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Background/Aims: Recently, the anti-apoptotic Mcl-1 protein has been reported as a resistance factor in various

types of cancer. Here we investigated the presence of Mcl-1 protein in hepatocellular carcinoma (HCC) tissues and its

potential role as a molecular drug target for HCC therapy.

Methods: HCC specimens of 149 patients were examined by immunohistochemistry for Mcl-1 expression. Antisense

oligonucleotides (ASO) targeting Mcl-1 were evaluated as monotherapy and in combination with cisplatin in the HCC

cell lines HepG2 and Snu398. Protein regulation, cell viability, and apoptosis were assessed by western blotting, cell

counting, and FACS analysis.

Results: Mcl-1 protein is overexpressed in 51% of all cases irrespective of underlying disease. Targeting Mcl-1 by

ASO specifically downregulated Mcl-1 protein expression and led to significant dose and time dependent single agent

activity in HCC cells characterized by increased apoptosis and decreased cell viability. No significant target regulation

or cell death was observed for control oligonucleotide treatment. Upon combination with cisplatin, Mcl-1 ASO revealed

a significant chemosensitizing effect.

Conclusions: Mcl-1 is overexpressed in half of HCC-tissues. ASO targeting Mcl-1 revealed a prominent single agent

and chemosensitizing activity against HCC in vitro. Targeting Mcl-1 might qualify as a promising novel approach in

HCC therapy.

q 2005 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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1. Background

Hepatocellular carcinoma (HCC) is the 5th most

common cancer world wide and 564,000 new cases are
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diagnosed every year. At advanced stage of disease,

the overall outcome for most patients is poor with few

treatment options available [1].

However, the progress of basic cancer research and

oncogenomics over the last decade uncovered several

potential target proteins for developing rational and more

effective anticancer agents for novel molecular targeting

therapeutic strategies.

One of these potential target proteins is the antiapoptotic

Mcl-1 protein. Mcl-1 is a member of the Bcl-2 protein
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family and is expressed in various tissues and malignant

cells [2–4]. Mcl-1 contains the Bcl-2 homology domains BH

1–3 [5] and has been shown to be involved in apoptosis and

cell cycle [6]. In contrast to Bcl-2, Mcl-1 is rapidly

inducible [7,8], and has a short half life depending on the

cell type considered [2,9]. In addition, Mcl-1 seems to be

more widely distributed within the cell than Bcl-2: besides

its predominant localization at the mitochondrial mem-

branes, Mcl-1 has also been found in the nucleus and the

cytoplasm [2,10].

Several mechanisms of action have been suggested for

the antiapoptotic action of Mcl-1. It has been proposed that

Mcl-1 might deploy its antiapototic potential by avoiding

cell damage-induced mitochondrial cytochrome C release

[11]. Moreover, Mcl-1 is able to heterodimerize with Bax

neutralizing its proapoptotic activitiy, if cells are exposed to

apoptotic stress [7,12].

Even though the definite mechanisms of how Mcl-1

promotes cell survival is not yet fully elucidated, the

biological significance of Mcl-1 protein expression in

supporting cell survival has been well documented in a

number of cell systems including human myeloblastic

leukaemia [13] and myeloma [14] cells. Furthermore, Mcl-1

is overexpressed in many human tumor specimens [15–18],

including metastasis from colorectal cancer to the liver,

where diffuse expression indicates a treatment resistant

phenotype [19].

To date, no data are available about the expression of

Mcl-1 in primary hepatocellular carcinoma.

A therapeutic strategy for modulating selectively the

expression of a gene of interest is the use of antisense

oligonucleotides (ASO). ASO are chemically modified

stretches of single stranded DNA binding to their

complementary target mRNA leading to selective inhibition

of target protein expression [20,21]. Antisense strategies

targeting Bcl-2, Bcl-xL and Mcl-1 using specific ASOs have

displayed promising results in a various human malig-

nancies in vitro and in vivo [22–26].

