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A B S T R A C T

Enzastaurin is an acyclic bisindolylmaleimide derived from staurosporine that acts as an

ATP competitor, and interferes with the activity of protein kinase C (PKC) isoforms. Our pre-

vious studies have shown that clinically achievable concentrations of this agent induce

apoptosis in many glioma cell lines. Our goal in this study was to expand on the previous

results and to determine the signalling mechanisms responsible for enzastaurin-induced

inhibition of cell growth and induction of apoptosis. To address these issues, cell cycle pro-

gression following enzastaurin treatment was analysed by fluorescence-activated cell sort-

ing (FACS) in parallel with analyses of growth and apoptosis signalling pathways.

Enzastaurin treatment activated H2AX and Chk2 phosphorylation, and enhanced phos-

phorylation of mitogen-activated protein kinase (MAPK) family kinases. Inhibition of

MAP kinases by chemical inhibitors reduced H2AX and Chk2 phosphorylation and

decreased apoptosis induced by enzastaurin. These data call attention to a novel signalling

pathway (MAPK/H2AX) to regulate apoptosis in malignant glioma cells.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Malignant gliomas are aggressive tumours that generally

prove refractory to treatment with surgery, irradiation and

conventional chemotherapy. These tumours characteristi-

cally harbour a variety of genetic alterations that facilitate cell

proliferation and survival.1,2 Recent studies from our labora-

tory3–5 and others6 have noted that the aberrant proliferation

of these tumours may in part reflect the effects of dysregu-

lated growth factor-receptor-mediated signalling on down-

stream targets, such as protein kinase C (PKC), leading to

constitutive activation of growth-promoting isoforms.

Accordingly, significant interest has been directed at inhibit-

ing PKC and other downstream kinase targets as a way of

interfering with glioma cell growth.4,5,7,8
er Ltd. All rights reserved

t of Neurosurgery, Childr
12 692 5921.
Pollack).
Enzastaurin is a bisindolylmaleimide derivative that effec-

tively inhibits several PKC isoforms, and is currently undergo-

ing clinical trials in several types of cancers.9,10 In previous

studies with this agent, we3 observed cytotoxic activity

against malignant glioma cell lines, and partial abrogation

of cell proliferation with clinically achievable drug concentra-

tions. In this study we sought to determine the signalling

mechanisms responsible for enzastaurin-induced inhibition

of cell growth and induction of apoptosis in glioma cell lines.

We therefore examined the effect of enzastaurin on the acti-

vation of mitogen-activated protein kinase (MAPK) family

members, in parallel with the analyses of activation of apop-

totic pathway signalling and cell cycle progression. MAPK

family members play an evolutionarily conserved role in

mediating and amplifying growth factor–mediated and mito-
.
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genic signals from the cytoplasm to the nucleus.11 Three ma-

jor MAPK pathways have been described; the extracellular

signal-related kinase (ERK), the c-Jun NH2-terminal kinase

(JNK) and the p38 MAPK pathways. In addition to their roles

in regulating normal cell growth, all three classes are also

known to be activated in response to stress stimuli such as

ionising radiation (IR) and UV light. The MAPKs work in con-

cert to balance cell death with growth and survival. Deregula-

tion of the MAPK pathways is associated with genomic

instability and cancer.

Another highly conserved cellular process is the repair of

DNA double-strand breaks (DSBs). In response to double-

strand breaks, the cell triggers checkpoints that halt the cell

cycle while a decision is made regarding repair and survival

or death.12 DNA damage activates a cascade of protein kinases

that relay the signal to downstream effectors to halt the cell

cycle and that facilitate repair of the damage.13 One of the ear-

liest events in the normal cellular response to DSBs is the

phosphorylation by ataxia telangiectasia mutated protein

(ATM) of a histone H2A variant, H2AX, at sites of DNA dam-

age.14–16 H2AX is rapidly phosphorylated (within minutes) at

an evolutionarily conserved residue, Ser139, when DSBs are

induced in mammalian cells, resulting in discrete phosphory-

lated H2AX (c H2AX) foci at or near the DNA damage sites, and

constituting a marker to correlate DNA damage with cell cycle

phase or induction of apoptosis.14,15 Moreover, the intensity of

H2AX immunofluorescence (IF) measured by cytometry has

been reported to correlate with the frequency of DSBs induced

by X-ray radiation or by DNA damaging anti-tumour drugs.

