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a b s t r a c t

Hepatocellular carcinoma (HCC) is one of the most common cancer-related causes of death

worldwide. Due to very poor 5-year-survival new therapeutic approaches are mandatory.

Most HCCs express insulin-like growth factors and their receptors (IGF-R). As IGF-1R-

mediated signaling promotes survival, oncogenic transformation and tumor growth and

spread, it represents a potential target for innovative treatment strategies of HCC. Here we

studied the antineoplastic effects of inhibiting IGF-1R signaling in HCC cells by the novel IGF-

1R tyrosine kinase inhibitor NVP-AEW541.

Methods and results: NVP-AEW541 induced a time- and dose-dependent growth inhibition

in the human hepatoblastoma and hepatocellular carcinoma cell lines SK-Hep-1, Hep-3B,

Hep-G2 and Huh-7. Measurement of LDH-release showed that the antineoplastic effect of

NVP-AEW541 was not due to cytotoxicity. Instead NVP-AEW541 induced apoptosis as

evidenced by both caspase-3 and -8 activation as well as by apoptosis-specific morpholo-

gical and mitochondrial changes. In addition, nuclear degradation was monitored by DNA-

laddering. NVP-AEW541-treatment suppressed the expression of the antiapoptotic proteins

Bcl-2 and survivin, while the expression of the proapoptotic protein BAX was stimulated in a

dose-dependent manner. Moreover, NVP-AEW541 arrested the cell cycle at the G1/S check-

point. When NVP-AEW541 was combined with cytotoxic chemotherapy or with a specific

epidermal growth factor receptor antibody additive antiproliferative effects were observed.

Interpretation: Inhibition of IGF-1R tyrosine kinase (IGF-1R-TK) by NVP-AEW541 induces

growth inhibition, apoptosis and cell cycle arrest in human HCC cell lines without accom-

panying cytotoxicity. Thus, IGF-1R-TK inhibition may be a promising novel treatment

approach in HCC.
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0006-2952/$ – see front matter # 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2006.02.006

mailto:hans.scherubl@charite.de
http://dx.doi.org/10.1016/j.bcp.2006.02.006


b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 1 4 3 5 – 1 4 4 81436
1. Introduction

Hepatocellular carcinoma (HCC) is the one of the most

common malignancies in the world with an estimated half

a million deaths annually. The incidence of HCC is dramati-

cally increasing in the USA, Europe and Asia, [1–4]. Curative

ablation or resection of HCC, or liver transplantation can only

be achieved in a minority of patients. Local tumor destruction,

chemoembolisation and supportive therapy are the estab-

lished treatment options in advanced HCC. However, overall

survival is poor [5]. Therefore, innovative treatment

approaches are urgently needed.

Recently, evidence has been accumulated that both

insulin-like growth factors IGF-I and -II and their receptor

tyrosine kinase, IGF-1R, are involved in the development and

progression of cancer [6–8]. The human IGF-1R gene maps to

chromosome 15q25-q26 and encodes a 1376 amino acid

precursor that cleaves into a peptide-binding a-subunit and

a b-subunit, which has intrinsic tyrosine kinase activity [9].

Interaction of IGF-I and -II with the IGF-1R plays a pivotal role

in tumorigenesis, proliferation and spread of many cancers, by

promoting cell cycle progression, preventing apoptosis, and by

regulating and maintaining the tumorigenetic phenotype.

Thus, not surprisingly, a wide variety of tumors including HCC

show abnormal, or enhanced expression of IGFs and IGF-1R,

which has been correlated with disease stage, reduced

survival, development of metastases and tumor de-differ-

entiation [10–12]. In addition to the increased expression of

IGF-1R and IGFs a simultanous reduction of IGF binding

protein expression (IGFBP) and enhanced proteolytic cleavage

of IGFBP often occurs. Both mechanisms lead to an excessive

increase in the amount of bioactive IGF [13,14], which further

enhances the mito-oncogenic effects of IGFR-signaling in

cancer cells. By contrast, the expression of IGF-1R is very low

in normal hepatocytes whereas significant expression is

achieved in Kupffer, endothelial and hepatic stellate cells.

Thus, at least non-transformed hepatocytes are poorly

responsive to IGFs [13].

Several approaches have demonstrated the therapeutic

potential of interfering with IGF-1R mediated signaling in vitro

and in vivo. These approaches included the use of IGF-1R
blocking antibodies [15], IGF-1R antisense oligonucleotides [16]

or IGF-1R siRNA [17]. Recently, potent and selective inhibitors

of the IGF-1R tyrosine kinase (IGF-1R-TK) have been intro-

duced as promising novel agents for cancer therapy. The orally

available compound NVP-AEW541 is a low molecular weight

inhibitor of IGF-1R-TK belonging to the pyrrolo[2,3-d]pyrimi-

dine class. At the cellular level NVP-AEW541 was shown to be

highly selective for IGF-1R-TK, as compared to both the closely

related insulin receptor and other tyrosine or serine/threonine

kinases. Antineoplastic properties of both NVP-AEW541 and of

specific IGFR-antibodies have already been demonstrated in

animal studies using a murine fibrosarcoma tumor model as

well as in breast cancer and musculosceletal tumor cells in

vitro [18,19].

