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A B S T R A C T

ERK 1/2 are found to be hyperactive in many cancers. Active ERK 1/2 (pERK 1/2) are known

to protect cancer cells from undergoing death receptor-mediated apoptosis, although the

mechanism(s) behind this is poorly understood. Through in vitro kinase assays and

mass-spectrometry we demonstrate that pERK 1/2 can phosphorylate pro-Caspase-8 at

S387. Also, in EGFR-overexpressing Type I and II ovarian and breast cancer cell lines respec-

tively, ERK 1/2 remain active only during the interphase. During this period, pERK 1/2 could

inhibit Trail-induced apoptosis, most effectively during the G1/S phase. By knocking-down

the endogenous pro-Caspase-8 using RNAi and replacing it with its non-phosphorylatable

counterpart (S387A), a significant increase in Caspase-8 activity upon Trail stimulation was

observed, even in the presence of pERK 1/2. Taken together, we propose that a combination

of Trail and an inhibitor of ERK 1/2 activities could potentially enhance of Trail’s effective-

ness as an anti-cancer agent in ERK 1/2 hyperactive cancer cells.

ª 2013 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction releaseofcytochrome-cfromthemitochondria,which, together
Apoptosis or programmed cell death is an essential tool for the

body to eliminate excessive, damaged or harmful cells

(Hengartner, 2000). Cells can undergo apoptosis through two

distinct pathways. The extrinsic or death receptor-mediated

apoptotic pathway is triggered by the binding of the cell surface

death receptors like FasR (CD95), Trail (DR4 and DR5) or TNF-R

withFasL,TrailorTNFa, respectively.This leadstotheactivation

of pro-Caspases-8 and/or -10 into active Caspases-8 and/or -10

(hereafter Caspases-8 and -10) at the DISC (Death Inducing

Signaling Complex). During the intrinsic or stress-mediated

apoptotic pathway, internal and external stresses lead to the
and Obstetrics, Johann W

furt.de (K. Strebhardt).
ation of European Bioche
3

with Apaf-1, activates pro-Caspase-9 into Caspase-9.

These three caspases (pro-Caspases-8, -9 and -10) are

together known as the initiator caspases since they can

initiate the activation of the effector pro-Caspases 3 and 7

into active Caspases-3 and -7 (hereafter Caspases-3 and -7),

triggering the apoptotic cascade (Budihardjo et al., 1999;

Hengartner, 2000; Kurokawa and Kornbluth, 2009; Lawen,

2003; Tran et al., 2001).

Cells in which Caspase-8 alone is sufficient to activate pro-

Caspase-3, in response to receptor-mediated apoptotic stim-

uli, are termed as Type I cells. In Type II cells however,

Caspase-8 requires the assistance of the intrinsic apoptotic
olfgang Goethe University, Theodor-Stern-Kai 7, 60590 Frankfurt

mical Societies. Published by Elsevier B.V. All rights reserved.
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pathway for enhancing such an apoptotic stimuli and acti-

vating pro-Caspase-3. In the later cell types, Caspase-8 has

to first cleave and activate the BH3 Interacting Domain death

agonist (BID) into truncated BID (tBID), which in turn activates

the intrinsic apoptotic pathway (Holmstrom et al., 2000;

Ozoren and El-Deiry, 2002; Westphal and Kalthoff, 2003).

Asmuch as it is important for the body to sustain a suitable

level of apoptosis and maintain homeostasis, it is equally vital

for the cancer cells to avoid apoptosis in order to proliferate

irrespective of all the genetic mutations they accumulate over

the course of their development (Hanahan and Weinberg,

2000, 2011). Cancer cells employ a number of different means

to avoid apoptosis and preventing the activation of pro-

Caspase-8 is one of them. The Extracellular signal Regulated Ki-

nases 1/2 (ERK 1/2) have been implicated in adverselymeddling

with the extrinsic apoptotic pathway in response to cytotoxic

agents in both Type I and Type II cancer cells, for a long time

(Holmstrom et al., 1998, 2000; Tran et al., 2001).

ERK 1/2 are serine/threonine protein kinases andmembers

of the Mitogen Activated Protein Kinase (MAPK) family. They

act as transducers of extracellular stimuli as they are acti-

vated through the Ras/Raf/MEK/ERK cascade in response to

growth and differentiation stimuli, ligands for G protein-

coupled receptors, cytokines and other mitogenic factors

(Meloche and Pouyssegur, 2007; Pearson et al., 2001; Wada

and Penninger, 2004). The active ERK 1/2 can induce,maintain,

phosphorylate and regulate a battery of kinases like RSKs 1, 2

and 3; MNKs 1 and 2; transcription factors like c-Jun, c-Fos,

ATF-2, Elk1; hsp1; topoisomerase IIb, and Cyclin D1. By posi-

tively or negatively regulating numerous such substrates,

pERK 1/2 can regulate gene expression, cell proliferation,

apoptosis, differentiation, cellematrix interactions and cell

migration (Brunet et al., 1999; Meloche and Pouyssegur, 2007;

Pucci et al., 2009; Roux and Blenis, 2004; Wada and

Penninger, 2004; Yamamoto et al., 2006).

Details of the precise mechanism(s) behind the anti-

apoptotic roles of pERK 1/2 are lacking. In this communica-

tion, we have attempted to pin-point the substrate(s) that

are influenced by pERK 1/2 in order to regulate the extrinsic

apoptotic pathway. For this purpose, EGFR receptor overex-

pressing human ovarian and breast cancer cell lines SKOV-3

and MDA-MB-468 along with the colorectal carcinoma cell

line HCT-116were chosen because of the presence of hyperac-

tive ERK 1/2. Evidence provided here have led us to conclude

that pERK 1/2 can regulate the extrinsic apoptotic pathway

by phosphorylating pro-Caspase-8 at its S387 residue in a

cell cycle specific manner.
2. Materials and methods

2.1. Cell culture, antibodies and chemicals

The ERK 1/2 overexpressing ovarian cancer cell line SKOV-3

(HTB-77) and breast cancer cell line MDA-MB-468 (HTB-132)

were purchased from ATCC and cultivated according to their

guidelines. Peripheral Blood Lymphocytes (PBLs) were ob-

tained from the blood of healthy donors as described previ-

ously (Matthess et al., 2010).
Antibodies were obtained from the following sources: ERK

1/2 (06-182) from Millipore; BID (2002), pERK 1/2 (9101), PARP

(9542), Caspase-3 (9665), Caspase-8 (9496), Caspase-9 (9502),

Bax (2772), BID (2002) and Cyclin B1 (4138) from Cell Signaling;

Plk1 (sc-17783), Cyclin E (sc-198), Cyclin A (sc-271645), GST (sc-

374171) fromSanta Cruz Biotechnologies; pro-Caspase-8 (ALX-

804-429) from Enzo Life Sciences; Flag (F1804) and b-Actin

(A5441) from Sigma; GFP (ab290) and XIAP (ab281151) from

Abcam; secondary antibodies against Rabbit (NA934V) and

Mouse (NXA931) from GE Healthcare. The polyclonal antibody

against Caspase-8 (pS387) was produced by Eurogentec by

immunizing rabbits with the peptide EEQPYLEMDLSpSPQTR.