In this study we investigated, (1) the prevalence of Mcl-1

protein expression in human HCC samples and (2) its

biological significance for proliferation and chemoresis-

tance by using an antisense oligonucleotide (ASO) strategy.
Table 1

Mcl-1 expression in HCC with respect to underlying liver disease

Mc1-1 expression

Underlying liver

disease

Total N Negative N C

Alcoholic cirrhosis 46 (31%) 22 (48%) 1

Hepatitis C cirrhosis 43 (29%) 21 (49%) 1

Non cirrhotic Liver 19 (13%) 10 (53%)

Hepatitis B cirrhosis 14 (9%) 8 (57%)

Cryptogenic cirrhosis 9 (6%) 2 (22%)

Other cirrhosis 18 (12%) 10 (56%)

The term ‘other cirrhosis’ includes haemochromatosis (nZ3), primary biliary cirrh

BC (nZ2) and BCD (nZ1) coinfection, post-hepatitic cirrhosis (nZ1) and cirrh
2. Materials and methods
2.1. Patient samples

Hepatocellular carcinoma tissues from 149 patients (21 females and 128
males) undergoing orthotopic liver transplantation (OLT) were analyzed.
The average age of patients was 55G9 (SD) years and the mean tumor size
was 5.3G4.8 (SD) cm at the time of OLT. Information about underlying
liver diseases was available and is given in Table 1. Fifty-one patients
received treatment before OLT including chemotherapy with doxorubicin
(nZ22), percutaneous ethanol instillation (nZ10), radiofrequency ablation
(nZ7), chemoembolisation (nZ2) or surgical resection (nZ10).
2.2. Immunohistochemistry

A tissue array consisting of three representative 0.6 mm cores from
paraffin embedded tissue blocks from each of the 149 hepatocellular
carcinomas was constructed.

Sections were dried at 55 8C and then deparaffinized in xylene for
10 min, followed by dehydration through graded alcohols. Afterwards
tissue proteolysis was performed by pre-treatment using an autoclave.
Subsequently sections were immersed in PBS-buffered saline (pH 7.6) and
incubated with a Mcl-1 antibody (Labvision, Fremont, CA, USA) at a
dilution of 1:200 or Ki67 antibody (Novocastra, Newcastle, UK) at a
dilution of 1:20 for 1 h at room temperature. Negative controls were treated
with normal goat serum without primary antibodies and with appropriate
isotype control. The detection of antibodies was performed with a
Labvision immunohistochemistry kit.

For the evaluation of the staining the whole area of the section was used.
Samples with immunostaining of less than 10% of the tumor cells were
considered to be negative. Samples with 11–40%, 41–70% or O71%
positive tumor cells were scored as weakly (C), moderate (CC) and
strongly (CCC) positive, respectively.
2.3. Cell culture

The hepatocellular carcinoma cell lines HepG2 and Snu398 were
obtained from American Type Culture Collection (ATCC, Manassas, VA).
Both cell lines were maintained in basal tissue culture medium (RPMI,
Gibco BRL, Paisley, Scotland) supplemented with 10% fetal calf serum
(FCS) and 1% antibiotic–antimycotic mix (Gibco BRL, Paisley, UK), in a
humidified 5% CO2, 95% ambient air atmosphere at 37 8C.
2.4. Oligonucleotides

2 0-O-Methoxyethyl/2 0-deoxynucleotide chimeric phosphorothioate
ASOs were kindly provided by ISIS Pharmaceuticals (Carlsbad, CA).
The sequence of the Mcl-1 ASO (ISIS 20408) was 5 0-
TTGGCTTTGTGTCCTTGGCG-3 0. The universal control oligonucleotide
(UC) used in this study was synthesized as a mixture of A, G, T, and C bases
so that the resulting preparation contained an equimolar mixture of all
N CCN CCCN

4 (30%) 7(15%) 3(7%)

4 (33%) 6 (14%) 2 (5%)

6 (32%) 2 (11%) 1 (5%)

5 (36%) 0 1 (7%)

3 (33%) 3 (33%) 1 (11%)

4 (22%) 3 (17%) 1 (6%)

osis (nZ3), primary sclerosing cholangitis (nZ1), cirrhosis due to hepatitis

osis of other viral origin (nZ7).
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possible 4 to the 19th nucleotides. The oligonucleotide backbone chemistry
of UC is identical to that of ASO.
2.5. Treatment of cells and assessment of cell growth

HepG2 and Snu398 cells were seeded at density of 15.000 cells per cm2.

For transfection, cells were seeded 24 h before the oligonucleotide
treatment. Oligonucleotides were complexed with Lipofectin (Life
Technologies, Paisley, United Kingdom) at a ratio of 1:3 in antibiotic-

free medium without serum as described by the supplier. Subsequently,
cells were incubated with different concentrations of complexed
oligonucleotides in antibiotic-free medium without serum. After 5 h of

incubation, transfection was stopped with standard medium. Cell growth
was determined by analysing cell numbers using a Coulter Z1 counter
(Coulter, Luton, Beds., UK).