In men, obesity and diabetes are clearly associated with an

increased risk of hepatocellular cancer [4,20,21]. This effect

seems to be due to alterations in the metabolism of endogenous

hormones, including sex steroids, insulin and the IGF/IGFR

system. Thus, a promising approach of innovative HCC

treatment may be the blockade of the IGF/IGFR-signaling

system, which is functionally expressed in HCC cells [13,22–

24], and which has been shown to exert strong stimulatory

effects on the growth of hepatoma cells [11]. The antineoplastic

potency of IGFR-inhibition has already been demonstrated in

several cancer models [25,26]. Importantly, IGFR-inhibition

appears to be well-tolerated in prelimenary clinical studies [26].

However, IGFR-TK inhibition has not yet been evaluated for the

treatment of HCC. Hence, in the present study we examined the

antineoplastic potency of the selective IGF-1 tyrosine kinase

inhibitor NVP-AEW541 in human hepatoblastoma and hepato-

cellular carcinoma cell lines. We provide evidence that NVP-

AEW541 potently inhibits growth and induces both apoptosis

and cell cycle arrest in human HCC cells.
2. Material and methods

2.1. Cell lines and drugs

The well differentiated wild-type p53 hepatoblastoma cell

line Hep-G2 [27] and the highly differentiated, p53-mutated
HCC, hepatocelluar carcinoma

IGFR, insulin-like growth factor

receptor

FADD, Fas associated death domain

C, mitochondrial membrane

potential

EGFR epidermal growth factor

receptor

IGFBP, insulin-like growth factor

binding protein

HEPES, N-(2-hydroxyethyl)

piperazine-N0-(2-ethane-sulfonic

acid)

DTT, dithiothreitol
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human hepatocellular carcinoma cell line Huh-7 [28]

were cultured in RPMI 1640 medium containing 10% fetal

bovine serum and 100 U/ml penicillin and 100 mg/ml

streptomycin. The human HCC cell lines Hep-3B (ATCC:

#HB-8064) [29] and SK-Hep-1 [30] (ATCC: #HTB-52) were

cultured in DMEM medium containing 10% fetal bovine

serum, 100 U/ml penicillin, 100 mg/ml streptomycin and

2 mmol/l L-glutamine.

NVP-AEW541 was a kind gift from Novartis, Basel,

Switzerland. Stock solutions were prepared in DMSO and

stored at�20 8C and were diluted to the final concentration in

fresh media before each experiment. The monoclonal EGFR-

antibody Ab-3103 was purchased from Abcam (Cambridge,

UK). In all experiments, the final DMSO concentration was

<0.5%.

To evaluate the effects of NVP-AEW541, cells were

incubated with either control medium or medium containing

rising concentrations of NVP-AEW541. Media were changed

every second day to ensure constant drug concentrations in

the incubation medium.

2.2. RT-PCR

Total RNA was extracted from cultured cell lines with

RNAClean following the recommendation of the manufac-

turer (Hybaid, London, UK). To eliminate any possible

contamination with genomic DNA, RNAs were treated with

1 U DNAse per mg RNA for 15 min at room temperature and

were then reverse transcribed into cDNA using oligo-dT-

primers and the SuperScript Preamplification-Kit following

the manufacturers’ instructions (Gibco). PCR reactions were

carried out in a total volume of 50 ml containing 400 nM of each

primer, 200 mM of each dNTP (Pharmacia, Uppsala, Sweden),

50 mM KCl, 1.5 mM MgCl2, 10 mM Tris and 1 U Taq-Polymerase

(Pharmacia). PCR was performed in a Peltier thermocycler

(PTC-200, MJ Research, Watertown, MA) with established

primers and conditions [31].

2.3. Measurement of growth inhibition

Cell number was evaluated by crystal violet staining, as

described [32]. Cells cultured in 96-well plates were fixed with

1% glutaraldehyde and stained with 0.1% crystal violet. The

unbound dye was removed by washing with water. Bound

crystal violet was solubilized with 0.2% Triton-X-100. Light

extinction which increases linearly with the cell number was

analyzed at 570 nm using an ELISA-Reader.

