior to addition of vehicle or enzastaurin. Cell death was assessed by
trypan blue exclusion assay.

expected that enzastaurin’s ability to suppress a number of PKC
isoforms would result in suppression of phosphorylation of a broad
number of proteins involved in survival signaling. To identify
potential targets of enzastaurin in HL60 cells, two-dimensional
electrophoresis and Western analysis of serine/threonine phosphor-
ylation was performed on protein lysate from HL60 cells treated with
vehicle (0.1% DMSO0) or 10 uM enzastaurin for 24 h. Isoelectric
focusing was carried out using 2% pH 3.5-10 ampholines (LKB/
Pharmacia, Baltimore, MD) for 9,600 V/h in a tube gel which was
then electrophoresed using a 10% acrylamide SDS slab gel.
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TABLE III. Enzastaurin Promotes Phosphorylation of a Distinct Set of Proteins in HL60 Cells

Spot number pl MW Enzastaurin spot, % Control (vehicle) spot, % ENZA versus control difference
3 6.2 175,185 0.098 - +++
77 7.6 63,866 0.043 - +++
94 7.6 59,125 0.046 - +++
121 8.4 55,543 0.129 - +++
257 7.8 30,361 0.762 - +++
260 7.9 29,324 0.638 - +++
299 7.6 21,843 4.462 - +++
1 6.1 205,059 0.476 0.086 5.5
68 8.6 65,137 1.722 0.469 3.7
9 6.3 59,088 0.120 0.046 2.6
102 6.4 58,697 0.100 0.032 3.1
107 6.4 57,525 0.047 0.015 3.0
108 6.1 57,329 0.125 0.034 3.7
109 6.3 57,264 0.037 0.012 3.1
118 6.1 55,832 0.124 0.043 2.9
134 6.1 53,943 0.245 0.060 4.1
224 5.4 38,963 0.122 0.044 2.8
233 6.8 36,685 0.038 0.015 2.6
251 7.7 31,721 0.980 0.344 2.8
266 5.7 28,733 0.235 0.074 3.2
275 6.8 28,028 0.080 0.030 2.6
291 6.9 25,836 0.077 0.028 2.7
300 7.7 21,604 2.582 0.839 3.1

The vehicle used as control is 0.1% DMSO.

Duplicate gels were obtained from each sample and scanned with a
laser densitometer and the images were analyzed. Student’s t-test
values were generated for an n of 4 gels to identify significant
changes in spot density. Of >200 spots analyzed, 25 spots
demonstrated a twofold decrease in phosphorylation with enzas-
taurin treatment (Table III). Conversely, 23 proteins showed a
twofold increase in phosphorylation with enzastaurin treatment
suggesting that non-PKC kinases may be activated in response to
the drug (Table IV). An image of a representative gel is shown in
Figure 7. Details of the protein’s MW and pl and fold change in

phosphorylation status with enzastaurin treatment are presented in
Table III and Table IV.

ENZASTAURIN PROMOTES APOPTOSIS IN PRIMARY BLAST CELLS
DERIVED FROM AML PATIENTS

We next examined the ability for enzastaurin to effectively kill
primary blast cells derived from AML patients. In vitro treatment of
blast cells derived from AML patients demonstrated that enzastaurin
potently killed cells. Treatment of AML blast cells with 5puM
enzastaurin for 48 h induced apoptosis in sensitive cells as indicated

TABLE IV. Enzastaurin Blocks Phosphorylation of a Distinct Set of Proteins in HL60 Cells

Spot # pl MW Enzastaurin spot, % Control (vehicle) spot, % ENZA versus control difference
316 7.4 186,875 - 0.366 -
317 6.9 105,693 - 0.089 -
318 8.8 42,597 - 2.603 -
319 8.6 22,596 - 0.576 -
320 8.0 20,976 - 0.181 -
321 8.5 20,857 - 0.028 -
322 5.1 18,264 - 0.209 -

2 7.4 192,070 0.017 0.223 —13.4
16 6.1 108,291 0.204 0.589 -29
49 5.7 74,297 0.042 0323 —-7.6
50 5.8 73,653 0.171 0.468 —2.7
51 5.6 73,524 0.196 0.860 —4.4
86 8.1 61,496 0.024 0.122 —5.1
88 7.5 60,590 0.032 0.094 -3.0

