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abstract

Tumor necrosis factor-related apoptosis inducing ligand (TRAIL) is a cytokine with potential 
application as an anticancer agent, although not all cancer cells are sensitive to TRAIL. Ef-
ficacy of proteasome inhibitors in enhancing TRAIL sensitivity has been reported in cervi-
cal cancer cells. Growing evidence now suggests that TRAIL induces apoptosis selectively 
either through TRAIL receptor DR4 or DR5 in different cancer cells. In the present study the 
mechanism of differential TRAIL receptor activation, leading to enhanced cell death follow-
ing treatment with the proteasome inhibitor bortezomib, was further elucidated. We show 
that bortezomib increases both DR4 and DR5 cell surface expression in TRAIL resistant SiHa 
and TRAIL intermediate sensitive HeLa cervical cancer cells. Remarkably, we discovered 
that bortezomib treatment enhanced agonistic DR4 and DR5 antibody-induced cell death 
through distinct apoptotic pathways. Following DR4 activation bortezomib enhances apop-
tosis in SiHa cells by increasing caspase-8 and -3 activation and c-FLIP and XIAP cleavage. 
Bortezomib-enhanced apoptosis via DR5, however, requires mitochondria-mediated events 
through p53-dependent Bax induction, independent of Bid. In intermediate TRAIL sensitive 
HeLa cells, which inherently require mitochondrial amplification to induce apoptosis, bort-
ezomib treatment following DR4 activation enhanced apoptosis by increasing caspase-8 and 
-3 activation and c-FLIP and XIAP cleavage. Bortezomib-enhanced apoptosis in HeLa, follow-
ing DR5 activation, proceeds via the mitochondrial apoptotic pathway through Bid cleavage, 
independently of p53 and Bax. In both cell lines the sensitizing effects of bortezomib on DR4 
activation, but not DR5 activation, can be mimicked with c-FLIP and XIAP RNA interference. 
The clinical implication of activating distinct apoptotic pathways via DR4/DR5 should be ac-
counted for when selecting chemotherapeutic or targeted agents for combination therapies to 
enhance the efficacy of DR4/ DR5 selective targeted drugs. 
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introduction

Pre-clinical studies have shown that ~50 % of the cancer cell lines, including cervical cancer 
models, are sensitive to the apoptosis inducing ligand tumor necrosis factor (TNF)-related 
apoptosis-inducing ligand (TRAIL), while others are extremely resistant (1-3). Numerous rea-
sons have been suggested for this difference, including the differential cell surface expression 
of the pro-apoptotic TRAIL receptor 1 (death receptor 4; DR4) and 2 (death receptor 5; DR5). 
Proteasome inhibitors are potent re-sensitizers of TRAIL resistant cancer cell lines including 
cervical, lung, hepatocellular, renal, glioma, hepatoblastoma, myeloma, neuroblastoma and 
breast cancer cell lines by upregulating pro-apoptotic proteins, among others p53, DR4 and 
DR5 and by downregulating anti-apoptotic proteins (4-16). 

Characteristic of cervical cancer is the presence of human papilloma virus (HPV) DNA in 
more than 99% of these tumors (17-20). Oncogenic HPV E6 protein inactivates tumor suppressor 
gene products p53 via enhanced proteasomal degradation of p53, while oncogenic HPV E7 pro-
tein inactivates retinoblastoma (pRb), thus inhibiting apoptosis and stimulating cell cycle progres-
sion (21). Hence, proteasome inhibition among others restoring p53 functionality may provide an 
interesting approach for the treatment of HPV positive cervical cancer also in combination with 
TRAIL. This is especially of interest, since p53 is a transcriptional activator of among other pro-
teins Bax, DR4 and DR5 (22) and cervical cancers frequently express DR4 and DR5 (23, 24). 

Binding of trimeric TRAIL to DR4 and DR5 induces receptor trimerization, activation and 
recruitment of adaptor proteins to form the death inducing signaling complex (DISC). Three 
other TRAIL-binding receptors, decoy receptor 1 (DcR1), decoy receptor 2 (DcR2) and osteo-
protegrin, are unable to transmit an apoptotic signal and are, therefore, considered “decoy re-
ceptors”. Procaspase-8 and/or procaspase-10 recruitment to the DISC results in their oligomer-
ization and autoactivation by cleavage. Cellular FLICE-inhibitory protein (c-FLIP), a caspase-8 
homolog which lacks enzymatic activity, is an important inhibitor of procaspase-8 activation at 
the DISC. It competes with procaspase-8 for binding to FADD and interferes with its activation 
(25). Caspase-8/-10 can activate executioner caspases (procaspase-3, -6 and -7) and/or cleave 
BH3-only protein Bid to initiate the mitochondrial (intrinsic) apoptotic pathway. Truncated Bid 
(tBid) activates Bax and/or Bak to induce mitochondrial membrane permeabilization and release 
of apoptogenic proteins from the mitochondria, such as cytochrome c and SMAC/Diablo (26, 
27). The anti-apoptotic proteins, Bcl-2, Bcl-xL and myeloid cell leukemia-1 (Mcl-1), inactivate 
Bax and Bak and thus block apoptosis (28-32). Activation of executioner caspases is regulated by 
X-linked inhibitor of apoptosis protein (XIAP), which directly binds to and inhibits caspase-3, -7 
and -9 (33, 34). The inhibitory activity of XIAP in turn is repressed by SMAC/Diablo. 

  TRAIL-resistant cell lines can be effectively sensitized with proteasome inhibitors to 
TRAIL by regulating the expression of pro-apoptotic (p53, Bax, DR4, DR5), and anti-apoptotic 
proteins (c-FLIP, XIAP, Bcl-XL) (35-38). Furthermore, proteasome inhibition has been shown 
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to enhance Bid cleavage, prevent tBid degradation and thus promote mitochondria-medi-
ated apoptosis (39, 40). Following proteasome inhibition with the non-clinically applicable 
drug MG132, cervical cancer cells were sensitized to rhTRAIL by upregulating DR4 and DR5 
expression and inactivating XIAP (23). In ex-vivo cervical explants, we demonstrated that 
MG132 strongly enhanced recombinant human TRAIL (rhTRAIL) sensitivity in cervical neo-
plasia compared to normal cervical tissue (36).  