Several members of the MAPK family have been linked to

the DNA-damage response and ATM-mediated signalling

events. For example, low levels of DNA damage can trigger

prosurvival signals mediated by ERK1/2 phosphorylation,17

p38 MAPK triggers G2-M arrest in response to ionising irradi-

ation in an ATM-dependent manner,18 and JNK activation has

been shown to promote base excision repair of cisplatin-in-

duced DNA lesions.19

Herein, we report that enzastaurin-promoted apoptosis in

malignant human glioma cells is associated with significant

activation of MAPK family members and H2AX phosphoryla-

tion. Rather than being a compensatory mechanism for cellu-

lar resistance to enzastaurin, MAPK family activation

appeared to play a role in the apoptotic signalling cascade in-

duced by this agent. Accordingly, inhibition of individual

MAPK family members completely abolished enzastaurin-in-

duced H2AX phosphorylation and rescued glioma cells from

apoptosis.

2. Materials and methods

2.1. Reagents and cell culture

Enzastaurin was obtained from Eli Lilly (Indianapolis, IN).

Stock aliquots (10 mM) were stored at )20 �C. U0126,

SB203580 and SP600125 were purchased from Calbiochem.

The established malignant glioma cell lines U87, T98G and

A172 were obtained from the American Type Culture Collec-

tion (Manassas, VA). LNZ428 and LNZ308 were generously

provided by Dr. Nicolas de Tribolet. U87 and T98G were cul-

tured in growth medium composed of minimum essential
medium; A172, LNZ428 and LNZ308 were cultured in a-mini-

mal essential medium. All growth media contained 10% foetal

calf serum, non-essential amino acids, 100 IU/ml penicillin,

100 mg/ml streptomycin and 0.25 mg/ml amphotericin (Invit-

rogen, Bethesda, MD).

2.2. Cell cycle analysis

The effect of enzastaurin on cell cycle distribution was deter-

mined by flow cytometric analysis of the DNA content of T98G

cell nuclei following staining with propidium iodide. Briefly,

cells grown exponentially to 40–50% confluency were exposed

to enzastaurin or DMSO for 24 h, harvested, washed briefly in

ice-cold PBS and fixed in 70% ethanol. DNA was stained by

incubating the cells in PBS containing propidium iodide

(50 lg/ml) and RNase A (1 mg/ml) for 60 min at room temper-

ature, and fluorescence was measured and analysed using a

Becton Dickinson FACScan with Cell Quest software (Becton

Dickinson Immunocytometry Systems, San Jose, CA).

2.3. Cell proliferation assay

Cells (1 · 103/well) were plated in 96-well microtiter plates

(Costar, Cambridge, MA) in 100 ll of growth medium, and

after overnight attachment were exposed to inhibitors for

3 days. Control cells received vehicle alone (DMSO). After

the treatment interval, cells were washed in inhibitor-free

medium, and the number of viable cells was determined

using a colorimetric cell proliferation assay (CellTiter96 Aque-

ous Non-Radioactive Cell Proliferation Assay; Promega),

which measures the bioreduction of the tetrazolium com-

pound 3-[4,5-dimethylthiazol-2yl]-5-[3-carboxymethoxyphe-

nyl]-2-[4-sulphophenyl]-2H tetrazolium (MTS) by

dehydrogenase enzymes of metabolically active cells into a

soluble formazan product, in the presence of the electron

coupling reagent phenazine methosulphate.20 All studies

were conducted in triplicate and repeated at least three times

independently. To perform the assay, 20 ll of MTS/phenazine

methosulphate solution was added to each well, and after 1 h

of incubation at 37 �C in a humidified 5% CO2 atmosphere,

absorbance was measured at 490 nm in a microplate reader.

Triplicate wells with predetermined cell numbers were sub-

jected to the above-mentioned assay in parallel with the test

samples to normalise the absorbance readings.

2.4. Clonogenic growth assay

A direct assessment of the effect of different inhibitor con-

centrations on cell viability was performed using a clonogenic

assay. For these studies, 200 cells were plated in 6-well plates

in growth medium and after an overnight attachment period

were exposed to selected inhibitor concentrations or vehicle

for 24 h. The medium was aspirated and cells were washed

with inhibitor-free medium. Cells were allowed to grow for

an additional 10 days. All studies were performed in triplicate.

