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Institut de Recerca Biomèdica de Lleida, IRBLleida, Spain
A R T I C L E I N F O

Article history:

Received 16 October 2009

Accepted 16 December 2009

Available online 12 January 2010

Keywords:

Endometrial carcinoma

Apoptosis

Sorafenib

MAPK/ERK

Mcl-1

FLIP
0959-8049/$ - see front matter � 2009 Elsevi
doi:10.1016/j.ejca.2009.12.025

* Corresponding author: Address: Laboratori d
Tel./fax: +34 973 702213.

E-mail addresses: xmatias@arnau.scs.es
1 Senior co-authors.
A B S T R A C T

Sorafenib induces apoptosis and enhances Tumour Necrosis Factor-Related Apoptosis-

Inducing Ligand (TRAIL)-induced cell killing of tumoural cells. We have investigated the

effects of the multikinase inhibitor Sorafenib alone or in combination with TRAIL and ago-

nistic Fas antibodies on endometrial carcinoma cells. We have also focused on the search of

the differential molecular mechanisms by which Sorafenib induces cell death and the ones

involved in sensitisation to TRAIL. In the present study, we show that Sorafenib induces

apoptosis of both endometrial cancer cell lines and human primary cultures and sensitises

these cells to TRAIL and agonistic Fas antibodies (aFas)-induced apoptosis. However, Raf/

MEK/ERK inhibition by Sorafenib was not responsible for Sorafenib cell death or TRAIL sen-

sitisation of endometrial cancer cells. Sorafenib treatment correlated with a downregula-

tion of both FLICE-Inhibitory Protein (FLIP) and myeloid cell leukaemia-1 (Mcl-1), caused

by a proteasomal degradation of both proteins. We evaluated the contribution of FLIP

and Mcl-1 downregulation in apoptosis triggered by Sorafenib alone or Sorafenib plus

TRAIL. Interestingly, cell death caused by Sorafenib was mediated by downregulation of

Mcl-1, but not by FLIP. In contrast, we found that Sorafenib sensitisation of endometrial car-

cinoma cells to TRAIL- and Fas-induced apoptosis was dependent on FLIP but not on Mcl-1

downregulation. Altogether, we discern the dual mechanisms by which Sorafenib causes

cell death from those involved in death receptor sensitisation.

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

The Tumour Necrosis Factor-Related Apoptosis-Inducing Li-

gand (TRAIL) and Fas Ligand (FasL) belong to the pro-apoptotic

cytokines of the Tumour Necrosis Factor (TNF) superfamily.
er Ltd. All rights reserved
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TRAIL induces apoptosis in many types of cancer with limited

cytotoxicity on normal cells1,2 indicating that it may become a

promising anticancer agent.3,4 TRAIL-based therapies are un-

der current clinical trials in Phases I and II.5 However, an

increasing number of tumoural cell types display resistance
.
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to TRAIL-mediated cell killing. To circumvent such resistance,

combinatorial therapies to inhibit molecular determinants in-

volved in inhibition of apoptosis triggered by TRAIL would be

very important. TRAIL triggers apoptosis by binding one of its

functional receptors DR4 or DR5.6 Engagement of DR4 or DR5

receptors leads to the formation of a Death-Inducing Signal-

ling Complex (DISC). The Death Domain (DD) of these recep-

tors recruits Fas Associated DD-containing protein (FADD)

which in turn binds pro-caspase-8. After recruitment to the

DISC, pro-caspase-8 is activated by autoproteolytic cleavage

resulting in the initiation of apoptotic signalling.7–9 One of

the key regulators of apoptosis triggered by either FasL or

TRAIL is the FLICE-Inhibitory Protein (FLIP).10,11 High levels

of FLIP are found in many tumoural tissues including endo-

metrial carcinoma. We have previously shown that FLIP plays

a critical role in the regulation of sensitivity of endometrial

carcinoma cells (ECC) to TRAIL-induced apoptosis. In this pre-

vious work, we demonstrated that siRNA mediated inhibition

of FLIP sensitised endometrial cancer cells to TRAIL-induced

apoptosis.12 FLIP shares a high degree of homology with

caspase-8, and contains two Death Effector Domains (DEDs)

and a defective caspase-like domain that lacks proteolytic

activity. Thus, high levels of FLIP compete with caspase-8

and displace its binding to FADD, which results in inhibition

of apoptosis.