Reagents and kits were obtained from the following sour-

ces: The synthetic MEK 1/2 inhibitor PD98059 Millipore

(513000); the purified kinases e ERK2 (P6080), CAMKII (P6060),

CDK2 (P6025) were from NEB; CDK1 (0134-0135-1), PLK1

(0183-0000-1) from ProQinase; Aurora B (A31-10G-10) from Sig-

nalChem and Aurora A (BML-SE406) from Enzo Life Sciences;

Nocodazole (M1404) and Thymidine (T-1895) from Sigma;

RO3306 (217699) from Calbiochem; Trail (ALX-201-115) from

Enzo Life Sciences; Cycloheximide (66-81-9) from Sigma-

eAldrich; the PLA assay kit from Olink Biosciences; Protein G

Sepharose Beads (17-0618-01) and Glutathione Sepharose A

Beads (17-0756-01) from GE Healthcare; AnnexinV (556422)

and 7AAD (559925) were from BD Biosciences. [g-32P] ATP

(3000 Ci/mmol) from Amersham Pharmacia.
2.2. siRNAs and plasmids

The following siRNAs were either designed or purchased e

siRNA-pro-Caspase-8 (50-GAGCUAAAGUUAAAUAGGAUU-30)
(Sigma), commercial siRNA-ERK 1/2 (6560, Cell Signaling);

and commercial siRNA-ERK 1 (sc-29307) and siRNA-ERK2 (sc-

35335) from Santa Cruz Biotechnologies, siRNA-BID (50-GAA-
GACAUCAUCCGGAAUA-30) (Sigma) (Wagner et al., 2004)

scrambled siRNA (1027281, Qiagen). siRNA transfections

were performed with Oligofectamine Reagent (12252-011,

Invitrogen) or Lipofectamine RNAiMax Transfection Reagent

(13778-075, Life Technologies), as described previously

(Kappel et al., 2007; Spankuch-Schmitt et al., 2002).

Pro-Caspase-8 WT, Caspase-8 NT, p18 and p10 sub-

fragments were inserted into the pGex 5x-3 vector (GE Health-

care) into the BamHI/EcoRI sites. Pro-Caspase-8 (WT) and its

mutants e Pro-Caspase-8 S387A and Pro-Caspase-8 S387E

were inserted into the 3xFlag-tagged pcDNA3.1-Hygroþ vector

(Invitrogen) into the HindIII/XbaI sites. The resulting Flag-

tagged Caspase-8 sequences were inserted into the

pcDNA3.1-V5 vector (Invitrogen). ERK1 and ERK2 were

inserted into the GFP-tagged pcDNA3.1-Hygroþ vector (Invi-

trogen) into the BamHI/EcoRI (ERK1) and HindIII/XbaI (ERK2)

sites. Sequences for the primers have been tabulated in

Supplementary Table 1. Mutants were generated through

site-directed mutagenesis using the QuikChange protocol

and Pfu Ultra II Fusion HS DNA polymerase (Stratagene).
2.3. Pull-down and immunoprecipitation

Both the methods were performed as described previously

(Raab et al., 2011).

http://dx.doi.org/10.1016/j.molonc.2013.11.003
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Figure 1 e pERK 1/2 can prevent death receptor-mediated apoptosis. (A) Schematic representation of the pro-Caspase-8 activation process. (B)

Randomly growing EGFR-overexpressing SKOV-3 cells were pre-treated for 1 h with 100 mM of PD98059 or an equal volume of the vehicle

control DMSO. Apoptosis was induced in these cells by the death receptor activating agents Trail (100 ng/ml) or (B) FasL (100 ng/ml) or (C)

TNFa (20 ng/ml) for 0, 2 and 3 h where the 0 h time point indicates the absence of any apoptosis induction. Cycloheximide (CHX) (10 mg/ml) was

also used in each case to enhance the efficiency of these cytotoxic agents through its ability to inhibit the synthesis of anti-apoptotic proteins like

FLIP and XIAP. Lysates of the harvested cells were resolved by SDS-PAGE and immunoblotted for pERK 1/2, ERK 1/2, pro-Caspase-8 (p55/53),

and Caspase-8 cleavage product (p18). The level of b-Actin in the lysates was used as the loading control.
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2.4. In vitro kinase assay

Both radioactive (hot) and non-radioactive (cold) in vitro kinase

assays were performed in accordance with the methods

described previously (Spankuch et al., 2004; Yuan et al., 2004).

2.5. Cell synchronization and cell cycle analysis

SKOV-3 and MDA-MB-468 cells were first treated with Thymi-

dine (2 mM) for 16 h, released into fresh medium for 10 h fol-

lowed by treatment for 16 h with Thymidine (2 mM) (double

thymidine-treatment) or RO3306 (9 mM) (thymidine-RO3306-

treatment) or Nocodazole (50 ng/ml) (thymidine-Nocodazole-

treatment) to enrich the cells in G1/S, G2 and M phases,

respectively. S phase cells were obtained by double thymidine

treatment followed by the release of the resulting G1/S phase

enriched cells into fresh medium for 2 h. Cell cycle distribu-

tion of the harvested cells were performed by Propidium Io-

dide (PI) staining, as has been mentioned earlier (Yuan et al.,

2011), followed by their analysis through flow cytometry using

a FACScan instrument (BD). FACS data were analyzedwith the

BD Cell Quest pro software (version 5.2.1, BD).

2.6. Apoptosis analysis

Apoptosis was induced by stimulating the cells with a combina-

tion of Trail (100 ng/ml) or FasL (100 ng/ml) or TNFa (20 ng/ml) in

the presence of 10 mg/ml of Cycloheximide (CHX). Apoptosiswas

measured by staining the cells first with AnnexinV/7AAD ac-

cording to themanufacturer’sprotocol followedbytheiranalysis

using a FACScan instrument (BD). All the resulting data was

analyzedusing theBDCellQuestpro software (version5.2.1, BD).

2.7. Proximity Ligation Assay

The Proximity Ligation Assay was performed as per themanu-

facturer’s protocol. Briefly, it involves converting potential pro-

teineprotein interactions into DNAmolecules by first targeting

the two interacting proteins using specific antibodies against

them, which has to be generated in two entirely different

hosts. These primary antibodies are then targeted by PLA

probes, each specific against the primary antibody host, conju-

gated with a short oligonucleotide sequence. These two oligo-

nucleotides are then ligated using a ligase providing a template

for a Rolling Circle Amplification (RCA). This template is

formed only when the two proteins are located within 40 nm

of each other, a distance considered to be close enough for fa-

voring their potential interaction in vivo. The RCA is then

amplified by a suitable polymerase and labeledwith detectable

probes which can then be visualized under an immunofluores-

cence microscope as a fluorescent dot (Weibrecht et al., 2010).
3. Results

3.1. pERK 1/2 can prevent death receptor-mediated
apoptosis

To confirm whether pERK 1/2 can indeed protect cancer cells

from undergoing death receptor-mediated apoptosis, we first
treated the ovarian cancer cell line SKOV-3 with the synthetic

MEK 1/2 inhibitor PD98059 or with the vehicle control DMSO.