2.5. Western blotting analysis

Total cell lysates were prepared and analysed by Western Blot

analysis as described previously.4 Equal amounts of protein



Fig. 1 – The effect of enzastaurin on cell cycle distribution and clonogenicity. (A) T98G cells were treated with 5 lM of

enzastaurin and fixed at different time points. Cell cycle progression was evaluated via flow cytometry. The effect of

treatment on cell cycle phase distribution in T98G cells is summarised below in each histogram. Following exposure to

enzastaurin, a distinct G1 cell cycle block with a concomitant decrease of those cells in S and G2/M phase was demonstrated.

A fraction of sub-G1 (apoptotic) cells was also observed. Ten thousand cells were counted per experimental condition. The

experiments were repeated. A representative flow cytometry histogram is shown. (B) Human glioma cell lines T98G, A172

and LNZ308 were exposed to varying concentrations of enzastaurin for 24 h. The following day, the media were changed, and

complete media were added. Cells were grown for an additional 10 days in the absence of inhibitor, and colonies were

counted. Points represent the mean of two experiments ± standard deviation. *P < 0.01 versus control. **P < 0.001 versus

control. (C) T98G cells were treated with different concentrations of enzastaurin for 24 h and then were fixed and analysed

with APO-BrdU TUNEL assay kit. As shown in the figures, Br-dUTP was more strongly incorporated into cells treated with

higher concentrations of enzastaurin.

414 E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 4 1 2 – 4 1 9
were separated by SDS–polyacrylamide gel electrophoresis

and electro transferred onto a nylon membrane (Invitrogen,

Carlsbad, CA). Primary antibodies were purchased from Cell

Signalling Technology and used according to the manufac-

turer’s recommendations. Secondary antibodies were from

Santa Cruz Biotechnology (Santa Cruz, CA). The proteins were

visualised by enhanced chemiluminescence (Cell Signaling

Technology). Where indicated, the blots were reprobed with

antibodies against b-actin to ensure equal loading and

transfer of proteins. Relative reactivities of proteins on immu-
noblots were quantified in digitised bands of chemilumines-

cence with correction for background.

2.6. Immunocytochemistry and fluorescence microscopy

Cells were grown on chamber slides (Nalge Nunc, Naperville,

IL) in growth medium, and after an overnight attachment

period were exposed to selected concentrations of inhibitor

or vehicle (DMSO) for various durations. Cells were fixed

with 3.7% formaldehyde for 15 min, washed in PBS and



Fig. 2 – Enzastaurin induces H2AX and Chk2 phosphorylation. (A) Logarithmically growing T98G cells were incubated with

5 lM of enzastaurin and cells were fixed, permeabilised and stained with an antibody to p-H2AX (red) to visualise focus

formation. Distinct phosphorylated H2AX foci were evident in the nuclei of T98G cells within 2 h of exposure to 5 lM

enzastaurin. (B) Whole cell extracts were prepared from T98G, A172, LNZ428 and LNZ308 cells after exposure to 5 lM

enzastaurin for varying durations and analysed by immunoblotting using phospho-H2AX (Ser139) and phospho-Chk2

(Thr68) antibodies. Blots were stripped and reprobed with an antibody against total H2AX, Chk2 and b-actin. Enzastaurin-

induced Chk2 activation and H2AX phosphorylation were seen in a time-dependent fashion. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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permeabilised with 0.1% Triton X-100 in PBS for 15 min. After

blocking with 0.3% bovine serum albumin and 1% goat serum

for 1 h, cells were incubated with an antibody against phos-

pho-Histone H2AX (rabbit) (1:100, incubated overnight at

4 �C). After PBS wash, the slides were incubated with the sec-

ondary antibody (TRITC-goat anti-rabbit; Invitrogen) for 1 h at

room temperature. To visualise apoptosis-induced DNA frag-

mentation, enzastaurin-treated cells were stained using the

APO-BrdU TUNEL Assay Kit protocol (Invitrogen), which de-

tects incorporation of BrdU into the DNA of genomic DNA dis-

rupted by cellular nucleases. Cells were then washed,

mounted and examined under an Olympus IX81 confocal

microscope and imaged using the Olympus Fluoview software

(Version 1.5).

