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Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL)/Apo2 ligand selectively kills neoplastic
cells, including thyroid carcinoma cells (Mitsiades et al:
Thyroid carcinoma cells are resistant to FAS-mediated
apoptosis but sensitive to tumor necrosis factor-related
apoptosis-inducing ligand. Cancer Res 2000, 60:4122–
41299). We investigated the mechanisms regulating
Apo2L/TRAIL-induced apoptosis in thyroid carcinoma
cells, as well as the impact of insulin-like growth factor
(IGF)-1, interferon-�, and TNF-�. We found that the
emergence of resistance to Apo2L/TRAIL, after pro-
longed incubation with this cytokine, was associated
with increased levels of FLICE inhibitory protein (FLIP),
and was overcome by cycloheximide and bisindolylma-
leimide, that specifically down-regulated FLIP expres-
sion, as well as by transfection of a FLIP anti-sense
oligonucleotide. IGF-1 activated Akt; up-regulated the
caspase inhibitors FLIP, cIAP-2, XIAP, and survivin; and
attenuated Apo2L/TRAIL-induced apoptosis. This effect
was inhibited by the IGF-1 receptor neutralizing anti-
body aIR3, the PI-3K inhibitor wortmannin, and the
heat shock protein-90 chaperone inhibitor geldanamy-
cin. Transfection of constitutively active Akt protected
from TRAIL. Conversely, interferon-� and TNF-� had a
sensitizing effect. We conclude that FLIP may negatively
regulate Apo2L/TRAIL-induced apoptosis in thyroid
carcinomas. Microenvironmental paracrine survival
factors, such as IGF-1, up-regulate caspase inhibitors,
including FLIP, and protect from Apo2L/TRAIL in a PI-
3K/Akt-dependent manner. T helper-1 cytokines and
compounds that selectively abrogate the IGF-1 signaling
pathway may be helpful adjunct agents in Apo2L/TRAIL-

based anti-cancer therapeutic regimens. (Am J Pathol
2002, 161:643–654)

Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL)1 or Apo-2L2 is a member of the TNF family
that triggers apoptosis of cancer cells by interacting with
two cell-surface death receptors (DR), DR4 (or TRAIL-
R1),3 and DR5 (or TRAIL-R2).4–7 Transfection experi-
ments have shown that both DR4 and DR5 can initiate
caspase-mediated apoptosis via a stretch of 80 amino
acids in the cytoplasmic domain, termed the death do-
main (DD).3–5 TRAIL mRNA has been detected in a wide
range of normal fetal and adult tissues,2 suggesting the
existence of a protective mechanism against Apo2L/
TRAIL-mediated cytotoxicity in normal cells. Indeed,
Apo2L/TRAIL induces apoptosis in a wide range of neo-
plastic cells,3,8–15 but spares normal cells,5,14 both in
vitro and in vivo in studies in mice and nonhuman pri-
mates.13,16 On the contrary, FasL, another member of the
TNF family, has not demonstrated a promising anti-can-
cer efficacy profile, because many cancer cell lines are
resistant to its apoptosis-inducing activity, as is the case
for all studied thyroid carcinoma lines.11,17 Moreover,
FasL exhibits significant toxicity against normal tissues.18

In 2000, concern was raised by a report suggesting that
recombinant TRAIL killed normal human hepatocytes in
vitro.19 This finding was not reproduced in subsequent
studies using clinical-grade recombinant human Apo2L
and is now attributed to nonoptimized recombinant li-
gand preparations.20 Therefore, the Apo2L/TRAIL path-
way represents a potentially promising target for anti-
cancer therapy.

