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HA14-1 is able to reconstitute the impaired
mitochondrial pathway of apoptosis in renal
cell carcinoma cell lines

Sebastian Heikaus ∗, Linda van den Berg, Tobias Kempf, Csaba Mahotka, Helmut Erich Gabbert
and Uwe Ramp
Institute of Pathology, Heinrich-Heine-University Hospital, 40225 Düsseldorf, Germany

Abstract. Renal cell carcinomas (RCCs) exhibit a marked resistance towards apoptosis. Although most apoptotic stimuli con-
verge at the level of the mitochondria, little is known about the mitochondrial apoptosis pathway in renal cell carcinomas. The
aim of the present study, therefore, was to investigate the functionality of the mitochondrial apoptosis pathway in renal cell car-
cinoma cell lines by exposure to TRAIL, etoposide, HA14-1 and betulinic acid activating the mitochondria by different mecha-
nisms. Sensitivity to TRAIL-induced apoptosis correlated with cleavage of the initiator caspase-8, but the mitochondrial apopto-
sis pathway was not induced. Similarly, etoposide and betulinic acid could not induce mitochondrial damage. In contrast, HA14-1
was able to activate mitochondrial apoptosis, thereby demonstrating functionally inducible signalling pathways downstream of
the mitochondria. The intactness of the pathways upstream of the mitochondria was shown by pretreatment of TRAIL-sensitive
cell lines with HA14-1, which could reconstitute TRAIL-induced mitochondrial damage and resulted in a synergistic apoptosis
induction.

Our results demonstrate that the apoptotic pathways upstream and downstream of the mitochondria are intact and inducible in
renal cell carcinoma cell lines. However, resistance towards mitochondrial apoptosis is located on the level of the mitochondria
themselves.
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1. Introduction

Renal cell carcinomas (RCCs) are known to exhibit
a marked resistance towards a multitude of apoptotic
stimuli contributing to the “multidrug resistance phe-
notype”. Thus, differences in apoptosis-sensitivity in
RCC cell lines can be found towards ionizing irradi-
ation [1], DNA-damaging drugs like Topotecan [2] as
well as death receptor mediated apoptosis by TNF-
related apoptosis inducing ligand (TRAIL) or CD95
[3,4]. However, the molecular mechanisms responsible
for these differences in apoptosis-susceptibility are yet
not very well known.

Over the last years two main apoptosis signalling
pathways were described: the extrinsic pathway of
apoptosis is mediated by death receptors on the cell

*Corresponding author: S. Heikaus, Institute of Pathology,
Heinrich-Heine-University Hospital, 40225 Düsseldorf, Ger-
many. Tel.: +492118117958; Fax: +492118118353; E-mail:
seb.heikaus@gmx.de.

surface – like CD95 or DR5. Binding of the death lig-
and to their corresponding receptors results in forma-
tion of the death inducing signalling complex (DISC)
consisting of the death receptor, the adaptor protein
FADD and the initiator caspases-8 or -10 leading to an
initiation of the apoptotic signal [5].

The intrinsic – or mitochondrial [6] – pathway is
activated by oncogenes, withdrawal of growth fac-
tors or DNA damage, which induces transcription of
p53-dependent BH3-only proteins like Noxa and Puma
[7–9]; in addition, caspase-3 as well as caspase-2
are activated which in turn leads to cleavage of the
BH3-only protein Bid [10,11]. The activated
BH3-only proteins integrate into the outer mitochon-
drial membrane interacting and thereby inhibiting
the antiapoptotic members of the BCL2-family like
BCL-2 or BCL-XL which preserve the mitochon-
drial potential. This finally results in depolarisation
of the mitochondria with release of cytochrome C
and other proapoptotic proteins, like AIF [6,12,13].
Cytochrome C interacts with caspase-9 and APAF-1
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forming the apoptosome complex resulting in
caspase-9 cleavage.

The intrinsic as well as extrinsic signalling pathways
result in the activation of the effector caspases-3 and
-7 – which in turn can lead to additional caspase-8 and
caspase-9 processing and finally apoptosis [14].

This separation of the extrinsic and intrinsic path-
ways of apoptosis, however, is not strict since both
pathways share the same players, like caspase-3,
caspase-7, caspase-8, caspase-2 and Bid. Thus,
Lakhani and coworkers [15] could attribute both death
receptor and DNA-damage derived mitochondrial
events of apoptosis to an early activation of
caspase-3 and -7 lying upstream of their function as ex-
ecutioner caspases. Additionally, in certain cell types,
caspase-2 is necessary for caspase-8 mediated Bid
cleavage [11]. On the other hand, the anticancer drug
etoposide can induce apoptosis by a sequential activa-
tion of first caspase-2 and then caspase-8, which in turn
leads to apoptosis by Bid cleavage [16]. Cleaved Bid
binds to two other proapoptotic members of the BCL-2
family, the BH3-only proteins Bax and Bak, which in-
tegrate into the mitochondrial membrane transmitting
the death signal by depolaristion of the mitochondria
[17]. This Bid derived mitochondrial damage can be
inhibited by overexpression of the antiapoptotic mem-
bers of the BCL-2 family, like BCL-2 and BCL-XL [6].