Evidence suggests that TRAIL can induce apoptosis through either DR4 or DR5 in differ-
ent cancer cells. It is known that TRAIL-induced apoptosis is transduced via DR4 but not DR5 
in chronic lymphocytic leukemia (CLL) (41, 42). Conversely, breast, colon, glioma, lymphoma 
and some leukemia cell lines transduce TRAIL-induced apoptosis preferentially through DR5, 
regardless of the presence of both DR4 and DR5 on the cell surface (1, 43-45). Furthermore, 
combinations of rhTRAIL and chemotherapy, radiation therapy and biological agents can 
result in specific activation of DR4 or DR5 signaling, as observed in cervical cancer cells (3, 37, 
46). Therefore, alternative strategies for targeting death receptors such as agonistic antibodies, 
and TRAIL variants that selectively activate DR4 or DR5 have been developed (3). 

In this study, we have investigated the mechanisms of rhTRAIL sensitization by the clini-
cally applicable proteasome inhibitor bortezomib in HPV-positive cervical cancer cell lines 
and examined whether proteasome inhibition alters DISC assembly. We highlight how selec-
tive DR4 versus DR5 activation using death receptor selective antibodies in combination with 
bortezomib results in distinct apoptotic pathway transduction in individual cervical cancer 
cell types. In addition, we elucidate the role of p53, Bid and Bax in the sensitization of HPV-
positive cervical cancer cells to DR4- and DR5-mediated apoptosis. 

materiaLs and methods

Reagents and chemicals
Dulbecco’s Modified Eagles Medium (DMEM), Nutrient Mixture F-12 (HAM) medium and 

trypsin stock (10x) solution were obtained from Invitrogen-Life Technologies (Merelbeke, Bel-
gium). Fetal calf serum (FCS) was purchased from Bodinco (Alkmaar, the Netherlands), and 
3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT) from Sigma-Aldrich (Zwi-
jndrecht, the Netherlands). Bortezomib (VelcadeTM) was provided as a pure substance by Millen-
nium Pharmaceuticals Inc. (Cambridge, MA) and dissolved in sodium chloride. RhTRAIL was 
produced following a protocol described previously (47). The agonistic monoclonal antibodies 
against DR4 (HGS-ETR1, mapatumumab) and DR5 (HGS-ETR2, lexatumumab, or TR2J) were 
fully human monoclonal antibodies provided by Human Genome Sciences (Rockville, MD). 

Cell lines and cell culture. The human cervical carcinoma cell lines CaSki, HeLa S3 (HeLa) 
and SiHa were obtained from the American Type Culture Collection (ATCC, Manassas, VA). 
Cells were grown at 37˚C in a humidified atmosphere with 5% CO2 in 1:1 DMEM/HAM me-
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dium supplemented with 10% FCS. All cell lines contain wild-type p53. Cells were detached 
with 0.05% trypsin/0.5 mM EDTA in phosphate-buffered saline (PBS; 0.14 mM NaCl, 2.7 mM 
KCl, 6.4 mM Na2HPO4. 2 H2O, 1.5 mM KH2PO4, pH 7.4). 

Cytotoxicity assay
The microculture tetrazolium (MTT) assay was used to determine the cytotoxic activity. In 

a 96-well culture plate 3,000 HeLa cells, 7,000 CaSki cells and 5,000 SiHa cells were incubated 
in a total volume of 200 µl. Treatment consisted of 72 h continuous incubation with different 
concentration of rhTRAIL with or without 16 h pre-incubation of 10 nM bortezomib.  Cytotox-
icity was determined 4 days later by the addition of 5 mg/ml MTT-solution incubated for 3.5 
h at 37°C. Formazan product formed was read at 520 nm on a microtiter well spectrophotom-
eter (Benchmark Microplate Reader, Bio-Rad Laboratories Inc., Veenendaal, the Netherlands). 
Controls consisted of media alone (background extinction) and with cells. Cell survival was 
defined as the growth of treated cells compared to untreated cells.

RNA interference
Double-stranded siRNA specific against c-FLIP, XIAP, Bid, p53 and Bax were synthe-

sized by Eurogentec (Seraing, Belgium). The double-stranded c-FLIP siRNA sequence was 
5’GAGGUAAGCUGUCUGUCGG-dTdT3’ (sense) and 5’CCGACAGACAGCUUACCUC-dT-
dT3’ (anti-sense). The XIAP siRNA sequence was 5’GUGGUAGUCCUGUUUCAGC-dTdT3’ 
(sense) and 5’GCUGAAACAGGACUACCAC-dTdT3’ (anti-sense). The Bid siRNA sequence 
was 5’GAAUAGAGGCAGAUUCUG-dTdT3’ (sense) and 5’UCAGAAUCUGCCUCUAUUC-
dTdT3’(anti-sense). The p53 siRNA sequence was 5’GCAUGAACCGGAGGCCCAU-dTdT3’ 
(sense) and 5’AUGGGCCUCCGGUUCAUGC-dTdT3’ (anti-sense). The Bax siRNA sequence 
was 5’GGUGCCGGAACUGAUCAGA-dTdT3’ (sense) and 5’UCUGAUCAGUUCCGGCACC-
dTdT3’ (anti-sense). The negative control siRNA, with no known homology with human genome, 
was purchased from Eurogentec (Seraing, Belgium). HeLa and SiHa cells were transfected in 
6-wells plates at 30-50% confluency with 33 nM siRNA duplexes using Oligofectamine transfec-
tion reagent according to the manufacturer’s instructions (Invitrogen-Life Technologies, Breda, 
the Netherlands). After 24 h, cells were harvested for apoptosis assay or protein isolation. 

Flow cytometry
Cells were harvested by trypsinization, washed in cold PBS and diluted in cold PBS con-

taining 2% FCS and 0.1% sodium azide. Cells were incubated on ice for 30 min with PE conju-
gated mouse anti-human DR4 or DR5 antibodies (Alexis Benelux, Breda, the Netherlands) at a 
final concentration of 20 µg/ml. PE conjugated mouse IgG1 (BD Pharmingen, Erembodegem, 
Belgium) served as isotype control. After washing, cells were resuspended in 200 µl PBS/2% 
FCS/0.1% sodium azide and analyzed (10,000 cells) by flow cytometry (Epics Elite, Beckman 
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Coulter Inc., Fullerton, CA). The fluorescence intensity is a measure for death receptor expres-
sion on the cell surface. For every treatment condition three independent experiments were 
performed which were normalized to each other using total fluorescence. 

Detection of apoptosis
In a 96-well culture plate 5,000 of CaSki, HeLa or SiHa cells were seeded in 200 µl of cul-

ture medium. The following day cells were treated with bortezomib 18 h prior to addition of 
0.1 µg/ml rhTRAIL, 10 nM HGS-ETR1 or 10 nM HGS-ETR2 or TR2J for a further 6 h. Cells 
were seeded with only medium or single drug treatment. Nuclear chromatin was stained 
with acridine orange to identify apoptosis by fluorescence microscopy.  