Sorafenib (also known as Bay 43-9006, Nexavar) was ini-

tially identified as a Raf-1 inhibitor, but subsequent studies

revealed that Sorafenib is a multikinase inhibitor with activity

over several kinases, including B-Raf on its wild type and V600

mutated forms; tyrosine kinase receptors such as platelet–de-

rived growth factor, vascular-endothelial growth factors 1 and

2, c-Kit, FLT3 or Ret.13,14 Sorafenib is currently administered

as a chemotherapeutic agent to patients with advanced renal

cell carcinoma and there are ongoing clinical trials for mela-

noma, hepatocellular carcinoma and non-small cell lung

cancer.13,14

Recent findings show that Sorafenib may enhance

TRAIL-induced cell killing on cancer cells.15–17 The proposed

molecular mechanisms by which Sorafenib sensitises cancer

cells to TRAIL include downregulation of the myeloid cell

leukaemia-1 (Mcl-1),15 downregulation of Mcl-1 together with

FLIP protein levels17 or a transcriptional reduction of c-IAP2

and Mcl-1.16 Moreover, the role of Raf kinase activity and its

downstream kinases, MAPK/ERK kinase (MEK) and

Mitogen-Activated Protein Kinase/Extracellular-Regulated

Kinase (MAPK/ERK), as a mechanistic effector of Sorafenib

anti-tumour effects is uncertain.

Here, we demonstrated that Sorafenib-induced apoptosis

in endometrial carcinoma cell (ECC) lines and sensitised ECC

and primary cultures from endometrial carcinoma patients

to TRAIL-induced apoptosis. Long-term exposure to

Sorafenib alone triggered apoptosis of ECC. However,

short-exposure periods to Sorafenib had no killing effects,

but dramatically enhanced TRAIL- and agonistic Fas (aFas)

antibody-induced apoptosis. Then, we focused on the search

of differential molecular mechanisms by which Sorafenib

induces cell death and also the ones involved in sensitisat-

ion to TRAIL. Sorafenib sensitisation to TRAIL was indepen-

dent of B-Raf kinase activity or MEK/ERK inhibition.

Sorafenib sensitisation correlated with downregulation of
FLIP protein levels. Sorafenib mediated FLIP reduction was

not caused by transcriptional repression of FLIP but by pro-

teasome degradation, since co-treatment with proteasome

inhibitors completely prevented reduction of FLIP levels.

Accordingly, FLIP overexpression was sufficient to inhibit

Sorafenib sensitisation to TRAIL. In contrast, overexpression

of Mcl-1, which effectively prevents apoptosis induced by

Sorafenib, did not prevent cells from TRAIL plus Sorafenib-

induced apoptosis. Because of the given importance of

Sorafenib and TRAIL in cancer therapy, we exposed primary

cultures obtained from biopsies of patients with endome-

trial carcinoma to TRAIL plus Sorafenib. Accordingly with

the results obtained in cell lines, Sorafenib sensitised such

cancer cells to apoptosis and reduced both Mcl-1 and FLIP

levels.
2. Materials and methods

2.1. Reagents, plasmids and antibodies

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-

mide assay (MTT) and monoclonal antibody to Tubulin and

anti-Flag M2 were from Sigma (St Louis, MO). Kinase inhibitors

PD98059, DRB and apigenin, proteasome inhibitor MG-132,

monoclonal antibody to caspase-8 and human recombinant

TRAIL were from Calbiochem (La Jolla, CA). Antibody to

caspase-9 and cleaved caspase-3 were obtained from Cell

Signalling (Beverly, MA). Monoclonal antibody to FLIP (NF6)

and aFas antibody were purchased from Alexis Corp (Lausen,

Switzerland). Antibody to Mcl-1 was purchased from

BDbiosciences (San Jose, CA). Antibody to PARP was from

Neomarkers. Anti-B-Raf antibody was from SantaCruz

Biotechnology, Inc. (SantaCruz, CA). Peroxidase-conjugated

anti-mouse and anti-rabbit antibodies were from Amer-

sham-Pharmacia (Uppsala, Sweden). BAY 43-9006 (Sorafenib)

was provided by Bayer Pharmaceuticals (New Haven, CT). Bid

inhibitor (BI-6C9) was from Sigma.

Lentiviral vector containing Flag-tagged mouse FLIP cDNA

was a gift from Dr. Joan Comella (Dept de Bioquı́mica i

Biologia Molecular, Universitat Autonoma de Barcelona,

Barcelona). The pCDNA3 vector encoding Mcl-1 cDNA was a

generous gift from Dr. Isabel Marzo.
2.2. Cell lines, culture conditions and transfection

The Ishikawa 3-H-12 cell line (IK) was obtained from the

American Type Culture Collection (Manassas, VA). KLE cells

were a gift from Dr. Palacios (Centro Nacional de Investigaci-

ones Oncológicas, CNIO, Madrid). RL-95/2 and HEC-1A cells

were a gift from Dr. Reventos (Hospital Vall d’Hebron, Barce-

lona). All cell lines were grown in Dulbeco’s modified Eagles

Medium (DMEM) (Sigma) supplemented with 10% Foetal Bo-

vine Serum (Invitrogen, Inc., Carlsbad, CA, USA), 1 mM HEPES

(Sigma), 1 mM sodium pyruvate (Sigma), 2 mM L-glutamine

(Sigma) and 1% of penicilin/streptomycin (Sigma) at 37 �C
with saturating humidity and 5% CO2.