148 5.2 51,478 0.032 0.145 —45
153 5.2 49,971 0.004 0.043 —9.7
180 7.4 46,363 0.007 0.021 -3.2
183 5.5 46,171 0.004 0.012 —2.8
199 7.6 42,994 0.017 0.058 —-3.5
205 7.5 41,957 0.011 0.035 -33
216 8.4 40,450 0.605 2.146 -35
276 8.2 27,764 0.145 0.430 -3.0
284 7.3 26,749 0.026 0.084 -3.2
308 6.1 18,376 0.017 0.045 —2.7
324 8.6 15,617 0.038 0.485 —12.9

The vehicle used as control is 0.1% DMSO.
pl, isoelectric point; MW, molecular weight; ENZA, enzastaurin.

JOURNAL OF CELLULAR BIOCHEMISTRY

1703

ENZASTAURIN-INDUCED APOPTOSIS IN AML CELLS



3 © 220

94
- -
TE
“ e ., an
v 1 o 50
- o 4% 3 .
“; T & — 3
> - - 43
R o
- ] - !
- : Jre - 4
i, -
& o P = ‘&; 29
. Y . e
a0
-
pH43 pH9.3
Fig. 7. Representative 2D gel depicting the effect of enzastaurin on protein

phosphorylation in HL60 cells. Polypeptide spots present only in enzastaurin
(ENZA)-treated cells increased in ENZA-treated cells by 2.6-fold or greater are
outlined in black. Protein molecular weight markers are shown on the right.
The pH values determined at gel tube ends following isoelectric focusing are
shown at the bottom. See Tables Ill and IV for spot identifications and
measurements.

by an increase in Annexin V staining compared to vehicle-treated
cells (Fig. 8A). As shown in Figure 8B, of nine AML blast cell treated
with enzastaurin, five were sensitive to the agent. PKC o and PKC 3
protein expression and phosphorylation status in the blast cells from
the nine AML patients were examined by Western analysis (Fig. 8C).
Patients 1, 2, 4, and 7 exhibited robust phosphorylation of PKC «
and/or PKC B. Interestingly, three of these patients (i.e., patients 1, 4,
and 7) showed the least sensitivity to enzastaurin as indicted by
Annexin V staining (< 5%; Fig. 8A). While the significance of
expression of these PKC isoforms and sensitivity to the drug is not
clear, the data does suggest that the drug can be effective at killing
blast cells in a subset of AML patients and sensitivity might be
influenced by PKC activity.

The cPKC family members PKC o and PKC 8 play important roles in
promoting cell survival and chemoresistance in leukemia cells
[Redig and Platanias, 2007, 2008]. PKC B has been shown to be
important in the development of colon cancer [Sauma et al., 1996;
Murray et al., 1999; Zhang et al., 2004] and plays key roles in B-cell
development. The kinase is important in B-cell receptor and Notch
signaling and thus likely plays a role in lymphoid cancers [Redig and
Platanias, 2007]. It was logical that enzastaurin as a PKC B inhibitor
would be used as an anti-neoplastic agent for B-cell lymphomas and
it is not surprising that the drug has shown promise in treating this
disease [Robertson et al., 2007; Ma and Rosen, 2007]. While there is a
well-founded rationale for using enzastaurin in treating lymphoid
malignancies, the question arises whether targeting PKC  in
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Fig. 8. Effect of enzastaurin on cell viability and apoptosis in blast cells
derived from nine AML pateints. Blast cells derived from nine (patients 1-9)
patients were untreated or treated with 10 wM enzastaurin for 48 h. Cell
apoptosis was assessed by flow cytometry after Annexin V staining (A). Percent
surviving cells (B) was assessed by determining the ratio of viable treated cells
to viable untreated cells. C: Phosphorylation status of PKC « and PKC B was
examined in blast cells from nine AML patients. Western blot analysis was
performed on protein lysate (1 x 10° cell equivalents) using antibody against
p-PKCa, PKCa, PKC B, and tubulin.