Detection of caspase activity
Cells were harvested, spun down and the pellet was resuspended in PBS, 25 ml, in dupli-

cate, was transferred to microtiter plate wells and snap-frozen over liquid nitrogen. To initi-
ate the reaction, 50 mM of the caspase substrate carbobenzoxy-Asp-Glu-Val-Asp-7-amino-4-
methylcoumarin (DEVD-AMC) (Peptide Institute Inc., Osaka, Japan) in assay buffer (100 mM 
Hepes buffer, 10% sucrose, 0.1% 3[(3cholamidopropyl)-dimethylammonio]-1 propanesulpho-
nate (CHAPS), 5 mM DTT and 0.0001% Igepal 630, pH 7.25) was added to cell lysates. Sub-
strate cleavage leading to the release of free AMC was monitored at 37°C at 60 sec intervals 
for 25 cycles using a Varioskan microplate reader (Thermo Scientific, Breda, the Netherlands) 
at excitation wavelength 355 nm and emission wavelength 460 nm.  Enzyme activity was ex-
pressed as nmol AMC released/min/mg protein.

Proteasome activity assay
The proteasome activity assay measures the activity of the chymotrypsin-like, trypsin-like 

and peptidylglutamyl peptide hydrolyzing-like (PGPH-like) regions of the proteasome. N-Succ-
LLVY-AMC (Calbiochem, Merck, Amsterdam, the Netherlands), Z-ARR-AMC (Calbiochem) and 
Z-LLE-AMC (Calbiochem) were the substrates used to measure chymotrypsin-like, trypsin-like 
and PGPH-like activity, respectively. Following treatment, the proteasome was extracted through 
two freeze-thaw cycles carried out in Tris/MgCl2 whole cell lysates (13 mM Tris, 5 mM MgCl2) at 
pH 7.8. The samples were then prepared in a substrate buffer made from lysis buffer (5 mM ATP, 
0.5 mM DTT and Tris/MgCl2), 50 mM EDTA and the proteasomal substrate (57 µM). Activity was 
measured as the rate of fluorescent substrate cleavage determined by monitoring released AMC 
on the Wallac Victor 3 plate reader (Wallac) at an excitation wavelength of 395 + 25 nm and emis-
sion wavelength of 460 + 40 nm. The protein concentration of the lysates was determined by BCA 
protein assay (Pierce, Promega Benelux, Leiden, the Netherlands) according to the manufacturer’s 
instructions. The proteasome assay was run over 30 cycles, with 1 measurement per min at 37oC, 
changes in activity were expressed in nmol AMC released/min/mg protein. 
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Western blot analysis
Exponential growing cells were harvested, washed in cold PBS and lyzed in SDS sample buf-

fer (4% SDS, 20% glycerol, 0.5 M Tris-HCl, pH 6.8 and 0.002% bromophenol blue) containing 10% 
2-β-mercaptoethanol, by boiling for 5 min. Proteins were separated on a SDS-polyacrylamide gel 
and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore BV, Etten-Leur, the 
Netherlands) by semi-dry or wet blotting. Western blotting was performed as described by Santa 
Cruz Biotechnology (Heerhugowaard, the Netherlands) using skim milk as blocking agent. Equal 
loading of protein was checked by Coomassie Brilliant Blue (Bio-Rad Laboratories BV, Veenendaal, 
the Netherlands) staining of the SDS-polyacrylamide gel and Ponceau-S (Sigma-Aldrich) staining 
of the PVDF membrane. The following antibodies were applied: anti-p53 (DO-1) and anti-Bax 
were purchased from Santa Cruz Biotechnology, anti-caspase 8 (1C12), anti-caspase 3 (9662) and 
anti-cleaved caspase 3 (9661s) antibodies from Cell Signalling Technology (Leusden, the Neth-
erlands), anti-caspase 9 from BD Pharmingen (Breda, the Netherlands), anti-FLIP (NF6) from 
Alexis (Raamsdonksveer, the Netherlands), anti-XIAP and anti-FADD from Transduction Labo-
ratories (Alphen aan de Rijn, the Netherlands), anti-p21 from Oncogene Research (Cambridge, 
MA, USA). Anti-Bid was a kind gift from Dr. J. Borst (Netherlands Cancer Institute, Amsterdam, 
the Netherlands), anti-DR4 and anti-DR5 from Prosci (Poway, CA) and anti-Actin (C4) from ICN 
(Zoetermeer, the Netherlands). Secondary antibodies conjugated with horseradish peroxidase 
(HRP) were obtained from DAKO (Glostrup, Denmark). Chemiluminescence was detected using 
BM Chemiluminescence Blotting Substrate (POD) or Lumi-LightPLUS Western blotting substrate 
(Roche Diagnostics, Almere, the Netherlands).

Immunoprecipitation
Cells were harvested and centrifuged at 150 g. The pellets were resuspended in 1 ml of their 

own supernatant and incubated with DR4 antibody (HGS-ETR1), DR5 antibody (TR2J) or left 
untreated for 15 min at 37°C. PBS was added to stop the reaction, cells were centrifuged for 5 
min, washed and re-centrifuged. The cells were incubated for 30 min in ice-cold lysis buffer (20 
mM Tris-HCl, 150 mM NaCl, 0.2% NP-40, 10% glycerol, 1 mM PMSF, pH 7.5). After addition 
of DR4 or DR5 antibody to the unstimulated control, cells were centrifuged and the pellets 
discarded. The supernatant was pre-cleared and incubated with protein B Sepharose beads (20 
µl per IP) for 2 h at 4°C, and spun briefly to pellet the beads. Supernatants were transferred to 
fresh Eppendorf tubes and the protein concentration determined. Approximately 100 µg of each 
diluted sample was kept for total cell lysate samples. Protein G agarose beads (50 µl/IP) were 
added to samples and incubated for 3 h at 4°C on a rotator. Cells were pelleted, the superna-
tant (control antibody bound to the beads) was stored at -80°C. The beads were washed twice 
with lysis buffer, once with PBS and resuspended in SDS sample buffer. Total cell lysates and 
supernatant were resuspended in SDS sample buffer. Samples were mixed, boiled for 5 min and 
centrifuged for 2 min at 4°C. Supernatants obtained were the IP samples. 
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Statistics
Data were analyzed using unpaired two-tailed Student’s t-test. A P-value < 0.05 was consid-

ered significant. Statistical analysis was performed using SPSS 18 for Windows (SPSS Inc).  