When indicated, transfection plasmid constructs were per-

formed by calcium phosphate or Lipofectamine 2000 reagent

(Invitrogen) following the manufacturers instructions.
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2.3. Sample collection and explant culture of endometrial
adenocarcinoma

Endometrial carcinoma samples were collected in the operat-

ing room of the Department of Gynaecology, Hospital Uni-

versitari Arnau de Vilanova of Lleida, by a pathologist (JP). A

specific informed consent was obtained from each patient,

and the study was approved by the local Ethics Committee.

Tissue was collected in DMEM, chopped into 1 mm pieces

and incubated with collagenase in DMEM for 1.5 h at 37 �C
with periodic mixing. Digested tissue was mechanically dis-

sociated through a 10 ml pipette and a 1 ml blue tip and

resuspended in 2 ml of fresh DMEM medium. To separate

endometrial epithelial cells from the stromal fraction, the dis-

sociated tissue was seeded on top of 8 ml of DMEM medium

and tissue was allowed to sediment, via gravity, for 5 min.

This step was repeated three times. Finally, tissue explants

were resuspended in DMEM supplemented with 10% Foetal

Bovine Serum, 1 mM sodium pyruvate, 2 mM L-glutamine

and 1% of penicilin/streptomycin (Sigma) and seeded on

M24 multiwell plates. Explant cultures were incubated at

37 �C with saturating humidity and 5% CO2.
2.4. Lentiviral production and infection

Oligonucleotides to produce Mcl-1 plasmid based short

hairpin (sh)RNA were cloned into the FSV vector using AgeI-

BamHI restriction sites. shRNA target sequences were

GCGTGCAGCGCAACCACGAGA for Mcl-1 1.1 shRNA and

CTGGGGCAGGATTGTGACTCT for Mcl-1 2.3 shRNA. To pro-

duce infective FLIP overexpressing lentiviral particles, 293T

cells were co-transfected by the calcium phosphate method

with the virion packaging elements (VSV-G and D8.9) and

the shRNA producing vector (FSV) or the expression vector

(FCIV) on 293T human embryonic kidney. 293T cells were al-

lowed to produce lentiviral particles for 3–4 days in the same

culture medium used for endometrial cell lines and explants.

Culture medium was collected, centrifuged for 5 min at

1000 rpm and filtered through a 0.45 lM filter (Millipore).

The medium was diluted 1:2 to 1:4 with fresh medium, and

added to growing cell lines or primary explants. Cells were

incubated for 24–48 h in the presence of medium containing

lentiviral particles. After this period, the medium was re-

placed with fresh medium and cells were incubated for two

additional days to allow endogenous protein knock-down or

protein overexpression.
2.5. Cell viability assays and assessment of apoptosis

Cell viability was determined by MTT assay. Endometrial ade-

nocarcinoma cells were plated on M96 well plates at 15 · 103

cells per well. After the indicated treatments, the cells were

incubated for 2–3 h with 0.5 mg/ml of MTT reagent and lysed

with DMSO. Absorbance was measured at 595 nm in a micro-

plate reader (Bio-Rad, Richmon, CA).

Hoechst staining was performed by adding Hoechst dye to

a final concentration of 0.5 mg/ml to each M96 well. Cells

were counted under an epifluorescence microscope (Leica

Microsystems).
The cytotoxicity assay kit was purchased from Roche

Diagnostics (Indianapolis, IN, USA). Cells were first plated as

described previously in the Materials and Methods cell cul-

ture section. After treatment, 100 ll of supernatant were

transferred in a M96 multiwell plate. To determine LDH activ-

ity, 100 ll of freshly prepared reaction mixture were added to

each well and incubated for up to 30 min at 15–25 grades as

described by the manufacturer’s instructions. Absorbance

was measured at 490 nm with a reference wavelength of

600 nm. The percentage of cytotoxicity for each well was

referenced to positive control cells permeabilised with

triton 1%.
2.6. Western blot analysis

Endometrial adenocarcinoma cell lines were washed

with cold PBS and lysed with lysis buffer (2% SDS,

125 mM Tris–HCL pH 6.8). Protein concentrations were

determined with the Protein Assay Kit (Bio-Rad). Equal

amounts of proteins were subjected to SDS–PAGE and

transferred to PVDF membranes (Millipore, Bedford, MA).