Thyroid cancer is diagnosed in �17,000 new patients
each year in the United States. Although radioactive io-
dine remains an efficient treatment for the subset of dif-
ferentiated tumors that have retained the ability to accu-
mulate it, a poor prognosis is still associated with less
differentiated, anaplastic, and medullary carcinomas.
The Apo2L/TRAIL receptors DR4 and DR5 are expressed
in normal21 and neoplastic thyrocytes.11,15 We recently
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reported that Apo2L/TRAIL effectively induces apoptosis
in most thyroid carcinoma cell lines, by triggering a
caspase cascade originating at caspase-10.11 In
agreement with studies in other models,3,4,22–25 we
demonstrated that Apo2L/TRAIL triggers caspase-10
recruitment to the death receptor signaling complex in
SW579 cells.11 On the other hand, in contrast to its
apical role in the Fas pathway,15 caspase-8 was not
recruited to this signaling complex, but was only sec-
ondarily activated in the cytoplasm and amplified the
apoptotic signal.11 Our studies suggested that recom-
binant Apo2L/TRAIL is a potential effective new agent
against thyroid cancer.

In anticipation of the clinical use of Apo2L/TRAIL-in-
duced apoptosis as an anti-cancer modality, we investi-
gated the regulation of the corresponding signaling path-
way in thyroid carcinomas and attempted to identify
methods to overcome potential resistance. Moreover, we
evaluated the effect of growth/survival factors, such as
insulin-like growth factor (IGF)-1, basic fibroblast growth
factor (bFGF), and epidermal growth factor (EGF), and
inflammatory cytokines, such as interferon (IFN)-� and
TNF-�, on Apo2L/TRAIL-induced apoptosis in thyroid
carcinoma cells. This study identifies a role for the anti-
apoptotic protein FLICE inhibitory protein (FLIP) in the
regulation of Apo2L/TRAIL-induced apoptosis in thyroid
carcinomas. We also provide evidence that specific sur-
vival factors can attenuate Apo2L/TRAIL-induced cell
death in human neoplasias. In agreement with our stud-
ies on Fas-mediated apoptosis, IFN-� and TNF-� also
sensitized thyroid carcinoma cells to Apo2L/TRAIL.
These findings could set the framework for the rational
design of Apo2L/TRAIL-based anti-cancer combination
therapies.

Materials and Methods

Cell Lines

The SW579 cell line, derived from a poorly differentiated
human thyroid adenocarcinoma (poorly differentiated
carcinoma with nuclear features of papillary carcinoma
and squamous differentiation), was purchased from
American Type Culture Collection (Manassas, VA) and,
as we have previously shown, is very sensitive to Apo2L/
TRAIL-induced apoptosis. A TRAIL-resistant line was iso-
lated from the SW579 cells by continuous incubation with
TRAIL (1000 ng/ml) for 6 months. The anaplastic thyroid
carcinoma cell line FRO was a generous gift of Dr James
A. Fagin (University of Cincinnati School of Medicine,
Cincinnati, OH).26 All cells were grown in Dulbecco’s
modified Eagle’s medium (BioWhittaker, Walkersville,
MD) with 100 U/ml penicillin, 100 �g/ml streptomycin,
and 10% fetal calf serum (FCS) (Life Technologies, Inc.,
Gaithersburg, MD), unless stated otherwise.

Materials

Recombinant human TRAIL was obtained from Immunex
Corporation (Seattle, WA), in a leucine zipper (LZ) form

that promotes and stabilizes the formation of trimers, as
previously reported;13 for comparison, several experi-
ments were repeated using the recombinant Apo2L form
from Genentech Inc. (South San Francisco, CA).20 The
goat polyclonal antibodies for DR4, DR5, DcR1, and
mouse monoclonal antibody for tubulin were from Santa
Cruz Biotechnologies (Santa Cruz, CA); the anti-DcR2
rabbit polyclonal antibody was from Imgenex (San Diego,
CA); cycloheximide, geldanamycin, and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
from Sigma Chemical Co. (St Louis, MO); IGF-1, bFGF,
EGF, IFN-�, and TNF-� were from R&D Systems (Minne-
apolis, MN; bisindolylmaleimide (BIM) III and wortmannin
were from Calbiochem (La Jolla, CA); rabbit polyclonal
antibody for caspase-10 was from Research Diagnostics
Inc. (Flanders, NJ); the IGF-1 receptor neutralizing anti-
body aIR3 was from Oncogene Research (Cambridge,
MA); and the enhanced chemiluminescence (ECL) kit,
which includes the peroxidase-labeled anti-mouse and
anti-rabbit secondary antibodies, was from Amersham
(Arlington Heights, IL).