For combination treatment with chemotherapy, HepG2 and Snu398

cells were incubated with cisplatin (Ebewe, Unterach, Austria) 24 h after
transfection with oligonucleotides at the concentrations as indicated.
2.6. Western blotting

For analysis of Mcl-1 protein expression cells were seeded and treated

with oligonucleotides after 24 h as described above.
Western blotting of lysed cells for Mcl-1 and Tubulin was performed as

previously described [22]. In brief, whole cell extracts were prepared using

0.14 M NaCl, 0.2 M Triethanolamine, 0.2% Na-deoxycholate, and 0.5%
Nonidet P-40, supplemented with protease inhibitors (all Sigma, St Louis,
MO, USA). 10 mg of total protein were separated by SDS-PAGE and

blotted to PVDF membranes (Tropix, Bedford, MA, USA). The membranes
were blocked for 1 h in 0.2% I-block (Tropix) in PBS, and then incubated
with monoclonal antibodies binding to Mcl-1 (Santa Cruz Biotechnology,

Santa Cruz, CA) or b-Tubulin (Sigma, St Louis, MO, USA), respectively.
Second antibody incubations were carried out using goat anti-rabbit or goat
anti-mouse conjugated to alkaline phosphatase (Tropix). Reactive bands
were detected by chemiluminescence (CSPD substrate, Tropix). Equal

protein loading in each lane was documented by detecting Tubulin protein
expression. The expression levels of Mcl-1 and Tubulin protein were
quantified by densitometry (TotalLab, version 1.1, UK). Intensity of each

Mcl-1 signal was normalized against the respective Tubulin control.
Changes in protein expression less than 20% were regarded as not
significant.
2.7. Assessment of apoptosis

Apoptotic cells were identified by their sub-diploid DNA content using
flow cytometrical analysis as previously described [27]. Cells were washed
in PBS, fixed in ice cold 70% ethanol for 1 h, washed in PBS and incubated

in PBS containing 0.1% DNase-free RNase A and 100 mg/mL propidium
iodide for 30 min. A minimum of 1.5!104 events was analyzed on a
FACScalibur flow cytometer with an argon laser tuned at 488 nm and use of
the CellQuest software (both Becton Dickinson, New Jersey, USA).

Hypochromatic cells due to chromatin condensation with sub-diploid DNA
profiles were identified as apoptotic fraction of cells. Cell debris was
excluded from analysis by appropriate light scatter gating.
Fig. 1. (a–d): Mcl-1 is expressed in HCC tissue specimens. Four

representative images of Mcl-1 staining in hepatocellular carcinoma

with original magnification !100 for (a) and !400 for (b–d): (a) on the

left: a whole tissue array spot with (CC) staining of Mcl-1 protein; on

the right: a whole tissue array spot with no significant staining of Mcl-1

protein (b) (CCC) staining of Mcl-1 protein (c) (C) staining of Mcl-1

protein (d) isolated invasive tumor cells with positive Mcl-1 staining in

adjacent fibrotic tissue. [This figure appears in colour on the web.]
2.8. Statistical analysis

Unless otherwise stated, all data are expressed as means relative to
saline controlGstandard error of the mean (SEM) and derived from at least
three independent experiments. Statistical significance of differences

among treatment groups was calculated by using one-way ANOVA and
Bonferroni’s test was used for post-hoc comparisons using SPSS software
(SPSS 10.0.7, SPSS Inc., Chicago, IL). P-values less than 0.05 were

considered to be of statistical significance.
3. Results
3.1. Mcl-1 is expressed in HCC tissue samples

To evaluate the presence of Mcl-1 protein expression in

HCC, we analyzed tumor specimens of 149 patients by
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immunohistochemistry. In total, 76 of 149 patients (51%)

were positive for Mcl-1 protein expression (Table 1). The

Mcl-1 staining pattern in tumor cells was primarly

cytoplasmatic and partially intranuclear (Fig. 1(a)–(d)).

There was no correlation between Mcl-1 expression and

tumor size, tumor grade or Ki-67 expression (Spearman

Rank Test n.s.). No significant differences in Mcl-1

expression were observed with regard to underlying liver

disease or treatment before liver transplantation. In paired

samples of non-tumor liver tissue adjacent to HCC (21

cases) no positive staining was observed besides isolated

weak positivity in bile ducts and cirrhotic nodules, which

were directly neighbouring tumor tissue.

To test whether Mcl-1 is overexpressed in cases where

other anti-apoptotic proteins are not, we additionally stained

survivin and Bcl-XL in the available tissue array. We found

a significant correlation between Mcl-1 and Bcl-XL

expression (Spearman rank test: NZ149, rZ0.3, pZ
0.0003). No correlation was observed between Mcl-1 and

survivin expression (Spearman rank test: NZ149, rZ0.066,

pZ0.455).
3.2. Antisense oligonucleotides downregulate Mcl-1

protein expression in HCC cell lines

Given the overexpression of Mcl-1 in HCC, we next

evaluated the potency of ASO for selective targeting of Mcl-

1 protein in hepatocellular carcinoma cells.