3. Results

3.1. Enzastaurin induces both cell cycle arrest and
apoptosis

We3 and others21,22 have shown that enzastaurin induces

apoptosis in malignant human glioma cell lines in a dose-
and time-dependent manner. To further study the effects on

cell cycle progression and apoptosis, T98G cells were exposed

to 5 lM enzastaurin for various intervals and examined by

flow cytometry. Treatment with enzastaurin did not markedly

affect the cell cycle distribution during short periods of time

(6 and 12 h, data not shown), although with longer exposures

enzastaurin induced accumulation of cells in G1 phase in a

time-dependent (Fig. 1A) manner, with a concomitant decline

in the percentage of cells in S and G2/M phase relative to con-

trols. Increase in the sub-G0 fraction was also observed, con-

sistent with induction of apoptosis. The cytotoxic effect of

enzastaurin was further confirmed using a clonogenic assay.

T98G, A172 and LNZ308 cells were treated with varying con-

centrations of enzastaurin for 1 day, medium was aspirated

and the cells were washed with inhibitor-free medium. Cells

were allowed to grow for an additional 10 days. There was a

dose-dependent decrease in colony forming ability due to

enzastaurin (Fig. 1B). These results suggest that the decreased

number of colonies observed after treating with enzastaurin

is at least partly due to cell cycle arrest and/or induction of

apoptosis. To assess apoptosis induced by enzastaurin

(Fig. 1C), T98G cells were treated with a range of concentra-



Fig. 3 – Enzastaurin induces MAPK family phosphorylation.

T98G cells were treated with 5 lM of enzastaurin and total

proteins were extracted at the indicated time points for

Western blot analysis. The data indicated that enzastaurin

induced the phosphorylation of ERK (A), p38 (B) and JNK (C)

in a time-dependent manner.
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tions of enzastaurin for 24 h. This analysis demonstrated a

concentration-dependent increase in apoptotic labelling,

most apparent with concentrations >5 lM.

3.2. Enzastaurin induces H2AX and Chk2
phosphorylation

To examine the mechanisms involved in propagating and

executing apoptosis in response to enzastaurin in glioma

cells, T98G cells were exposed to enzastaurin followed by

assessment of H2AX focus formation, a sensitive and selec-

tive signal for the existence of DSB,23,24 by immunofluores-

cent detection of Ser139 H2AX phosphorylation. As shown in

Fig. 2A, distinct phosphorylated H2AX foci were evident in

the nucleus of T98G cells within 2 h of exposure to 5 lM

enzastaurin. Because Chk2 is important for the transduction

of DNA damage signals, we investigated if Chk2 phosphoryla-

tion was also associated with enzastaurin-induced apoptosis.

Whole cell extracts were prepared from T98G, A172, LNZ308

and LNZ428 cells after exposure to 5 lM enzastaurin for vary-

ing durations for Western blot analysis. These studies demon-

strated enzastaurin-induced Chk2 activation and H2AX

phosphorylation, suggesting that the mechanism of enzas-

taurin-induced apoptosis involves induction of DNA damage

pathways (Fig. 2B).

3.3. MAPK family inhibition counteracts enzastaurin-
induced Chk2 and H2AX phosphorylation and PARP cleavage

To elucidate signal transduction pathways responsible for the

regulation of H2AX and Chk2 phosphorylation induced by

enzastaurin, we examined the potential involvement of

MAPK family members by Western blot analysis. The data

indicated that enzastaurin induced the phosphorylation of

ERK (Thr202/Tyr204), p38 (Thr180/Tyr182) and JNK (Thr183/

Tyr185) in a time-dependent manner (Fig. 3A–C). Phosphoryla-

tion of ERK was induced in response to enzastaurin with

exposure intervals between 3 and 24 h (Fig. 3A), with an even

more striking induction of p38 activation (Fig. 3B) and a smal-

ler increase in JNK phosphorylation (Fig. 3C).