myeloid diseases would be similarly effective. Gene expression of
PKC B is significantly elevated in a number of leukemia cell lines
(Fig. 1A) and in blast cells from newly diagnosed AML patients
compared to counterpart cells (i.e., CD34+) from normal bone
marrow donors (Fig. 1B). Enzastaurin promoted apoptosis in two
AML-derived cell lines (Fig. 2A-C) and primary AML blast cells
(Fig. 8A) but only at concentrations well above the ICs, for the
suppression of PKC B. Consistent with the notion that the drug acted
on a target other than PKC (3, a specific PKC B inhibitor from
Calbiochem showed no toxicity to OCI-AML3 cells and the drug did
not affect toxicity of enzastaurin (Fig. 3). A recent article by Meng
et al. [2010] suggest that inhibition of PKC 8 by means including the
use of enzastaurin supports death-ligand induced apoptosis in AML
and other leukemia cells. Furthermore, that study found that phorbol
ester-mediated protective effect against death-ligand induced
apoptosis in leukemia cells appears to require PKC B [Meng
et al., 2010]. Perhaps PKC B plays a greater role in modulating the
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extrinsic apoptotic pathway in AML cells. Considering that
enzastaurin is effective at inhibiting other PKC isoforms at
concentrations used in clinical trials [Graff et al., 2005], the drug
may be effective at suppressing PKC kinases that are relevant for
AML cell survival such as PKC a [Kornblau et al., 2006]. PKC «
suppresses apoptosis induced by HDAC inhibitors in a variety of
multidrug-resistant leukemia cells [Castro-Galache et al., 2007].
IL-3 supports PKC o activation and promotes cell survival by
mechanisms involving a number of pro-survival molecules such as
AKT and BCL2 [Farrar et al., 1985; May et al., 1994; Blalock et al.,
1999; Li et al., 1999; Deng et al., 2001; Redig and Platanias, 2007].
PKC « is emerging as an important prognostic factor in AML,
particularly in the context of BCL2 and other pro-survival kinases
[Kornblau et al., 2006; Kurinna et al., 2006]. The cPKC inhibitor
G06976 has been found to be effective at killing AML cells though it
cannot be ruled out that inhibition of non-PKC kinases (e.g., JAK2)
may be involved [Grandage et al., 2006]. Enzastaurin had little effect
on PKC B phosphorylation (Fig. 4) or PKC B localization (Fig. 5). The
drug, however, was effective at suppressing PKC « phosphorylation
(Fig. 4) and PKC « membrane localization (Fig. 5), and the drug
prevented phosphorylation of the PKC « substrate BCL2 (Fig. 6A,B).

The clinical trials with enzastaurin have been promising [Herbst
et al., 2007; Robertson et al., 2007; Ma and Rosen, 2007; Oh et al.,
2008; Morschhauser et al., 2008; Kreisl et al., 2009; Hanauske et al.,
2009]. In the various studies, the drug has been well tolerated with
few severe side effects reported. Among the 55 patients in the diffuse
large B cell lymphoma study conducted by Robertson et al. [2007],
there were no deaths reported and only one patient suffered
hypomagnesemia (the sole grade 4 toxicity observed). Importantly,
the drug was effective at delaying disease progression in a number of
the patients and three patients exhibited complete responses
[Robertson et al., 2007]. PKC activity in general has been associated
with resistance to therapy in AML [Kornblau et al., 2006] so
targeting PKC would be useful for AML therapy. Enzastaurin at high
doses may be most effective in combination with other AML
therapeutic drugs as a means to suppress PKC o and suppress BCL2
anti-apoptotic activity. Enzastaurin has been used successfully in
combination with paclitaxel and other chemotherapeutic agents in
mouse xenograft models [Teicher et al., 2002b; Ma and Rosen,
2007].

Enzastaurin was found to suppress phosphorylation of a distinct
set of proteins (Table IIT). These proteins likely represent targets of
PKC o or 3 or a kinase that is regulated by PKC. An example of a pro-
survival kinase that is suppressed by enzastaurin inhibition of PKC
is AKT [Graff et al., 2005]. In addition, PKC o has been found to
negatively regulate the PP2A isoform (i.e., one containing the
PPP2R5A subunit) that serves as the BCL2 phosphatase and
promotes apoptosis in acute leukemia cells (Jiffar et al., 2004). It
is possible that enzastaurin promotes activation of this PP2A
isoform to suppress protein phosphorylation. The finding that the
drug was effective at suppressing BCL2 phosphorylation (Fig. 6A,B)
supports this notion. It was also found that enzastaurin promoted
phosphorylation of a distinct set of proteins (Table IV). If enzastaurin
supports activation of a specific PP2A isoform, then it is plausible
that other PP2A isoforms will be suppressed since there is a
competition between PP2A B subunits to associate with the

