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A B S T R A C T

Little is known regarding molecular markers in head and neck squamous cell carcinoma

(HNSCC) that predict responsiveness to different therapeutic regimens or predict HNSCC

progression. Mutations in procaspase-8 occur in 9% of HNSCC primary tumors, but the

functional consequences of these mutations are poorly understood. In this study, we

examined the impact of four, representative, HNSCC-associated procaspase-8 mutations

on activation of the extrinsic apoptosis pathway, as well as cellular migration and invasion,

and in vivo tumor growth. All four mutant proteins acted to potently inhibit activation of

apoptosis following treatment with TRAIL or agonistic anti-Fas. In contrast to wild-type

procaspase-8, the mutant proteins were not recruited to FADD following treatment with

TRAIL or anti-Fas, but may be constitutively bound by FADD. Three of the four

procaspase-8 mutants promoted enhanced cellular migration and invasion through matri-

gel, relative to that seen with the wild-type procaspase-8 protein. Procaspase-8 mutation

also stimulated the growth of HNSCC xenograft tumors. These findings indicate that

HNSCC-associated procaspase-8 mutations inhibit activation of the extrinsic apoptosis

pathway and are likely to represent markers for resistance to therapeutic regimens incor-

porating death receptor activators. Moreover, procaspase-8 mutations may serve as

markers of HNSCC tumor progression, as exemplified by enhanced migration, invasion,

and tumor growth.
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1. Introduction caspase-8 with FADD and c-FLIPL also act to inhibit RIPK-
Head and neck squamous cell carcinoma (HNSCC), the 7th

leading cause of cancer mortality worldwide, is most

commonly detected as advanced locoregional disease at

initial diagnosis (Jemal et al., 2009; Mehanna et al., 2010).

Despite a treatment armamentarium of surgery, radiation,

and chemotherapy (platinum- or taxane-based) for patients

with advanced disease, roughly 50% of these individuals will

recur within 5 years, and the overall 5-year survival rate is

only 50e60% (Fung and Grandis, 2010). Complicating treat-

ment efforts are the considerable toxicities and side effects

associated with current standard of care. Patients treated

with surgery, radiation, and/or chemotherapy typically suffer

disfigurement, difficulties in swallowing and speaking, as well

as other adverse toxicities (Fung and Grandis, 2010). Moreover,

relatively little information is available about molecular

markers that predict HNSCC progression or responsiveness/

resistance to therapy, including the FDA-approved EGFR

monoclonal antibody cetuximab (Bonner et al., 2010). Thus,

endeavors to rationally stratify HNSCC patients for different

therapeutic regimens have proven difficult. In this regard,

recent sequencing of HNSCC tumors has sought to determine

the mutational landscape in this disease, with the hope of

identifying markers that would be useful for prognostication

and patient stratification.

Stransky et al. (Stransky et al., 2011) and Agrawal et al.

(Agrawal et al., 2011) reported whole exome sequencing of

74 and 32 HNSCC primary tumors, respectively. Sequences

encoding procaspase-8 were found to be mutated in 7% of pa-

tients. Similarly, mutations in procaspase-8 coding sequences

have been identified in 9% of HNSCC patients (n ¼ 310 tumors)

in The Cancer Genome Atlas (TCGA; mutation data obtained

from the cBio portal (Cerami et al., 2012)). Genomic analysis

has revealed that the procaspase-8 mutations occurring in

HNSCC are associated with fewer total and focal copy number

alterations, and commonly are found in conjunction with

HRAS mutations (Pickering et al., 2013). However, the impact

of HNSCC-associated procaspase-8 mutations on disease pro-

gression, and themechanismof action of themutant proteins,

remain unknown.

Wild-type caspase-8 protein plays a key role in the

extrinsic, or death receptor-mediated, apoptosis pathway

(Fulda, 2009). The procaspase-8 zymogen consists of a prodo-

main containing two death effector domains (DEDa and

DEDb), a large subunit, and a small subunit (Degterev et al.,

2003; Zhao et al., 2010). Following stimulation of a cell surface

death receptor, procaspase-8 is recruited to the death-

inducing signaling complex (DISC) affixed to the cytoplasmic

region of the receptor (Dickens et al., 2012; Martin et al.,

1998; Muzio et al., 1998; Schleich et al., 2012; Yang et al.,

1998). The recruited procaspase-8 then undergoes processing

to yield active caspase-8, which subsequently cleaves and ac-

tivates the executioner caspase, caspase-3. Thus, caspase-8

mediates activation of the extrinsic apoptosis pathway by li-

gands in the tumor necrosis factor (TNF) family of death li-

gands, including Fas ligand and TRAIL. In addition, in

response to TNF, caspase-8 is involved inmediating activation

of anti-apoptotic NF-kB (Chaudhary et al., 2000). Complexes of
dependent necrosis (Oberst et al., 2011). More recently, non-

protealytic functions of caspase-8 have been identified,

including promotion of cell adhesion, motility, andmetastasis

of neuroblastoma and lung cancer cell lines via Src-mediated

phosphorylation of Tyr380 (Barbero et al., 2008; Finlay and

Vuori, 2007; Helfer et al., 2006; Senft et al., 2007; Stupack

et al., 2006).