The aim of the present study was to determine
the level of resistance in the mitochondrial apopto-
sis cascade: upstream of the mitochondria, on the
level of the mitochondria themselves, or downstream
of the mitochondria. For this reason we used four
agents targeting the mitochondrial pathway by dif-
ferent, in some respect opposite, molecular mecha-
nisms: TRAIL disrupts the mitochondrial membrane
potential via cleavage of caspase-8 and subsequent
activation of the BH3-only protein Bid in so called
type II cells [18]. The anticancer drug etoposide,
a DNA-damaging topoisomerase II inhibitor, also leads
to Bid-cleavage by activation of caspase-2 in lym-
phoma cell lines [16]. Furthermore, etoposide targets
the mitochondrium by p53-dependent induction of the
BH3-only proteins Noxa and Puma in a mouse model
and different human cell lines [19]. Thus, TRAIL as
well as etoposide can activate different pathways up-
stream of the mitochondrium. In contrast, betulinic
acid disrupts the mitochondria of cells expressing
no or just low levels of the antiapoptotic members
of the BCL-2 family [20,21] and high expression
of BCL-2 or BCL-XL leads to betulinic acid resis-
tance. In contrast, one of the mechanisms, by which

HA14-1 exerts its proapoptotic function is binding
to the antiapoptotic members of the BCL-2 family
by interacting at the BH3-binding site and displacing
BH3-only proteins, thereby antagonizing their anti-
apoptotic properties [22,23]. Thus, HA14-1 and be-
tulinic acid target at the mitochondria themselves and
are able to activate downstream pathways. However,
the role of HA14-1 as a selective BCL-2 inhibitor has
recently been questioned and results are conflicting
[24,25], so that its exact mechanism of action is not
clear. Nevertheless, our findings could provide a way
of overcoming the well known chemotherapy resis-
tance of RCCs.

By means of theses agents, we could show for the
first time that the level of resistance towards the mi-
tochondrial apoptosis pathway lies on the level of the
mitochondria themselves, whereas the apoptotic path-
ways upstream and downstream of the mitochondria
are functionally intact and not impaired.

2. Material and methods

2.1. Cells and culture

The permanent cell lines clearCa-2, clearCa-6,
clearCa-7 and clearCa-11 were derived from typi-
cal representatives of the clear cell type of RCCs
[26,27]. These cell lines were maintained with Dul-
becco’s modified Eagle’s medium (DMEM, Gibco,
Karlsruhe, Germany), supplemented with 10% fetal
calf serum (FCS), penicillin and streptomycin, aspar-
tate/asparagines and HEPES buffer (standard growth
medium) and cultivated at 37◦C in an atmosphere with
5% CO2.

2.2. Assessment of cell viability

Tumour cells in the exponential growth phase were
transferred to a 24-well-plate (GIBCO, Karlsruhe, Ger-
many) and seeded at 2.5 × 105 cells/cm2 in standard
growth medium. After 24 h the tumour cells were ex-
posed to recombinant human soluable (rhs) TRAIL
(25 and 100 ng/ml), the anticancer drug etoposide
(25 and 50 µg/ml), the plant derived pentacyclic
triterpene betulinic acid (20 and 40 µM), the small
BCL-2 inhibiting polypeptide HA14-1 [23] (25 and
50 µM) or a combination of HA14-1 (25 µM) and
TRAIL (25 respectively 100 ng/ml). The assessment
of cell number was performed in three independent ex-
periments (n = 3). The number of cells harvested was
counted by the Trypan-blue exclusion method.
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2.3. Morphological assessment of TRAIL-,
etoposide-, HA14-1 and betulinic
acid-induced apoptosis

2.5 × 105 cells/cm2 of the cell line clearCa-11
were seeded on a 24-well-plate (Nunc, Wiesbaden,
Germany). After 24 h, cells were treated either with
100 ng/ml rhs TRAIL, 50 µg/ml etoposide or 40 µM
betulinic acid and cultured for another 24 h or treated
with 50 µM HA14-1 and cultured for another 6 h.
As control, cells were exposed to standard growth
medium. Apoptosis or necrosis-like cell death were de-
termined by light microscopy of haematoxylin–eosin
(HE)-stained cells showing the typical morphological
signs of apoptosis, i.e. chromatin condensation and/or
fragmentation into apoptotic bodies, or necrosis-like
cell death, i.e. cellular swelling with vacuolisation and
swelling of the organelles.

2.4. RNA extraction

Total RNA was isolated by the RNeasy minikit with
DNAse treatment according to the manufacturer’s in-
structions (Qiagen, Hilden, Germany) with on column
DNA digestion to exclude DNA contamination. The
integrity of all tested total RNA samples was verified
by intact 18S/28S rRNA bands in agarose gel elec-
trophoresis.

2.5. Reverse transcription

cDNA synthesis was performed with the “Reverse
transcription system” of Promega (Heidelberg) accord-
ing to the manufacturer’s protocol. In short, for cDNA
synthesis, 1 µg of total RNA was reverse transcribed
in a final volume of 20 µl containing 0.5 µg Oligo
(dt) Primer, 1 mM dNTP mix, 0.5 U of recombinant
RNasin RNase inhibitor, 5 mM MgCl2 and 15 U of
AMV reverse transcriptase with the corresponding 2 µl
of 10 × RT buffer. Reverse transcription (RT) was per-
formed for 15 min at 42◦C. Synthezised cDNA was
diluted 1:5 for real-time PCR.

2.6. Quantitative real-time detection PCR

Amplification and quantification of the genes
PED/PEA-15, Flip short, Flip long and the house-
keeping gene SDHA were carried out in a LightCy-
cler (Roche Diagnostics, Mannheim, Germany) by us-
ing a total volume of 20 µl, including 10 µl Platinum
SYBR Green qPCR SuperMix UDG (Roche Diagnos-
tics, Mannheim, Germany), 4 µl 5× diluted cDNA, 1 µl
Bovine Serum Albumin (1 mg/ml stock solution) and

1 µM each sense and antisense primers (PED/PEA-15
forward primer 5′-GAA GAC ATC CCC AGC GAA
AAG A-3′, PED/PEA-15 reverse primer 5′-GGC ACT
GGG GAT ACG GGT TAG-3′; cFlip short forward
primer 5′-GTT CAA GGA GCA GGG ACA AGT
TA-3, cFlip short reverse primer 5′-CCA AGA ATT
TTC AGA TCA GGA CAA-3′; cFlip long forward
primer 5′-GGC TCC CCC TGC ATC ACA TC-3,
cFlip long reverse primer 5′-CCG CAG TAC ACA
GGC TCC AGA-3′; SDHA forward primer 5′-TGG
GAA CAA GAG GGC ATC TG-3, SDHA reverse
primer 5′-CCA CCA CTG CAT CAA ATT CAT
G-3′). Real-time PCR was carried out in glass capillar-
ies with an initial incubation step at 55◦C for 2 min for
reduction of dUTP-containing amplificats, followed by
a denaturation step of 5 min at 95◦C, followed by
50 cycles for 5 s at 95◦C, annealing for 10 s at 62◦C
for PED/PEA-15, 55◦C for Flip short, 67◦C for Flip
long and 60◦C for SDHA followed by extension for
20 s at 72◦C. Melting curve was directly drawn after
amplification.