To determine whether MAPK family members were in-

volved in the regulation of H2AX and Chk2 phosphorylation

or, conversely, represented a compensatory mechanism that

allowed cells to resist apoptosis induction, we examined the

effect of blocking these pathways using the chemical inhibi-

tors U0126 (MEK inhibitor), SB203580 (p38 inhibitor) and

SP600125 (JNK inhibitor). Cells were pretreated with U0126

(Fig. 4A), SB203580 (Fig. 4B) or SP600125 (Fig. 4C) in the culture

media 60 min prior to treatment with 5 lM enzastaurin for

24 h. Total proteins were then extracted for Western blot anal-

ysis. As expected, enzastaurin induced a strong activation of

H2AX and Chk2. However, all three MAPK inhibitors com-

pletely abolished enzastaurin-induced H2AX and Chk2 phos-

phorylation, suggesting that enzastaurin-induced H2AX and

Chk2 phosphorylation can be regulated by ERK, p38 or JNK

pathways (Fig. 4A–C).

To determine whether MAPK family blockade also attenu-

ated apoptosis induction in response to enzastaurin, T98G

cells were exposed to enzastaurin with or without MAPK fam-

ily inhibitors as noted above, and Western immunoblot anal-
ysis was performed using an antibody against cleaved PARP.

These studies demonstrated that enzastaurin-induced PARP

cleavage was significantly reduced when the cells were pre-

treated with U0126, or SB203580, or SP600125 (Fig. 4D). Our

observations clearly suggest that enzastaurin-induced apop-

tosis was regulated by MAPK pathways and inhibitors of

MAP kinases protect malignant human glioma cells from

apoptosis, rather than potentiating the efficacy of enzastau-

rin. This was confirmed by cell proliferation assessed by

MTS assay after 72 h (Fig. 4E). T98G and U87 cells showed sig-

nificantly reduced cell death when pretreated with MAPK

family inhibitors than cells treated with enzastaurin alone.

4. Discussion

Enzastaurin is a novel PKC-b inhibitor with anti-tumour activ-

ity that is currently under clinical investigation in several tu-

mour entities, including glioblastoma.25 Several mechanisms

by which enzastaurin exerts its anti-tumour effects have

been described. First, enzastaurin has been shown to have

anti-angiogenic properties associated with decreased VEGF

levels.26 Supporting these observations, anti-glioma activity

of enzastaurin has been shown in a mouse xenograft model.27

It was also observed that treatment with enzastaurin resulted

in synergistic activity with irradiation and reduced expression

of VEGF in vitro and in vivo leading to reduced vessel density

in glioma xenografts. Second, enzastaurin has direct cell

death-inducing properties in tumour cells in vitro.28 Recently,

we and others have shown that treatment with enzastaurin

was associated with reduced phosphorylation of Akt in sev-

eral tumour cell lines,3,28–31 although the exact mechanism(s)

underlying enzastaurin-dependent cell death induction have

remained unclear.



Fig. 4 – MAPK family inhibition counteracts enzastaurin-induced Chk2 and H2AX phosphorylation and PARP cleavage. T98G

cells were pretreated with U0126 (A), SB203580 (B) or SP600125 (C) in the culture media 60 min prior to treatment with 5 lM

enzastaurin for 24 h. Total proteins were extracted for Western blot analysis. Enzastaurin induced a strong activation of H2AX

and Chk2. All three MAPK inhibitors completely abolished enzastaurin-induced H2AX and Chk2 phosphorylation. (D) T98G

cells were pretreated with SB203580 or U0126 or SP600125 in the culture media 60 min prior to treatment with 5 lM

enzastaurin for 24 h. Western immunoblot analysis was performed using an antibody against cleaved PARP. Ratios of cleaved

PARP in the lysates of cells treated with inhibitors, with and without enzastaurin are shown on the bottom panel. (E) T98G

and U87 cells were pretreated with SB203580 or U0126 or SP600125 in the culture media 60 min prior to treatment with 5 lM

enzastaurin for 72 h. Cell numbers were assessed semi-quantitatively by spectrophotometric measurement of MTS

bioreduction. Points represent the mean of three measurements ± standard deviation (**P < 0.001 versus enzastaurin alone).