resuLts

Bortezomib enhances TRAIL-induced apoptosis in SiHa, HeLa and CaSki cells
To examine the sensitivity of cervical cancer cells to rhTRAIL in combination with bor-

tezomib, the minimum bortezomib concentration necessary to reduce proteasome activity by 
50%, without compromising cell viability at 72 h, was identified. Bortezomib (10 nM) reduced 
proteasome enzyme activity in SiHa and HeLa cells at 6 h and most pronounced at 18 h (Fig. 
1A-B). In SiHa cells at 18 h, chymotrypsin-like-, PGPH-like-, and trypsin-like activities were 
reduced by 66% to 79% (Fig. 1A). In HeLa cells at 18 h, chymotrypsin-like, PGPH-like, and 
trypsin-like activities were reduced by 40 % to 70% (Fig. 1B). In CaSki cells, 5 nM bortezomib 
at 18 h was sufficient to decrease chymotrypsin-like and PGPH-like activities by 40% and 57%, 
respectively, while trypsin-like activity was not reduced (Fig. 1C).

SiHa, HeLa and CaSki cells were treated with bortezomib for 18 h followed by rhTRAIL 
for 72 h. Cell viability was assessed by MTT assay and decreased with higher concentrations 
of rhTRAIL (Fig. 1). The cell lines studied demonstrated varying degrees of sensitivity to 
TRAIL. SiHa cells were resistant to rhTRAIL, with no significant reduction in cell viability 
observed (Fig. 1A), HeLa cells showed a moderate decrease in cell viability (a reduction of 
38.6 ± 3.4% with 100 ng/ml rhTRAIL) (Fig. 1B), while CaSki cells demonstrated most cell death 
following rhTRAIL treatment (a reduction of 56.7 ± 3.3% with 100 ng/ml rhTRAIL) (Fig. 1C). 
In all three cell lines, bortezomib pre-treatment enhanced rhTRAIL-induced cell death (SiHa 
40.1 ± 5.1%, HeLa 56.4 ± 2% and CaSki 73.1 ± 10.1% with 100 ng/ml of rhTRAIL, Fig. 1).

Bortezomib enhanced TRAIL-induced apoptosis can act through DR4 and/or DR5 in cer-
vical cancer cells

The effect of bortezomib on the expression of cell surface TRAIL receptors was examined. 
Bortezomib treatment (10 nM; 18 h) increased the expression of DR4, DR5, DcR1 and DcR2 in 
SiHa and HeLa cells (Suppl. Fig. 1A-B). Bortezomib treated (5 nM; 18 h) CaSki cells demon-
strated increased expression of DR5, DcR1 and DcR2 with minimal increase in DR4 expres-
sion (Suppl. Fig. 1C).

Bortezomib pre-treated cells were treated with DR4 or DR5 agonistic antibodies to investigate 
whether the enhanced cell death observed was mediated by DR4 and/or DR5. In all three cervical 
cancer cell lines, bortezomib enhanced apoptosis following treatment with TRAIL ligands in a 
concentration and time dependent manner (Fig. 2). At 6 h, SiHa and HeLa cells, pre-treated with 
10 nM bortezomib, demonstrated a significant increase in apoptosis with DR4 and DR5 agonistic 
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Figure 1. Bortezomib enhances TRAIL-induced SiHa, HeLa and CaSki apoptosis. Proteasome inhibition 

in (A) SiHa (B) HeLa and (C) CaSki cells was measured at 6 h and 18 h following treatment with 10 nM 

bortezomib (5 nM in CaSki), after which the cells were harvested and proteasome enzymatic activity was 

measured. Proteasome enzymatic activity was expressed as average nmol AMC released per minute by 

1 mg total cellular protein ± SEM of three independent experiments. Cell viability of (A) SiHa, (B) HeLa 

and (C) CaSki cells following 18 h pre-incubations with bortezomib and treatment with increasing con-

centration of rhTRAIL (0-100 ng/ml) for 72 h. The graphs show average viability expressed as percentage 

of control ± SEM of three independent experiments.
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antibodies and rhTRAIL (Fig. 2). SiHa cells were more sensitive to agonistic antibody treat-
ment compared to rhTRAIL (Fig. 2A) while HeLa cells were more sensitive to DR4 than DR5 
or rhTRAIL (Fig. 2B). In line with the TRAIL receptor membrane expression pattern observed 
following bortezomib treatment (Suppl. Fig. 1), CaSki cells, pre-treated with 5 nM bortezomib, 
demonstrated an increase in apoptosis with agonistic DR5 antibody and rhTRAIL but not 
DR4 antibody treatment. 

Caspase activity assays confirmed apoptosis results in all three cell lines. In addition, cas-
pase activation was observed in a time dependent manner following agonistic DR4 and DR5 
antibody treatment of bortezomib pre-treated SiHa cells. Interestingly, caspase activation in 
HeLa cells appeared earlier following agonistic DR4 compared to DR5 antibody treatment, 
while caspase activation in Caski cells was predominantly observed with agonistic DR5 anti-
body treatment (Fig. 2).  

Bortezomib enhances TRAIL-induced apoptosis by increasing cleavage of caspases 
and XIAP

We further examined the mechanism of apoptosis induction by bortezomib in combina-
tion with rhTRAIL, agonistic DR4 or DR5 antibodies in SiHa and HeLa cells, representing 
rhTRAIL resistant and partially sensitive cells, respectively. In SiHa cells, although treatment 
with agonistic DR4 antibody resulted in cleavage of pro-caspase-8 (55/53 kDa) to the interme-
diate form (43/41 kDa), almost no cleavage to the active p18 form was observed with rhTRAIL 
and agonistic DR5 at 3 and 6 h (Fig. 3A). Treatment of rhTRAIL, agonistic DR4 and DR5 an-
tibodies alone did not result in cleavage of pro-caspase-9 in SiHa cells. Furthermore, only the 
p20 kDa cleavage product of caspase-3 was observed in SiHa cells with ligand treatment alone 
and was associated with an absence of caspase activity and apoptosis (Fig. 2A,3A). Pre-treat-
ment of SiHa cells with bortezomib resulted in full cleavage of caspase-8, -9 and -3, reflected 
in further cleavage of caspase-3 into p17 and p12 products. In HeLa cells, treatment with 
agonistic DR4 antibody, rhTRAIL and to a lesser extent agonistic DR5 antibody, resulted in 
increased caspase-8 and -3 processing. This cleavage was enhanced by bortezomib pre-treat-
ment at 3 and 6 h, in line with the apoptosis and caspase activity data (Fig. 2B, 3B). Caspase-9 
cleavage was observed following treatment of HeLa cells with rhTRAIL, agonistic DR4 and 
DR5 antibodies (Fig. 3B) and was only minimally enhanced by bortezomib pre-treatment. 