2.4. Functional detection of apoptosis

Changes in mitochondrial membrane potential (DCM) and

mitochondrial volume were assessed as described [33]. Cells

were stained using the fluorogenic lipophilic cation 5,50,6,60-

tetrachloro-1,10,3,30-tetraethyl-benzimidazolylcarbocyanine

iodide (JC-1, 1 mg/ml, Molecular Probes, Eugene, OR) for

15 min at 37 8C in the dark, prior to analysis by flow

cytometry. JC-1 is capable of selectively entering the

mitochondria, where it changes its color from green to

orange as the membrane potential increases due to

apoptotic events. This property is due to the reversible
formation of JC-1 aggregates upon membrane polarization

that causes shifts in emitted light from 530 nm (emission of

JC-1 monomeric form) to 590 nm (emission of J-aggregates)

when excited at 490 nm.

Preparation of cell lysates and determination of caspase

activity was performed as described previously [34]. The

activity of caspases was calculated from the cleavage of

fluorogenic substrates (caspase-3: DEVD-AMC; caspase-8: Z-

IETD-AFC, Calbiochem-Novabiochem, Bad Soden, Germany).

To monitor caspase-3-independent caspase-8 activation, the

specific caspase-3 inhibitor 5-[(S)-(�)-2-(methoxymethyl)pyr-

rolidino]-sulfonylisatin (Calbiochem) was used in a subset of

experiments [35]. Cell lysates were incubated with caspase

substrate solution (20 mg/ml of either caspase-3 or -8 sub-

strate, HEPES 20 mM, glycerol 10%, DTT 2 mM, pH 7.5) for 1 h at

37 8C, and the substrate cleavage was measured fluorome-

trically with a VersaFluor fluorometer from Biorad, Munich,

Germany.

DNA fragmentation was determined by using a DNA

laddering kit (Roche) according to the manufacturers’ instruc-

tions. After cell lyses samples were poured into centrifugation

tubes containing glass fibre fleece which binds the apoptotic

DNA in the presence of guanidine hydrochloride. After

centrifugation and additional washing steps, apoptotic DNA

was eluted and collected by centrifugation. Purified DNA (2 mg/

sample) was mixed with gel loading buffer and analyzed on an

agarose gel.

2.5. Determination of cell viability and apoptosis-specific
cellular morphology

Cell viability was measured with a cell viability/cytotoxicity

assay kit (LIVE/DEAD assay) from Molecular Probes (Leiden,

The Netherlands) as described elsewhere in detail [36]. After

24 h of incubation with NVP-AEW541 (0–10 mM) in the

presence or absence of caspase-3 inhibitor (0.5 mg/ml), cells

were incubated with 160 nM calcein-AM and 2 mM EthD-1

(1 h; 37 8C) and examined by fluorescence microscopy. Live

cells were identified by the presence of ubiquitous intracel-

lular esterase activity leading to the conversion of non-

fluorescent cell-permeable calcein-AM to the green-fluor-

escent polyanionic dye calcein (ex/em �495/�510 nm),

which is well retained within live cells. Dead cells were

determined by EthD-1 (ex/em �495/�635 nm), which

becomes red-fluorescent upon binding to nucleic acids of

cells with dameged membranes. Quantification of live and

dead cells in each sample was done by calculating the

average value of at least four arbitrarily chosen image areas

of a respective coverslip.

2.6. Determination of cytotoxicity

Five thousand cells/well were seeded into 96-well microtiter

plates and incubated with NVP-AEW541. Release of cyto-

toxicity indicating lactate dehydrogenase (LDH) was mea-

sured after 6 and 24 h of incubation by using a colorimetric

kit from Roche as described elsewhere [37]. Maximum

release of LDH was obtained by adding 100 ml of 2% Triton

X-100 to untreated cells. One-hundred microlitres of each

sample were incubated with 100 ml of LDH assay reagent for
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10 min. Thereafter the absorbance of samples was measured

at 490 nm. Percentage of LDH release was determined by

dividing released LDH of the cells by maximum LDH release

multiplied by 100. No significant amount of LDH was

detected in the tissue culture medium alone nor in NVP-

AEW541-containing incubation medium.

2.7. Cell cycle analysis

Cell cycle analysis was performed by the method of Vindelov

and Christensen, as described previously [38,39]. Cells were

trypsinized, washed, and the nuclei were isolated using

CycleTest PLUS DNA Reagent Kit (Becton Dickinson, Heidel-

berg, Germany). DNA was stained with propidium iodide

according to the manufacturers’ instructions. The DNA

content of the nuclei was detected by flow cytometry and

analyzed using CellFit software (Becton Dickinson, Heidelberg,

Germany).

2.8. Western blotting

Western blotting was performed as described [40,41]. Whole-

cell extracts were prepared by lysing cells. Lysates contain-

ing 30 mg protein were subjected to gel electrophoresis.