PCR products were additionally checked by elec-
trophoresis on 2% agarose gels containing ethidium
bromide and visualised under UV transillumination.
PCR products were confirmed by DNA sequenc-
ing. Briefly, products were excised from agarose gels
and isolated by QIAquick gel extraction kit (Qiagen,
Hilden, Germany). The purified PCR products were
sequenced using the ABI-Prism BigDye Terminator
Cycle Sequencing kit (ABI, Weiterstadt, Germany)
with the respective forward and reverse primers used
in the real-time PCR according to the manufacturer’s
protocol. Sequence analysis was carried out using an
ABI-Prism 310.

2.7. Western Blot analysis

RCC cell lines were lysed by exchanging cell culture
medium with ice cold Lysis Buffer (100 mM NaCl, 10
mM Tris-HCl, pH: 7.6, 1 mM EDTA, 1% NP40, pro-
tease inhibitors). Then cells were scraped off the cell
culture dish and the lysate was incubated for 10 min at
4◦C with occasional vortexing. Then the lysates were
centrifuged at 4◦ at 13,000×g for 10 min. Protein con-
centration of the supernatant was determined by the
Bradford method (Biorad, Germany). 50 µg of protein
lysate were separated under denaturing conditions in
7–12% polyacrylamid-gels. After blotting, the proteins
were transferred to a reinforced nitrocellulose mem-
brane (Schleicher and Schuell, Germany) and equal
loading of the proteins was checked by Panceau Red
staining. The membranes were then blocked with TBS
containing 5% non-fat dry milk and 0.2% Tween 20
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for 24 h at 4◦C. Afterwards the membranes were in-
cubated for 12 h with human specific monoclonal re-
spectively polyclonal primary antibodies (caspase-8,
mouse monoclonal, clone 1C12, Cell Signalling; Bid,
rabbit polyclonal, Cell Signalling; caspase-9, rabbit
polyclonal, Cell Signalling; PARP, rabbit polyclonal,
Cell Signalling; caspase-2, mouse monoclonal, clone
C2, Cell Signalling; BCL-XL, rabbit polyclonal, Cell
Signalling; Flip, rabbit polyclonal, Cell Signalling;
PEA-15, rabbit polyclonal, Cell Signalling;
BCL-2, mouse monoclonal, clone 124, DAKO) and
then washed with TBS-Tween for 30 min. The blots
were incubated with a horseradish peroxidase con-
jugated anti-mouse respectively anti-rabbit secondary
antibody (Cell Signalling) for another 12 h at 4◦C,
then washed for 30 min. with TBS-Tween and devel-
oped with the chemiluminescence method according to
the manufacturer’s protocol (Roche, Germany) at room
temperature.

2.8. Determination of cytochrome C release

The release of cytochrome C from mitochondria
was analysed by the previously described selective
digitonin permeabilization method [28]. It was estab-
lished to avoid possible artefacts resulting from me-
chanical breakage of the outer mitochondrial mem-
brane by Dounce homogenization. In short, cell culture
medium was exchanged by 500 µl permeabilizytion
buffer (210 mM D-mannitol, 70 mM sucrose, 10 mM
Hepes, 5 mM succinate, 0.2 mM EGTA, 0.15% BSA,
80 µg/ml digitonin, pH 7.2, 4◦C) at the indicated time
points. Then cell culture plates were gently shaken for
10 min at 4◦C on an orbital shaker. Afterwards the
permeabilisation buffer was removed and centrifuged
for 10 min at 13,000 × g. Protein concentration was
measured by the Bradford method. Western Blotting
was performed as described above with 200 µg total
protein loaded upon each lane. Cytochrome C was de-
tected by chemiluminescent detection after blotting on
reinforced nitrocellulose membrane with a monoclonal
antibody against cytochrome C (mouse monoclonal,
clone 6H2B4, Pharmingen).

3. Results

3.1. TRAIL-sensitivity correlates with cleavage
of caspase-8 but does not induce
the mitochondrial pathway

Since it is not known, which apoptotic pathways
participate in TRAIL-induced apoptosis in RCC cell

lines, we, therefore, examined in the first step, which
pathways were activated by TRAIL and analysed, if
the cross-talk between extrinsic and intrinsic apoptosis
pathway was functional.