Flow Cytometric Analysis

Cell surface expression of TRAIL receptors was evalu-
ated by flow cytometry as previously described.14,23 For
each cell line, 106 cells were incubated with 5.0 �g of the
appropriate anti-TRAIL receptor Ab (goat polyclonal an-
tisera for DR4, DR5, DcR1, and rabbit for DcR2) or control
(goat or rabbit IgG, respectively) for 45 minutes. Cells
were then washed with phosphate-buffered saline (PBS)
and incubated for 45 minutes with 2.0 �g of the appro-
priate fluorescein isothiocyanate-conjugated secondary
antibody (donkey anti-goat or goat anti-rabbit IgG, re-
spectively) (Jackson Immunoresearch Laboratories,
West Grove, PA). Cells were then washed, fixed with 1%
formaldehyde-PBS, and analyzed on a EPICS-XL-MCL
flow cytometer (Coulter, Hialeah, FL).

Survival and Death Assays

3-(4,5-Dimethylthiazol-2-yl)�2,5-Diphenyltetrazolium
Bromide (MTT) Colorimetric Assay

Cells were plated in 24-well plates and grown to 70 to
80% confluence. Subsequently, the cells were washed in
Hanks’ balanced salt solution and incubated for 18 hours
with TRAIL (at the indicated concentrations), in serum-
free Dulbecco’s modified Eagle’s medium at 37°C. In
some experiments, cycloheximide (CHX) (10 �g/ml) or
BIM III (20 �mol/L) was added to inhibit protein synthesis
and protein kinase C (PKC) activity, respectively. In other
experiments, the cells were pretreated with combinations
of IGF-1 (100 ng/ml), bFGF (10 ng/ml), and EGF (10
ng/ml) for 6 hours, or IFN-� (500 U/ml) and TNF-� (50
ng/ml) for 48 hours in serum-free medium. At the end of
the 18-hour treatment with TRAIL, cell survival was cal-
culated with the MTT assay as previously described.27

Each experiment was repeated at least three times. Every
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experimental condition was repeated at least in sextupli-
cate wells for every experiment.

Western Blotting Analysis

Immunoblotting analysis was performed as previously
described.27 The proteins were visualized with the en-
hanced chemiluminescence technique (Amersham Phar-
macia Biotech, Piscataway, NJ).

Transfection of Anti-Sense FLIP and Control
Oligonucleotides

To delineate the role of FLIP as a negative regulator of
Apo2L/TRAIL-induced apoptosis in thyroid carcinoma cells,
we transfected the Apo2L/TRAIL-resistant line SW579-TR
(that was found to express high levels of FLIP) with fully
phosphorothioated single-stranded anti-sense oligonucleo-
tide directed against the human FLIP translation initiation
codon (sequence, 5�-GACTTCAGCAGACATCCTAC-3�) or
control phosphorothioate oligodeoxynucleotide (sequence,
5�-TGGATCCGACATGTCAGAGA-3�), as previously de-
scribed by Perlman and colleagues.28 SW579-TR cells
were plated in 24-well plates and transfected with the help
of Oligofectamine (Life Technologies, Inc.). Forty-eight
hours later, LZ-TRAIL (200 ng/ml) was added to appropriate
wells and the cells were incubated for an additional 18
hours. Cell death was quantified by MTT as above.

Detection of Akt Activity

SW579 cells were treated with IGF-1 (100 ng/ml) for 0.5 or
1 hour, in the presence (4-hour preincubation) or ab-
sence of geldanamycin (1 �mol/L). Akt was immunopre-
cipitated and its enzymatic activity was assessed with the
Akt Kinase Assay Kit (Cell Signaling Technology, Beverly,
MA) using a GSK-3 fusion protein as substrate, accord-
ing to the instructions of the manufacturer.