Proteins were then transferred to PVDF membranes by

electroblotting for 2 h. Blots were blocked in 1% non-fat

dry milk for 30 min, and then incubated at 4 8C overnight

with anti-human Bcl-2 or BAX (1:200 or 1:1000, Novo Castra

Laboratories, Newcastle, UK) or survivin (1:300, Santa Cruz

Biotechnology, CA, USA) antibodies, respectively. For detec-

tion of IGF-1R protein expression a polyclonal antibody
Fig. 1 – Expression of IGF-1R in hepatocellular carcinoma. (A) m

(lane 1), SK-Hep-1 (lane 2), Hep-G2 (lane 7) and Huh-7 (lane 8) c

(amplicon size: 822 bp) in Hep-3B (lane 3), SK-Hep-1 (lane 4), He

standardization. M: 100 bp DNA ladder. (B) Expression of IGF-1R

AEW541-treated (0–10 mM for 24 h) Huh-7 (left side) and Hep-G2

robust expression of IGF-1R protein.
(1:1000, Santa Cruz Biotechnology, CA, USA), recognizing the

b-chain of IGF-1R was used [31]. COX-2 expression was

investigated by using a monoclonal COX-2 antibody (1:400,

Santa Cruz Biotechnology, CA, USA).

After incubation with horseradish peroxidase-coupled

anti-IgG antibody (1:10,000, Amersham, Uppsala, Sweden) at

room temperature for 1 h, the blot was developed using

enhanced chemiluminescent detection reagent (Amersham)

and subsequently exposed to Hyperfilm ECL film (Amersham)

for 0.5–5 min. Experiments were performed three times, and

respresentative experiments are shown.

2.9. Statistical analysis

If not stated otherwise, means of four independent experi-

ments � S.E.M. are shown. Individual drug treatment was

compared by the unpaired, two-tailed Mann–WhitneyU-test. P

values were considered to be significant at <0.05.
3. Results

3.1. Expression of IGF-1R in hepatocellular carcinoma

mRNA expression of the insulin-like growth factor receptor 1

(IGF-1R) was investigated in the human hepatoblastoma and

hepatocelluar carcinoma cell lines Huh-7, Hep-G2, Hep-3B

and SK-Hep-1. Robust expression of mRNAs specific for IGF-

1R was detected in all cell lines (Fig. 1A). To evaluate the

protein expression of IGF-1R, Western blot analysis was

performed. Both the IGF-1R precursor that cleaves into a- and
RNA expression of IGF-1R (amplicon size: 241 bp) in Hep-3B

ells. The expression of the housekeeping gene b-actin

p-G2 (lane 4) and Huh-7 (lane 5) cells was analyzed for

and IGF-1R-precursor protein was evaluated in NVP-

(right side) cells by Western Blot. Both cell lines showed a
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Fig. 2 – NVP-AEW541-induced growth inhibition. NVP-AEW541 caused a time- and dose-dependent growth inhibition

of HCC cells, as measured by crystal violet staining. The IC50 value amounted to 1.8 W 0.3 mM (Hep-G2, 2a), 1.4 W 0.2 mM

(Huh-7, 2a), 1.9 W 0.3 mM (Hep-3B, 2c) and 6.9 W 0.5 mM (SK-Hep-1, 2d) cells. Data are given as percentage of untreated

controls (means W S.E.M. of four independent experiments). * , Statistical significance (p < 0.05), compared to untreated

controls.

Fig. 3 – Antiproliferative effects of NVP-AEW541-based combination treatments. Hepatocelluar carcinoma Huh-7 cells were

treated for 72 h with rising concentrations of the EGFR-antibody, Ab-3101 (A), doxorubicin (B), docetaxel (C), or SN-38 (D)

alone (black bars) or in combination with with 1 mM NVP-AEW541 (hatched bars). White bars show the effects of 1 mM NVP-

AEW541 alone. Data are given as percentage of untreated controls, which were set at 100%. Means W S.E.M. of three to five

independent experiments.
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Fig. 4 – Induction of cell cycle arrest by NVP-AEW541. After

24 h of incubation with NVP-AEW541 Huh-7 (A), Hep-G2

(B), and SK-Hep-1 (C) cells dose-dependently accumulated

in the G0/G1-phase of the cell cycle. Accordingly, the

proportion of cells in the S- and G2/M-phase decreased. At

high concentrations NVP-AEW541 additionally induced an

apoptosis-specific increase in the proportion of sub-G1

cells of Huh-7 and Hep-G2 cells (SK-Hep-1: not

determined). Means of four independent experiments are

shown. The difference of the proportion of cells in a

particular phase of the cell cycle versus control was

significant for 1–10 mM of NVP-AEW541 in Huh-7 and

Hep-G2 cells, and 5–15 mM in SK-Hep-1 cells. * , Statistical

significance (p < 0.05).
b-subunits as well as the b-chain of the mature form of

IGF-1R were evaluated in Huh-7 and Hep-G2 cells (Fig. 1B).