This clearly demonstrates that the inhibition of MAPK family members diminishes cell death induced by enzastaurin alone.
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There is compelling evidence in the literature that H2AX

phosphorylation is a highly specific marker of the presence

of DSBs in nuclear chromatin.32 Induction of DSBs, whether

generated by ionising radiation or by DNA-cleaving drugs
such as topo1 and topo2 inhibitors, activates ATM, which in

turn phosphorylates H2AX and Chk2.33,34 Our results suggest

that H2AX and Chk2 phosphorylation is also required for

enzastaurin-induced apoptosis.
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In addition, we found that activation of MAPK pathways

played an important role in enzastaurin-induced apoptosis

in human malignant glioma cell lines. The MAPK signalling

pathways have multiple roles in natural processes such as

cell growth, differentiation, cytoskeleton dynamics and apop-

tosis.35 In a previous report, we3 showed that exposure of

malignant human glioma cells to enzastaurin induces cas-

pase-3 activation, Bax cleavage and apoptosis. In agreement

with recent reports,22 the current study demonstrated that

exposure of T98G to this agent led to a significant level of

MAPK activation in a dose- and time-dependent manner,

strongly supporting the involvement of MAPK family mem-

bers in the transmission of enzastaurin-induced stress re-

sponses in glioma cells.

A number of studies have reported on the role of MAPK

family members in coupling cellular stress signals leading

to apoptotic cell death. The functional role of MAPK in cellular

stress response is, however, less well understood and likely

varies significantly in normal and neoplastic cell types.36,37

Our observation that H2AX phosphorylation and apoptosis

induction was suppressed by pretreatment of cells with

chemical inhibitors of MAPK family kinases suggests that

MAPK activation represents a critical step in mediating apop-

totic signalling in glioma cells in response to enzastaurin,

rather than a compensatory adaptation by the cells to achieve

resistance to this agent.

This observation is consistent with recent findings that

suggest the involvement of MAPK family/H2AX interactions

in mediating apoptosis induced by a variety of stimuli. Specif-

ically, it was shown that ultraviolet A-irradiation activates

JNK, which phosphorylates H2AX to regulate apoptosis,

whereas serum starvation has been noted to induce p38 phos-

phorylation as a precursor to H2AX activation, without affect-

ing the phosphorylation of ERK or JNK.38,39 Thus, different

stress stimuli may regulate cellular apoptosis by different

pathways which require H2AX phosphorylation as a common

mediator.

Taken together, the current studies provide strong evi-

dence that apoptosis induced by enzastaurin is MAPK-depen-

dent, and that H2AX and Chk2 phosphorylation is implicated

in this process, mediated by MAPK family kinases. The bal-

ance between cell survival and cell death is a complex issue,

and there is considerable effort to understand how tumour

cells regulate the decision points between these critical path-

ways and to tip the balance in favour of apoptosis. Given the

relatively modest clinical efficacy that has been observed with

single agent molecularly targeted approaches, including

enzastaurin, in gliomas, there is a strong rationale for efforts

directed at identifying logical therapeutic combinations. In

this regard, our previous studies demonstrated synergistic

activity between enzastaurin and the heat shock protein

inhibitor, 17-AAG. Although one might predict that combining

a PKC inhibitor, such as enzastaurin, with MAPK inhibition

might lead to potentiation of apoptosis induction, the results

of the current study suggest that, to the contrary, such com-

binations may actually lead to antagonistic effects. These

observations provide new insights into the mechanisms in-

volved in the induction of apoptosis by enzastaurin in malig-

nant human glioma cell lines and identify a novel pathway

mediated by the activation and phosphorylation of H2AX
and Chk2, which significantly contributes to the induction

of the apoptotic process.
Conflict of interest statement

None declared.
Acknowledgements

This work was supported by NIH Grant P01NS40923. We thank

Naomi Agostino for technical assistance.
R E F E R E N C E S
1. Maher EA, Furnari FB, Bachoo RM, et al. Malignant glioma:
genetics and biology of a grave matter. Genes Dev
2001;15(11):1311–33.

2. Nagane M, Huang HJ, Cavenee WK. Advances in the molecular
genetics of gliomas. Curr Opin Oncol 1997;9(3):215–22.

3. Jane EP, Pollack IF. The heat shock protein antagonist 17-AAG
potentiates the activity of enzastaurin against malignant
human glioma cells. Cancer Lett 2008;268(1):46–55.

4. Jane EP, Premkumar DR, Pollack IF. Coadministration of
sorafenib with rottlerin potently inhibits cell proliferation and
migration in human malignant glioma cells. J Pharmacol Exp
Ther 2006;319(3):1070–80.

5. Jane EP, Premkumar DR, Pollack IF. AG490 influences UCN-01-
induced cytotoxicity in glioma cells in a p53-dependent
fashion, correlating with effects on BAX cleavage and BAD
phosphorylation. Cancer Lett 2007;257(1):36–46.