Transfection of Constitutively Active Akt

SW579 cells were plated on 24-well plates and 24 hours
later were washed with Hanks’ balanced salt solution and
transfected with a construct encoding the myristoylated,
constitutively active form of Akt (Upstate Biotechnolo-
gies, Lake Placid, NY), or the empty vector, with the
help of Superfect (Qiagen, Valencia, CA) according to
the instructions of the manufacturer. Forty-eight hours
later, the cells were treated with LZ-TRAIL (50 ng/ml).
Eighteen hours later, cell survival was quantified with
the MTT assay.

Caspase-8 Activity Colorimetric Assay

Caspase-8 activity was quantified with a colorimetric kit
from Clontech (Palo Alto, CA), according to the instruc-
tions of the manufacturer.

Statistical Analysis

Quantitative comparisons were examined with the analy-
sis of variance method, followed by the Duncan’s test.
Statistical significance was set at 0.05.

Results

Generation and Characterization of a TRAIL-
Resistant Clone of the TRAIL-Sensitive Papillary
Thyroid Carcinoma Cells SW579

Our previous studies demonstrated that the overwhelm-
ing majority of thyroid carcinoma cell lines are sensitive to
recombinant Apo2L/TRAIL.11 However, potential emer-
gence of resistant clones in the setting of future clinical
use of Apo2L/TRAIL-induced apoptosis in cancer pa-
tients cannot be ruled out. To investigate the mechanism
of emergence of resistance to Apo2L/TRAIL-induced ap-
optosis in thyroid carcinoma, we isolated a TRAIL-resis-
tant clone (SW579-TR) derived from the TRAIL-sensitive
SW579 cells by continuous incubation with LZ-TRAIL
(1000 ng/ml) for 6 months. The resistant phenotype was
stable during passage in culture without added TRAIL, as
well as when cells were frozen in liquid nitrogen and
thawed more than 6 months later. Flow cytometric anal-
ysis revealed that the pattern of cell surface expression of
TRAIL receptors in SW579-TR cells was identical to that
of the parental cells (Figure 1A), suggesting that their
resistant phenotype may be associated with intracellular
regulation.

To characterize the intracellular localization of the apo-
ptotic block in SW579-TR cells, we assessed the involve-
ment of caspases-10 and -8 in SW579 and SW579-TR cells
after treatment with TRAIL. Our previous studies have dem-
onstrated that, in agreement to other models,3,4,22–25

Apo2L/TRAIL primarily triggers caspase-10 recruitment to
the death receptor signaling complex and activation in
SW579 cells, with subsequent secondary activation of
caspase-8 in the cytoplasm.11 In the present study, we
found that, contrary to SW579 cells, caspases-10 and -8 are
not activated in SW579-TR cells (Figure 1, B and C). These
data collectively support that the resistance of SW579-TR
cells to TRAIL is because of events occurring between the
cell surface receptor(s) and caspase-10. This is the level of
the death receptor pathway where FLIP may exert its anti-
apoptotic action.

We then investigated the presence of intracellular ap-
optosis inhibitors in SW579 and SW579-TR cells by im-
munoblotting and found that SW579-TR cells express
higher levels of FLIP, but not of Bcl-2 (Figure 2A), sug-
gesting that high levels of FLIP may contribute to the
resistance of the SW579-TR cells to TRAIL.

Inhibition of Protein Synthesis and PKC Activity
Sensitize SW579-TR Cells to TRAIL and Down-
Regulate FLIP Expression

We and others have previously demonstrated that the
protein synthesis inhibitor cycloheximide can sensitize
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thyroid carcinoma cells to Fas-mediated apoptosis.11,29

We now tested the effect of cycloheximide on SW579-TR
cells. We found that cycloheximide sensitized them to
TRAIL-induced apoptosis (Figure 2B). This finding ex-
cludes the possibility that the resistance of SW579-TR
cells to TRAIL may be because of an inactivating muta-
tion of cell surface TRAIL receptors, such as those found
in some cases of nasopharyngeal30 and head and neck
cancers.31 In contrast, these data indicate that in
SW579-TR cells, the TRAIL apoptotic pathway is other-
wise potentially functional but it is inhibited by the pres-
ence of an intracellular short-lived apoptotic inhibitor(s).
FLIP could be such an intracellular inhibitor, as its ex-
pression is down-regulated in many tumor models by
cycloheximide.32–34

Previous studies have shown that the PKC inhibitor,
bisindolylmaleimide (BIM) III can sensitize cells to Fas-
mediated apoptosis by down-regulating FLIP expres-
sion.32,34 As our data raised the possibility that FLIP may
play an inhibitory role in Apo2L/TRAIL-induced apoptosis
in SW579-TR cells, we tested the impact of BIM III in our
model and found that it, too, can restore sensitivity to
Apo2L/TRAIL (Figure 2B).