Mcl-1 ASO at a concentration (100 nM) shown to be

effective in previous studies [23,25] specifically down-

regulated Mcl-1 protein expression in HepG2 and Snu398

cells beginning from 24 h after transfection (Fig. 2(a)).
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Fig. 2. (a–c): Dose- and time-dependent downregulation of Mcl-1 protein expr

by western blotting after treatment with Mcl-1 ASO, universal control oligonu

lipofectin: (a) Mcl-1 expression of HepG2 (left) and Snu398 cells (right) 2

expression using 50–200 nM of ASO 24 h after transfection of HepG2 cells (c

HepG2 cells with 100 nM of ASO. All data are expressed relative to saline c
Subsequent dose range experiments using 50–200 nM of

ASO revealed a dose dependent downregulation of Mcl-1

protein levels (Fig. 2(b)). Whereas Mcl-1 level at 50 nM

ASO were only slightly decreased by 29G7% (meanG
SEM) not differing significantly from saline control (PO
0.05), Mcl-1 ASO at 100 and 200 nM resulted in a similar

clear silencing of Mcl-1 by 57G19% and 60G5%

compared to saline treated control (SAL), respectively (for

both P!0.05). At both concentrations of ASO, Mcl-1 levels

differed significantly from UC oligonucleotide treated cells

(P!0.05 for both concentrations). Thus, we considered

100 nM as the minimal effective dose for biological activity

of Mcl-1 ASO and used this concentration for chemosensi-

tisation experiments.

In order to determine persistence of Mcl-1 down-

regulation by Mcl-1 ASO, we performed additional time

course experiments (Fig. 2(c)): 48 and 72 h after transfec-

tion there was still a significant reduction in Mcl-1 protein

levels compared to saline treated control (44G12% and

43G6%; P!0.005 for both time points). No significant

target regulation was observed for UC control treatment at

all time points studied (UC vs. SAL: PO0.05) and UC

control treatment differed significantly from ASO treatment

(P!0.005).
3.3. Downregulation of Mcl-1 protein expression induces

cell death in HCC cell lies

Since Mcl-1 is an antiapoptotic protein, we next

evaluated the single agent activity of Mcl-1 ASO on cell

growth and apoptosis of hepatocellular carcinoma cells by

cell counting and FACS analysis. Time course experiments
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with Mcl-1 ASO single agent treatment (100 nM) revealed

an increase of apoptosis by about 55% beginning from 48 h

after transfection compared to saline control (meanGSEM;

48 h: 53G16%; 72 h: 58G19%; P! 0.001 for both time

points) (Fig. 3(a)). This increase of apoptosis was mirrored

by a significant time dependent reduction of cell numbers by

about 35% compared to saline treated control (48 h: 31G
10%; 72 h: 39G8%; P! 0.005 for both time points)

(Fig. 3(b)). Consistent with western blot results showing no

target regulation, UC at the dose of 100 nM revealed no

significant cytotoxicity assessing apoptosis or cell counts

(UC vs. SAL: PO0.05 at any time point) but differed

significantly from Mcl-1 ASO treatment (ASO vs. UC: P!
0.05 at any timepoint) (Fig. 3(a) and (b)).

Mcl-1 ASO effects observed on apoptosis induction

and reduced cell count were dose dependent (Fig. 3(c)

and (d)). In line with Mcl-1 downregulation results, dose

range experiments with 50–200 nM of ASO confirmed a

concentration of 100 nM of Mcl-1 ASO to be the

minimal effective dose to induce cell death in HCC

cells whereas UC oligonucleotides at the same concen-

tration did not differ significantly from saline control

(PO0.05).
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Fig. 3. (a–d): Single agent activity of Mcl-1 ASO. Induction of cell death by t
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3.4. Mcl-1 ASO sensitize HCC cells to cisplatin

It was recently demonstrated that downregulation of

Mcl-1 sensitizes malignant melanoma and human sarcoma

to apoptosis inducing chemotherapeutics [23,25]. Thus, we

also evaluated the chemosensitizing potential of Mcl-1 ASO

to cisplatin, an apoptosis inducing chemotherapeutic

commonly used for treatment of HCC [28].

In pre-experiments we determined 0.1 mg/mL cisplatin as

a concentration resulting in an about 20% reduction of cell

numbers of HepG2 and Snu398 cells (data not shown).