Mutation of procaspase-8 has also been reported in hepato-

cellular carcinoma (Soung et al., 2005b), gastric carcinoma

(Soung et al., 2005a), and colorectal carcinoma specimens

(Kim et al., 2003), suggesting an important consequence of

these mutations for the growth or survival of these tumors.

In HNSCC, an early report identified a frameshift mutation

in procaspase-8 as producing a fusion protein antigen recog-

nized by cytotoxic T lymphocytes (Mandruzzato et al., 1997).

Ando et al. subsequently identified a missense procaspase-8

mutation (G325A) in a HNSCC cell line (T3M-1 CI-10) that acti-

vates NF-kB signaling to a greater degree than wild-type cas-

pase-8 when exogenously expressed in cells (Ando et al.,

2013). Pickering et al. have identified 7 HNSCC cell lines that

harbor procaspase-8mutations and report that these cell lines

tend to be more tumorigenic in athymic mice than nonsyn-

genic HNSCC cell lines harboring wild-type procaspase-8

(Pickering et al., 2013).

In this study we sought to determine the impact of

procaspase-8 mutations identified in primary HNSCC tumors

on activation of the extrinsic apoptosis pathway, as well as

cellular migration and invasion, and in vivo tumor growth.

Expression of 4 representative procaspase-8 mutations pro-

foundly inhibited caspase activation and cell death following

treatment with TRAIL or agonistic anti-Fas antibody. The

mutant proteins also differed from wild-type procaspase-8

in their recruitment to DISC components. We further deter-

mined that 3 of 4mutants promoted cellularmigration and in-

vasion, and a selected mutant enhanced HNSCC xenograft

tumor growth. Collectively, our findings provide experimental

evidence that procaspase-8mutations associated with HNSCC

serve as markers of resistance to death ligands, andmay have

value in predicting locoregional invasion or distantmetastasis

in HNSCC.
2. Materials and methods

2.1. Cells and reagents

The human HNSCC cell lines UM-SCC-22A, UM-SCC-22B, UM-

SCC-1, 1483, Cal33, UPCI:SCC090, UM-SCC-47, and UD-SCC-2

(Lin et al., 2007), and HeLa cells were maintained in DMEM

containing 10% heat-inactivated fetal bovine serum (FBS)

and 100 units/mL of penicillin/streptomycin (Gibco Life Tech-

nologies). Jurkat cells were cultured in RPMI 1640 supple-

mented with 10% FBS and antibiotics. Cell lines were

genotypically validated using the AmpFLSTR Profiler Plus

Amplification Kit (A&B Applied Biosystem). TRAIL was ob-

tained from Peprotech (310-04). Pfx50� DNA Polymerase

(12355-012) and MAX Efficiency� DH5a� Competent Cells

http://dx.doi.org/10.1016/j.molonc.2014.03.018
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(18259-012) were from Invitrogen. Oligonucleotides were syn-

thesized by Integrated DNA Technologies.

2.2. Generation of procaspase-8 mutant cell lines

The cDNAs encoding wild-type or mutant procaspase-8 pro-

teins were inserted into the HindIII/BamHI polylinker sites of

p3XFLAG-CMV-14 (Sigma). Plasmid pcDNA3-Casp8 (Addgene;

11817), encoding full-length wild-type procaspase-8, was

used as a template for PCR generation of insert cDNAs. PCR re-

actions for all procaspase-8 cDNAs utilized the 50 primer: 50-
GCAAGCTTGCCACCATGGACTTCAGCAGA-30. The following

reverse primers were used: 50- GCGGATCCATCAGAAGGGAA-

GACAAGT-30 (for wild-type and L105H mutant), 50-
GCGGATCCCCTTTCCATCTCCTCCTT-30 (for E89*), 50-
GCGGATCCATCAGTCTCAACAGGTA-30 (S375*), 50-GCGGATCC-
TAAATCCATTTCTAAATAGG-30 (S386*). Site-directed muta-

tion of L105 to H105 utilized PCR-based mutagenesis, and

the following internal primers covering the mutation site: 50-
TCTGATAGTGCATGACCCTGTAG-30 (reverse) and 50-CATG-
CACTATCAGATTTCAGAAG-30 (forward). The expression

construct pCR3.V64-Met-Flag-stop, encoding full-length c-

FLIPL, was provided by Hannah Rabinowich (Hou et al., 2010).

All constructs were verified by restriction enzyme and

sequence analysis. Constructs (40 mg) were transfected into

HeLa or UM-SCC-47 using Lipofectamine 2000 Reagent (Invi-

trogen). 48-hours after transfection, cells were selected in

G418-containing medium (1 mg/mL). Following selection for

2 weeks in G418, single clones were isolated, and expression

of the mutant proteins verified by immunoblotting. All exper-

iments utilized independent clonal cell lines.