Incubation with rising concentrations of NVP-AEW541

(0–10 mM) for 24 h did not abolish the marked expression

IGF-1R protein.

3.2. Growth inhibitory effects of NVP-AEW541

IGF-1R-TK inhibition with NVP-AEW541 time- and dose-

dependently inhibited the growth of all four HCC cell

lines (Fig. 2A–D). After 96 h of incubation with rising

concentrations of NVP-AEW541 a decrease in cell number

by almost 100% was observed. The IC50 values of NVP-

AEW541 determined after 48 h were 1.4 � 0.2 mM (Huh-7),

1.8 � 0.3 mM (Hep-G2) 1.9 � 0.3 mM (Hep-3B) and 6.9 � 0.5 mM

in SK-Hep-1 cells.

Recently, we and others showed that a coexpression of

IGF-1R together with the epidermal growth factor receptor

(EGFR) might be critical for EGFR-dependent mitogenic effects

[31], since IGF-1R is capable of transactivating EGFR-TK

activity [42]. We demonstrated previously that HCC cells

express EGFR [41,43]. Therefore we investigated the effects of

a combined treatment of HCC cells with NVP-AEW541 plus the

monoclonal EGFR-blocking antibody ab-3101. Applying ab-

3101 (1–50 nM) alone for 3 days decreased the growth of Huh-7

cells by up to 52 � 1.8%. Combinations of ab-3101 and 1 mM

NVP-AEW541 resulted in additive growth inhibitory effects of

up to 80%, as compared to untreated controls (Fig. 3A).

Additive antiproliferative effects were also observed when

NVP-AEW541 was combined with the two clinically relevant

chemotherapeutic agents doxorubicin or docetaxel (Fig. 3B

and C). By contrast, the antiproliferative effect of SN-38 was

not markedly enhanced by co-treatment with NVP-AEW541

(Fig. 3D).

3.3. NVP-AEW541 and cell cycle regulation

To test whether induction of cell cycle arrest contributed to

the antiproliferative potency of NVP-AEW541 in hepatocel-

lular cancer cells, we performed flow cytometric cell cycle

analysis. Twenty four hours of incubation with rising

concentrations of NVP-AEW541 dose-dependently arrested

HCC cells in the G1/G0 phase of the cell cycle, thereby

decreasing the proportion of cells in the S-phase. Moreover,

especially in Huh-7 cells an apoptosis-specific increase of

the sub-G1-peak was observed at higher concentrations

(Fig. 4).

3.4. Proapoptotic effects of NVP-AEW541

To further investigate NVP-AEW541-induced apoptosis in

HCC cells, changes in mitochondrial membrane potential

(CM) and mitochondrial volume by NVP-AEW541 were

determined. Incubation with rising concentrations of NVP-

AEW541 for 3, 6, 12 and 24 h led to a time- and dose-

dependent drop in CM, suggesting the mitochondrium to be

involved in NVP-AEW541-induced apoptosis of hepatocel-

lular carcinoma cells (Fig. 5). Interestingly, neither in Huh-7

nor Hep-G2 cells was a marked increase in mitochondrial

volume detected. Even at the highest concentration of 10 mM
NVP-AEW541 only a small increase of less than 20% was

observed.

Next, we evaluated the activation of caspase-3, a

key enzyme in the apoptotic signaling cascade. In Huh-7

cells NVP-AEW541 (0–10 mM) induced a dramatic 27-fold

increase in caspase-3 activity after 24 h of incubation.
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Fig. 5 – NVP-AEW541-induced mitochondrial changes. To monitor changes in the mitochondrial membrane potential (DCM)

the mitochondria of Huh-7 and Hep-G2 cells were stained with JC-1 and analyzed by flow cytometry. After 3–24 h of

incubation with NVP-AEW541 (0–10 mM) Huh-7 (A) cells and Hep-G2 (C) cells showed a time- and dose-dependent

depolarization of DCM. By contrast, neither Huh-7 cells (B) nor Hep-G2 cells (D) displayed a marked increase in mitochondrial

volume after incubation with NVP-AEW541. Data are given as percentage of untreated control (means W S.E.M. of three

independent experiments for each cell line).
Dose-dependent increases in caspase-3 activity were

also observed in Hep-G2, Hep-3B and SK-Hep-1 cells

(Fig. 6A–D).