These cells were then treatedwith Trail, FasL or TNFa, in order

to activate the extrinsic apoptotic pathway, over different

time-periods. Immunoblotting of the cell lysates in all the

three cases demonstrated that the treatment of the cells

with PD98059 lead to an increase in pro-Caspase-8 activation

indicating that pERK 1/2 may play a role in suppressing death

receptor mediated apoptosis (Figure 1BeD). Also, Trail

appeared to be more potent at inducing apoptosis than FasL

or TNFa in this cell line.

3.2. Pro-Caspase-8 is a substrate for pERK2 (p42 MAPK)
in vitro

Since ERK 1/2 are kinases, we wanted to determine whether

pERK 1/2 can regulate the extrinsic apoptotic pathway by

directly phosphorylating the key component of the extrinsic

apoptotic pathway e pro-Caspase-8. For this purpose,

commercially available ERK2 along with a panel of other ki-

nases like Aurora A and B; CDK1 and 2; and CAMKII were

assessed for their ability to phosphorylate GST-tagged full

length pro-Caspase-8 protein (wild-type) through an in vitro ki-

nase assay in the presence of [g-32P] ATP. ERK2 aswell as CDK1

and 2 were able to strongly phosphorylate the pro-Caspase-8

(Figure 2A).

To assess the site/domain at which ERK 1/2 phosphorylate

pro-Caspase-8, we next performed an in vitro kinase assay

involving the kinase and GST-tagged fusion proteins of

different pro-Caspase-8 sub-fragments. It was observed that

the major phosphorylation site for ERK2 on pro-Caspase-8

was located in its p10 sub-fragment (Figure 2B).

The p10 sub-fragment of Caspase-8 was also subjected to

Mass Spectrometric analysis in the presence or the absence

of ERK2. The result revealed that the kinase phosphorylates

the p10 sub-fragment sequence EEQPYLEMDLSpSPQTR at the

S387 residue (Figure 2C). To further confirm that S387 is indeed

the site of ERK2-mediated phosphorylation of pro-Caspase-8,

a GST-tagged full length pro-Caspase-8 mutant protein was

generated (GST-pro-Caspase-8 S387A) and subjected to an

in vitro kinase assay in the presence of the kinase. A complete

loss of phosphorylation signal was observed in case of the

mutant protein (Figure 2D). In addition, a comparative

in vitro kinase assay involving [g-32P] ATP was performed

with GST-pro-Caspase-8 S387A along with the panel of

commercially available kinases. The phosphorylation signal

for CDK2 reduced significantly while that for ERK2 and CDK1

were completely lost as compared to their respective phos-

phorylation signals in the presence of the GST-pro-Caspase-

8 WT protein (Figure 2A and E). This indicated that, while for

the ERK2 and CDK1, S387 is the only phosphorylation site on

pro-Caspase-8, it is a major but not the only phosphorylation

site for CDK2.

These data indicated that at least in vitro, the ERK2 MAPK

can phosphorylate pro-Caspase-8 at its S387 residue. But

does ERK1 MAPK can also perform a similar function? Since,

purified ERK1 kinase is not available commercially, we next

transfected SKOV-3 cells with expression vectors for GFP-

ERK 1 or GFP-ERK 2 (Figure 2F, upper panel). These kinases

were then immunoprecipitated and assessed for their ability

http://dx.doi.org/10.1016/j.molonc.2013.11.003
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to individually phosphorylate GST-pro-Caspase-8 WT, S387A

and p10 fusion proteins using an in vitro kinase assay. Both

the kinases were able to phosphorylate pro-Caspase-8 at

S387 in the WT and p10 fusion proteins while, the phospho

signal disappeared completely when the S387 site was

mutated (Figure 2F, lower panel). This confirmed that pro-

Caspase-8 is phosphorylated at the same position (S387) by

both ERK 1/2.

Based on these findings, we generated a polyclonal anti-

body against this phosphorylation site (Caspase-8 pS387) by

immunizing rabbits with the peptide YLEMDLSpSPQTRY. In

order to assess the specificity of this antibody, GST-pro-

Caspase-8 WT or GST-pro-Caspase-8 S387A were subjected

to a non-radioactive (cold) kinase assay in the presence of

commercially available ERK2, CDK1, PLK1 and CAMKII. While

the GST-pro-Caspase-8 WT protein, phosphorylated at S387

by ERK2 and CDK1, was recognized by the new phospho-

specific antibody, it couldn’t detect this signal in the GST-

pro-Caspase-8 S387A protein (Figure 2G). Furthermore, we

also treated increasing amounts of the GST-Caspase-8 WT

protein with equal amounts of the ERK2. Increasing levels of

GST-pro-Caspase-8 WT phosphorylation was detected by the

antibody with corresponding increase in pro-Caspase-8 pro-

tein levels (Figure 2H). Also, as little as 50 ng of the phosphor-

ylated Caspase-8 was recognized by the new antibody while

no phosphorylation signal was detected when the kinase or

the substrate was present alone. Both these experiments

(Figure 2G and H) thus confirm the sensitivity and the speci-

ficity of this Caspase-8 pS387 antibody.
3.3. Pro-Caspase-8 can interact with pERK 1/2 in vivo

To determine whether these kinases interact with their sub-

strate pro-Caspase-8 in vivo as well, we performed a Proximity

Ligation Assay (PLA) in the SKOV-3 cells. The number of flores-

cent spots was counted under a fluorescent microscope and

has been represented graphically. It was observed that the

number of fluorescent spots greatly increased when the

SKOV-3 cells were treated with antibodies against both pERK
Figure 2 e Pro-Caspase-8 is a substrate for pERK2 (p42 MAPK) in vitro. (A

WT) was incubated with commercially available Aurora A and B, CDK1 an

resolved by SDS-PAGE and visualized by autoradiography. (B) GST-tagge

including the prodomain), p18 and p10) were subjected to phosphorylation

panel) and its autoradiography (upper panel) were performed. (C) Mass-sp

performed in the presence or the absence of the ERK2 kinase. (D) GST-pr

Caspase-8 S387A) proteins were subjected to in vitro kinase assay by the E

corresponding autoradiograph (upper panel) are shown. (E) The same pane

GST-pro-Caspase-8 S387A protein through an in vitro kinase assay. (F) SK

1 or GFP-ERK 2. The expressed proteins were immunoprecipitated using

analyzed for the levels of pERK 1/2 and GFP-pERK 1 or GFP-pERK 2 (u

abilities to phosphorylate GST-pro-Caspase-8 WT, GST-pro-Caspase-8 S

kinase assay (lower panel). (G) A polyclonal antibody was generated against a

GST-pro-Caspase-8 WT and GST-pro-Caspase-8 S387A were incubated w

along with non-radioactive ATP. Samples were analyzed for Caspase-8 ph

levels of pro-Caspase-8. (H) Increasing amounts of the GST-pro-Caspase-

kinase and ATP to perform a non-radioactive kinase assay. The kinase or

combination of protein-kinase was assessed for phospho-Caspase-8 (Caspa
1/2 and pro-Caspase-8 followed by treatment with the PLA

probes (Figure 3A). Each of these fluorescent spots represents

the presence of both the kinases and pro-Caspase-8 at dis-

tances (40 nm) close enough to potentially interact with

each other within a cell.