Proteasome inhibition in combination with rhTRAIL increases cleavage of XIAP and acti-
vation of caspase-3 (23). Therefore, we determined whether XIAP cleavage was enhanced in 
bortezomib pre-treated cells following the selective activation of DR4 or DR5 (Fig. 3). In SiHa 
cells, more XIAP cleavage was observed in bortezomib pre-treated cells exposed to agonis-
tic antibodies compared to rhTRAIL (Fig. 3A). In HeLa cells, XIAP cleavage was most pro-
nounced in bortezomib pre-treated cells treated with agonistic DR4 antibody (Fig. 3B).
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Figure 2. Bortezomib enhanced TRAIL-induced apoptosis can act through DR4 and/or DR5 in cervical 

cancer cells. Apoptosis assays using acridine orange staining in (A) SiHa, (B) HeLa and (C) CaSki cells 

following 18 h pre-incubation with 10 nM bortezomib (5 nM in CaSki) and treatment with 100ng/ml 

rhTRAIL or 10 nM of DR4 or DR5 agonistic antibody for 6 h. (SiHa cells; DR4 P = 0.006, DR5 P< 0.001, 

rhTRAIL P = 0.028, HeLa cells; DR4 P = 0.016, DR5 P = 0.017, rhTRAIL P = 0.05, CaSki cells; DR4 P = 0.126, 

DR5 P  = 0.016, rhTRAIL P = 0.007). Caspase activity was performed with similar concentrations of bort-

ezomib and rhTRAIL or DR4/5 for the times indicated, after which the cells were harvested and DEVDase 

activity was measured. DEVDase activity was expressed as average nmol AMC released per minute by 1 

mg total cellular protein ± SEM of three independent experiments. The * indicates significant differences 

(P < 0.05).
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Figure 3. Bortezomib enhances TRAIL-induced apoptosis by increasing caspase and XIAP cleavage. 

Western blot analysis of caspase-8, -9, -3 processing and XIAP cleavage in (A) SiHa and (B) HeLa cells 

following treatment with 100 ng/ml rhTRAIL, 10 nM of DR4 or DR5 agonistic antibodies ± bortezomib (10 

nM; 18 h) for the times indicated. Actin expression served as loading control. 
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Bortezomib enhances FADD and caspase-8 recruitment to the DISC with increased cas-
pase-8 and c-FLIPL cleavage

Chemotherapeutic agents enhance TRAIL-induced apoptosis by modulating pro- and 
anti-apoptotic proteins necessary for DISC formation (48, 49). To determine the effects of bor-
tezomib on protein recruitment to the DISC, DISC immunoprecipitation was performed on 
bortezomib pre-treated SiHa cells treated with agonistic DR4/DR5 antibodies for 30 min to en-
sure DISC formation. Agonistic DR4/ DR5 antibody immunoprecipitates (IPs) were subjected 
to Western blot analysis. Agonistic DR4 and DR5 antibody IPs of bortezomib pre-treated SiHa 
cell demonstrated increased recruitment of FADD and caspase-8 to the DISC and increased 
processing of caspase-8 and c-FLIPL compared to cells without bortezomib pre-treatment. 
This effect was more pronounced for the agonistic DR4 antibody treatment than the agonistic 
DR5 antibody treatment (Fig. 4A). Total cell lysates, not subjected to DISC IP, showed no 
change in basal c-FLIPL expression or cleaved c-FLIPL. Cleaved c-FLIPL or caspase-8 were not 
detectable in SiHa cell lysates after 30 min incubation with the agonistic DR4 or DR5 antibod-
ies (Fig. 4A). In HeLa cells, both cleaved c-FLIPL and caspase-8 were observed with DR4 or 
DR5 IPs independently from bortezomib treatment (Fig. 4B). With agonistic DR5 antibody IP 
even less cleaved caspase-8 and c-FLIPL was detected when cells were pre-treated with bort-
ezomib compared to bortezomib-untreated HeLa cells (Fig. 4B). In HeLa total cell lysates, an 
enhanced c-FLIP cleavage was observed with agonistic DR4 or DR5 antibody treatment. Re-
cruitment of c-FLIPS to the DISC was not observed in either cell line (data not shown). Western 
blotting demonstrated that similar amounts of DR4 or DR5 had been immunoprecipitated for 
the DISC analysis comparing DISC IP samples with or without bortezomib.

Bortezomib enhances mitochondrial-mediated apoptosis in SiHa cells independent of Bid 
In SiHa cells, bortezomib pre-treatment resulted in rhTRAIL-, DR4 and DR5 antibody- 

induced cleavage of pro-caspase-8 and-9 suggesting activation of mitochondria-mediated 
apoptosis. As Bid cleavage by caspase-8 has been known to initiate mitochondrial mediated 
apoptosis in some tumor cells, we chose to investigate Bid cleavage following TRAIL ligand 
treatment in these bortezomib pre-treated cells. Western blot analysis confirmed that bort-
ezomib resulted in Bid cleavage as decreased treatments (Fig. 5A). In HeLa cells, Bid cleavage 
was observed as early as 3 h following treatment with rhTRAIL and agonistic DR4 antibody, 
and at 6 h following agonistic DR5 antibody. Additional bortezomib pre-treatment did not 
further enhance Bid cleavage in HeLa cells (Fig. 5A). 

To assess whether Bid plays a role in TRAIL-induced apoptosis in SiHa and HeLa cells, 
Bid siRNA was used. The downregulation of Bid was confirmed by Western blot analysis 48 h 
post-transfection (Fig. 5B). Bid knockdown cells were treated with 10 nM agonistic DR4/DR5 
antibodies or 100 ng/ml rhTRAIL for 6 h. In SiHa cells, no significant difference in apoptosis 
was observed, although there was a trend for less apoptosis following agonistic DR5 anti-
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body and rhTRAIL treatment (Fig. 5C). HeLa cells transfected with Bid siRNA demonstrated 
significantly less rhTRAIL or the agonistic DR4/DR5 antibody-induced apoptosis than cells 
transfected with scramble siRNA and the effect of Bid knockdown was even greater in bort-
ezomib pre-treated cells (Fig. 5D). Similar results were obtained with varying concentrations 
of rhTRAIL or the agonistic DR4/DR5 antibodies (data not shown). These results demonstrate 
that in SiHa cells, while some Bid cleavage was observed with agonistic DR4 or DR5 antibody 
and rhTRAIL treatment, Bid has a minimal role in stimulating apoptosis following borte-
zomib pre-treatment of these cells. In contrast, in HeLa cells Bid cleavage plays an important 
role in rhTRAIL-, DR4 and DR5 antibody-mediated apoptosis.