2.3. Immunoblotting and co-immunoprecipitations

Immunoblotting was performed as previously described (Li

and Johnson, 2013). Antibodies used were: anti-caspase-8 (BD

Pharmingen; #551242), anti-FADD (Santa Cruz Biotechnology,

Inc.; sc-5559), anti-PARP (Cell Signaling Technology; 9542s),

anti-caspase-3 (ENZO Life Sciences; Adl-aap-113); anti-b-actin

and anti-Flag (Sigma; A5441 and F3165, respectively), anti-Fas

(Millipore; 05-201). For co-immunoprecipitation experiments

cells were plated at 2 � 106 cells per 10 cm dish, then treated

for 2 h with TRAIL (500 ng/mL), agonistic anti-Fas (1 mg/mL),

or control PBS. Following treatement, cells were detached by

scaping and lysed in DISC IP buffer (10 mmol/l Tris, pH 7.5,

150 mmol/l NaCl, 10% glycerol, 1 mmol/L EDTA, 1% Triton X-

100) containing protease inhibitor cocktail (1 tablet/10 mL;

Roche Applied Sciences). Dynabeads protein A (Invitrogen)

were rinsed 3 times with DISC IP buffer using a DyNAMag-

Spin Magnetic Particle Concentrator (Invitrogen) magnetic

particle concentrator. Cell lysates (500 mg) were precleared by

incubation with 20 ml of beads overnight at 4 �C. Beads were

then removed and the precleared lysates were incubated

with 20 ml of rabbit anti-FADD at 4 �C overnight.Washed Dyna-

beads protein A (20 ml) were then added to each tube and incu-

bated for 4 h at 4 �C. After 3 washes in DISC IP buffer, bead-

antibody complexes were resuspended in 50 ml of loading

buffer, boiled for 10 min, then placed on the magnet for

2 min. Supernatants were subjected to electrophoresis on

SDS/PAGE gels, followed by immunoblotting. In the case of
anti-Flag immunoprecipitations, precleared cell lysates were

incubated with 2 ml anti-Flag mouse monoclonal antibody, fol-

lowed by purification of the immune complexes using the

Dynabeads protein A.

2.4. Viability, apoptosis, and colony formation assays

The IC50’s of cell lines for TRAIL or anti-Fas were determined

by MTT assays. Prior to treatment, HeLa and transfected

HeLa cells were plated at 3500 cells/well in 96-well plates.

UM-SCC-1,Cal33,UM-SCC-47 and transfectedUM-SCC-47 cells

were plated at 3000 cells/well; 1483 and UPCI:SCC090 were

plated at 4000 cells/well; UM-SCC-22A were plated at

6000 cells/well. Plated cells were allowed to recover overnight

before treatment for 96 h and performance of MTT assays. For

determination of cell viabilities, trypan blue exclusion assays

were performed. Briefly, 2 � 106 cells/well were plated in trip-

licate in 6-well plates. After overnight recovery, cells were

treated with TRAIL for 48 h. Treated cells were detached

from plates by trypsinization and floating and detached cells

were combined. A minimum of 300 cells counted per data-

point. For determination of Annexin V externalization, cells

were treated with TRAIL for 48 h, followed by assessment us-

ing FITC Annexin V Apoptosis Detection kits (BD Pharmingen)

and flow cytometric analyses. For colony formation assays,

cells were plated at 2.5 � 105 cells per well in 6-well plates

and allowed to grow for 24 h. The cells were then treated for

4 h with 500 nmol/L TRAIL, followed by detachment from

the plates. The cells were replated in 6-well plates at

1000 cells/well, and allowed to grow for 10e14 days. Colonies

were stained for 30min with 0.5% crystal violet in 6% glutaral-

dehyde, then washed repeatedly with water. Colonies

composed of >50 cells were counted.

2.5. Migration and invasion assays, and generation of
xenograft tumors

Cell migration was assessed using wound-healing scratch

assays. Cells were plated at 8 � 105 cells/well in 6-well plates

and allowed to grow until 90e95% confluence was reached.

Cells were then washed in PBS. The medium was then

replaced with serum-free medium and the cells grown for

an additional 24 h. Scratches were then made using a p200

pipette tip. Three independent images were then taken of

each well at 0, 24, and 48 h timepoints. The wound gap dis-

tance was determined by measurement of photographic im-

ages. For invasion assays, 1.3 � 104 cells were inoculated

into the top chamber of BD BioCoat GRF Matrigel invasion

inserts (BD Biosciences) containing matrigel-coated filters

in DMEM medium containing 0.2% FBS. The bottom cham-

bers contained DMEM with 20% FBS. Cells were then incu-

bated for 24 h, followed by three washes with PBS. Cotton

swabs were used to remove noninvading cells from the up-

per chamber, prior to fixation with 2% paraformaldehyde.

Filters were then stained with DAPI in VECTASHIELD

mounting medium (Vector Laboratories, Inc.). Invading cells

were counted by fluorescence microscopy, with five random

fields counted. For generation of xenograft tumors, female

athymic nude mice nu/nu (4e6 weeks old; Harlan Spra-

gueeDawley) were inoculated into the right and left flanks

http://dx.doi.org/10.1016/j.molonc.2014.03.018
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(5 mice/group) with UM-SCC-47 harboring empty vector, or

vector encoding wild-type procaspase-8 or the L105H

procaspase-8 mutant (3 � 106 cells/inoculation). Once

palpable, tumors were measured thrice/week. Mice were

sacrificed and tumors harvested on day 28. Animal care

was in strict compliance with University of Pittsburgh insti-

tutional guidelines, the Guide for the Care and Use of Labo-

ratory Animals (National Academy of Sciences, 1996) and

the Association for Assessment and Accreditation of Labo-

ratory Animal Care International.
2.6. Statistical analysis

For comparison of two groups, student’s t-test was applied.