enzyme’s catalytic core [Silverstein et al., 2002; Strack et al.,
2004; Ruvolo et al., 2008]. Perhaps the proteins displaying increased
phosphorylation are the substrates of PP2A isoforms that compete
with the PP2A subunit containing PPP2R5A. However, it is
premature to implicate PP2A in this phenomenon as one cannot
rule out the effect of the drug on non-PP2A protein phosphatases.

In summary, enzastaurin was found to be effective at killing
AML-derived cells from cell lines and from primary blasts though by
a mechanism that likely does not involve the inhibition of PKC f.
The drug suppressed PKC o phosphorylation and localization and
blocked activation of ERK and phosphorylation of BCL2. It is
possible that enzastaurin promotes activation of a protein
phosphatase that would be negatively regulated by PKC. These
results suggest that enzastaurin could have clinical anti-leukemia
activity in AML.

ACKNOWLEDGMENTS

The authors would like to thank Eli Lilly and Company for
providing enzastaurin and research support for this work.

REFERENCES

Blalock WL, Weinstein-Oppenheimer C, Chang F, Hoyle PE, Wang XY, Algate
PA, Franklin RA, Oberhaus SM, Steelman LS, McCubrey JA. 1999. Signal
transduction, cell cycle regulatory, and anti-apoptotic pathways regulated by
IL-3 in hematopoietic cells: Possible sites for intervention with anti-
neoplastic drugs. Leukemia 13:1109-1166.

Castagna M, Takai Y, Kaibuchi K, Sano K, Kikkawa U, Nishizuka Y. 1982.
Direct activation of calcium-activated, phospholipid-dependent protein
kinase by tumor-promoting phorbol esters. J Biol Chem 257:7847-7851.

Castro-Galache MD, Menéndez-Gutiérrez MP, Carrasco Garcia E, Garcia-
Morales P, Martinez-Lacaci I, Saceda M, Ferragut JA. 2007. Protein kinase C-
alpha antagonizes apoptosis induction by histone deacetylase inhibitors in
multidrug resistant leukaemia cells. Int J Biochem Cell Biol 39:1877-1885.

Corbalan-Garcia S, Gomez-Fernandez JC. 2006. Protein kinase C regulatory
domains: The art of decoding many different signals in membranes. Biochim
Biophys Acta 1761:633-654.

Deng X, Ito T, Carr B, Mumby M, May WS. 1998. Reversible phosphorylation
of Bcl2 following interleukin 3 or bryostatin 1 is mediated by direct
interaction with protein phosphatase 2A. J Biol Chem 273:34157-34163.

Deng X, Ruvolo P, Carr B, May WS. 2000. Survival function of ERK1/2 as IL-
3-activated, staurosporine-resistant Bcl2 kinases. Proc Natl Acad Sci USA
97:1578-1583.

Deng X, Kornblau SM, Ruvolo PP, May WS. 2001. Regulation of Bcl2
phosphorylation and potential significance for leukemic cell chemoresis-
tance. J Natl Cancer Inst Monogr 28:30-37.

Detjen KM, Brembeck FH, Welzel M, Kaiser A, Haller H, Wiedenmann B,
Rosewicz S. 2000. Activation of protein kinase Calpha inhibits growth of
pancreatic cancer cells via p21(cip)-mediated G(1) arrest. J Cell Sci 113:
3025-3035.

Farrar WL, Thomas TP, Anderson WB. 1985. Altered cytosol/membrane
enzyme redistribution on interleukin-3 activation of protein kinase C. Nature
315:235-237.

Gallegos LL, Newton AC. 2008. Spatiotemporal dynamics of lipid signaling:
Protein kinase C as a paradigm. IUBMB Life 60:782-789.