Non-specific binding was blocked by incubation with TBST

(20 mM Tris–Hcl pH7.4, 150 mM NaCl, 0.1% Tween-20) plus

5% of non-fat milk. Membranes were incubated with the

primary antibodies overnight at 4 �C. The signal was

detected with ECL Advance (Amersham-Pharmacia, Buck-

inghamshire, UK).
2.7. RNA extraction, reverse transcription and real-time
PCR

Total RNA was extracted from Ishikawa (IK) cells treated as

indicated using Trizol reagent (Invitrogen). One microgram

of total RNA was converted into cDNA using Taqman Reverse

Transcription Reagents (Applied biosystems P/N N808-0234)

according to the manufacturer’s recommendations. Two

microlitres of the reverse transcription reaction were used

as a template for the real-time detection of human FLIP

expression using TaqMan Technology on an Applied Biosys-

tems 7000 sequence detection system. Gene expression quan-

titation was performed in separate tubes (singleplex) for both

target gene and endogenous control gene using the primer

and probe sequences for human FLIP and GUSB obtained

commercially from Applied Biosystems Assay-on-Demand�
Gene (ABI P/N 4331182:Hs00236002_m1, and ABI P/N

4326320E). The reaction was performed with 10 ll Taqman�

Universal PCR Master Mix No AmpErase� UNG 2X (P/N

4324018), 1 ll 20X Assay-on-Demand� Gene and 2 ll of com-

plementary DNA (cDNA) diluted in RNase-free water adjusted

to 20 ll volume reaction. The thermal cycler conditions were

UNG activation 2 min at 50 �C, AmpliTaq activation 95 �C for

10 min, denaturation 95 �C for 15 s, and annealing/extension

60 �C for 1 min (repeat 40 times) on ABI7000. Triplicate CT val-

ues were analysed with Quantitative Relative software using

the comparative CT (DDCT) method as described by the man-

ufacturer. The amount of target(2–DDCT) was obtained by nor-

malising to an endogenous reference gene (GUSB). Results

are presented as a relative mRNA amount compared to the

untreated samples.
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3. Results

3.1. Sorafenib induces apoptotic cell death of ECCs

To begin with, we explored the sensitivity of endometrial car-

cinoma cell lines to Sorafenib-induced cell killing. For this

purpose, we exposed IK, HEC-1A, RL-95/2 and KLE endome-

trial carcinoma cell lines to increasing doses of Sorafenib

and we evaluated cytotoxicity by LDH release after 24 or

48 h. Sorafenib induced a dose-dependent release of LDH of

all four cell lines. It is worth mentioning that IK, RL-95/2

and HEC-1A displayed maximum cytotoxicity at 24 h of

Sorafenib exposure whereas KLE did not show a significant

increase in cytotoxicity until 48 h of treatment (Fig. 1A). Be-

cause we observed similar effects on cytotoxicity over all cell

lines, we chose IK cells to further analyse caspase activation

and PARP processing. A time-course treatment of IK cells in-

duced detectable caspase-3, caspase-9 and PARP processing

after 12 and 24 h of exposure to 20 lM Sorafenib (Fig. 1B).

The above results indicate that Sorafenib induces apoptotic

cell death of endometrial cell lines.

3.2. Sorafenib sensitises endometrial carcinoma cells to
TRAIL- and Fas-induced apoptosis

Next, we investigated whether Sorafenib may sensitise resis-

tant cells to TRAIL- and Fas-induced apoptosis. As demon-

strated above, Sorafenib alone triggered apoptosis at 24 or

48 h of treatment. However, 8 h of treatment with Sorafenib

alone caused a slight increase of cytotoxicity (Fig. 1C). To ana-

lyse whether Sorafenib may sensitise ECCs to death receptor-

induced apoptosis, we exposed IK cells to 20 lM Sorafenib in

the presence or absence of aFas or TRAIL. After 8 h of treat-

ment, we quantified the number of nuclei displaying apopto-

tic morphology by Hoechst staining and we assessed caspase

processing and activation by Western blot to initiator caspas-

es-8, -9, and the effector caspase-3. After 8 h, Sorafenib alone

caused only a slight increase in apoptotic IK cells, but co-

treatment with either aFas or TRAIL plus Sorafenib induced

a marked increase in the number of nuclei displaying apopto-

tic morphology as assessed by Hoechst (Fig. 2A) and the pro-

cessing of caspases-8, -9 and -3 (Fig. 2B). Similar results were

obtained with KLE cells (Fig. 2A and B).

These results demonstrate that Sorafenib not only induces

apoptosis but also sensitises endometrial cancer cells to

TRAIL and aFas apoptosis.

3.3. Sorafenib sensitisation to TRAIL is independent of
B-Raf and MEK/ERK kinase activity

One of the substrates of Sorafenib inhibitory activity is B-Raf,

which regulates the activation of the MAPK/ERK pathway.