For comparison ofmultiple groups, one-wayANOVA, followed

by student’s Neuman-Keul’s test was used to determine sta-

tistical significance. Statistical comparison of tumor volumes

was performed using a nonparametric ManneWhitney two-

tailed test. All data were analyzed by Prism software (version

4; Graphpad Software, Inc.).
Figure 1 e Mutant procaspase-8 proteins fail to undergo processing in resp

associated missense and nonsense mutations in procaspase-8 (Stransky et al.

transfected with p3XFLAG-CMV-14 empty vector, or constructs encoding

the isolation of single clones, whole cell lysates were prepared and subjecte

used to control for protein loading. Similar results were seen in 3 independ

HeLa cells expressing empty vector or the indicated proteins were treated

complete media was used as control. Following treatment, cells were subje

presented in panel C were quantified by densitometry and the ratio of Flag

TRAIL-treated cells.
3. Results

3.1. Procaspase-8 mutants fail to undergo processing in
response to TRAIL

We recently reported whole exome sequencing of a cohort of

74 patients with HNSCC (Stransky et al., 2011). Mutations in

the procaspase-8 coding region were identified in 5 patients,

and a splice site mutation identified in a sixth patient. The lo-

cations of the codingmutations are depicted in Figure 1A,with

a missense mutation (L105H) occurring in the second death

effector domain (DEDb), and nonsense mutations occurring

in the linker between DEDa and DEDb (E89*), the linker be-

tween the large (p18) and small (p10) subunits (S375*), and

near the beginning of the small subunit (S386*). The S386* mu-

tation was observed in two different patients. A similar rate of

HNSCC procaspase-8 mutation was reported by others

(Agrawal et al., 2011). Moreover, sequencing of 310 HNSCC pa-

tient tumors by the TCGA has subsequently determined that

9% harbor procaspase-8 mutations (Cerami et al., 2012).
onse to TRAIL treatment. (A) Schematic representation of HNSCC-

, 2011) and Flag-tagged mutant constructs. (B) HeLa cells were stably

Flag-tagged wild-type or mutant procaspase, or c-FLIPL. Following

d to immunoblotting with anti-Flag. Immunoblotting for b-actin was

ent experiments. (C) Untransfected HeLa cells, or clonal transfected

for 48 h with 500 ng/mL TRAIL (in PBS). Treatment with PBS in

cted to immunoblotting with anti-Flag or anti-b-actin. (D) The data

signal to b-actin signal determined in the control-treated (PBS) and

http://dx.doi.org/10.1016/j.molonc.2014.03.018
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To elucidate the functions of the procaspase-8 mutations

identified in HNSCC, we generated epitope-tagged (Flag

epitope) versions of the four mutations shown in Figure 1A

for expression in human cells. As controls, we also generated

Flag-tagged versions of wild-type procaspase-8 and c-FLIPL.

The c-FLIPL protein bears considerable homology to

procaspase-8, but lacks catalytic activity (Irmler et al.,

1997). Expression of c-FLIPL has been shown to inhibit death

receptor-mediated activation of the extrinsic apoptosis

pathway (Irmler et al., 1997). We first transfected expression

constructs encoding the Flag-tagged proteins into HeLa cells,

which are sensitive to the death ligand TRAIL or agonistic

anti-Fas. Following isolation of clonal transfected cell lines,

immunoblotting with anti-Flag was used to verify expression

of the exogenous proteins (Figure 1B). As expected, the L105H

mutant and c-FLIPL co-migrated with full-length, wild-type

procaspase-8, while the E89*, S375*, and S386* truncation mu-

tants migrated as smaller proteins. We then asked whether

the procaspase-8 mutants undergo processing following

treatment with TRAIL. As shown in Figures 1C and D, the

levels of the wild-type procaspase-8 protein were markedly

reduced after 48 h of TRAIL treatment, demonstrating that

the Flag epitope did not disrupt procaspase-8 processing.

However, in contrast to the wild-type protein, the cellular

levels of the four procaspase-8 mutants, as well as c-FLIPL,

did not appreciably change in response to TRAIL treatment.

These results indicate that the procaspase-8 mutants

do not undergo processing following death receptor

stimulation.