Graff JR, McNulty AM, Hanna KR, Konicek BW, Lynch RL, Bailey SN, Banks
C, Capen A, Goode R, Lewis JE, Sams L, Huss KL, Campbell RM, Iversen PW,
Neubauer BL, Brown TJ, Musib L, Geeganage S, Thornton D. 2005. The

JOURNAL OF CELLULAR BIOCHEMISTRY

1705

ENZASTAURIN-INDUCED APOPTOSIS IN AML CELLS



protein kinase Cbeta-selective inhibitor, Enzastaurin (LY317615. HCI), sup-
presses signaling through the AKT pathway, induces apoptosis, and sup-
presses growth of human colon cancer and glioblastoma xenografts. Cancer
Res 65:7462-7469.

Grandage VL, Everington T, Linch DC, Khwaja A. 2006. G66976 is a
potent inhibitor of the JAK 2 and FLT3 tyrosine kinases with significant
activity in primary acute myeloid leukaemia cells. Br J Haematol 135:303-
316.

Griner EM, Kazanietz MG. 2007. Protein kinase C and other diacylglycerol
effectors in cancer. Nat Rev Cancer 7:281-294.

Hanauske AR, Lahn M, Musib LC, Weigang-Kohler K, Yilmaz E, Graefe T,
Kuenen B, Thornton D, McNealy P, Giaccone G. 2009. Phase Ib safety and
pharmacokinetic evaluation of daily and twice daily oral enzastaurin in
combination with pemetrexed in advanced/metastatic cancer. Ann Oncol
20:1565-1575.

Herbst RS, Oh Y, Wagle A, Lahn M. 2007. Enzastaurin, a protein kinase C
beta- selective inhibitor, and its potential application as an anticancer agent
in lung cancer. Clin Cancer Res 13:54641-54646.

Jiffar T, Kurinna S, Suck G, Carlson-Bremer D, Ricciardi MR, Konopleva M,
Andreeff M, Ruvolo PP. 2004. PKC alpha mediates chemoresistance in acute
lymphoblastic leukemia through effects on Bcl2 phosphorylation. Leukemia
18:505-512.

Kitatani K, Idkowiak-Baldys J, Hannun YA. 2007. Mechanism of inhibition of
sequestration of protein kinase C alpha/betall by ceramide. Roles of cer-
amide-activated protein phosphatases and phosphorylation/dephosphoryla-
tion of protein kinase C alpha/betall on threonine 638/641. J Biol Chem
282:20647-20656.

Konopleva M, Tsao T, Ruvolo P, Stiouf], Estrov Z, Leysath CE, Zhao S, Harris
D, Chang S, Jackson CE, Munsell M, Suh N, Gribble G, Honda T, May WS,
Sporn MB, Andreeff M. 2002. Novel triterpenoid CDDO-Me is a potent
inducer of apoptosis and differentiation in acute myelogenous leukemia.
Blood 99:326-335.

Konopleva M, Contractor R, Tsao T, Samudio I, Ruvolo PP, Kitada S, Deng X,
Zhai D, Shi YX, Sneed T, Verhaegen M, Soengas M, Ruvolo VR, McQueen T,
Schober WD, Watt JC, Jiffar T, Ling X, Marini FC, Harris D, Dietrich M, Estrov
Z, McCubrey J, May WS, Reed JC, Andreeff M. 2006. Mechanisms of
apoptosis sensitivity and resistance to the BH3 mimetic ABT-737 in acute
myeloid leukemia. Cancer Cell 10:375-388.

Kornblau SM, Womble M, Qiu YH, Jackson CE, Chen W, Konopleva M, Estey
EH, Andreeff M. 2006. Simultaneous activation of multiple signal transduc-
tion pathways confers poor prognosis in acute myelogenous leukemia. Blood
108:2358-2365.

Kreisl TN, Kim L, Moore K, Duic P, Kotliarova S, Walling J, Musib L, Thornton
D, Albert PS, Fine HA. 2009. A phase I trial of enzastaurin in patients with
recurrent gliomas. Clin Cancer Res 15:3617-3623.

Kurinna S, Konopleva M, Palla SL, Chen W, Kornblau S, Contractor R, Deng
X, May WS, Andreeff M, Ruvolo PP. 2006. Bcl2 phosphorylation and active
PKC alpha are associated with poor survival in AML. Leukemia 20:1316-
1319.