To evaluate the extent of TRAIL-induced apop-
tosis, we exposed four RCC cell-lines (clearCa-2,
clearCa-6, clearCa-7 and clearCa-11) to soluable re-
combinant (rhs) TRAIL. Exposure to 100 ng rhs
TRAIL resulted in a significant decrease of cell num-
ber (Fig. 1(A): a, b) in two RCC cell lines
(clearCa-6: 0% of the control after 48 h; clearCa-11:
4 ± 2.5% of the control after 48 h), whereas the two
other RCC cell lines (clearCa-2 and clearCa-7) were
TRAIL resistant (Fig. 1(A): c, d). Decrease in cell
number was paralleled by an increase in apoptotic fig-
ures as became evident from light microscopic evalua-
tion of HE-stained cells (Fig. 1(B): b). As determined
by Western Blot analysis (Fig. 2), the marked reduc-
tion of cell number was accompanied by a strong in-
crease in caspase-8- and PARP-cleavage as markers of
apoptosis after 3, 6 and 12 h, respectively. Interest-
ingly, weak cleavage of caspase-9, however, occurred
only in clearCa-11 after 12 h. Moreover, reduction in
Bid protein-levels as marker of increased Bid cleav-
age could only be detected in clearCa-6. Though us-
ing an antibody capable of detecting Bid and tBid,
we could never show tBid by Western Blot. Obviously
tBid is subjected to rapid degradation. Thus, we had to
take reduction of Bid level as measure for cleavage of
Bid. In the TRAIL-resistant cell lines (clearCa-2 and
clearCa-7) neither a reduction of cell number
(Fig. 1(A): c, d), nor caspase-8, -9 and PARP-cleavage,
nor reduction of Bid protein-levels were detectable af-
ter exposure to TRAIL (Fig. 2).

3.2. TRAIL-sensitivity does not correlate with
expression of caspase-8 inhibiting genes

Before analysing the obvious impairment in the mi-
tochondrial apoptosis pathway in RCC cell lines we
first tried to determine mechanisms for the observed
differences in caspase-8 cleavage.

Previous studies revealed that sensitivity to TRAIL
in our RCC cell lines did not correlate with expres-
sion of DR4 and DR5 [4]. However, cleavage of
caspase-8 can be inhibited by multiple antiapoptotic
regulators. In addition to the long and the short
form of cellular Flip [29], PED/PEA-15 (protein en-
riched in diabetes/astrocytes-15) has also been re-
ported to inhibit caspase-8 [30,31]. Therefore, we per-
formed light cycler analysis of these genes to de-
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(A)

(B)
Fig. 1. Cell number and morphological aspects of RCC cell lines after exposure to TRAIL, etoposide, HA14-1 and betulinic acid. (A): Significant
reduction of cell number (p < 0.05) after exposure to rhs TRAIL (TR) (100 ng/ml) for 48 h in clearCa-6 and clearCa-11, whereas cell number
in clearCa-2 and clearCa-7 remained constant. Significant reduction of cell number (p < 0.05) after exposition with etoposide (Eto) (25 and
50 µg/ml), HA14-1 (25 and 50 µM) and betulinic acid (BA) (20 and 40 µM) in all RCC cell lines after 48 h. (Data represent median ± standard
deviation in three independent experiments.) (B): (a) Untreated control of clearCa-11 cells. (b and d) Marked increase of apoptotic figures after
exposure to TRAIL (b) and HA14-1 (d) (black arrows). (c and e) Marked increase of necrotic cellular changes with disintegration as well as
intracellular swelling of organelles and without chromatin condensation after exposure to etoposide (c) and betulinic acid (e) (grey arrows).

termine their expression levels in these four RCC
cell lines (Fig. 3(A)). For quantitative analysis, ex-
pression levels were normalized to the house keep-
ing gene SDHA. Light cycler analysis revealed ex-
pression of all these caspase-8 inhibiting genes in
every RCC cell line with different expression levels
(Fig. 3(A)). Be it as it may, mRNA expression levels
did not correlate with susceptibility towards TRAIL-
induced apoptosis or cleavage of caspase-8. Be it
as it may, mRNA expression levels do not necessar-
ily correlate with the protein expression levels. We,
therefore, additionally analyzed protein expression of
PED/PEA-15, cFlipL and cFlipS by Western Blot
(Fig. 3(B)). Hereby, cFlipS expression could not be de-
tected on the protein level, though using an antibody
capable of detecting both cFlipL and cFlipS. Concern-
ing cFlipL and PED/PEA-15 protein expression slight
differences between mRNA expression levels and pro-

tein expression levels could be detected. However, nei-
ther protein expression levels nor mRNA expression
levels correlated with susceptibility towards TRAIL in-
duced apoptosis in RCC cell lines with the TRAIL-
sensitive cell line clearCa-11 exhibiting a relatively
strong and the TRAIL-resistant cell line clearCa-2 ex-
hibiting a relatively weak PED/PEA-15 and cFlipL ex-
pression.

3.3. HA14-1 induces the mitochondrial pathway,
in contrast to etoposide and betulinic acid

In the following experiments we focussed on the
analysis of the impaired mitochondrial pathway. Since
our investigation revealed, that cleavage of caspase-9
was repressed after exposure to TRAIL, we analysed
in the next step, whether the mitochondrial pathway of
apoptosis was nevertheless functional and inducible in
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Fig. 2. Western Blot analysis of caspase-8-, caspase-9- and PARP-cleavage as well as Bid reduction after exposure to TRAIL. Increased detection
of active cleavage products of initiator caspase-8 (p43 and p41) as well as PARP (p89) after exposure to rhs TRAIL in the sensitive cell lines
clearCa-6 and clearCa-11 after 3, 6 and 12 h as markers for increased apoptosis. Weak reduction of Bid protein concentration only in clearCa-6.
Weak and late caspase-9 cleavage (after 12 h) only in clearCa-11. No caspase-8-cleavage or PARP activation as well as Bid cleavage in the
resistant cell lines clearCa-2 and clearCa-7. (HELA cells treated with 25 µg/ml etoposide for 24 h were used as positive control for caspase-9 and
PARP cleavage.)

RCC cell lines by etoposide, HA14-1 or betulinic acid.
Furthermore, we investigated by means of these agents
on which level of the mitochondrial pathway resistance
was located.

Etoposide as a classical DNA-damaging agent ac-
tivates the mitochondria by p53-mediated transcrip-
tional induction of proapoptotic members of the
BCL-2 family like Noxa and Puma [19]. Additionally,
it can activate caspase-2 which in turn mediates Bid-
cleavage and mitochondrial damage [16]. As demon-
strated in Fig. 3(B), caspase-2 is expressed in all cell
lines.