3.2. Procaspase-8 mutants inhibit death receptor-
mediated apoptosis in HeLa cells

We next sought to determine the impact of the procaspase-8

mutant proteins on activation and propagation of the endog-

enous extrinsic apoptosis pathway. Cells were treated with

TRAIL, followed by immunoblotting for endogenous caspase-

8 (Figure 2A). Treatment of positive control Jurkat T leukemia

cells led to loss of the 53/51 kDa procaspase-8 protein and

appearance of the expected 43/41 kDa processed forms. Simi-

larly, processing of endogenous procaspase-8 to the p43/p41

forms was easily detected following TRAIL treatment of

untransfected HeLa cells, HeLa cells harboring empty

vector, or HeLa cells expressing the Flag-tagged, wild-type

procaspase-8 protein (Figure 2A). In addition, TRAIL treatment

of these cell lines led to the appearance of processed caspase-

3 and cleaved PARP protein, demonstrating efficient activation

and propagation of the extrinsic apoptosis pathway

(Figure 2A). By contrast, TRAIL treatment of cells expressing

the Flag-tagged mutant procaspase-8 proteins, or Flag-

tagged c-FLIPL, failed to yield any detectable processing of

the endogenous procaspase-8 or procaspase-3 proteins, or

PARP cleavage. These results indicated that the mutant

procaspase-8 proteins blocked TRAIL activation of the

extrinsic apoptosis pathway.

To confirm the inhibitory impact of the procaspase-8

mutants on TRAIL-induced apoptosis, we assessed

apoptosis induction by flow cytometric detection of

Annexin V staining (Figure 2B). Cells expressing the mutant

procaspase-8 proteins, or c-FLIPL, demonstrated markedly
reduced Annexin V staining following TRAIL treatment,

relative to that seen in cells expressing the wild-type pro-

caspase-8 protein or empty vector. Similarly, cells express-

ing the mutant procaspase-8 proteins demonstrated

enhanced resistance to TRAIL in trypan blue exclusion

assays (Figure 2C) and clonogenic survival assays

(Figure 2D).

To quantitatively determine the degree of resistance to

death receptor-mediated cell death conferred by the

procaspase-8 mutants, cells were treated with varying con-

centrations of TRAIL or agonistic anti-Fas, followed by deter-

mination of IC50 values (Table 1). Untransfected HeLa cells

and HeLa cells harboring empty vector displayed highly

similar sensitivities to both TRAIL and anti-Fas. Cells express-

ing the Flag-tagged wild-type procaspase-8 protein were

roughly 3-fold more sensitive to TRAIL and anti-Fas, consis-

tent with the pro-apoptotic activity of the wild-type protein.

By contrast, cells expressing c-FLIPL displayed marked resis-

tance to TRAIL and anti-Fas. Importantly, cells expressing

the mutant procaspase-8 proteins also exhibited considerable

resistance to TRAIL and anti-Fas. The lowest degree of resis-

tance was shown by the smallest truncation mutant, E89*,

which was 3.1- and 3.6-fold more resistant to TRAIL and

anti-Fas, respectively, relative to vector-transfected HeLa

cells. The L105H procaspase-8 mutant conferred the highest

degree of resistance: greater than 11.5- and 5.9-fold resistance

to TRAIL and anti-Fas, respectively. Collectively, our results

demonstrate that the procaspase-8 mutant proteins inhibit

activation of the extrinsic apoptosis pathway and ultimate

cell death following stimulation of cell surface death

receptors.
3.3. Procaspase-8 mutants inhibit activation of the
extrinsic apoptosis pathway in UM-SCC-47 HNSCC cells

We next asked whether the procaspase-8 mutant proteins

would act to inhibit death receptor-mediated cell death in

the context of HNSCC cells. A panel of 7 HNSCC cells lines

was first screened for responsiveness to either TRAIL or anti-

Fas, by assessing processing/cleavage of endogenous

procaspase-8, caspase-3, and PARP proteins (Supplementary

Figures S1A & SB), and by determination of IC50 values

(Supplementary Table 1). Only one HNSCC cell line, UM-SCC-

47, was shown to activate the extrinsic apoptosis pathway.

Therefore, UM-SCC-47 cells were stably transfected with the

constructs encoding the Flag-tagged wild-type or mutant

procaspase-8 proteins, and immunoblotting with anti-Flag

was used to verify expression of the proteins (Figure 2E). As

shown in Figure 2F, UM-SCC-47 cells expressing the mutant

procaspase-8 proteins, similar to HeLa cells expressing the

mutant proteins, did not exhibit processing/cleavage of

endogenous caspase-8, caspase-3, or PARP protein following

treatment with TRAIL. UM-SCC-47 cells expressing the

procaspase-8 mutants also displayed higher IC50 values for

TRAIL, relative to vector-transfected UM-SCC-47 cells (roughly

2e3 fold; Table 2). Thus, the mutant procaspase-8 proteins

conferred resistance to death receptor-mediated apoptosis

in UM-SCC-47 HNSCC cells, as well as in the HeLa cervical car-

cinoma cells.

http://dx.doi.org/10.1016/j.molonc.2014.03.018
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Figure 2 e Procaspase-8 mutant proteins inhibit TRAIL-induced cell death and activation of the extrinsic apoptosis pathway in HeLa cells and

UM-SCC-47 HNSCC cells. (A) HeLa expressing exogenous wild-type or mutant procaspase-8, or c-FLIPL were treated in the absence (PBS

diluent) or presence of 500 ng/mL TRAIL for 48 h. Whole cell lysates were subjected to immunoblotting for endogenous caspase-8, caspase-3, or

PARP proteins. The locations of the caspase-8, caspase-3, and PARP full-length proteins and cleavage (c) products are indicated. Untransfected