Figure 4. Bortezomib pre-treat-

ment enhances recruitment of 

caspase-8 to the DISC. Analysis 

of proteins recruited to the DISC 

following selective death recep-

tor activation. (A) SiHa and (B) 

HeLa cells were pre-treated with 

10 nM of Bortezomib for 18 h fol-

lowed by 10 nM agonistic DR4 or 

DR5 antibodies for 30 min, suf-

ficient to allow DISC activation. 

DR4 and DR5 receptor complexes 

were immunoprecipitated and 

proteins bound to this complex 

assessed by Western blot analysis 

with anti-caspase-8, anti-FADD, 

anti-DR4, anti-DR5 and anti-c-

FLIP antibodies (left). On the 

right, basal protein levels (input) 

for all treatments were used as 

comparison.
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Figure 5. Bortezomib regulates TRAIL-mediated HeLa cell apoptosis through Bid induction. (A) Bid ex-

pression in SiHa and HeLa cells treated with 18 h bortezomib (pre-treatment) and agonistic DR4/5 anti-

bodies (10 nM) or rhTRAIL (100 ng/ml) for the times indicated. (B) Bid knockout after 48 h post-transfec-

tion of Bid siRNA. Actin expression served as loading control. (C) SiHa and (D) HeLa cell apoptosis and 

caspase activity assays. Both cell lines were treated with agonistic DR4/5 antibodies (10 nM) or rhTRAIL 

(100 ng/ml) for 6 h, after which apoptotic cells were stained with acridine orange. Graphs shown display 

the average cell death induced in three independent experiments + SD (left) and the DEVDase activities + 

SEM (right). The * indicates significant differences (P <  0.05).
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Bortezomib regulates DR5-mediated apoptosis through p53 induction in SiHa cells
Previously, we showed that proteasome inhibition using MG132 prevents HPV-mediated 

p53 degradation and activates p53 (23). Here, we show a time dependent induction of p53 with 
bortezomib treatment in SiHa and CaSki cells (Suppl. Fig. 2). In SiHa and HeLa cells, maximum 
induction of p53 was observed at 12 h. Similarly, maximum induction of p21, which is directly 
stimulated by p53 (50), was observed at 12 h in bortezomib treated cells (Suppl. Fig. 2). In addi-
tion, a dose dependent increase in p53 and p21 was present in both cell lines (data not shown).

To assess if the induction or stabilization of p53 plays a role in rhTRAIL-induced SiHa 
and HeLa cell apoptosis, cells were transfected with p53 siRNA. Downregulation of p53 was 
confirmed by Western blot analysis 48 h post-transfection with or without bortezomib pre-
treatment (Fig. 6A). P53 knockdown cells, pre-treated with bortezomib, were treated with 
rhTRAIL or agonistic DR4 or DR5 antibodies for 6 h at the concentrations indicated (Fig. 6B). 
In SiHa cells, no difference in apoptosis levels was observed with agonistic DR4 treatment of 
p53 knockdown cells and cells transfected with scramble siRNA. In contrast, treatment of p53 
knockdown cells with the agonistic DR5 antibody resulted in less apoptosis (P = 0.02) with 
only a minimal decrease in apoptosis observed following rhTRAIL treatment (Fig. 6B). Cas-
pase activity assays confirmed the apoptosis assay data with a significant effect of p53 siRNA 
on agonistic DR5 antibody-induced apoptosis (Fig. 6B, P = 0.04). In HeLa cells, knockdown 
of p53 reduced cell viability minimally. However, p53 knockdown did not affect TRAIL- or 
agonistic antibody induced- apoptosis in the presence or absence of bortezomib pre-treatment 
(Fig. 6C). Similar results were obtained with varying concentrations of rhTRAIL or the agonis-
tic DR4/DR5 antibody treatments in both cell lines (data not shown).

These data show that bortezomib enhances DR4-mediated apoptosis in a p53-independent 
manner in both cell lines. Bortezomib enhances DR5-mediated apoptosis in a p53-dependent 
manner in SiHa cells. 

Bax regulates mitochondria-mediated apoptosis in SiHa cells following bortezomib 
pre-treatment 

Bax is a p53-responsive gene, which activates the intrinsic apoptotic pathway in cells 
treated with proteasome inhibitors (22, 51, 52). Since p53 regulates DR5-mediated apop-
tosis in SiHa cells following bortezomib pre-treatment, we investigated whether this p53-
dependent effect was mediated via Bax. First, we demonstrated that p53 was involved in 
Bax expression in SiHa cells using p53 siRNA and Western blotting. Following efficient 
p53 knockdown Bax downregulation was observed at 48 h post-transfection in the pres-
ence and absence of bor tezomib (Fig. 7A). SiHa cells were then transfected with Bax siRNA 
and Bax downregulation was confirmed by Western blot analysis 48 h post-transfection in 
the presence and absence of bortezomib (Fig. 7B). Bax knockdown cells were treated with  
rhTRAIL or agonistic DR4 or DR5 antibodies for 6 h at the concentrations indicated (Fig. 7C).
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Figure 6. Bortezomib regulates DR5-mediated apoptosis through p53 induction in SiHa cells. (A) p53 ex-

pression in SiHa and HeLa 48 h post-transfection of p53 siRNA, with or without 18 h bortezomib pre-treat-

ment. p53 knockout (B) SiHa and (C) HeLa cells were treated with agonistic DR4/5 antibodies (10 nM) or 

rhTRAIL (100 ng/ml) for 6 h, after which percentage of apoptotic cells was determined with acridine orange 

staining. Caspase activity was performed under similar condition. Graphs shown display the average cell 

death induced ± SD (left) and DEVDase activity ± SEM (right) of three independent experiments. The * 

indicates significant differences (P <  0.05). 
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Bortezomib in combination with agonistic DR5 antibody or rhTRAIL resulted in less apoptosis 
in Bax knockdown cells compared to scramble siRNA transfected SiHa cells (P = 0.0001 and P 
= 0.007, respectively). However, no effect of Bax knockdown on apoptosis   was observed fol-
lowing bortezomib and agonistic DR4 antibody treatment (Fig. 7C). Caspase activity assay data 
showed similar results to those obtained with the apoptosis assay (Fig. 7D). Knockdown of Bax 
in HeLa cells had no effect on rhTRAIL- or agonistic DR4/DR5 antibody-induced apoptosis (data 
not shown). These results suggest that p53 and Bax are associated with the observed increase in 
agonistic DR5 antibody- and rhTRAIL-induced apoptosis in bortezomib pre-treated SiHa cells.