Taking advantage of betulinic acid and HA14-1, we
were able to investigate the relevance of the antiapop-
totic BCL-2 family members in mitochondrial apop-
tosis. Thus, betulinic acid can activate the mitochon-
drial pathway of apoptosis in cells expressing no or
just small levels of BCL-2 and BCL-XL [20,21]. In
contrast, HA14-1 induces apoptosis in BCL-2 overex-
pressing cells [23].

Exposure of the RCC cells to etoposide (25 and
50 µg/ml), HA14-1 (25 and 50 µM) and betulinic acid
(20 and 40 µM) resulted in a significant decrease in
cell number of different extent in all RCC cell lines
after 48 h (Fig. 1(A): a–d). Importantly, as demon-
strated in Fig. 4, caspase-8, caspase-9, Bid- and PARP-
cleavage occurred only after administration of HA14-1
(50 µM) in all RCC cell lines indicating an activation
of the mitochondrial apoptosis pathway. Interestingly,
caspase-activation and PARP-cleavage was weakest in

clearCa-6 expressing the lowest levels of BCL-2 and
BCL-XL (Fig. 3(C)). In contrast, no unequivocal
caspase-8, caspase-9, Bid- or PARP-cleavage could be
detected after exposure to betulinic acid and etoposide
in most of the cell lines. Only in clearCa-6, a weak
and late activation of caspase-8, caspase-9 and PARP
after treatment with etoposide was detectable after
12 h. Moreover, morphological analysis of HE-stained
cells revealed an increase in apoptotic figures only in
HA14-1 treated cells (Fig. 1(B): d), whereas etoposide
(Fig. 1(B): c) and betulinic acid (Fig. 1(B): e) induced
an increase in typical necrotic cellular changes when
compared to the control (Fig. 1(B): a).

3.4. HA14-1 induces cytochrome C release from
mitochondria in contrast to TRAIL, etoposide
and betulinic acid

The next step was to determine the exact level of re-
sistance in the mitochondrial apoptosis pathway. De-
ficient caspase-9 cleavage upon stimuli activating the
intrinsic pathway of apoptosis can be due to mech-
anisms lying upstream of the mitochondria, on the
level of the mitochondria themselves, or downstream
of the mitochondria. Thus, loss or defective proteins
of the apoptosome complex can prevent an adequate
activation of caspase-9. Moreover, caspase-9-cleavage
can be inhibited by a splice-variant of caspase-9,
caspase-9s, or members of the IAP protein family.
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(B)

(C)

(A)

Fig. 3. Real time PCR analysis of caspase-8 inhibiting genes and Western Blot analysis of pro- and anti-apoptotic proteins in RCC cell lines.
(A): Expression of the caspase-8 inhibiting genes cFlipL (a), cFlips (b) and PED/PEA-15 (c) in RCC cell lines does not correlate with suscepti-
bility towards TRAIL-induced apoptosis (shown is the median ± standard deviation of two independent experiments). (B): Expression of the cas-
pase-8 inhibiting proteins cFlipL and PED/PEA-15 could be detected in all RCC cell lines whereas cFlipS protein expression could not be shown
by Western Blot. Protein expression levels slightly differed from the relative mRNA expression levels comparing the RCC cell lines. However, no
correlation between the protein expression level of cFlipL and PED/PEA-15 and apoptosis-susceptibility could be observed. (C): Expression of
BCL-XL and BCL-2, inhibitors of the mitochondrial pathway of apoptosis, in all RCC cell lines with lowest expression in clearCa-6. Detection
of caspase-2, which is responsible for transduction of DNA damage signals to the mitochondria in all RCC cell lines.

To exclude these more downstream events as resis-
tance mechanisms responsible for deficient caspase-9
cleavage after administration of TRAIL, etoposide and
betulinic acid, we directly measured cytochrome C
release from the mitochondria into the cytosol by
the Digitonin method. These experiments revealed cy-
tochrome C release from the mitochondria in every
RCC cell line after 1 h, respectively 3 h only af-
ter exposure to HA14-1 (Fig. 5). In contrast, no cy-

tochrome C release was detectable after exposure to
TRAIL, etoposide or betulinic acid in any cell line.
Concerning TRAIL, cytochrome C release was deter-
mined at 12 h, as we could show (Fig. 2) that apopto-
sis was strongly induced at that time point in the sensi-
tive cell lines and we wanted to avoid effects that were
due to disintegration of the cells in advanced stages of
apoptosis. We determined cytochrome C release at 12 h
after etoposide treatment since it is well known from
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Fig. 4. Western Blot analysis of caspase-8-, caspase-9- and PARP-cleavage after exposure to etoposide, HA14-1 and betulinic acid. Caspase-8,
caspase-9 and PARP-cleavage as well as reduction of Bid whole protein only after exposure to the BCL-2-antagonist HA14-1 in all cell lines
after 1–3 h indicating an increased apoptosis-induction with activation of the mitochondrial pathway. Only weak detection of active cleavage
products of the initiator caspase-8 with minimal caspase-9- and PARP-cleavage after exposure to etoposide in clearCa-6. No caspase-, Bid- or
PARP-cleavage in all cell lines after exposure to betulinic acid. (HELA cells treated with 25 µg/ml etoposide for 24 h were used as positive
control for caspase-9 and PARP cleavage.)

Fig. 5. Western Blot analysis of cytochrome C release after exposure to TRAIL, etoposide, HA14-1 and betulinic acid. Exposure of RCC cell
lines to 100 ng/ml TRAIL for 12 h, 50 µg/ml etoposide for 12 h, 50 µM HA14-1 for 1 h (clearCa-2, clearCa-7, clearCa-11) respectively 3 h
(clearCa-6) and 40 µM betulinic acid (BA) for 12 h resulted in a cytochrome C release only after exposure to the BCL2-antagonist HA14-1. No
detectable cytochrome C release after exposure to TRAIL, etoposide or betulinic acid.
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other cell lines that it induced caspase-9 activation at
12 h and earlier [32]. Activation of effector caspases
after administration of betulinic acid has also been re-
ported as early as 12 h after administration of 5 µg/ml
betulinic acid [33].