6. Tanaka Y, Gavrielides MV, Mitsuuchi Y, Fujii T, Kazanietz MG.
Protein kinase C promotes apoptosis in LNCaP prostate cancer
cells through activation of p38 MAPK and inhibition of the Akt
survival pathway. J Biol Chem 2003;278(36):33753–62.

7. Bredel M, Pollack IF. The role of protein kinase C (PKC) in the
evolution and proliferation of malignant gliomas, and the
application of PKC inhibition as a novel approach to anti-
glioma therapy. Acta Neurochir (Wien) 1997;139(11):1000–13.

8. Bredel M, Pollack IF, Freund JM, Rusnak J, Lazo JS. Protein
kinase C inhibition by UCN-01 induces apoptosis in human
glioma cells in a time-dependent fashion. J Neurooncol
1999;41(1):9–20.

9. Oh Y, Herbst RS, Burris H, et al. Enzastaurin, an oral serine/
threonine kinase inhibitor, as second- or third-line therapy of
non-small-cell lung cancer. J Clin Oncol 2008;26(7):1135–41.

10. Rademaker-Lakhai JM, Beerepoot LV, Mehra N, et al. Phase I
pharmacokinetic and pharmacodynamic study of the oral
protein kinase C beta-inhibitor enzastaurin in combination
with gemcitabine and cisplatin in patients with advanced
cancer. Clin Cancer Res 2007;13(15 Pt 1):4474–81.

11. Dent P, Yacoub A, Contessa J, et al. Stress and radiation-
induced activation of multiple intracellular signaling
pathways. Radiat Res 2003;159(3):283–300.

12. Bernstein C, Bernstein H, Payne CM, Garewal H. DNA repair/
pro-apoptotic dual-role proteins in five major DNA repair
pathways: fail-safe protection against carcinogenesis. Mutat
Res 2002;511(2):145–78.

13. Zhou BB, Elledge SJ. The DNA damage response: putting
checkpoints in perspective. Nature 2000;408(6811):433–9.

14. Paull TT, Rogakou EP, Yamazaki V, et al. A critical role for
histone H2AX in recruitment of repair factors to nuclear foci
after DNA damage. Curr Biol 2000;10(15):886–95.



E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 4 1 2 – 4 1 9 419
15. Rogakou EP, Boon C, Redon C, Bonner WM. Megabase
chromatin domains involved in DNA double-strand breaks
in vivo. J Cell Biol 1999;146(5):905–16.

16. Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. DNA
double-stranded breaks induce histone H2AX
phosphorylation on serine 139. J Biol Chem
1998;273(10):5858–68.

17. Dent P, Yacoub A, Fisher PB, Hagan MP, Grant S. MAPK
pathways in radiation responses. Oncogene
2003;22(37):5885–96.

18. Wang X, McGowan CH, Zhao M, et al. Involvement of the
MKK6–p38gamma cascade in gamma-radiation-induced cell
cycle arrest. Mol Cell Biol 2000;20(13):4543–52.

19. Hayakawa J, Depatie C, Ohmichi M, Mercola D. The activation
of c-Jun NH2-terminal kinase (JNK) by DNA-damaging agents
serves to promote drug resistance via activating transcription
factor 2 (ATF2)-dependent enhanced DNA repair. J Biol Chem
2003;278(23):20582–92.

20. Riss TLMR. Comparison of MTT, XTT and a novel tetrazolium
compound MTS for in vitro proliferation and
chemosensitivity assays. Mol Biol Cell 1992;3:184.

21. Kotliarova S, Pastorino S, Kovell LC, et al. Glycogen synthase
kinase-3 inhibition induces glioma cell death through c-MYC,
nuclear factor-kappaB, and glucose regulation. Cancer Res
2008;68(16):6643–51.

22. Rieger J, Lemke D, Maurer G, et al. Enzastaurin-induced
apoptosis in glioma cells is caspase-dependent and inhibited
by BCL-XL. J Neurochem 2008;106(6):2436–48.

23. Modesti M, Kanaar R. DNA repair: spot(light)s on chromatin.
Curr Biol 2001;11(6):R229–32.

24. Redon C, Pilch D, Rogakou E, et al. Histone H2A variants H2AX
and H2AZ. Curr Opin Genet Dev 2002;12(2):162–9.

25. Carducci MA, Musib L, Kies MS, et al. Phase I dose escalation
and pharmacokinetic study of enzastaurin, an oral protein
kinase C beta inhibitor, in patients with advanced cancer. J
Clin Oncol 2006;24(25):4092–9.