Jurkat T-leukemia cells were used as a positive control. Similar results were seen in 3 experiments. (B) HeLa cells expressing the indicated proteins

were treated for 48 h with 500 ng/mL TRAIL followed by flow cytometric analysis of Annexin V staining. Columns represent the average

percentage of Annexin V-positive cells from 3 independent experiments; error bars represent the SEM. (C) HeLa cells expressing the indicated

proteins were treated for 48 h with 500 ng/mL TRAIL, followed performance of trypan blue exclusion assays. Columns represent the means from 3

independent experiments; error bars represent the SEM. (D) HeLa cells expressing the indicated proteins were treated for 4 h with 500 ng/mL

TRAIL, followed by performance of colony formation assays. Data are graphed as the percentage of colonies relative to that seen with

untransfected HeLa cells. Columns represent means from 3 independent experiments, and error bars the SEM. (E) UM-SCC-47 cells were stably

transfected with empty vector, or constructs encoding Flag-tagged wild-type or mutant procaspase, or c-FLIPL. Following the isolation of single

clones, cells were subjected to immunoblotting with anti-Flag or anti-b-actin. (F) UM-SCC-47 cells expressing the indicated proteins were treated

in the absence (PBS) or presence of 200 ng/mL TRAIL for 48 h. After treatment, cells were subjected to immunoblotting for endogenous caspase-

8, caspase-3, or PARP. Representative results from 3 independent experiments are shown.
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Table 1 e IC50’s (96 h).

Cells TRAIL anti-Fas

HeLa 0.079 mg/mL 1.884 mg/mL

Empty vector 0.087 mg/mL 1.349 mg/mL

WT-C8 0.030 mg/mL 0.571 mg/mL

E89*-C8 0.267 mg/mL 4.799 mg/mL

L105HeC8 1 mg/mL 8 mg/mL

S375*-C8 0.436 mg/mL 5.435 mg/mL

S386*-CH 0.739 mg/mL 5.567 mg/mL

c-FLIPL 1 mg/mL 8 mg/mL

Jurkat 0.01 mg/mL 0.0079 mg/mL

Table 2 e IC50’s (96 h).

Cells TRAIL

UM-SCC-47 0.036 mg/mL

Empty vector 0.032 mg/mL

WT-C8 0.031 mg/mL

E89*-C8 0.066 mg/mL

L105HeC8 0.098 mg/mL

S375*-C8 0.061 mg/mL

S386*-C8 0.079 mg/mL

c-FLIPL 0.14 mg/mL
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3.4. Wild-type procaspase-8 proteins, but not
procaspase-8 mutants are recruited to FADD during death
receptor-mediated apoptosis

Following engagement of the TRAIL and Fas death receptors,

the adaptor protein FADD is recruited via its death domain

(DD) to the cytoplasmic region of the oligomerized receptors,

beginning formation of the death-inducing signaling complex

(DISC). A death effector domain (DED) in FADD then serves as

a recruitment site for the DEDa domain in the prodomain of

procaspase-8 (Zhao et al., 2010). To determine whether the

mutant procaspase-8 proteins are recruited to FADD following

treatment with TRAIL or anti-Fas, we performed co-

immunoprecipitation experiments of endogenous FADD and

the Flag-tagged proteins (Figure 3A and B). Immunoprecipita-

tion with anti-Flag, followed by immunoblotting with anti-

FADD revealed elevated binding of wild-type procaspase-8

protein to FADD following TRAIL or anti-Fas treatment

(Figure 3A). Similar results were obtained when lysates were

first subjected to immunoprecipitation with anti-FADD fol-

lowed by immunoblotting with anti-Flag (Figure 3B). By

contrast, treatment with TRAIL or anti-Fas did not result in

enhanced binding of the mutant procaspase-8 proteins to

FADD. In the case of the L105H, S375*, and S386* mutants,

however, it appears possible that the proteins are constitu-

tively associated with FADD in the absence of death receptor

stimulation.
3.5. Cellular migration and invasion, and in vivo tumor
growth, is enhanced by procaspase-8 mutants

Recent studies have indicated that wild-type procaspase-8

protein may promote cell motility, and that this action is
independent of any caspase-8 proteolytic activity (Frisch,

2008; Helfer et al., 2006; Senft et al., 2007; Torres et al., 2010).

We examined the impact of the procaspase-8mutant proteins

on migration and invasion in HeLa and UM-SCC-47. Cellular

migration was assessed using wound healing scratch assays

by measuring wound (gap) width at 24 and 48 h, relative to

gap width at T ¼ 0 h (primary data shown in Supplementary

Figures S2 & S3). As shown in Figure 4A, HeLa cells expressing

the L105H, S375*, and S386* mutant procaspase-8 proteins

demonstrated enhancedmigration relative to cells engineered

to express the wild-type procaspase-8 protein. The E89*

mutant did not promote enhancedmigration. Cells expressing

the L105H procaspase-8 mutant exhibited particularly dra-

matic migration. We then examined the migration of UM-

SCC-47 cells expressing either wild-type procaspase-8 or the

L105H mutant (Figure 4B). Again, the L105H mutant promoted

more rapid migration than the wild-type protein.