To further evaluate whether pERK 1/2 can indeed bind to

pro-Caspase-8 directly, SKOV-3 cells were transfected with

expression vectors for GFP-ERK 1 or GFP-ERK 2 along with

expression vectors for Flag- and V5-tagged pro-Caspase-8.

When the immunoprecipitated Flag-pro-Caspase-8-V5 pro-

tein was then probed using western blot for pERK 1/2, it was

observed that both of them could bind to the pro-Caspase-8

(Figure 3B).

We also performed a pull-down assay to assess whether

the GST-pro-Caspase-8 protein can bind to endogenous ERK

1/2 or pERK 1/2. Immunoblot analysis demonstrated that the

GST-pro-Caspase-8 protein was able to pull-down pERK 1/2

from the lysates of SKOV-3 cells (Figure 3C). These experi-

ments therefore indicate that pERK 1/2 and pro-Caspase-8

are interacting protein partners in vivo.
3.4. The cellular effects of pERK 1/2-induced
phosphorylation of pro-Caspase-8

Since the phosphorylation site S387 is located in close prox-

imity to the Caspase-8 cleavage site D384, wewanted to inves-

tigate whether pERK 1/2 can inhibit the extrinsic apoptotic

pathway in cancer cells by phosphorylating pro-Caspase-8 at

S387 and preventing its further cleavage, in vivo. To establish

this, we selected two EGFR-overexpressing cancer cell lines

e SKOV-3 and MDA-MB-468.

The ERK 1/2 activities in randomly growing SKOV-3 cells

were inhibited by PD98059 and then subjected to Trail-

induced apoptosis for different time periods. A marked in-

crease in Caspase-8 cleavage and a reduction in Caspase-8

(pS387) levels were observed in the cell lysates when the

ERK 1/2 activities were inhibited (Figure 4A). Caspase-8 activ-

ity in these lysates was also measured using the Caspase-8

Glo-Assay and showed a similar time-dependent increase in
) GST-tagged full length pro-Caspase-8 protein (GST-pro-Caspase-8

d 2, CAMKII, ERK2 kinases and [g-32P] ATP for 30 min at 30 �C,

d fusion proteins of pro-Caspase-8 (WT (wild type), NT (N-terminus

by commercially available ERK2. Coomassie staining of the gel (lower

ectrometric analysis of the p10 sub-fragment of Caspase-8 was

o-Caspase-8 WT or the mutant full length pro-Caspase-8 (GST-pro-

RK2 kinase. Coomassie stained SDS-PAGE gel (lower panel) and its

l of commercially available kinases were used to phosphorylate the

OV-3 cells were transfected with the expression vectors for GFP-ERK

an anti-GFP antibody. The immunoprecipitates and the lysates were

pper panel). The immunoprecipitated kinases were assessed for their

387A and GST-Caspase-8 p10 fusion proteins through an in vitro

peptide including the phosphorylated S387 residue of pro-Caspase-8.

ith commercially available CDK1, PLK1, CAMKII and ERK2 kinases

osphorylation using the new antibody (Caspase-8 pS387) and for the

8 WT protein were then incubated with equal amounts of the ERK2

GST-pro-Caspase-8 WT alone was used as negative controls. The

se-8 pS387), pro-Caspase-8 and pERK2.

http://dx.doi.org/10.1016/j.molonc.2013.11.003
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Figure 3 e Pro-Caspase-8 can interact with pERK 1/2 in vivo. (A) Randomly growing SKOV-3 cells were seeded on slides, fixed, permeablized,

blocked and then labeled with the anti-pERK 1/2 (rabbit) or anti-pro-Caspase-8 (mouse) antibodies or both. The nuclear region of these cells was
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activity in the absence of pERK 1/2 (Figure 4B). The levels of

overall apoptosis, in the presence or the absence of pERK 1/

2, in these cells were evaluated by determining the incorpora-

tion of AnnexinV/7AAD in these cells through FACS analysis.

It was observed that the percentage of overall apoptosis in

the inhibitor-treated cells increased significantly, almost

doubling 2 h after Trail-treatment till the end of the observa-

tion period (3 h), as compared to the DMSO-treated controls

(Figure 4C).

Small molecule inhibitors like PD98059 are known to have

off-target specificity (Anastassiadis et al., 2011; Davis et al.,

2011). To verify any possibility of the inhibitor enhancing

Caspase-8 induced apoptosis through any mechanism other

than that involving the inhibition of pERK 1/2, the expressions

of ERK 1/2 were inhibited with an siRNA-ERK 1/2 (Cell

Signaling). Once an optimum siRNA-ERK 1/2 concentration

was determined for the effective depletion for ERK 1/2 protein

expression (100nM) (Figure 4D), SKOV-3cellswere treatedwith

equal concentrations (100 nM) of the siRNA-ERK 1/2 or the

siRNA-scrambled followed by Trail-treatment over different

durations. Immunoblots of the cell lysates showed a marked

increase in Caspase-8 cleavage and a reduction in Caspase-8

(pS387) levels in the siRNA-ERK 1/2-treated cells as compared

to the controls (Figure 4E). These observations were also vali-

dated in a similar experiment involving a combination of spe-

cific commercial siRNAs against ERK1 and ERK2 (Santa Cruz

Biotechnologies). Immunoblotting the cell lysates once again

showed an increase in Caspase-8 cleavage and a reduction in

Caspase-8 (pS387)when ERK1 and 2 expressionswere knocked

down, as compared to the siRNA-scrambled treated cells

(Figure 4F). These two experiments (Figure 4E and F) provided

further evidence that pro-Caspase-8 is phosphorylated at

S387 and its processing depends on ERK 1/2 activities in vivo.

Similar to the SKOV-3 cells, ERK 1/2 activation was also

inhibited in the MDA-MB-468 cells using the small-molecule

inhibitor PD98059 followed by the induction of apoptosis using

Trail (Supplementary Figure 1A). Western blot analysis of the

cell lysates demonstrated a robust increase in Caspase-8

cleavage associated with a reduction in the amounts of

Caspase-8 (pS387) in the inhibitor-treated cells as compared

to the controls (Supplementary Figure 1A). Caspase-8 activity

also increased significantly after Trail treatment in the

absence of active ERK 1/2 (Supplementary Figure 1B). Howev-

er, the difference in the Caspase-3/7 activity between the in-

hibitor and the DMSO treated controls were surprisingly less

pronounced (Supplementary Figure 1C). Similarly, the differ-

ence in the levels of overall apoptosis in the presence or the

absence of the inhibitor was also very nominal

(Supplementary Figure 1D). Taken together, these findings
identified by staining their DNA with DAPI while their cellular cytoskelet

antibody. The stained cells were subjected to an in situ Proximity Ligation

immunofluorescence microscope represented the close proximity, in the orde

number of fluorescent spots were counted in five different fields, each field h

8 or both), and the mean number of spots per field was represented graphical

1 or GFP-ERK 2 or co-transfected with the expression vectors for Flag- a

immunoprecipitated using an anti-V5 antibody. Immunoblots of the lysates

antibodies to assess for the presence of immunoprecipitated pro-Caspase-8

GFP-ERK 2, respectively. (C) GST alone or GST-pro-Caspase-8 was incu

that was pulled-down by the GST-pro-Caspase-8 was detected by immuno
indicated that in the MDA-MB-468 cells, additional factors

other than Caspase-8might be involved in driving the cells to-

wards apoptosis in response to death receptor activation. We

therefore decided to first establish the subtype (Type I or II) of

these cells.