Letai AG. 2008. Diagnosing and exploiting cancer’s addiction to blocks in
apoptosis. Nat Rev Cancer 8:121-132.
LiW, Zhang J, Flechner L, Hyun T, Yam A, Franke TF, Pierce JH. 1999. Protein

kinase C-alpha overexpression stimulates Akt activity and suppresses apop-
tosis induced by interleukin 3 withdrawal. Oncogene 18:6564-6572.

Ma S, Rosen ST. 2007. Enzastaurin. Curr Opin Oncol 19:590-595.
Mackay HJ, Twelves CJ. 2007. Targeting the protein kinase C family: Are we
there yet? Nat Rev Cancer 7:554-562.

May WS, Tyler PG, Ito T, Armstrong DK, Qatsha KA, Davidson NE. 1994.
Interleukin-3 and bryostatin-1 mediate hyperphosphorylation of BCL2
alpha in association with suppression of apoptosis. J Biol Chem 269:
26865-26870.

Meng XW, Heldebrant MP, Flatten KS, Loegering DA, Dai H, Schneider PA,
Gomez TS, Peterson KL, Trushin SA, Hess AD, Smith BD, Karp JE, Billadeau
DD, Kaufmann SH. 2010. Protein kinase C beta modulates ligand-induced
cell surface death receptor accumulation: A mechanistic basis for enzas-
taurin-death ligand synergy. J Biol Chem 285:888-902.

Morschhauser F, Seymour JF, Kluin-Nelemans HC, Grigg A, Wolf M,
Pfreundschuh M, Tilly H, Raemaekers J, van 't Veer MB, Milpied N, Cartron
G, Pezzutto A, Spencer A, Reyes F, Dreyling M. 2008. A phase II study of
enzastaurin, a protein kinase C beta inhibitor, in patients with relapsed or
refractory mantle cell lymphoma. Ann Oncol 19:247-253.

Miiller G, Ayoub M, Storz P, Rennecke J, Fabbro D, Pfizenmaier K. 1995. PKC
zeta is a molecular switch in signal transduction of TNF-alpha, bifunctionally
regulated by ceramide and arachidonic acid. EMBO J 14:1961-1969 .

Murray NR, Davidson LA, Chapkin RS, Gustafson W, Schattenberg DG, Fields
AP. 1999. Overexpression of protein kinase C betall induces colonic hyper-
proliferation and increased sensitivity to colon carcinogenesis. J. Cell Biol
145:699-711.

Newton AC. 2010. Protein kinase C: Poised to signal. Am J Physiol Endo-
crinol Metab 298:E395-E402.

Oh Y, Herbst RS, Burris H, Cleverly A, Musib L, Lahn M, Bepler G. 2008.
Enzastaurin, an oral serine/threonine kinase inhibitor, as second- or third-
line therapy of non-small-cell lung cancer. J Clin Oncol 26:1135-1141.

Perrotti D, Iervolino A, Cesi V, Cirinna M, Lombardini S, Grassilli E, Bonatti S,
Claudio PP, Calabretta B. 2000. BCR-ABL prevents c-jun-mediated and
proteasome-dependent FUS (TLS) proteolysis through a protein kinase C
betall-dependent pathway. Mol Cell Biol 20:6159-6169.

Propper DJ, McDonald AC, Man A, Thavasu P, Balkwill F, Braybrooke JP,
Caponigro F, Graf P, Dutreix C, Blackie R, Kaye SB, Ganesan TS, Talbot DC,
Harris AL, Twelves C. 2001. Phase I and pharmacokinetic study of PKC412, an
inhibitor of protein kinase C. J Clin Oncol 19:1485-1492.

Redig AJ, Platanias LC. 2007. The protein kinase C (PKC) family of proteins in
cytokine signaling in hematopoiesis. J Interferon Cytokine Res 27:623-636.

Redig AJ, Platanias LC. 2008. Protein kinase C signalling in leukemia. Leuk
Lymphoma 49:1255-1262.

Robertson MJ, Kahl BS, Vose JM, de Vos S, Laughlin M, Flynn PJ, Rowland K,
Cruz JC, Goldberg SL, Musib L, Darstein C, Enas N, Kutok JL, Aster JC,
Neuberg D, Savage KJ, LaCasce A, Thornton D, Slapak CA, Shipp MA. 2007.
Phase II study of enzastaurin, a protein kinase C beta inhibitor, in patients
with relapsed or refractory diffuse large B-cell lymphoma. J Clin Oncol 2007;
25:1741-1746.