The invasive capacity of cells expressing the wild-type or

mutant procaspase-8 proteins was then assessed by exam-

ining invasion across matrigel-coated filters following a

gradient from 0.2% FBS to 20% FBS (representative primary

data shown in Supplementary Figures S4 & S5). Figure 4C

shows that 3 of the 4 mutants promoted enhanced invasive-

ness in HeLa. Only the E89* short truncation mutant did not.

In UM-SCC-47 cells we confirmed enhanced invasion of cells

expressing the L105Hmutation (Figure 4D). Collectively, these

findings show that 3 of the 4 procaspase-8 mutants identified

in HNSCC patients can act to promote both migration and in-

vasion through matrigel.

When next examined the impact of the L105H procaspase-

8 mutant on HNSCC xenograft tumor growth. Nudemice were

injected with UM-SCC-47 cells harboring empty vector, or vec-

tor encoding wild-type or L105H mutant procaspase-8, fol-

lowed by assessment of tumor growth (Figure 4E). Although

more tumors were detected in the wild-type group (n ¼ 8)

than the L105H mutant group (n ¼ 3 tumors), the tumors

from the wild-type group demonstrated very little growth by

day 28. By contrast, the tumors arising in the L105H mutant

procaspase-8 group exhibited rapid growth. Immunoblotting

with anti-Flag verified expression of the epitope-tagged wild-

type or L105H mutant proteins in tumors harvested on day

28 (Supplementary Figure S6).
3.6. The E89* procaspase-8 truncation mutant exhibits
reduced stability

The E89* procaspase-8mutant was the least potent among the

procaspase-8 mutant proteins at inhibiting TRAIL- and anti-

Fas-induced apoptosis (Table 1). Additionally, the E89*

mutant, in contrast to the other procaspase-8 mutants, did

not affect cellular migration or invasion (Figures 4A and C).

Therefore, we examined the stability of the E89* mutant pro-

tein in comparison with wild-type procaspase-8 or the L105H

procaspase-8 mutant. The addition of cycloheximide to cells

led to rapid reduction of E89* levels, beginning 1e2 h after

treatment (Supplemental Figure S7). By contrast, cyclohexi-

mide treatment did not substantially impact the levels of

wild-type procaspase-8 or the L105H mutant. These findings

indicate that the E89* truncation mutant has reduced stability
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Figure 3 e Wild-type procaspase-8, but not mutant procaspase-8 proteins, is recruited to FADD during death receptor-mediated apoptosis. (A)

Cells expressing Flag-tagged wild-type or mutant procaspase-8, or Flag-tagged c-FLIPL were treated for 2 h in the absence (PBS) or presence or

TRAIL (500 ng/mL), or agonistic anti-Fas (1 mg/mL). Cells were then subjected to immunoprecipitation with anti-Flag antibody, followed by

immunoblotting with anti-FADD. In the right hand panel densitometry was used to quantify the ratio of the Flag signal in treated versus control

cells. Columns represent the means from 3 independent experiments, and error bars the SEM. Only the wild-type procaspase-8 protein

demonstrated recruitment to FADD following death receptor stimulation. (B) Cells were treated as in panel A, followed by immunoprecipitation

with anti-FADD and immunoblotting with anti-Flag. The ratio of the FADD signal in treated versus control cells was determined and graphed as

in panel A.
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in cells, which may contribute to the reduced biological activ-

ity of this mutant.
4. Discussion

HNSCC is a devastating disease with a high mortality rate.

Among the most commonly mutated genes in HNSCC tu-

mors is the gene encoding procaspase-8 (Agrawal et al.,

2011; Stransky et al., 2011). In view of the critical role

that caspase-8 is known to play in activation of the

extrinsic apoptosis pathway, we set out to determine the

impact of HNSCC-associated procaspase-8 mutations on

apoptosis activation following death receptor stimulation.
The four procaspase-8 mutations we tested involved alter-

ations in different regions of the zymogen molecule,

including truncations in the prodomain and catalytic sub-

units, as well as a missense mutation in the prodomain.

All four procaspase-8 mutations were found to potently

inhibit caspase activation and apoptotic cell death

following treatment of cells with TRAIL or agonistic anti-

Fas. These findings indicate that HNSCC tumors harboring

procaspase-8 mutations are unlikely to be highly respon-

sive to biological therapies based on death receptor ligands

or agonists. Whether procaspase-8 mutation, and associ-

ated resistance to death ligands, plays an important role

in the early development of HNSCC tumors is currently

unknown.
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Figure 4 e Procaspase-8 mutant proteins promote migration, invasion, and tumor growth. (A) HeLa cells expressing the indicated proteins were

analyzed in migration scratch assays. Gap distances measured after 24 and 48 h were compared with gap distances at T [ 0 h. Columns represent

the means of values obtained in 3 independent experiments (3 gap distances measured per experiment); error bars represent SEM. (B) UM-SCC-47

cells expressing exogenous wild-type or mutant (L105H) procaspase-8 were analyzed in migration scratch assays. Columns represent means from 3

experiments and error bars the SEM. (C) HeLa cells expressing the indicated exogenous proteins were assessed for invasion through matrigel-

coated filters. Invasion relative to that seen in untransfected HeLa cells (set at 100%) was calculated. Columns, means from 3 experiments; error

bars, SEM. (D) UM-SCC-47 cells expressing the indicated exogenous proteins were assessed for invasion relative to that seen in untransfected