Therefore, we examined whether Sorafenib sensitisation to

TRAIL was caused by inhibition of the ERK/MAPKs. Treat-

ment of both IK and KLE cells resulted in a significant de-

crease of ERK phosphorylation, suggesting that Sorafenib

inhibited ERK/MAPK kinase signalling (Fig. 3A). Next, we

analysed whether apoptosis sensitisation by Sorafenib was

the result of inhibition of B-Raf kinase activity or the down-

stream MEK/ERK kinases. To assess this point, we first in-
fected IK cells with a plasmid encoding a wild type B-Raf

or a kinase-dead B-Raf K483M mutant (B-Raf KD). After

48 h, cells were exposed to TRAIL or aFas and we quantified

the number of nuclei displaying apoptotic morphology by

Hoechst staining, and we assessed caspase processing and

activation by Western blot to initiator caspases-8, -9, and

the effector caspase-3. B-Raf K483 M neither caused an in-

crease in the number of apoptotic nuclei nor the activation

of any of the caspases analysed (Fig. 3B). As a control for

sensitisation to TRAIL, we infected parallel cultures with len-

tiviruses carrying shRNA against FLIP. Similarly, treatment of

cultures with the specific MEK inhibitor UO126 failed to sen-

sitise IK cells to TRAIL- or aFas-induced apoptosis as as-

sessed by Hoechst staining or caspase activation (Fig. 3C).

As a control, we treated parallel cultures with DRB which

we have previously demonstrated to sensitise ECCs to TRAIL

and aFas.18

The above results suggest that the mechanism of sensiti-

sation to TRAIL or aFas is independent of inhibition of B-Raf

kinase activity or inactivation of the MEK/ERK signalling

cascade.

3.4. Sorafenib triggers proteasome-mediated degradation
of FLIP and Mcl-1

Having demonstrated that the effects of Sorafenib on ECC

seem to be independent of MEK/ERK signalling, we focused

our investigations on the search of mechanisms by which

Sorafenib kills ECC and sensitises to death receptor apoptosis.

Recent evidences point to Mcl-1 as an important molecule in-

volved in regulation of both apoptosis induced by Sorafenib

and apoptosis triggered by the combination of Sorafenib plus

TRAIL. Moreover, we have previously demonstrated that FLIP

is critical in the regulation of TRAIL-induced apoptosis of

ECC.12,18 These evidences enabled us to check whether Sora-

nefib may regulate FLIP and Mcl-1. For this purpose, we per-

formed a time-course analysis of expression of both FLIP

and Mcl-1 of IK cells treated with Sorafenib. Both Mcl-1 and

FLIP expression was markedly reduced within the first 24 h

of treatment with Sorafenib (Fig. 4A and B). In contrast, the

levels of Bcl-XL did not change at any time-point analysed.

Of note, the decrease of FLIP expression was a rapid event

and it became evident after 3 h of Sorafenib treatment. Such

downregulation coincided with the rapid sensitisation of IK

cells to TRAIL and aFas. Similar results were obtained when

KLE cells were treated for 24 or 48 h with Sorafenib (data

not shown).

Next, we investigated the mechanisms by which Sorafenib

regulates FLIP and Mcl-1 levels. The levels of endogenous FLIP

protein can be controlled transcriptionally but, recent evi-

dences also suggest that endogenous FLIP protein levels

may be regulated by the ubiquitin-proteasome system. To

ascertain whether FLIP levels are transcriptionally regulated,

we performed real-time PCR on mRNA extracted from IK cells

treated with Sorafenib for 2 or 9 h. As a control, parallel cul-

tures were treated for 9 h with DRB or apigenin which, as

we have recently demonstrated, reduce FLIP mRNA levels.18

Sorafenib treatment did not reduce the levels of FLIP mRNA,

suggesting that Sorafenib regulates FLIP protein at the post-

transcriptional level (Fig. 4C).
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Fig. 1 – Sorafenib induces apoptosis in endometrial cancer cells. (A) IK, KLE, HEC-1A and RL-95/2 cells were exposed to

increasing concentrations of Sorafenib for 24 or 48 h. Supernatant lactate dehydrogenase (LDH) was quantified to measure

cell death. (B) IK cells were treated for the indicated times with Sorafenib. Western blots to active caspase-9, -3 and PARP

cleavage were performed to characterise an apoptotic response. Immunodetection of tubulin was performed to ensure equal

protein amounts. (C) IK cells were treated with the indicated doses of Sorafenib for 8 h and the number of apoptotic nuclei

were visualised by Hoechst staining and quantified. As a control, parallel cultures were treated with MG-132 which effectively

induces apoptosis after 8 h of treatment.
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Both Mcl-119–22 and FLIP23–25 protein levels are also regu-

lated by ubiquitin-proteasome-mediated degradation. To

determine whether proteasomal degradation was also in-

volved in downregulation of Mcl-1 and FLIP after Sorafenib

treatment, we treated IK cells with Sorafenib in the presence

or absence of the proteasome inhibitor MG-132. As shown in

Fig. 3, addition of MG-132 completely inhibited the reduction

in FLIP and Mcl-1 protein (Fig. 4D) caused by Sorafenib. These
results suggest that Sorafenib triggers Mcl-1 and FLIP degra-

dation through the proteasome.