Caspase-3 can be activated by either mitochondrial-

dependent or -independent signaling events. Therefore,

we additionally checked for the activation of caspase-8

being implicated in mitochondria-independent caspase-3

activation. Challenging HCC cells with 0–10 mM NVP-

AEW541 for 24 h led to a dose-dependent increase in

caspase-8 in HCC cell lines (Fig. 6E and F). To evaluate,

whether the observed activation of caspase-8 was induced

by caspase-3, which has recently been described as a

reinforcing feedback mechanism of mitochondria-depen-

dent caspase-3 activation [44], we performed additional

experiments with a specific caspase-3 inhibitor. The

experiments clearly demonstrated that no mitochondria-

independent induction of apoptosis by caspase-8-depen-

dent signaling occurred, as caspase-3 inhibition almost

completely abolished caspase-8 activation. To further

substantiate NVP-AEW541-induced apoptosis cells we also

determined the fragmentation of the DNA in hepatocellular

Huh-7 carcinoma cells after 24 h incubation with 10 mM

NVP-AEW541 (Fig. 6G).
3.5. Cytoxicity of NVP-AEW541

Cytotoxicity was determined by measuring LDH release.

Incubating Hep-G2, Huh-7 and SK-Hep-1 cells with NVP-

AEW541 for 6 h did not result in any measureable increase of

LDH release (Fig. 7), indicating that NVP-AEW541 does not

directly affect cell membrane integrity and does not have

immediate cytotoxic effects even at high concentrations.

However, after 24 h an increase in LDH release of up to 30%

above control levels was observed in Huh-7 cells treated with

10 mM NVP-AEW541. To further evaluate whether this

increased LDH release actually reflected cytotoxicity of NVP-

AEW541, we additionally performed LIVE/DEAD-fluorescence

microscopy. The experiments revealed that NVP-AEW541-

treated cells underwent dramatic morphological changes,

which included the formation of apoptotic bodies and the

fragmentation of nuclei. Cells appeared unstructured, shrun-

ken and flat and displayed morphological signs of apoptosis

(Fig. 8). Co-incubation of NVP-AEW541 together with a

caspase-3 inhibitor (0.5 mg/ml) almost completely abolished

these morphological changes and no NVP-AEW541-induced

increase in cell death was still observed. This finding

was confirmed by additional LDH release measurements.
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Fig. 6 – NVP-AEW541-induced activation of caspases and DNA fragmentation. NVP-AEW541-induced activation of caspases-

3 and -8 was evaluated in HCC cells. (A–D) Upon NVP-AEW541-treatment caspase-3 was dose-dependently activated in

Huh-7 (A), Hep-G2 (B), Hep-3B (C) and SK-Hep-1 (D) cells. As shown for Huh-7 (A) and Hep-G2 cells (B) the effect was

completely abolished, when the cells were co-treated with a caspase-3 inhibitor (dotted bars). (E, F) Dose-dependent

caspase-8 activation by NVP-AEW541 in Huh-7 (E) and Hep-G2 (F) cells was completely abolished, when the cells were co-

treated with a caspase-3 inhibitor (hatched bars), indicating caspase-3-dependent caspase-8 activation. Data are given as



b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 1 4 3 5 – 1 4 4 8 1443

Fig. 7 – NVP-AEW541 induced cytotoxicity. LDH release into

the supernatant of Huh-7 (A), Hep-G2 (B) and SK-Hep-1 (C)

cells was determined after incubation with rising

concentrations of NVP-AEW541. No significant LDH

release was observed during the first hours of incubation.

After 24 h only 10 mM NVP-AEW541 led to an increase in

LDH release. Co-incubation with a caspase-3 inhibitor

almost completely abolished the NVP-AEW541-induced

LDH release, as determined for Huh-7 (A) and HEP-G2 (B)

cells. Data of 4 independent experiments W S.E.M. are

shown. * , Statistical significance (p < 0.05) compared to

untreated controls.
Co-administration of the caspase-3 inhibitor (0.5 mg/ml)

together with NVP-AEW541 (10 mM) abrogated NVP-AEW541-

induced LDH release after 24 h of incubation (Fig. 7A and B).

Hence, NVP-AEW541 induced LDH release was likely to occur

due to secondary necrosis following the pronounced induction

of apoptosis by NVP-AEW541.
percentage of untreated control (means W S.E.M. of four indepen

incubation NVP-AEW541 (10 mM) caused apoptosis-specific frag

marker. Representative tracing out of three independent experi

untreated controls.
3.6. NVP-AEW541 regulates the expression of BAX, Bcl-2,
survivin and COX-2

To elucidate the signaling pathways modulated by IGF-1R-TK

inhibition in HCC cells, we investigated changes in the

expression of apoptosis-specific proteins. Incubating HCC

cells for 24 h with rising concentrations of NVP-AEW541

revealed a time- and dose-dependent increase in the expres-

sion of the proapoptotic BAX protein, while the expression of

the antiapoptotic proteins Bcl-2 and survivin decreased (Fig. 9).

Moreover, 72 h incubation of HCC cells with NVP-AEW541 (1.5

and 3 mM) led to a dose-dependent decrease in COX-2

expression (data not shown).
4. Discussion

In the present study we provide evidence that the highly

specific IGF-1R tyrosine kinase inhibitor NVP-AEW541 potently

inhibits the growth of hepatocellular carcinoma cells. The

antineoplastic actions of NVP-AEW541 comprised both cell

cycle arrest and induction of apoptosis. No appreciable

induction of cytotoxicity was observed, indicating that NVP-

AEW541 does not act in an ‘‘unspecific’’ cytotoxic way.