UM-SCC-47. Columns, means from 3 independent experiments, error bars, SEM. (E) Athymic nude mice (5 mice/group) were injected in the left

and right flanks with empty vector/UM-SCC-47, WT-C8/UM-SCC-47, or L105H/UM-SCC-47 cells, and tumor growth was measured. Data

points represent the mean tumor volume of detectable tumors. On day 28, 2 small tumor nodules (out of 10 injection sites) were detected in empty

vector/UM-SCC-47 mice, 8 small tumors were detected in WT-C8/UM-SCC-47 mice, and 3 large tumors were detected in L105H-C8/UM-SCC-

47 mice. Error bars represent standard deviations.
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Recent studies by Dickens et al. (2012) and Schleich et al.

(2012) have determined that the levels of procaspase-8 present

in the activated DISC greatly exceed those of FADD. This has

led to the proposal of a “death effector domain chain” model

for caspase-8 activation (Dickens et al., 2012; Schleich et al.,
2012). In this model, the DED domain of FADD acts to recruit

the DEDa present in the prodomain of procaspase-8. The

free DEDb domain of procaspase-8 then recruits the DEDa

domain of another procaspase-8 molecule, and elongated

chains of recruited procaspase-8 molecules begin to form.

http://dx.doi.org/10.1016/j.molonc.2014.03.018
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The occurrence of procaspase-8 dimers within these elon-

gated chains results in autoactivation. Mutational analysis

has further determined that residues F122 and L123 in DEDb

are essential for recruiting the DEDa of another procaspase-8

molecule, and, hence, chain elongation (Dickens et al., 2012).

The E89* procaspase-8 truncation mutation evaluated in our

experiments lacks the DEDb domain and critical F122/L123

residues, and would be predicted to act as a chain terminator.

More extensive sequencing of HNSCC tumors by the TCGAhas

subsequently identified two additional procaspase-8 trunca-

tionmutations lacking the DEDb domain, Arg68* and Q97*mu-

tations (Cerami et al., 2012), which also are likely to act as

chain terminators. By contrast, the S375* and S386* truncation

mutants we analyzed retain both DED domains, but may

inhibit caspase-8 activation through formation of nonfunc-

tional dimers within the elongated chains. The mechanism

whereby the L105H missense mutation inhibits caspase-8

activation is unclear. It is notable, however, that multiple

missense mutations scattered throughout the procaspase-8

sequence have now been identified by the TCGA (Cerami

et al., 2012). Whether these missense mutations exhibit a

common mechanism of action, or similarly impact chain

elongation, remains to be determined.

The ability of wild-type procaspase-8 to promote motility

and migration has been attributed to Src-mediated phosphor-

ylation of Y380 located in the linker region between the large

and small subunits (Barbero et al., 2008; Senft et al., 2007;

Stupack et al., 2006). The Y380 residue is retained in the

L105H and S386* mutants which exhibited enhanced migra-

tion and invasion relative to the wild-type procaspase-8 pro-

tein. By contrast, the E89* mutant lacks this tyrosine residue,

and was the only mutant which did not promote enhanced

migration or invasion. Interestingly, the S375* mutant also

lacks Y380, but still demonstrated greater migration and inva-

sion than the wild-type procaspase-8 protein. This suggests

that phosphorylation of Y380 is not absolutely required for

the migration- and invasion-promoting properties of the

procaspase-8 mutants.

While it is unknown why fewer detectable tumors were

seen following injection of L105H mutant-expressing cells,

as compared to injection of wild-type-expressing cells, the

mutant tumors grew at a markedly accelerated pace. Howev-

er, the in vitro proliferation rates of cells engineered to express

either wild-type or mutant procaspase-8 were nearly identical

(data not shown). Thus, the enhanced in vivo growth of the

L105Hmutant-expressing tumors is likely due to other factors,

whichmay include the resistance of these tumor cells to death

ligands, or the enhanced migratory and invasive properties of

the tumor cells. Interestingly, Pickering et al. have identified

caspase-8 mutations in seven different HNSCC cell lines

(Pickering et al., 2013). Orthotopic tongue tumors generated

from these mutant HNSCC cell lines were generally more

aggressive than orthotopic tumors generated from HNSCC

cell lines expressing only wild-type caspase-8 (Pickering

et al., 2013). These findings further support the potential nega-

tive consequences of caspase-8 mutation on HNSCC

tumorigenesis.

In summary, our findings demonstrate that procaspase-8

mutations identified in primary tumors from HNSCC patients

are capable of potently inhibiting activation of death receptor-
mediated extrinsic apoptosis pathways. Thus, procaspase-8

mutation is likely to serve as a biomarker for resistance to

therapies incorporating death ligands. Future studies aimed

at determining the impact of these mutations on responsive-

ness to chemotherapy drugs is warranted. Moreover, certain

of the mutant procaspase-8 proteins act to promote cellular

migration and invasion, and may accelerate tumor growth

in vivo. These findings provide a rationale for investigating

procaspase-8 mutations as prognostic indicators of HNSCC

progression.
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