Downregulation of c-FLIP and XIAP potentiates DR4- and rhTRAIL-mediated apoptosis
Our results indicate that in contrast to agonistic DR5 antibody treatment the enhanced 

sensitivity to agonistic DR4 antibody and, to a lesser extent, rhTRAIL in SiHa cells was in-
dependent of the effect of bortezomib on the intrinsic apoptotic pathway. The effect of bort-
ezomib may be associated with enhanced caspase-8 activation resulting in more caspase-3 
activation and XIAP cleavage. To elucidate whether the mechanism, underlying bortezomib’s 
enhancement of DR4- and rhTRAIL-induced apoptosis was a result of a type I-like apoptosis 
signaling in SiHa cells, cells were transfected with c-FLIP siRNA and/or XIAP siRNA and the 
apoptosis induced was monitored. Downregulation of the proteins was confirmed by West-
ern blot analysis 48 h post-transfection (Fig. 8A). Cellular-FLIP or XIAP knockdown strongly 
sensitized SiHa cells to agonistic DR4 antibody and to a lesser extent to rhTRAIL (Fig. 8B). 
The combination of c-FLIP and XIAP knockdown further increased apoptosis in these cells to 
levels observed in bortezomib pre-treated cells. Cellular-FLIP and/or XIAP knockdown did 
not sensitize SiHa cells to agonistic DR5 antibody again indicating the differential signaling 
between DR4 and DR5 (Fig. 8B). Knockdown of c-FLIP or XIAP in HeLa cells increased ago-
nistic DR4 antibody and rhTRAIL-induced apoptosis, an effect enhanced by the combined 
knockdown of c-FLIP and XIAP (Fig. 8C). We have shown above that the intrinsic apoptotic 
pathway was essential for DR4/DR5 mediated apoptosis induction in HeLa cells reflected by 
the Bid dependency. However, also in these type II cells, c-FLIP and XIAP knockdown re-
sulted in much less apoptosis following agonistic DR5 antibody treatment (Fig. 8C). Caspase 
activity assays confirmed these apoptosis assay findings and indicate that c-FLIP and XIAP 
are key regulators of DR4-mediated apoptosis in SiHa and HeLa cells (Fig. 8B-C). In CaSki 
cells, knockdown of c-FLIP and XIAP resulted in enhanced sensitivity to agonistic DR4 anti-
body and rhTRAIL but not to agonistic DR5 antibody (Suppl. Fig. 3).

discussion

In this study, we show that in HPV-positive cervical cancer cell lines bortezomib pre-treat-
ment enhances rhTRAIL-, DR4- and DR5-induced cell death. Our results demonstrate that
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Figure 7. Bax regulates mitochondrial-mediated apoptosis in SiHa cells following bortezomib pre-treat-

ment. (A) p53 and Bax expression 48 h post-transfection of p53 siRNA. (B) Bax knockout after Bax siRNA. 

Actin expression served as loading control (A and B). (C) SiHa cells were treated 18 h with 10 nM bort-

ezomib and agonistic DR4/5 antibodies (10 nM) or rhTRAIL (100 ng/ml) for 6 h, after which percentage of 

apoptotic cells was determined with acridine orange staining (DR5 P < 0.001, rhTRAIL P < 0.001). Caspase 

activity was performed under similar condition. Graphs shown display the average cell death induced ± 

SD (left) or DEVDase activity + SEM (right) of three independent experiments. The * indicates significant 

differences (P < 0.05).

bortezomib induces expression of DR4 and DR5 and enhances cell death following agonistic 
DR4/DR5 antibody treatment through distinct apoptotic pathways in several cervical cancer 
cell lines. The enhanced cell death following DR4 receptor activation involves increasing cas-
pase-8, c-FLIP and XIAP cleavage that resulted in greater caspase-3 processing and hence cell 
death. The sensitizing effect of bortezomib on DR4 activation can be mimicked with c-FLIP 
and XIAP RNA interference in combination with agonistic DR4 antibody or rhTRAIL. This 
can involve the mitochondrial pathway depending on the intrinsic properties of the cell line 
used. However, additional activation of apoptotic pathways by bortezomib was essential to 
enhance apoptosis in these cervical cell lines following agonistic DR5 antibody treatment.

Many mechanisms have been proposed as to how proteasome inhibition sensitizes cells to 
TRAIL death receptor-mediated apoptosis. Undoubtedly, the mode of action is cell type spe-



chapter 4

78

cific, related to the type of death receptor that selectively transmits apoptosis signal and the shift 
in equilibrium between pro- and anti-apoptotic proteins. Moreover, upregulation of DR4 and/
or DR5 surface expression has been related to the bortezomib-induced sensitization to rhTRAIL 
(14, 23, 37, 53-55). In certain cancer cells, despite comparable expression of DR4 and DR5, ei-
ther DR4 or DR5 acts as the primary transducer of the TRAIL-death signal (1, 3, 43-45). Our 
results suggest that in these cervical cancer cells, the sensitizing effect of bortezomib paralleled 
the bortezomib-induced increase in TRAIL death receptor expression. In HeLa cells the DR4 
agonistic antibody was a more potent inducer of apoptosis with earlier caspase activation com-
pared to the agonistic DR5 and rhTRAIL. Although apoptosis was higher for all combinations, 
the difference between DR4- and DR5-mediated apoptosis was still present when the TRAIL 
receptor targeting drugs were combined with bortezomib. In the TRAIL resistant SiHa cells 
equal potency of both agonistic DR4 and DR5 antibody was observed when used in combina-
tion with bortezomib. Conversely, in CaSki cells, despite relatively similar efficacy of both 
DR4 and DR5 agonistic antibody when used alone, pretreatment with bortezomib resulted in 
an increased expression of DR5 and concomitantly in an increase in apoptosis following ago-
nistic DR5 antibody treatment. Moreover, we have shown using DISC immunoprecipitation 
(IP) that bortezomib-induced receptor upregulation increased FADD recruitment to the DISC 
and enhanced caspase-8 and c-FLIPL cleavage at the DISC following treatment with agonistic 
DR4 or DR5 antibodies. Proteasome inhibition can either enhance c-FLIP expression by pre-
venting its ubiquitin-proteasome mediated degradation or enhance c-FLIP expression likely 
through contribution of proteasome-independent pathways (37, 52, 56-59). In our model how-
ever, we show that proteasome inhibition leads to increased c-FLIP cleavage and therefore its 
inactivation, leading to enhanced TRAIL-induced apoptosis.