It has been pointed out that the antiapoptotic potency of

IGF/IGFR-signaling might interfere with strategies that target

other tyrosine kinases such as the epidermal growth factor

receptor (EGFR)-tyrosine kinase (EGFR-TK). EGFR-TK inhibition

has already been reported to potently inhibit the proliferation

of hepatocellular cancer cells in vitro and in vivo [41,43,45,46].

However, the antineoplastic potency of EGFR blockade may

well be underestimated when examined under conditions

where IGF-1R is fully functional, since IGF-1R is capable of

transactivating EGFR-TK [42,47]. Transactivation of EGFR-TK

by IGFR has already been demonstrated to decrease the

antiproliferative effects of EGFR-antibody treatment [48].

Here we studied the effects of combination treatments with

the EGFR-antibody ab-3101 and NVP-AEW541. Treating HCC

cells with sub-IC50 concentrations of NVP-AEW541 and ab-

3101 additively enhanced the antiproliferative effect of either

agent alone. Hence, dual-targeting of both IGF-1R and EGFR

may be a promising approach for enhanced treatment efficacy

as it overcomes compensatory effects of mitogenic crosstalks

between IGF-1R and EGFR. In this respect Lu and co-workers

recently reported on a sucessful dual-targeting of IGF-1R and

EGFR by use of a bispecific antibody, which markedly exceeded

the antineoplastic potency of the blockade of either EGFR or

IGFR alone [49].

Chemotherapeutic agents with different modes of action

were also evaluated for combination treatment with NVP-

AEW541. Combinations of NVP-AEW541 plus the topoisome-

rase II inhibitor, doxorubicin, or plus the antimicrotubule

agent docetaxel resulted in a doubling of the growth inhibitory

effects that were achieved in monotherapeutic approaches

with either chemotherapeutic agent.
dent experiments for each cell line). (G) After 24 h of

mentation of cellular DNA of Huh-7 cells. M = 100 bp

ments. * , Statistical significance ( p < 0.05), compared to
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Fig. 8 – NVP-AEW541-induced cell death of hepatocellular carcinoma cells. NVP-AEW541-mediated induction of cell death

and apoptosis-specific morphological changes of Huh-7 cells were determined by LIVE/DEAD-fluorescence microscopy.
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Fig. 9 – Effects of NVP-AEW541 on the expression of the

apoptosis-relevant proteins BAX, Bcl-2 and survivin. Huh-

7 cells were treated with rising concentrations of NVP-

AEW541 (0–10 mM) for 24 h. Changes in the expression of

Bcl-2, BAX and survivin were analyzed by Western

blotting. NVP-AEW541 induced a dose-dependent

decrease of the antiapoptotic proteins Bcl-2 and survivin,

while the expression of the proapoptotic BAX protein

increased. Representative results out of three independent

experiments are shown.
To characterize the underlying mechanisms of NVP-

AEW541’s antineoplastic action, we performed cell cycle

analysis. Upon NVP-AEW541-treatment the proportion of

cells in the G1/G0-phase significantly increased in the

investigated cell lines, suggesting that NVP-AEW541 acts at

the G1/S checkpoint. A G1/S cell cycle arrest induced by

inhibition of IGFR-signaling has been described for other fast

growing cancers [6,50]. Cell cycle analysis of HCC cells also

revealed a first hint for the induction of apoptosis by NVP-

AEW541. Especially at high NVP-AEW541 concentrations a

marked increase in the apoptosis-indicating sub-G1-peak

became apparent. Induction of apoptosis by inhibition of

IGFR-signaling has been reported previously [24,51–53]. How-

ever, the underlying mechanisms have not been elucidated in

detail yet. By determining morphological and functional

changes, caspase-3 and -8 activation as well as the fragmenta-

tion of nuclear DNA we demonstrated the ability of NVP-

AEW541 to potently induce apoptosis in HCC cells. The

observed sequence of events suggests that NVP-AEW541-

mediated apoptosis of HCC cells is caspase-3-dependent,

because on the one hand caspase-3 activation preceeded

fragmentation of cellular DNA and on the other hand the

apoptotic effects of NVP-AEW541 were completely abolished

by caspase-3 inhibition.

Since the activation of this executioner caspase can be

induced by mitochondria-dependent and/or -independent

pathways, we investigated the underlying signaling events.