Ruvolo PP, Deng X, Carr BK, May WS. 1998. A functional role for mito-
chondrial protein kinase Calpha in Bcl2 phosphorylation and suppression of
apoptosis. J Biol Chem 273:25436-25442.

Ruvolo PP, Deng X, Ito T, Carr BK, May WS. 1999. Ceramide induces Bcl2
dephosphorylation via a mechanism involving mitochondrial PP2A. J Biol
Chem 274:20296-20300.

Ruvolo VR, Kurinna SM, Karanjeet KB, Schuster TF, Martelli AM, McCubrey
JA, Ruvolo PP. 2008. PKR regulates B56(alpha)-mediated BCL2 phosphatase
activity in acute lymphoblastic leukemia-derived REH cells. J Biol Chem
283:35474-35485.

Sampath D, Cortes J, Estrov Z, Du M, Shi Z, Andreeff M, Gandhi V, Plunkett
W. 2006. Pharmacodynamics of cytarabine alone and in combination with 7-
hydroxystaurosporine (UCN-01) in AML blasts in vitro and during a clinical
trial. Blood 107:2517-2524.

Sauma SZ, Yan ZS, Ohno S, Friedman E. 1996. Protein kinase C beta 1 and
protein kinase C beta 2 activate p57 mitogenactivated protein kinase and
block differentiation in colon carcinoma cells. Cell Growth Differ 7:587-594.
Sausville EA, Arbuck SG, Messmann R, Headlee D, Bauer KS, Lush RM,
Murgo A, Figg WD, Lahusen T, Jaken S, Jing X, Roberge M, Fuse E, Kuwabara
T, Senderowicz AM. 2001. Phase I trial of 72-hour continuous infusion UCN-
01 in patients with refractory neoplasms. J Clin Oncol 19:2319-2333.

1706

ENZASTAURIN-INDUCED APOPTOSIS IN AML CELLS

JOURNAL OF CELLULAR BIOCHEMISTRY



Silverstein AM, Barrow CA, Davis AJ, Mumby MC. 2002. Actions of PP2A on
the MAP kinase pathway and apoptosis are mediated by distinct regulatory
subunits. Proc Natl Acad Sci USA 99:4221-4226.

Strack S, Cribbs JT, Gomez L. 2004. Critical role for protein phosphatase
2A heterotrimers in mammalian cell survival. J Biol Chem 279:47732-
47739.

Teicher BA, Alvarez E, Menon K, Esterman MA, Considine E, Shih C, Faul
MM. 2002a. Antiangiogenic effects of a protein kinase C beta-selective small
molecule. Cancer Chemother Pharmacol 49:69-77.

Teicher BA, Menon K, Alvarez E, Shih C, Faul MM. 2002b. Antiangiogenic
and antitumor effects of a protein kinase C beta inhibitor in human breast
cancer and ovarian cancer xenografts. Invest New Drugs 20:241-251.

Wang G, Silva J, Krishnamurthy K, Tran E, Condie BG, Bieberich E. 2005.
Direct binding to ceramide activates protein kinase C zeta before the
formation of a pro-apoptotic complex with PAR-4 in differentiating stem
cells. J Biol Chem 280:26415-26424.

Xenaki D, Pierce A, Underhill-Day N, Whetton AD, Owen-Lynch PJ. 2004.

Ber-Abl-mediated molecular mechanism for apoptotic suppression in multi-
potent haemopoietic cells: A role for PKC betall. Cell Signal 16:145-156.

Yang E, Korsmeyer SJ. 1996. Molecular thanatopsis: A discourse on the BCL2
family and cell death. Blood 88:386-401.

Zhang J, Anastasiadis PZ, Liu Y, Thompson EA, Fields AP. 2004. Protein
kinase C (PKC) betall induces cell invasion through a Ras/Mek-, PKC iota/Rac
1-dependent signaling pathway. J Biol Chem 279:22118-22123.

JOURNAL OF CELLULAR BIOCHEMISTRY

1707

ENZASTAURIN-INDUCED APOPTOSIS IN AML CELLS