3.5. Expression of Mcl-1 but not FLIP prevents Sorafenib-
induced apoptosis

Next, we evaluated the contribution of FLIP and Mcl-1 down-

regulation in apoptosis induced by Sorafenib alone. For this
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purpose, we either infected IK cells with lentiviruses carry-

ing a plasmid encoding Flag-tagged FLIP or transfected IK

cells with pcDNA3 plasmid expressing Mcl-1. After 3 days,
to allow FLIP or Mcl-1 expression, cells were treated with

Sorafenib for 48 h. Subsequently, Western blot assays were

performed to determine caspase activation and nuclei
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displaying apoptotic morphology were quantified. FLIP ecto-

pic expression did not inhibit Sorafenib-induced apoptosis

determined by caspase processing and activation through

Western blot analysis (Fig. 5A). In contrast to FLIP, Mcl-1

overexpression significantly impaired processing and activa-

tion of caspases and the cleavage of caspase substrate PARP

(Fig. 4B). However, ectopic expression of Mcl-1 did not re-

store FLIP levels (Fig. 5B). Furthermore, to study the involve-

ment of endogenous Mcl-1 levels in Sorafenib-induced

apoptosis, we took advantage of the fact that KLE cells dis-

play a delayed apoptotic response after Sorafenib treatment.

Hence, we decided to infect KLE cells with lentiviruses carry-

ing shRNA to block endogenous Mcl-1 expression. Two shR-

NAs, 1.1 and 2.3, were designed and tested for its

effectiveness. Subsequent Western blot analysis determined

shRNA 1.1 to be the most effective one (Fig. 5C). Results indi-

cate that knockdown of Mcl-1 sensitises KLE cells to Sorafe-

nib-induced apoptosis as assessed by immunodetection of

processed caspases as well as nuclei displaying apoptotic

morphology (Fig. 5C and D). These results suggest that

Mcl-1, but not FLIP, downregulation is involved in apoptosis

triggered by Sorafenib.
3.6. Expression of FLIP but not Mcl-1 restores TRAIL and
aFas resistance

Both FLIP and Mcl-1 have been involved in the regulation of

TRAIL sensitivity of cancer cells. We examined the contribution

of each of these proteins in Sorafenib-induced sensitisation to

TRAIL. To ascertain whether downregulation of endogenous

FLIP triggered by Sorafenib was responsible for TRAIL-induced

apoptosis, we infected IK cellswith lentiviruses carrying a plas-

mid encoding FLIP cDNA. After 3 days, to allow FLIP expression,

cells were treated with TRAIL in the presence or absence of

Sorafenib. Apoptotic nuclei were then visualised by Hoechst

staining and caspase processing by Western blotting. As shown

in Fig. 6A, overexpression of FLIP resulted in a significant

reduction of apoptotic nuclei caused by Sorafenib plus either

TRAIL or aFas. Consistent with this observation, FLIP overex-

pression inhibited processing of the caspases-8, -9 and -3

caused by TRAIL or aFas in the presence of Sorafenib (Fig. 6B).

In contrast to FLIP, expression of Mcl-1 did not prevent

apoptosis triggered by treatment of ECCs with Sorafenib plus

TRAIL as assessed by LDH cytotoxicity assay, Hoechst staining

of apoptotic nuclei (Fig. 7A) or caspase activation (Fig. 7B).
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Interestingly, expression of FLIP restored TRAIL and aFas

resistance in the presence of Sorafenib but the levels of Mcl-

1 remained low (Fig. 7C).

The evidence that TRAIL plus Sorafenib-induced apoptosis

was independent on Mcl-1levels suggested that mitochondrial

independence of apoptosis triggered this co-treatment. To fur-

ther demonstrate that Sorafenib sensitisation to TRAIL does

not require mitochondrial amplification, we treated IK cells

with TRAIL plus Sorafenib in the presence or absence of the

specific Bid inhibitor BI-6C9.26 Consistently with the results ob-
served with Mcl-1, addition of BI-6C9 did not prevent caspase-3

activation triggered by TRAIL plus Sorafenib co-treatment

(Fig. 7D). These results indicate that Sorafenib plus TRAIL-in-

duced apoptosis do not require mitochondrial amplification.

3.7. Sorafenib sensitises primary endometrial carcinoma
explants to TRAIL-induced apoptosis

TRAIL is a potential anti-cancer agent because of its

ability to trigger apoptosis in cancer cells without affecting
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normal cells. Humanised anti-DR4 and anti-DR5 are cur-

rently in advanced clinical trials.5,27 However, an increasing

number of tumoural cells display mechanisms of TRAIL

resistance to apoptosis. Such resistance has increased the
interest of combinatorial therapies.4,5 We decided to test

whether Sorafenib could be effective in killing primary

endometrial carcinoma explants treated with TRAIL. We

cultured different endometrial carcinoma explants obtained
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from biopsies of patients with endometrial carcinoma. We

have previously characterised these explants to be of epithe-

lial origin by means of cytokeratin and b-catenin

expression.28

First, we analysed the levels of phosphorylated ERK by

Western blot in three different primary explants treated with

or without Sorafenib. As we observed for endometrial cancer

cell lines, we found that Sorafenib reduced ERK phosphoryla-

tion (Fig. 8A). In agreement with the results observed in endo-

metrial carcinoma cell lines, treatment of parallel primary

culture explants with Sorafenib caused a marked downregu-

lation of both FLIP and Mcl-1 protein levels (Fig. 8A). Moreover,

Sorafenib alone caused activation of caspase-3 which was fur-

ther increased after addition of TRAIL or aFas (Fig. 8B).