Our results, therefore, demonstrate that release of
cytochrome C from the mitochondria correlates with
cleavage of caspase-9 in RCC cells. Thus, it is rea-
sonable to assume, that the apoptotic pathways down-
stream of the mitochondria are functional and intact,
so that resistance towards the mitochondrial apoptosis
pathway must be located on the level of the mitochon-
dria or even upstream of the mitochondria.

3.5. All RCC cell lines express antiapoptotic members
of the BCL-2 family

As demonstrated above, the putative BCL-2 antag-
onist HA14-1 was the only agent to activate the mi-
tochondrial apoptosis pathway in RCC cell lines. We
therefore examined expression of HA14-1 target pro-
teins, BCL-2 and BCL-XL, important antiapoptotic
members of the BCL-2 family in RCC cell lines. As
shown in Fig. 3(B), BCL-XL was expressed in all
cell lines with the weakest expression in clearCa-6,
whereas BCL-2 was weakly expressed in all RCC cell
lines with strongest expression in clearCa-11.

3.6. Combined treatment of TRAIL and HA14-1 in
TRAIL-sensitive cell lines results in a synergistic
activation of caspase-9 and apoptosis

So far, we could show that the mitochondrial path-
way of apoptosis in RCC cell lines is impaired by re-
sistance mechanisms lying on the level or upstream of
mitochondrial activation. To further locate the level of

resistance, we treated the RCC cell lines with a combi-
nation of TRAIL and HA14-1. If HA14-1 was able to
enhance TRAIL-induced apoptosis by additional acti-
vation of the mitochondrial pathway of apoptosis, re-
sistance had to be located on the level of the mitochon-
dria themselves. Therefore, one sensitive (clearCa-11)
and one resistant RCC cell line (clearCa-7) were pre-
treated with a dose of HA14-1 (25 µM), that only in-
duced minimal apoptosis – as determined by PARP
cleavage – before administration of a combination of
TRAIL (25 ng/ml in clearCa-11 and 100 ng/ml in
clearCa-7) and HA14-1 (25 µM). These investigations
revealed in the TRAIL sensitive cell line clearCa-11 a
synergistic reduction of cell number (Fig. 6). In con-
trast, in the TRAIL-resistant cell line clearCa-7 no
synergistic reduction of cell number was observed.
Administration of TRAIL alone resulted in a strong
cleavage of PARP in the TRAIL-sensitive cell lines
clearCa-6 and clearCa-11 after 12 h, without cleav-
age of caspase-9 (Fig. 7). HA14-1 alone in the dose
of 25 µM induced no or just a weak cleavage of
caspase-9 and only weak cleavage of PARP (Fig. 7).
Combination treatment of HA14-1 and TRAIL, how-
ever, revealed a strong and synergistic activation of
caspase-9 as well as PARP-cleavage (Fig. 7). Thus,
our results clearly demonstrate that TRAIL is able to
activate the mitochondrial apoptosis pathway in these
RCC cell lines. It is reasonable to assume, that the
effects of HA14-1 on the mitochondria are at least
in part mediated by inhibition of the antiapoptotic
BCL-2 family members. In addition, these experiments
clearly demonstrate that resistance towards the mito-
chondrial apoptosis pathway is not located upstream of
the mitochondria but on the level of the mitochondria
themselves, since the death receptor mediated apop-

Fig. 6. Effect of combined treatment of TRAIL and HA14-1 on RCC cell number. Synergistic reduction of cell number in the TRAIL-sensitive
cell line clearCa-11 after combined exposure to 25 µM HA14-1 and 25 ng TRAIL after 24 h. No effect in the TRAIL-resistant cell line clearCa-7
after combined treatment with HA14-1 (25 µM) and TRAIL (100 ng/ml) after 24 h. (Data represent median ± standard deviation in three
independent experiments.)
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Fig. 7. Western Blot analysis of caspase-9- and PARP-cleavage after combined exposure to HA14-1 and TRAIL. Strong caspase-9 and
PARP-cleavage in the TRAIL-sensitive cell lines clearCa-6 and clearCa-11 after combined treatment with TRAIL (100 ng) and HA14-1 (25 µg)
after 12 h as markers for synergistic activation of the mitochondrial pathway of apoptosis. No cleavage of PARP and caspase-9 in the resistant
cell lines clearCa-2 and clearCa-7 after combined treatment with TRAIL (100 ng/ml) and HA14-1 (25 µM) after 12 h.

totic signal can be conducted to the mitochondria as
soon as the BCL-2 proteins are inactivated.

Another situation is found in the TRAIL resistant
cell lines clearCa-2 and clearCa-7, where cotreatment
with TRAIL and HA14-1 did not induce a synergis-
tic activation of the mitochondrial apoptosis pathway
(Figs 6 and 7). HA14-1 only resulted in a weak ac-
tivation of caspase-9 and PARP in clearCa-2, which
could not be further increased by exposure to TRAIL.
TRAIL itself did not induce any caspase-9- or PARP-
activation, confirming the results presented in Fig. 2.
This can be explained by the observation that TRAIL
was not able to induce caspase-8 cleavage in these cell
lines (Fig. 2). Thus, the extrinsic apoptotic signalling
pathway is not induced in the resistant cell lines and
no signal is transduced to the mitochondria. As a re-
sult, inactivation of the antiapoptotic members of the
BCL-2 family by HA14-1 is not able to synergistically
activate the mitochondrial pathway of apoptosis, since
the extrinsic apoptotic stimulus does not even reach the
mitochondria.