Towards this goal, we tried to silence the expression of the

BID gene by RNAi in the MDA-MB-468 cells. siRNA-scrambled

transfected cells were used as negative controls. Apoptosis

was induced in these cells by treating them with Trail for

2 h in the presence or the absence of pERK 1/2. For compari-

son, the SKOV-3 cells were also subjected to similar treatment

as the MDA-MB-468 cells. The MDA-MB-468 cells demon-

strated the activation of the intrinsic apoptotic pathway in

the presence of Trail, as measured by the levels of Caspase-

9, XIAP and Caspase-3, while this was not the case with the

SKOV-3 cells (Supplementary Figure 2A and B). While the

use of 100 nM of siRNA-BID downregulated the BID gene

expression effectively in the SKOV-3 cells, substantial levels

of the BID protein could still be detected in the MDA-MB-468

cells, which was sufficient to activate the intrinsic apoptotic

pathway upon Trail stimulation. This indicates that while

the SKOV-3 cell line belong to the Type I subtype of cells, the

MDA-MB-468 cells come under the Type II subtype.

Type II cancer cells frequently exhibit resistance to death

receptor-mediated apoptosis by inactivating the intrinsic

apoptotic pathway (Matthess et al., 2010; Zhang and Fang,

2005). In order to mimic such conditions in the MDA-MB-468

cells, we decided to once again knock-down the BID gene in

these cells, pre-treat them with or without PD98059 and

then induce apoptosis with Trail over different time periods.

Immunoblotting of the lysates showed an increase in the

levels of Caspase-8 cleavage corresponding with a decrease

in the levels of Caspase-8 (pS387) (Supplementary Figure 1E).

This was also reflected uponmeasuring the Caspase-8 activity

(Supplementary Figure 1F). However, like their non-

transfected counterparts (Supplementary Figure 1C), there

was no significant increase in Caspase-3 activity upon

PD98059 treatment in the siRNA-BID transfected cells

(Supplementary Figure 1G). It was also observed that while

knocking down the BID protein levels did reduce the amount

of overall apoptosis (Supplementary Figure 1H) as compared

to the non-transfected cells (Supplementary Figure 1D), it

didn’t lead to any significant difference in overall apoptosis

in the presence or the absence of pERK 1/2. This once again re-

flects BID’s ability to amplify even the slightest apoptotic

signal derived from active Caspase-8 and in turn successfully

activate the intrinsic apoptotic pathway (Schungel et al., 2009),

and our inability to completely knock-down the BID gene in

the MDA-MB-468 cells meant that we weren’t able to
on was shown by staining them with a GFP-labeled anti-tubulin

Assay (PLA). Each of the fluorescent spots seen under an

r of 40 nm, of two potentially interacting proteins within the cells. The

aving approximately 15e20 cells (anti-pERK 1/2 or anti-pro-Caspase-

ly. (B) Randomly growing HeLa cells were transfected with GFP-ERK

nd V5-tagged pro-Caspase-8. The pro-Caspase-8 was then

and the immunoprecipitates were stained with anti-Flag and anti-GFP

and for the expression or co-immunoprecipitation of GFP-ERK 1 or

bated with the lysates of randomly growing SKOV-3 cells. pERK 1/2

blotting.
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effectively shut down the intrinsic apoptotic pathway in these

cells. As a result, even in the DMSO treated cells, a small

amount of active Caspase-8 could cleave any residual BID

which could in turn amplify this signal thereby overcoming

the anti-apoptotic functions of pERK 1/2.

We therefore induced apoptosis in the Type II colon cancer

cell line HCT 116 (Ozoren and El-Deiry, 2002) in which the pro-

apoptotic Bcl-2 associated X protein (Bax) gene had been

knocked out (Bax KO), rendering its intrinsic apoptotic

pathway muted. Comparisons were made with HCT 116 cell

line with normal Bax gene expression (Bax WT). Lysates of

the cells showed that while BID was cleaved upon Trail treat-

ment in both the Bax KO and BaxWT cells, there was compar-

atively less Caspase-9 cleavage in the inhibitor treated Bax KO

cells as compared to its DMSO treated counterparts. This was

not the case in the BaxWT cells. A similar trendwas seenwith

the PARP cleavage also (Figure 4G). However, there was a ma-

jor decrease in the Caspase-8 (p18) level in the DMSO treated

Bax KO cells as compared to their Bax WT counterparts, after

Trail treatment. It is possible that a fully functional intrinsic

apoptotic pathway in the Bax WT cells leads to higher

amounts of pro-Caspase-3 activation as compared to the Bax

KO cells. Active Caspase-3 has been reported to be able to

cleave the p43/41 sub-fragment of intermediately processed

pro-Caspase-8 into Caspase-8 (p18) (Ferreira et al., 2012). The

Bax KO cells also showed a significant increase in the levels

of overall apoptosis in the absence of pERK 1/2 after 2 and

3 h of Trail treatment as compared to the DMSO treated con-

trols. This trend was not visible in the Bax WT cells

(Figure 4H) indicating that inhibiting ERK 1/2 activities can

sensitize even Type II cancer cells, with impaired intrinsic

apoptotic pathway, to Trail induced apoptosis.

3.5. ERK 1/2 is inactive during mitosis in SKOV-3 and
MDA-MB-468 cell lines

The distribution of pERK 1/2 during the cell cycle and their

roles in cancer cells have been debated for over two decades
Figure 4 e The cellular effects of pERK 1/2-induced phosphorylation of pr

(Type II) cells. ERK 1/2 activation was inhibited in randomly growing SK

treated cells were used as negative control. Apoptosis was induced in these

(100 mg/ml) for different time-periods in the presence of PD98059 or DMS

active (pERK 1/2) or whole ERK 1/2, pCaspase8 (S387), p55/53 and p18 t

through a Caspase-8 Glo-Assay or (C) were used for measuring the overall

(D) SKOV-3 cells were non-transfected or transfected with 25, 50 and 100

control) or 100 nM of siRNA-scrambled (negative control). 48 h after transfe

pERK 1/2, ERK 1/2 and p55/53. Protein loading was verified by detecting

transfected with 100 nM of either siRNA-ERK 1/2 (Cell Signaling) or siRN

different time-periods using Trail and CHX. At the end of each time-point,

for the presence of pERK 1/2 and ERK 1/2, pCaspase8 (S387), p55/53, p18

100 nM each of siRNA-ERK 1 and siRNA-ERK2 (Santa Cruz Biotechnolo

This was followed by initiation of apoptosis for different time-periods usin

harvested and their lysates were immunoblotted to assess for the presence of

Randomly growing Bax knock-out (Bax KO)- or Bax wild-type (Bax WT)-H

different time-periods (G) Lysates of the harvested cells were used for dete

pro-Caspase-9 and its cleavage products (p37 and p35), Bax, PARP, BID

overall apoptosis (mean ± SEM, n [ 3) (P-value e * £0.05, ** £0.005, *** £
(Chambard et al., 2007; Harding et al., 2003; Meloche, 1995;

Meloche and Pouyssegur, 2007; Yamamoto et al., 2006). How-

ever, to determine whether pERK 1/2 can equally protect the

SKOV-3 and MDA-MB-468 cell lines from Caspase-8-

mediated apoptosis throughout their cell cycle, we wanted

to assess their activation status during the different phases

of the cell cycle in these cells.