Enhanced cleavage and activation of caspase-8 can result in cleavage of Bid into truncated 
Bid (tBid) (60). This tBid activates Bax and Bak, leading to their oligomerization and pore for-
mation in the outer mitochondrial membrane thus activating the intrinsic apoptotic pathway 
(26, 27, 61). A recent report found that bortezomib stimulated tBid accumulation by prevent-
ing its proteasomal degradation in neuroblastoma cells treated with the combination of bort-
ezomib and TRAIL compared to TRAIL alone, and the higher tBid expression was related to 
the enhanced cell death (11). Our results with knockdown of Bid demonstrated that in HeLa 
cells, DR4- and DR5-mediated apoptosis requires Bid cleavage, a process that is augmented 
by bortezomib. In SiHa cells, however, Bid was not a key protein therefore its functional rel-
evance of tBid in TRAIL-mediated apoptosis is cell specific. We observed that bortezomib 
induced p53 and p21 time dependently in the three HPV-positive cell lines, demonstrating 
bortezomib stimulated transcriptional activity of p53. Bax is a well known pro-apoptotic 
p53-regulated protein (22) and we were able to establish this relation in SiHa cells, since Bax 
levels decreased following p53 knockdown in the presence of bortezomib. Knockdown of 
p53 or Bax significantly reduced the apoptosis observed in bortezomib pre-treated SiHa cells 
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Figure 8. Downregulation of c-FLIP and XIAP potentiates DR4- and rhTRAIL-mediated apoptosis. (A) 

c-FLIP and XIAP expression 48 h post-transfection of c-FLIP and XIAP siRNA in SiHa and HeLa. Actin 

served as loading control. (B) SiHa and (C) HeLa cells were transfected with c-FLIP and/or XIAP siRNA, 

were replated and treated with agonistic DR4/5 antibodies (10 nM) or rhTRAIL (100 ng/ml) for 6 h, after 

which percentage of apoptotic cells was determined with Acridine Orange staining. The graph shows 

the average cell death induced ± SD of three independent experiments (left). Caspase activity was per-

formed in parallel under similar condition, after which the cells were harvested and DEVDase activity 

was measured in cell lysates. DEVDase activity was expressed as average nmol AMC released per minute 

by 1 mg total cellular protein ± SEM of three independent experiments (right). The * indicates significant 

differences (P <  0.05). 
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treated with agonistic DR5 antibody or rhTRAIL but not agonistic DR4 antibody. Therefore, 
we propose the following model for SiHa cells. In these cells it is likely that the enhanced DR5-
mediated apoptosis observed with bortezomib, is related to p53 induction, p53 stabilization, 
subsequent upregulation of Bax and mitochondria-mediated apoptosis independent of Bid. 
Both chemotherapeutic agents and radiation therapy have been shown to act in a p53- or Bax-
dependent manner when combined with TRAIL in various tumor models (62-64). In HeLa 
cells however, the DR5 pathway requires amplification of the intrinsic pathway through Bid 
cleavage independent of p53.

Besides DR4 and DR5 surface upregulation, and enhanced c-FLIP cleavage bortezomib 
pre-treatment also increased rhTRAIL- and agonistic antibody-induced caspase-3 and XIAP 
cleavage in SiHa and HeLa cells. Proteasome inhibitors have been shown to sensitize tumors 
to TRAIL-induced apoptosis by enhancing caspase-3 cleavage and inhibiting XIAP function-
ality, however, the DR4 and DR5 dependency has not been studied (23, 54, 65, 66). When we 
knocked-down c-FLIP, cells were sensitized to DR4 antibody-induced apoptosis. Additional 
knocking-down of XIAP resulted in DR4 antibody-induced apoptosis to levels comparable 
to those observed following DR4 antibody treatment in combination bortezomib and to a 
lesser extent this was observed with rhTRAIL. Our results identify c-FLIP and XIAP as the 
key anti-apoptotic regulators of DR4 and to lesser extent of rhTRAIL-induced apoptosis in 
cervical cancer cells. Therefore, augmentation of the extrinsic pathway may be achieved us-
ing chemotherapeutic, radiation therapy or biological agents that decrease c-FLIP and XIAP 
expression (55, 67-69). Surprisingly, silencing of c-FLIP did not sensitize the cervical cells to 
agonistic DR5 antibody. This suggests that silencing of c-FLIP did not alleviate the require-
ment for mitochondrial amplification of the DR5-induced apoptotic signal, similar to findings 
in colon cancer cells (70). Even co-silencing of XIAP was not effective to sensitize the cervical 
cancer cells to agonistic DR5 antibody. In view of the weaker caspase-8 activation, recruit-
ment of FADD and c- FLIPL cleavage at the DISC that we observed following IP with agonistic 
DR5 antibody compared to agonistic DR4 antibody, we hypothesize that augmentation of the 
mitochondria-mediated apoptotic pathway is required to enhance DR5-mediated apoptosis 
signaling in bortezomib pre-treated cervical cancer cells.

These findings are important if rhTRAIL or agonistic DR4 antibodies are exploited for 
the treatment of cervical cancer. DR4 targeting in combination with small molecule XIAP 
inhibitors and/or agents that downregulate c-FLIP including various chemotherapeutic (e.g. 
cisplatin, doxorubicin, 5-FU, paclitaxel, campthotecin) and novel agents (histone deacetylase 
inhibitors, proteasome inhibitors, non-steroidals such as celecoxib), may be more effective 
than rhTRAIL or agonistic DR4 antibody alone (71-74). Novel small molecule inhibitors that 
target XIAP have now shown to be effective in enhancing TRAIL-mediated apoptosis with 
some of these inhibitors currently in early clinical trials including AEG35156 and SM-406/AT-
406 (70, 73, 75-77). Our results also indicate that in addition to c-FLIP and XIAP targeting, the 
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mitochondrial or intrinsic apoptotic pathway needs to be activated to maximize agonistic DR5 
antibody efficacy in the cervical cancer cells. Thus, novel agents that inhibit anti-apoptotic 
Bcl-2 family member proteins or enhance activity of the pro-apoptotic Bcl-2 family members 
may result in a much larger therapeutic benefit of the agonistic DR5 antibody therapy (78-
80). 
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