4. Discussion

In this study we show for the first time that impair-
ment of mitochondrial apoptosis in RCC cell lines is
not due to defects in the signalling pathways upstream
or downstream of the mitochondria: much more, the
components of the mitochondrial apoptosis pathway
are available and functionally inducible, though be-
ing repressed by the antiapoptotic members of the
BCL-2 family. Thus, apoptosis resistance is located on
the level of the mitochondria themselves. This repres-
sion can be overcome by HA14-1, showing that resis-
tance mechanisms located on the level of the mitochon-
dria (e.g., overexpression of antiapoptotic BCL-2 fam-
ily members) are – at least in part – responsible for the
well known apoptosis resistance of RCC cell lines and,
in consequence, for the “multidrug-resistance” pheno-
type of RCCs (for a simplified diagram comprising the
substances and apoptotic pathways investigated in this
study see Fig. 8). However, the exact mechanisms by
which HA14-1 overcomes this resistance remains ob-
scure and has to be elucidated in future experiments.
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Fig. 8. Simplified diagram comprising the substances and apoptotic pathways investigated in this study. The substances and proteins analysed
in this study are bold. The bold lines with arrow heads mean induction or activation, the bold dotted lines with diamond heads mean inhibition.
Feedback loops are marked by thin curved dotted lines with arrow heads. (This diagram is simplified and makes no claim to be complete.)
Abbreviations: Anti-Apo BCL-2 FM – antiapoptotic BCL-2 family members; Cyto C – cytochrome C; Pro-Apo BCL-2 FM – proapoptotic
BCL-2 family members.

In our experiments we could show for the first
time that sensitivity towards TRAIL-induced apopto-
sis correlated with cleavage of caspase-8, whereas no
or just weak mitochondrial activation could be ob-
served either in TRAIL-sensitive or -resistant RCC cell
lines. Therefore, we first investigated resistance mech-
anisms possibly responsible for the observed differ-
ences in TRAIL-mediated caspase-8 activation, before
we analysed the obvious impairment of the mitochon-
drial apoptosis pathway: we observed no correlation
between susceptibility towards TRAIL and expression
of the important caspase-8 inhibiting genes cFLIPL

and cFLIPs [34,35] or PED/PEA-15 [36]. Previous in-
vestigations on our cell lines revealed that TRAIL-
sensitivity did not correlate with expression of DR4 or
DR5 [4]. As a result, resistance mechanisms towards
TRAIL-induced apoptosis based on the expression of
these genes in RCCs could be excluded. Future exper-
iments will have to identify the underlying resistance
mechanisms: these could comprise mutations in the

DR4 or DR5 receptor [37–39], disturbances in DISC
assembly etc.

In the following we focussed our analysis on the mi-
tochondrial apoptosis pathway. Therefore, we exam-
ined mitochondrial apoptosis by exposing RCC cell
lines to four agents – TRAIL, etoposide, HA14-1 and
betulinic acid – known to target the mitochondrial
pathway of apoptosis by different mechanisms. By
means of these agents we were able to locate the level
of resistance in mitochondrial apoptosis.

In certain cell types TRAIL can activate the mito-
chondrial pathway by Bid-mediated crosstalk between
the extrinsic and mitochondrial pathway. Mitochondr-
ial activation results in caspase-9 cleavage, which in
turn results in activation of the executioner caspases.
However, in our experiments no, respectively late and
weak cleavage of caspase-9 in RCC cell lines could
be observed after exposure to TRAIL. Additionally,
no cytochrome C release from the mitochondria was
detected in any cell line: concerning clearCa-11 this
was surprising at first glance, since a weak caspase-9
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cleavage after TRAIL administration was observed in
this cell line; thus, at least a little cytochrome C re-
lease was expected. However, it is well known, that
the caspase-cascade is not a one-way street and ini-
tiator caspases can be cleaved by effector caspases
by feedback mechanisms [40,41]. Furthermore direct,
cytochrome C independent caspase-9 activation by
caspase-8 has been shown recently [42,43]. Finally the
missing cytochrome C detection in the cytosolic frac-
tion of clearCa-11 after TRAIL application could be
due to the sensitivity of the method applied. Be it as it
may, the missing or just minimal cleavage of caspase-9
in concordance with the lacking cytochrome C release
into the cytosol after administration of TRAIL leads
to the conclusion, that the mitochondrial pathway of
apoptosis is functionally repressed in RCC cell lines.
This repression of the mitochondrial pathway of apop-
tosis can occur on different levels of the signalling cas-
cade: upstream of the mitochondria, transduction of
the apoptotic signal can be impaired by inhibition of
Bid-cleavage [44] or sequestration of Bax and Bak,
necessary to transmit the proapoptotic signal from Bid
to the mitochondria. On the level of the mitochon-
dria, overexpression of antiapoptotic members of the
BCL-2 family, like BCL-2 and BCL-XL, might be
responsible for impaired apoptosis. Downstream of mi-
tochondrial activation, impaired assembly of the apop-
tosome could be responsible for missing caspase-9
activation. However, it was shown in previous in vivo
studies that RCCs own a functional apoptosome [45].

To further clarify the resistance-mechanisms to-
wards the mitochondrial apoptosis pathway, we
analysed the different death pathways induced by
etoposide, HA14-1 and betulinic acid. Our exper-
iments revealed that etoposide, betulinic acid and
HA14-1 resulted in a significant reduction of cell num-
ber in all RCC cell lines. However, we could show
for the first time that DNA-damaging etoposide could
not increase cytochrome C efflux from mitochondria in
any of the cell lines. Furthermore, in most cell lines,
etoposide could not induce cleavage of caspase-8,
caspase-9 or PARP and, moreover, morphological
changes induced by etoposide were necrosis-like, indi-
cating that the strong reduction of cell number was due
to necrosis-like cell death.