The SKOV-3 and MDA-MB-468 cells were enriched in G1/S,

S, G2 and M phases. Lysates of these cells displayed that in

case of both the cell lines, ERK 1/2 were almost completely

inactivated during mitosis (Figure 5A and B). Apart from

analyzing the levels of different cell cycle markers (Figure 5A

and B), the distribution of these cells in the different phases

of the cell cycle was also examined by PI-FACS (Figure 5C

and D).

Next, SKOV-3 cells were first enriched in pro-metaphase by

thymidine-Nocodazole-treatment and then released into

fresh medium over a period of 24 h. Cells were harvested at

regular intervals of 3 h, lysed and immunoblotted. It was

observed once again that ERK 1/2 remained inactive so long

as the cells remained in mitosis. Immediately after the exit

of these cells from mitosis, i.e. 12 h after their release from

Nocodazole treatment, pERK 1/2 levels started to increase un-

til the end of the observation period (Figure 5E).

Taken together, these results strongly suggest that at least

in these EGFR-overexpressing cell lines (SKOV-3 and MDA-

MB-468), the activities of ERK 1/2 are limited exclusively to

the interphase of their respective cell cycles.

3.6. Caspase-8 is more active during G1/S than G2
phase in the absence of pERK 1/2

Having demonstrated that ERK 1/2 are active during all but the

mitotic phase in the SKOV-3 and MDA-MB-468 cells, we asked

whether their anti-apoptotic properties are also similarly

prevalent throughout the interphase in these cell lines. For

this purpose, apoptosis was induced in SKOV-3 cells enriched

in the G1/S and G2 phases, in the presence or the absence of
o-Caspase-8 in SKOV-3 (Type I) and Bax KO- or Bax WT-HCT 116

OV-3 cells by pre-treatment with 100 mM PD98059 for 1 h. DMSO-

cells by treating with a combination of Trail (100 ng/ml) and CHX

O. (A) Harvested cells were either lysed to assess for the presence of

hrough immunoblotting and (B) to measure the Caspase-8 activity

apoptosis by AnnexinV/7AAD FACS analysis (mean ± SEM, n [ 3).

nM of siRNA-ERK 1/2 or 100 nM siRNA-pro-Caspase-8 (positive

ction, these cells were harvested, lysed and assessed for the presence of

the amounts of b-Actin in the lysates. (E) SKOV-3 cells were

A-scrambled for 48 h. This was followed by initiation of apoptosis for

the cells were harvested and their lysates were immunoblotted to assess

and b-Actin. (F) SKOV-3 cells were transfected with a combination of

gies) as well as an equal concentration of siRNA-scrambled for 48 h.

g Trail and CHX. At the end of each time-point, the cells were

pERK 1/2 and ERK 1/2, pCaspase8 (S387), p55/53, p18 and b-Actin.

CT 116 cells were similarly subjected to Trail induced apoptosis for

cting pERK 1/2, ERK 1/2, p-Caspase-8 (S387), pro-Caspase-8, p18,

and b-Actin. (H) Harvested cells were also assessed for the levels of

0.0005).
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Figure 5 e ERK 1/2 is inactive during mitosis in SKOV-3 and MDA-MB-468 cell lines. SKOV-3 and MDA-MB-468 cells were arrested in G1/S

phase, G2 phase and M phase. Non-synchronized (U/T) cells were used as negative control. Harvested cells were either lysed to assess for the levels

of pERK 1/2 and ERK 1/2, the mitotic markers Cyclin B1 and PLK1, the G1/S and S phase marker Cyclin E and b-Actin (A and B) or were

directly fixed and treated with the fluorescent labelled DNA intercalating stain Propidium Iodide (PI) to determine their cell-cycle distribution by
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pERK 1/2. Comparisons were made with similarly treated

randomly growing or M phase arrested SKOV-3 cells.

The cell cycle distribution of the randomly growing, G1/S-

and G2-phase enriched cells was analyzed using PI-FACS

(Supplementary Figure 3AeC). Lysates of these cells were

assessed for Caspase-8 activity and presence of Caspase-8

(pS387) through western blot (Figure 6AeD, upper panels).

Overall apoptosis in these cells was also measured by Annex-

inV/7AAD FACS analysis (Figure 6AeD, lower panels). It was

observed that the inhibition of ERK 1/2 activation yielded

the highest percentage of Caspase-8 activity and also overall

apoptosis in G1/S phase arrested cells as compared to the G2

phase arrested or randomly growing SKOV-3 cells. These

findings also corresponded with Caspase-8 (pS387) levels

which decreased the most in the G1/S phase cells in the pres-

ence of the inhibitor (Figure 6AeD, upper panels). Expectedly,

the mitotic phase cells showed no apparent differences in the

levels of Caspase-8 (pS387), Caspase-8 activity or overall

apoptosis between the inhibitor (PD98059) treated or un-

treated samples. These findings show that pERK 1/2 have

the strongest anti-apoptotic role during the G1/S phase in

SKOV-3 cells.
3.7. pERK 1/2 induced phosphorylation of pro-Caspase-
8 inhibits its further activation in vivo

To investigate whether the phosphorylation of pro-Caspase-8

at S387 is actually responsible for the anti-apoptotic proper-

ties of ERK 1/2, the endogenous pro-Caspase-8 in the SKOV-3

cells was first silenced by an siRNA-Caspase-8 and then

replaced with exogenous Flag-tagged wild-type (WT) or non-

phosphorylatable (S387A) or phospho-mimicking (S387E)

pro-Caspase-8 mutants. Non-transfected (U/T) or siRNA-

scrambled transfected SKOV-3 cells were used as the negative

controls. Comparisons were also made with cells in which the

endogenous pro-Caspase-8 had been knocked down but was

not replaced with any exogenous Caspase-8. All these cells

were subjected to Trail-induced apoptosis in the presence or

the absence of pERK 1/2. SKOV-3 cells in which the endoge-

nous pro-Caspase-8 had been replaced with the Flag-tagged

pro-Caspase-8 (S387A) demonstrated the highest amount of

Caspase-8 (p18) as compared to the Flag-tagged pro-Cas-

pase-8 (WT) or the Flag-tagged pro-Caspase-8 (S387E) trans-

fected cells. Expectedly, the levels of Caspase-8 (p18) were

almost the same in the PD98059 or the DMSO treated cells

(Figure 7A and B). It should be noted here that the SKOV-3 cells

were subjected to significant stresses as a result of the trans-

fections of the different pro-Caspase-8. As a result, basal level

of p18was detected even in the absence of any Trail treatment

(0 h), possibly as a consequence of stress-induced activation of

pro-Caspase-9 and subsequent pro-Caspase-3 activation, as

has been mentioned earlier (Ferreira et al., 2012).
measuring their DNA contents (C and D). (E) SKOV-3 cells were arrested

cells were collected by shake-off, washed twice with PBS and released into fr

and immunoblotted. The progress of these cells out of mitosis was followe

compared with the corresponding levels of pERK 1/2 and ERK 1/2, at each

control.
3.8. Inhibiting ERK 1/2 activation also sensitizes
primary lymphocytes to Trail-induced apoptosis