Accordingly, treatment of parallel explants with Sorafenib

plus either TRAIL or aFas caused an increase in cytotoxicity

and nuclei displaying apoptotic morphology (Fig. 8C).

Moreover, Sorafenib plus TRAIL treatment activated capas-

es-8, -9, and -3 (Fig. 8D).

All the above results suggest that co-treatment with TRAIL

and Sorafenib may be a useful strategy to induce apoptosis of

endometrial cancer cells.
4. Discussion

In the present study we have assessed the effects of the mult-

ikinase inhibitor Sorafenib on endometrial carcinoma cell

lines and primary cultures. We provide evidence of the differ-

ential mechanisms underlying Sorafenib-induced apoptosis

from those involved in sensitisation or enhancement of

TRAIL-induced apoptosis.

First, we have demonstrated that Sorafenib causes a dose-

dependent killing of endometrial carcinoma cells. Such cell

death displayed features of apoptosis as cells had typical

apoptotic morphology and activation of caspases-3 and -9.

Moreover, we showed that at time points where Sorafenib

alone did not induce apoptosis, it sensitised ECCs to apoptosis

induced by TRAIL. TRAIL plus Sorafenib treatment resulted in

activation of the extrinsic apoptotic pathway with concomi-

tant caspase-8 processing.

Among other kinases, B-Raf is a target of kinase inhibitory

activity of Sorafenib. Raf isoforms are top of Raf/MEK/ERK

signalling and activation of serine/threonine kinase of Raf

results in phosphorylation of MEK which in turn phosphory-

lates ERK/MAPKs. Inhibition of ERK by specific inhibitors sen-

sitises or enhances TRAIL-induced apoptosis of melanoma or

breast cancer cells.29–33 In contrast, others have shown that

ERK inhibition does not change the apoptotic response of

TRAIL resistant cells34 or have questioned whether ERK2 acti-

vation is even required for induction of apoptosis by TRAIL.35

Because of this duality about the role of ERKs in TRAIL apopto-

sis, our first question was whether sensitisation to TRAIL by

Sorafenib could be caused by inhibition of the MAPK pathway.

We have found that inhibition of the ERK/MAPK signalling

pathway does not result in sensitisation to TRAIL, suggesting

that the inhibitory effects of Sorafenib on ERK/MAPK activity

were not responsible for sensitisation to TRAIL. Recent reports

have demonstrated that Sorafenib enhances TRAIL-induced

apoptosis in other cell types.15–17 However, it is not fully dem-
onstrated whether inhibition of kinase activity of B-Raf by