26. Keyes KA, Mann L, Sherman M, et al. LY317615 decreases
plasma VEGF levels in human tumor xenograft-bearing mice.
Cancer Chemother Pharmacol 2004;53(2):133–40.

27. Tabatabai G, Frank B, Wick A, et al. Synergistic antiglioma
activity of radiotherapy and enzastaurin. Ann Neurol
2007;61(2):153–61.

28. Graff JR, McNulty AM, Hanna KR, et al. The protein kinase
Cbeta-selective inhibitor, Enzastaurin (LY317615.HCl),
suppresses signaling through the AKT pathway, induces
apoptosis, and suppresses growth of human colon cancer and
glioblastoma xenografts. Cancer Res 2005;65(16):7462–9.

29. Lee KW, Kim SG, Kim HP, et al. Enzastaurin, a protein kinase
C beta inhibitor, suppresses signaling through the ribosomal
S6 kinase and bad pathways and induces apoptosis in human
gastric cancer cells. Cancer Res 2008;68(6):1916–26.

30. Moreau AS, Jia X, Ngo HT, et al. Protein kinase C inhibitor
enzastaurin induces in vitro and in vivo antitumor activity in
Waldenstrom macroglobulinemia. Blood 2007;109(11):4964–72.

31. Querfeld C, Rizvi MA, Kuzel TM, et al. The selective protein
kinase C beta inhibitor enzastaurin induces apoptosis in
cutaneous T-cell lymphoma cell lines through the AKT
pathway. J Invest Dermatol 2006;126(7):1641–7.

32. Olive PL. Detection of DNA damage in individual cells by
analysis of histone H2AX phosphorylation. Method Cell Biol
2004;75:355–73.

33. Ahn JY, Schwarz JK, Piwnica-Worms H, Canman CE.
Threonine 68 phosphorylation by ataxia telangiectasia
mutated is required for efficient activation of Chk2 in
response to ionizing radiation. Cancer Res 2000;60(21):5934–6.

34. Furuta T, Takemura H, Liao ZY, et al. Phosphorylation of
histone H2AX and activation of Mre11, Rad50, and Nbs1 in
response to replication-dependent DNA double-strand breaks
induced by mammalian DNA topoisomerase I cleavage
complexes. J Biol Chem 2003;278(22):20303–12.

35. Boldt S, Weidle UH, Kolch W. The role of MAPK pathways in
the action of chemotherapeutic drugs. Carcinogenesis
2002;23(11):1831–8.

36. Ozaki I, Tani E, Ikemoto H, Kitagawa H, Fujikawa H. Activation
of stress-activated protein kinase/c-Jun NH2-terminal kinase
and p38 kinase in calphostin C-induced apoptosis requires
caspase-3-like proteases but is dispensable for cell death. J
Biol Chem 1999;274(9):5310–7.

37. Zanke BW, Rubie EA, Winnett E, et al. Mammalian mitogen-
activated protein kinase pathways are regulated through
formation of specific kinase-activator complexes. J Biol Chem
1996;271(47):29876–81.

38. Lu C, Shi Y, Wang Z, et al. Serum starvation induces H2AX
phosphorylation to regulate apoptosis via p38 MAPK pathway.
FEBS Lett 2008;582(18):2703–8.

39. Sluss HK, Davis RJ. H2AX is a target of the JNK signaling
pathway that is required for apoptotic DNA fragmentation.
Mol Cell 2006;23(2):152–3.


	Enzastaurin induces H2AX phosphorylation to regulate apoptosis via MAPK signalling in malignant glioma cells
	Introduction
	Materials and methods
	Reagents and cell culture
	Cell cycle analysis
	Cell proliferation assay
	Clonogenic growth assay
	Western blotting analysis
	Immunocytochemistry and fluorescence microscopy

	Results
	Enzastaurin induces both cell cycle arrest and apoptosis
	Enzastaurin induces H2AX and Chk2 phosphorylation
	MAPK family inhibition counteracts enzastaurin-induced Chk2 and H2AX phosphorylation and PARP cleavage

	Discussion
	Conflict of interest statement
	Acknowledgements
	References