Previous studies indicated that a decrease of the inner

transmembrane potential with a concomitant increase of
Viable cells are stained green, while cells with impaired cell mem

upper panel, the corresponding fluorescence micrographs in the

increase in cell death and apoptosis-specific formation of apop

(white arrow). In the presence of a caspase-3-inhibitor the effec

Representative findings of n = 4 independent experiments. * , St

controls.
the permeability of the outer mitochondrial membrane by

opening the permeability transition pore constituted the

initial step of mitochondria-mediated apoptosis [40,54,55].

Indeed, upon NVP-AEW541-treatment we observed a time-

and dose-dependent decrease of the mitochondrial mem-

brane potential (DCM) but we could not detect a pronounced

mitochondrial swelling. Interestingly, Gogvadze and co-work-

ers recently reported that BAX-driven apoptosis might occur

without changes in mitochondrial volume [56]. Investigating

NVP-AEW541-induced BAX expression by Western blotting,

we found a dose-dependent upregulation of BAX by NVP-

AEW541, arguing for the involvement of BAX in NVP-AEW541-

induced apoptosis. Moreover, we observed a downregulation

of Bcl-2 by NVP-AEW541 which further supports the notion

that the mitochondria are involved in the activation of

caspase-3.

Recently, we and others demonstrated that inhibition of

growth factor receptor signaling resulted in death receptor-

and mitochondria-independent apoptosis, still involving the

activation of the initiator caspase-8 [41,57]. In the present

study we also observed an activation of caspase-8 by NVP-

AEW treatment. Caspase-8 activation may occur indepen-

dently of Fas or other TNF family death receptors [58–64], but

may also depend on caspase-3 activation, which has been

described as a feedback mechanism for the reinforcement of

mitochondria-dependent apoptosis [44]. Our findings on NVP-

AEW541-induced apoptosis of HCC cells suggest that the latter

case applies for the observed caspase-8 activation by NVP-

AEW541, as it was almost completely abolished in the

presence of a caspase-3 inhibitor.

Finally, we observed a downregulation of the antiapoptotic

protein survivin upon NVP-AEW541-treatment. This effect is

of particular interest, since Morinaga and co-workers recently

showed that mRNA expression of survivin was significantly

related to the histologic grade and pathological tumor stage of

clinical HCC, indicating that survivin was associated with

reduced tumor cell apoptosis, increased tumor cell prolifera-

tion, and aggressive tumor features [65]. In this line, survivin

expression is known to correlate with aggressive tumor

biology in various gastrointestinal cancers [66]. In addition,

NVP-AEW541 downregulated the expression of cyclooxygen-

ase-2 (COX-2) in HCC cells. COX-2 is known to be upregulated

during hepatocarcinogenesis and plays an important role in

HCC growth. Thus, the effects of NVP-AEW541 on survivin and

COX-2 expression may well contribute to its antineoplastic

potency in HCC disease.

Our study provides first evidence that the IGFR-TK inhibitor

NVP-AEW541 potently inhibits the growth of human hepato-

blastoma and hepatocellular cancer cells by inducing both cell

cycle arrest and apoptosis without accompanying cytotoxi-

city. Our promising in vitro-data merit in vivo-verification to

check-out the clinical suitability of NVP-AEW541 for HCC

treatment. Moreover, future investigations should be pursued
brane appeared. Phase-contrast images are shown in the

lower panel. NVP-AEW541 dose-dependently induced an

totic bodies (black arrows) as well as DNA-fragmentation

ts of NVP-AEW541 were completely abolished.

atistical significance (p < 0.05), compared to untreated
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to modulate the IGF/IGFR-system as a possible means of HCC

prevention in patients at risk.
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approach in the treatment of neuroendocrine
gastrointestinal tumors: targeting the epidermal growth
factor receptor by gefitinib (ZD1839). Br J Cancer
2003;89:1766–75.



b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 1 4 3 5 – 1 4 4 8 1447
[32] Gillies RJ, Didier N, Denton M. Determination of cell
number in monolayer cultures. Anal Biochem
1986;159:109–13.
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[36] Höpfner M, Maaser K, Theiss A, Lenz M, Sutter AP, Kashtan
H, et al. Hypericin activated by an incoherent light source
has photodynamic effects on esophageal cancer cells. Int J
Colorectal Dis 2003;18:239–47.

[37] Decker T, Lohmann-Matthes ML. A quick and simple
method for the quantitation of lactate dehydrogenase
release in measurements of cellular cytotoxicity and
tumor necrosis factor (TNF) activity. J Immunol Meth
1988;115:61–9.
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Scherübl H. Targeting the epidermal growth factor receptor
by gefitinib for treatment of hepatocellular carcinoma. J
Hepatol 2004;41:1008–16.

[42] Gilmore AP, Valentijn AJ, Wang P, Ranger AM, Bundred N,
O’Hare MJ, et al. Activation of BAD by therapeutic inhibition
of epidermal growth factor receptor and transactivation by
insulin-like growth factor receptor. J Biol Chem
2002;277:27643–50.
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