To determine whether pERK 1/2 can also inhibit pro-Cas-

pase-8-mediated apoptosis in primary cells, Peripheral

Blood Lymphocytes (PBLs) were isolated from the blood of

healthy donors and then stimulated with or without the

cytokine Interleukin-2 (IL-2). These cells were then pre-

treated with either PD98059 or DMSO for 1 h and then sub-

jected to Trail induced apoptosis over different time

periods. Immunoblot of the cell lysates were analyzed

for ERK 1/2 activities and also Caspase-8 cleavage

(Supplementary Figure 4). Similar to the cancer cell lines,

an enhancement in Caspase-8 cleavage was observed only

in the absence of pERK 1/2. Interestingly, in the DMSO

treated controls, no pERK 1/2 could be detected at the 3 h

time point, which coincided with the appearance of the

p18 sub-fragment of Caspase-8, thus hammering in the

importance of pERK 1/2 in preventing pro-Caspase-8 activa-

tion, even in normal human cells.
4. Discussion

Normal human cells have to acquire novel capabilities

through a series of genetic mutations in order to progres-

sively develop into the more than 100 different known can-

cer types. Cancer cells are therefore susceptible to being

targeted for apoptosis by the body’s defensive mechanisms

and avoiding this is essential for them to develop further

(Hanahan and Weinberg, 2000, 2011). Owing to the enor-

mous significance of pro-Caspase-8 in initiating apoptosis

in both Type I and II cells, it is frequently subjected to inac-

tivation in cancer cells (Fulda, 2009). Cellular kinases can

often phosphorylate pro-Caspase-8 rendering it unable to

undergo further processing even in the presence of death re-

ceptor activating agents. Over the years, different groups

have been able to identify a handful of kinases that can

carry out such phosphorylation. The p38 MAPK can phos-

phorylate pro-Caspase-8 at Ser364 (Alvarado-Kristensson

et al., 2004), the Src kinase at Tyr380 (Cursi et al., 2006),

CDK1 at Ser387 (Matthess et al., 2010) and finally RSK2 at

Thr263 (Peng et al., 2011). Active ERK 1/2 have also been re-

ported to protect cancer cells from undergoing apoptosis in

the presence of cytotoxic agents like Trail, FasL or TNFa

and we intended to determine the mechanism(s) behind

this anti-apoptotic function of pERK 1/2 (Holmstrom et al.,

1998, 2000; Lee et al., 2005; Liu et al., 2004; Pucci et al.,

2009; Tran et al., 2001; Zhang et al., 2003).

The EGFR-Ras-Raf-MEK-ERK MAPK cascade is one of the

most studied kinase pathways due to its wide ranging func-

tions and the frequent deregulation of its members in cancer
during the M phase using thymidine-Nocodazole-treatment. Mitotic

esh medium. Cells were harvested every 3 h until 24 h, harvested, lysed

d by assessing for the mitotic markers Cyclin B1 and PLK1 and

time-point. Non-synchronized (U/T) cells were used as the negative

http://dx.doi.org/10.1016/j.molonc.2013.11.003
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Figure 6 e Caspase-8 is more active during G1/S than G2 phase in the absence of pERK 1/2. Randomly growing SKOV-3 cells (A) or those

enriched in the G1/S (B), G2 (C) and M (D) phases were pre-treated for 1 h with 100 mM PD98059 or an equal volume of DMSO as control and

subjected to Trail induced apoptosis for different time-periods. The 0 h time point represents the absence of any apoptosis induction. Shake-off

cells enriched in mitosis were released into fresh medium supplemented with 10 mg/ml of MG132 to prevent their exit from mitosis. Harvested

cells from each time-point in every phase were assessed for overall apoptosis or lysed for immunoblotting and stained with pERK 1/2, ERK 1/2,

p55/53, p18, Caspase-8 (pS387), Cyclin A, Cyclin B1 and b-Actin. (mean ± SD, n [ 3).
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Figure 7 e pERK 1/2 induced phosphorylation of pro-Caspase-8 inhibits its further activation in vivo. Randomly growing SKOV-3 cells were first

transfected with 20 nM of siRNA-Caspase-8 targeting the untranslated region of pro-Caspase-8 or 20 nM of siRNA-scrambled. These cells were

either incubated for 24 h after transfection, the siRNA-Caspase-8 treated cells were re-transfected with vectors encoding Flag-tagged pro-Caspase-

8 WT or the non-phosphorylatable pro-Caspase-8 S387A or the phospho-mimicking pro-Caspase-8 S387E and incubated for a further 24 h.

Apoptosis was then induced in these cells with 100 ng/ml of Trail either in the presence (A) or the absence (B) of pERK 1/2. The 0 h time point

represents the absence of any apoptosis induction. Lysates were analyzed for pERK 1/2, ERK 1/2, transfected Flag-pro-Caspase-8, pro-Caspase-8

and its cleavage product (p18) and b-Actin.
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cells. One ormore of the upstreamkinases that activate ERK 1/

2 are deregulated in a large variety of cancers (Fernandez-

Medarde and Santos, 2011; Lev et al., 2004; Lo, 2012;

McCubrey et al., 2007; Pearson and Fabbro, 2004;

Satyamoorthy et al., 2003; Steinmetz et al., 2004; Zhang

et al., 2003; Zhou et al., 2010). As a direct consequence ERK

1/2 are found to be hyperactive in melanoma, ovarian, leuke-

mia, breast, renal cell, prostate and other cancers as compared
to their respective normal cell counterparts. Steinmetz et al.