Sorafenib is involved in the sensitisation of cancer cells to

TRAIL or FasL-apoptosis. In line with the results obtained with

U0126-mediated inhibition of ERK, we have found that expres-

sion of the kinase inactive form of B-Raf did not sensitise ECCs

to TRAIL apoptosis. These results demonstrate that Sorafenib

sensitises ECCs to TRAIL and aFas apoptosis by a Raf/MEK/ERK

independent mechanism. To this regard, increasing evidences

support the hypothesis that Raf isoforms may promote sur-

vival independent of MAPK signalling.36,37 Moreover, mice

lacking Raf-1 are embryonically lethal, but mice expressing

the kinase inactive form display a normal phenotype which

strongly suggests kinase-independent effects of Raf pro-

teins.38 Interestingly, Raf-1 can control pro-apoptotic proteins

such as MST2 independently of its MEK kinase activity39,40

Next, we found that apoptosis triggered by Sorafenib corre-

lated with downregulation of both Mcl-1 and FLIP. Both Mcl-1

and FLIP have been associated with Sorafenib-induced cyto-

toxicity. To date, Sorafenib induces downregulation of Mcl-1

though inhibition of its translation41 or Mcl-1 stabilisation.42,43

Recent findings also demonstrate that Sorafenib in combina-

tion with Vorinostat induces autonomous cell death by

decreasing FLIP levels and increasing CD95 activation.44 We

have found that overexpression of Mcl-1 but not FLIP reduces

apoptosis triggered by Sorafenib. Of note, although we were

able to inhibit Sorafenib-induced apoptosis by overexpressing

Mcl-1, FLIP protein remained at low levels. Previous works

from our laboratory demonstrated that FLIP protein levels

are the main regulator of live/dead decisions of ECCs after

exposure to TRAIL and aFas.12,18 If FLIP levels are really impor-

tant, Sorafenib treated cells should undergo apoptosis after

TRAIL treatment even in cells with overexpressed Mcl-1. In-

deed, we have found that Mcl-1 overexpression did not protect

from Sorafenib plus TRAIL-induced apoptosis. In contrast,

FLIP overexpression restored TRAIL resistance in the presence

of Sorafenib. The fact that Mcl-1 protein was kept at low levels

when FLIP was ectopically expressed, reinforces the hypothe-

sis that downregulation of Mcl-1 is not responsible for sensiti-

sation to TRAIL caused by Sorafenib.

The role of FLIP in cancer has been widely demonstrated.

FLIP is constitutively or highly expressed in different types of

malignancies such as prostate cancer,45 Hodgkin lymphoma,46

gastric cancer,47 bladder carcinoma,48 malignant mesothelial

cell lines49 and endometrial carcinoma.12 We previously dem-

onstrated that siRNA to FLIP is enough to sensitise IK cells to

TRAIL-induced apoptosis,12 suggesting that FLIP levels are crit-

ical in sensitisation to TRAIL-induced apoptosis. We also ex-

plored the mechanism by which Sorafenib may regulate FLIP

protein levels. Recent findings have demonstrated that Sorafe-

nib regulates FLIP by inhibition of translation.17 Our results

suggest that Sorafenib induces downregulation of FLIP by

inducing its ubiquitin-proteasome degradation, without

changing FLIP mRNA levels. The FLIP amount of protein can

be controlled at different points. FLIP can be transcriptionally

downregulated by some anti-neoplasic drugs such as 5-fluoro-

uracil, oxaliplatin and irinotecan in colon carcinoma cells.50

Such FLIP mRNA downregulation has been shown to sensitise

these cells to TRAIL-induced apoptosis. FLIP levels are also reg-

ulated by ubiquitin-proteasome-mediated degradation.23–25 In

fact, some anticancer drugs such as the cyclooxygenase-2
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150 ng/ml. After 12 h, active caspase-3 or FLIP were assessed. (C) EC4 culture explant was treated as in C and LDH (left) and

percentage of apoptotic nuclei (right) were quantified. Bottom, representative microphotographs of Hoechst stained culture

explant. (D) Western blot showing activation of indicated caspases and reduction of FLIP protein levels of EC5 explant treated

with medium without additives (NA) or medium containing Sorafenib in the presence or absence of TRAIL (UN).
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inhibitor celecoxib51 or the flavonoids52 and flavopiridol53 can

sensitise cancer cells to TRAIL-induced apoptosis by inducing

a proteasome-mediated degradation of FLIP. Moreover, we have
recently found that in endometrial cancer cells, FLIP levels can

be regulated both transcriptionally and through its degradation

by the ubiquitin-proteasome system.18
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Finally, we demonstrated that Sorafenib sensitised primary

endometrial carcinoma explants to TRAIL-induced apoptosis.

Recombinant TRAIL or agonistic anti-TRAIL receptor antibod-

ies are in current clinical trials for treatment of both solid and

haematological malignancies.5 Although these agents show

some anti-tumoural activity as a monotherapy, increasing evi-

dences demonstrate that these agents may be more effective

used in combination with other anti-cancer treatments. These

observations may be because there are many tumoural cell

types that display resistance to apoptosis after TRAIL exposure.

Our previous data support the hypothesis that most endome-

trial cancer cell lines and primary cultures are insensitive to

TRAIL.12,18 Therefore, a combination of treatments may be a

useful tool to sensitise ECCs to TRAIL. Here, the data obtained

in both cell lines and primary explants suggest that treatments

with TRAIL together with Sorafenib may be interesting for com-

binatorial therapies for endometrial carcinomas.

In summary, our results show that the mechanistic

effectors of apoptosis triggered by Sorafenib or by a combina-

tion of Sorafenib with TRAIL or aFas are different. Whereas

Mcl-1 is important for Sorafenib-induced apoptosis, FLIP but

not Mcl-1 is involved in sensitisation to TRAIL- or aFas-induced

apoptosis by Sorafenib. Such molecular duality may be useful

to induce apoptosis in cancer cells displaying resistance to

apoptosis. That is, if a cancer cell type displays resistance to

Sorafenib treatment due to increased Mcl-1 expression, a com-

bination of TRAIL plus Sorafenib can be useful to reduce FLIP

levels and sensitise these cells to apoptosis triggered by TRAIL.

On the other hand, FLIP is constitutively expressed in many tu-

mours, conferring to these cells resistance to death receptor-

induced apoptosis. In this scenario, Sorafenib treatment can

bypass apoptosis resistance by reducing Mcl-1 levels.
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