Combination of cisplatin (0.1 mg/mL) and Mcl-1 ASO at the

minimal effective dose (100 nM) (Fig. 4(a) and (b)) doubled

number of apoptotic cells compared to cisplatin alone and

exceeded apoptosis rates of Mcl-1 ASO monotherapy by

50% (ASOCcisplatin vs. SALCcisplatin: P!0.005;

ASOCcisplatin vs. ASO alone: P!0.01).

This increase of apoptosis led to a concurring reduction

of cell counts. Compared to cisplatin or Mcl-1 ASO single

agent treatment, the combination of cisplatin and Mcl-1

ASO further reduced cell counts by 42 and 18% 72 h after

transfection, respectively, (ASOCcisplatin vs. SALC
cisplatin: P!0.001; ASOCcisplatin vs. ASO alone: PZ
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saline control; BarsZSEM. [This figure appears in colour on the web.]
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0.01). There was no significant difference in apoptosis or

cell counts between UCCcisplatin and SALCcisplatin

(PO0.05 for apoptosis and cell counts at all time points),

supporting a specific apoptosis inducing effect of Mcl-1

ASO. Similar results were observed with Snu398 cells.
4. Discussion

To the best of our knowledge, this is the first study

investigating Mcl-1 expression in human HCC tissue. In a

screen of 149 HCC tissue specimens Mcl-1 was over-

expressed in 51% of all cases, correlated positively with

Bcl-XL expression, but was not influenced by underlying

liver disease. Notably, no significant Mcl-1 protein

expression was observed in adjacent liver tissue in this

study, which is in line with previous results [29]. Thus, our
findings highlight Mcl-1 overexpression as a cancer specific

event. Since liver tissue specific deletion of Mcl-1 in vivo

does not induce apoptosis of normal hepatocytes [30],

targeting Mcl-1 for HCC therapy might not harm healthy

liver tissue.

Therefore, we performed in vitro studies to investigate

the biological significance of Mcl-1 in HCC cell lines. Low

nanomolar concentrations of ASO targeting Mcl-1 resulted

in a profound, long-lived downregulation of Mcl-1 protein

expression in a dose dependent manner. Notably, and in

contrast to previous studies in solid tumors [23,25],

targeting Mcl-1 in HCC resulted in spontaneous apoptosis

without an additional apoptotic stimulus. This single agent

anti-tumor activity of Mcl-1 ASO is most likely related to

the specific downregulation of Mcl-1 protein expression

because of the following reasons: first, neither lipofectin

control treatment (saline control) nor universal control

oligonucleotides with the identical backbone chemistry as

the ASO induced apoptosis in HCC cells. Secondly, the

applied ASO compounds do not affect protein levels of Bcl-

2 or Bcl-xL, two other antiapoptotic members of the Bcl-2

family with homology to the Mcl-1 mRNA [25]. Further-

more, also Bax protein levels remained unchanged during

transfection with Mcl-1 ASO (data not shown) indicating

that downregulation of Mcl-1 in HCC cell lines is sufficient

to cause apoptosis induction by an unilateral shift of the

sensitive balance between pro-and antiapototic proteins,

even though the exact antiapoptotic mechanism of Mcl-1 is

not known.

Finally, downregulation of Mcl-1 sensitize HCC cells

to low dose cisplatin. This finding might become

clinically relevant, since cisplatin is widely administered

locally and systemically in the treatment of advanced

HCC [28]. Unfortunately, response rates are not ideal and

strategies are urgently needed to overcome chemoresis-

tance of this malignant disease. Antisense oligonucleo-

tides have already entered phase III clinical trials for

modulation of chemoresistance in a variety of human

malignancies [31]. One of the main issues for clinical

use of ASO for cancer therapy is their adequate delivery

to peripheral tumor sites, as ASOs get rapidly pooled in

the liver after systemic application [32]. Indeed, this

pharmacokinetic property of ASOs might qualify them

particularly for treatment of HCC ensuring effective

delivery to the tumor site in the liver.

In conclusion, Mcl-1 is overexpressed in half of

HCC’s. Specific downregulation of Mcl-1 in HCC cells

leads to significant apoptosis induction and chemosensi-

tization to cisplatin. Thus, Mcl-1 appears to be an

attractive molecular target in HCC. Given the hepato-

tropic pharmacokinetic properties and low toxicity of

Mcl-1 ASO in vivo [23,25] targeting Mcl-1 by ASO

might qualify as a promising novel approach in HCC

therapy warranting further in vivo studies.
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