have also reported high levels of ERK 1/2 in the metastatic tu-

mors of 75% ovarian cancer patients (Satyamoorthy et al.,

2003; Steinmetz et al., 2004; Towatari et al., 1997). However,

despite ERK 1/2’s frequent hyperactivity in cancer cells and

their roles in protecting cancer cells from undergoing

apoptosis, the exact mechanisms behind their anti-apoptotic

functions remain elusive.
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Our experiments with commercially available or immuno-

precipitated ERK 1/2 demonstrate that both active ERK 1 and

2 can phosphorylate pro-Caspase-8 at S387 in vitro. Work

done in the EGFR-overexpressing SKOV-3 (Type I) and MDA-

MB-468 (Type II) cancer cell lines also show that this is a ma-

jor site for the post-translational modification of pro-

Caspase-8 by pERK 1/2 in vivo, as rendering this phosphoryla-

tion site non-phosphorylatable (S387A) in a replacement

experiment, significantly enhances Trail-induced apoptosis

even in the presence of pERK 1/2 (Figure 7). It is interesting

to note here that contrary to previously published report

(Zhang and Fang, 2005), we did not observe any significant in-

crease in the activities of ERK 1/2 upon Trail treatment, ruling

this out as the reason behind pERK 1/2’s anti-apoptotic func-

tion at least in these cancer cell lines. It is possible though

that these kinases are activated and regulated differently in

different cancer cells.
Figure 8 e Proposed model for the inactivation of pro-Caspase-8 through p

entire cell cycle in cancer cells. During the interphase of the cell cycle, ERK

pro-Caspase-8 and phosphorylates it at S387 preventing its further cleavag

consequence, pERK 1/2 prevents pro-Caspase-8 from initiating the activati

cytotoxic agents such as Trail, FasL and TNFa. While pERK 1/2 can pro

apoptosis during the interphase, CDK1/Cyclin B1 performs a similar funct

preventing its further activation, thereby covering the entire cell cycle.
In Type II cells, following Caspase-8 induced activation,

active BID (tBID) oligomerises the pro-apoptotic Bax protein

which in turn leads to the release of cytochrome-c from the

mitochondria culminating in the activation of pro-Caspase-9

(Eskes et al., 2000; Gillissen et al., 2013). Inhibiting ERK 1/2 ac-

tivities resulted in a significant increase in overall apoptosis,

upon Trail treatment, in the Bax KO cells as compared to the

Bax WT cells (Figure 4). It is imperative to note here that the

knock-out of the Bax gene alone is not sufficient to silence

the intrinsic apoptotic pathway completely. Bak, another

pro-apoptotic member of the Bcl-2 family, has similar and

overlapping function in activating the intrinsic apoptotic

pathway as Bax (Fulda and Debatin, 2006; Zhang and Fang,

2005). However, this further emphasizes that inhibiting pERK

1/2 mediated phosphorylation of pro-Caspase-8 at its S387

can potentially sensitize even Type II cancer cells, with a

muted intrinsic apoptotic pathway, to Trail-induced
hosphorylation at S387 by pERK 1/2 and CDK1/Cyclin B1 during the

1/2 remains in their active form, pERK 1/2. pERK 1/2 associates with

e and the formation of the enzymatically active Caspase-8. As a

on of downstream effector Caspases (pro-Caspase-3/7), in response to

tect cancer cells from undergoing death receptor pathway-induced

ion during mitosis also by phosphorylating pro-Caspase-8 at S387 and
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apoptosis. It remains to be seen whether a double knockout

(Bax/Bak KO) HCT-116 cell line shows higher levels of overall

apoptosis than its Bax WT and Bax KO counterparts. This is

important since a blocked intrinsic apoptotic pathway is

considered to cause poor prognosis in cancer patients while

imparting resistance to Trail that activate the extrinsic

apoptotic pathway or other chemotherapeutic agents that

rely on inducing DNA damage to trigger apoptosis (Fulda

et al., 2002; Zhang and Fang, 2005).

It has been variously claimed that ERK 1/2 remain active

starting from the S phase, all the way till the end of mitosis

and that they are absolutely essential in the G2-M transition

in HeLa and NIH 3T3 cells (Chambard et al., 2007) or get inac-

tivated at the end of the G2 phase and have no roles to play in

the mitotic entry of HeLa cells (Harding et al., 2003). Sustained

levels of pERK 1/2 have also been reported to be essential for

the G1-S transition of a cell although they are not required

for S phase entry and consequently are rapidly inactivated

at the end of this transition (Meloche, 1995; Meloche and

Pouyssegur, 2007). However, we have shown here that ERK

1/2 activities are limited to the interphase in the SKOV-3 and

the MDA-MB-468 cell lines (Figure 5).

Interestingly, although these two kinases remain active

throughout the interphase in the SKOV-3 cells, inhibiting their

activation during the G1/S and the G2 phases didn’t translate

into equal enhancement in Trail-induced apoptosis. In fact,

inactivating them sensitized the SKOV-3 cells to apoptosis

the most during the G1/S phase (Figure 6). It is possible that

during the G2 phase, there are other factors that also nega-

tively influence the extrinsic apoptotic pathway and need to

be further investigated. One example could be the kinase

CDK2 which remains active during the late S and G2 phases

(Hu et al., 2001). We have shown here through our work that

CDK2 can also phosphorylate pro-Caspase-8 at its S387 resi-

due in vitro (Figure 2A and E). It is possible that the reduced

level of overall apoptosis, when pERK 1/2 is inhibited during

the G2 phase or in randomly growing cells, compared to the

G1/S phase, is due to synergism between pERK 1/2 and CDK2

to phosphorylate pro-Caspase-8, during the G2 phase. CDK2

has also been reported to be hyperactive in certain tumors

and have been correlated with higher proliferative activity of

the tumor cells (Dong et al., 2001). It is possible that in such tu-

mors, CDK2 can phosphorylate pro-Caspase-8 at S387, even in

the absence of pERK 1/2.

Our work with human primary blood lymphocytes demon-

strate that the anti-apoptotic functions of pERK 1/2 is not

limited to only cancer cells but can occur even in normal cells

with hyperactive ERK 1/2 (Supplementary Figure 4). It should

be noted however, that Trail has been known to selectively

target cancer cells and therefore are being evaluated in clinical

trials (Bellail et al., 2009). It therefore, needs to be assessed

whether the effectiveness of Trail, as an anti-cancer therapeu-

tic, can be enhanced by using it in combination with an inhib-

itor of ERK 1/2 synthesis or its activation. Since previous work

done in our lab has shown that the key Cyclin Dependent Ki-

nase, CDK1 can also phosphorylate pro-Caspase-8 at S387 dur-

ing mitosis, thus inhibiting its further activation (Matthess

et al., 2010), we propose here a model in which these three ki-

nases, pERK 1/2 and CDK1/Cyclin B1, together can protect can-

cer cells from undergoing Caspase-8 mediated apoptosis in
response to cytotoxic agents like Trail, FasL or TNFa,

throughout the entire duration of their cell cycle (Figure 8).
5. Conclusion

We report that pERK 1/2 phosphorylate pro-Caspase-8 at its

S387 residue during the interphase. In Type I cancer cells,

replacing the endogenous pro-Caspase-8 with a non-

phosphorylatable pro-Caspase-8 mutant (S387A) enhances

Trail induced apoptosis. Interestingly, inactivating ERK 1/2 ac-

tivities could also significantly sensitize Type II cancer cells,

with muted intrinsic apoptotic pathway, to Trail induced

apoptosis. Combining a chemotherapeutic agent like Trail,

which is known to selectively induce the apoptosis in cancer

cells (Bellail et al., 2009), along with an inhibitor of ERK 1/2

activation, could therefore enhance Trail’s efficiency against

both Type I and II cancer cells.
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