In our experiments only the putative BCL-2 antag-
onist HA14-1 in a concentration of 50 µM was able
to strongly induce the mitochondrial apoptosis path-
way with release of cytochrome C into the cytosol as
well as cleavage of caspase-9 and PARP in all cell
lines and morphological induction of apoptosis. This

demonstrates that caspase-9-cleavage in RCC cell lines
is in principle functional. However, the fast and strong
activation not only of caspase-9 but also of caspase-8
by HA14-1 was surprising and pointed to the fact, that
inhibition of the antiapoptotic family members of the
BCL-2 family was not the only mechanism by which
HA14-1 induced apoptosis [46,47]: on the one hand it
is well known that apoptosis is not a one way street
and multiple feedback mechanisms exist, by which ex-
ecutioner caspases (like caspase-3) can activate ini-
tiator caspases (like caspases-2, -8 and -9) [40,41].
On the other hand the very fast and strong caspase-
activation after administration of HA14-1 in a con-
centration of 50 µM makes it arguable, that inhibi-
tion of the antiapoptotic BCL-2 family members is the
only mechanism responsible for apoptosis induction
by HA14-1. Much more, HA14-1 induced apoptosis
has also been attributed to generation of reactive oxy-
gen species (ROS) by rapid degradation of HA14-1
itself in the culture medium [46,47]. Thus, it is rea-
sonable to assume that in our cell lines a combina-
tory effect of ROS-generation and inhibition of the
antiapoptotic BCL-2 family members was responsible
for the observed fast and strong apoptosis induction.
The fact that the cell line expressing the weakest
levels of BCL-2 and BCL-XL (clearCa-6) exhibited
the “weakest” apoptosis induction upon H14-1 ad-
ministration makes it plausible that the HA14-1 me-
diated proapoptotic effects are at least in part medi-
ated by inhibition of the antiapoptotic members of the
BCL-2 family. Consistently, our experiments revealed
that betulinic acid, which is known to induce the mi-
tochondrial pathway only in BCL-2-deficient cells,
did not lead to an increase in cytochrome C re-
lease or caspase-9- and PARP-cleavage in any RCC
cell line, which expressed high levels especially of
BCL-XL. Morphologically, betulinic acid induced typ-
ical necrosis-like cell death like etoposide.

Conclusively, exposure to HA14-1 can activate the
mitochondrial pathway downstream of the mitochon-
dria resulting in apoptosis, in contrast to etoposide and
betulinic acid.

To further clarify, if the impairment of the mito-
chondrial pathway in TRAIL-mediated apoptosis was
located upstream of the mitochondria at the connec-
tion of extrinsic and intrinsic apoptotic pathway or on
the level of the mitochondria themselves we cotreated
the RCC cell lines with HA14-1 in a concentration
which did not or just barely activate the mitochondr-
ial pathway (25 µM) and TRAIL: synergism between
HA14-1 treatment and anticancer therapies could be
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demonstrated in different cell lines and with differ-
ent substances including TRAIL in colon carcinoma
and leukaemia cell lines [46]. Although the exact
mechanism of action of HA14-1 remains obscure and
has to be determined in further experiments, cotreat-
ment of RCC cell lines with HA14-1 further sen-
sitized the TRAIL-sensitive cell lines clearCa-6 and
clearCa-11 synergistically towards TRAIL-induced
apoptosis. This synergistic apoptosis-induction was
due to an additional activation of the mitochondrial
pathway as determined by caspase-9-cleavage. In con-
clusion, HA14-1 is able to synergistically activate the
mitochondrial apoptosis pathway in TRAIL-induced
apoptosis: it is well known that ROS can enhance
TRAIL-induced apoptosis by Bax translocation and re-
duction of the mitochondrial membrane potential [48].
Furthermore, TRAIL itself induces oxidative stress in
cancer cells [49], and inhibition of ROS can impair
this TRAIL-mediated caspase-8 activation [50]. This
goes in concert with our own observation that TRAIL
strongly enhances expression of Gluthathion peroxi-
dase in TRAIL-sensitive RCC cell lines pointing at an
increased cellular oxidative stress after TRAIL appli-
cation [51].

These results clearly demonstrate that the proapop-
totic pathways upstream of the mitochondria are func-
tional: TRAIL-mediated caspase-8-cleavage is able to
transduce the proapoptotic signal to the mitochondria
with the BCL-2 family members inactivated. Obvi-
ously the proapoptotic members of the BCL-2 fam-
ily responsible for transmitting the TRAIL mediated
proapoptotic signal in RCC cell lines – like Bid – are
intact and functional.

In the TRAIL-resistant cell lines clearCa-2 and
clearCa-7, however, we could not observe an in-
crease in apoptosis after treatment with only weakly
apoptosis-inducing doses of HA14-1. Obviously,
HA14-1 could not evolve its synergistic proapoptotic
effects since the initial TRAIL-mediated caspase-8-
cleavage did not occur and, as a result, no apoptotic
signalling cascade could be induced and transmitted to
the mitochondria.

Taken together, our results show for the first time
that sensitivity to TRAIL-induced apoptosis correlates
with caspase-8 cleavage in RCC cell lines without or
just weak activation of the mitochondrial apoptosis
pathway. We answer the question whether the mito-
chondrial pathway is defect and uninducible or just re-
pressed by inhibitors: here we show that the compo-
nents of the mitochondrial apoptosis pathway upstream
and downstream of the mitochondria are present, avail-

able, intact and inducible in RCC cell lines. However,
the mitochondrial apoptosis pathway is repressed on
the level of the mitochondria and it is reasonable to
assume that the antiapoptotic BCL-2 family members
are – at least in part – responsible for the broad apop-
tosis resistance of RCC cell lines and the so called
“multidrug-resistance-phenotype” which can be over-
come by a combination of the HA14-1 mediated in-
duction of ROS as well as its inhibitory effect on these
BCL-2 family members. The exact mechanism, how-
ever, by which HA14-1 exerts its synergistic function
on TRAIL-mediated apoptosis has to be determined in
future experiments.
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