Furthermore, we performed immunoblotting analysis
and confirmed that, indeed, both cycloheximide and BIM

III down-regulate FLIP expression levels, but not those of
Bcl-2, Bcl-xL, cIAP-1, or cIAP-2 (Figure 2C). These data
suggest a pivotal role for FLIP in the regulation of Apo2L/
TRAIL-induced apoptosis in thyroid carcinoma cells, in
comparison to other inhibitors of apoptosis.

Down-Regulation of FLIP with Anti-Sense
Oligonucleotides Overcomes TRAIL Resistance

To directly demonstrate the role of FLIP in the resistance
of thyroid carcinoma cells to TRAIL, SW579-TR cells were
treated with FLIP anti-sense or control oligonucleotides,
as previously described by Perlman and colleagues,28

and subsequently treated with TRAIL (200 ng/ml). We
found that the presence of the FLIP anti-sense oligonu-
cleotide restored sensitivity to TRAIL (Figure 2D).

Sensitivity of Thyroid Carcinoma Cells to TRAIL
Is Serum-Dependent

An extensive body of evidence has documented that in
several tumor models the response to anti-cancer thera-
pies may be modulated by paracrine interactions within
the local tumor microenvironment or by endocrine mech-
anisms mediated by circulating factors.35 We therefore
investigated the effect of soluble paracrine factors on the
TRAIL sensitivity of thyroid carcinoma cells, by adding
serum in our experimental model. We evaluated the ap-
optotic activity of TRAIL against SW579 cells after 18
hours of incubation both in medium containing 10% FCS
and in serum-free medium. Administration of TRAIL in
serum-free conditions resulted in significantly higher cy-
totoxicity (LD50 � 50 ng/ml) than in the presence of
serum (LD50 � 382 ng/ml) (Figure 3A). This finding sug-
gests that factor(s) present in serum, possibly growth/
survival factor(s), can attenuate TRAIL-induced apopto-
sis. Furthermore, the evaluation of the cytotoxic effect of
TRAIL against any given cell line should be performed
within the context of the medium and serum conditions
under which the experiment takes place to avoid misla-
beling TRAIL-sensitive cells as resistant.

IGF-1, bFGF, and EGF Protect Thyroid
Carcinoma Cells from Apo2L/TRAIL-Induced
Apoptosis in a PI-3K-Dependent Manner

We proceeded to further characterize the regulation of
TRAIL-induced apoptosis in thyroid carcinoma cells.
IGF-1 is a growth/survival factor that is produced by
stromal cells in thyroid carcinomas36 and is present in
high concentrations in the serum. Thus it could locally
regulate the response of neoplastic thyrocytes to TRAIL,
as well as partially explain the anti-apoptotic activity that

Figure 1. A: Flow cytometric analysis of TRAIL receptors in TRAIL-sensitive SW579 and TRAIL-resistant SW579-TR cells was performed to determine the cell
surface expression of TRAIL receptors DR4, DR5, DcR1, and DcR2 (shaded peaks). Control antibody staining appears as unshaded peaks. B: Immunoblotting
for caspase-10 in TRAIL-sensitive parental (SW579) and TRAIL-resistant (SW579-TR) thyroid carcinoma cells. Caspase-10 was cleaved on TRAIL treatment in
parental SW579 cells, but not in TRAIL-resistant SW579-TR. C: Caspase-8 activity was determined by use of the ApoAlert caspase-8 activity colorimetric assay kit
in TRAIL-sensitive parental (SW579) and TRAIL-resistant (SW579-TR) thyroid carcinoma cells treated with (black bars) or without (white bars) 100 ng/ml of
TRAIL for 4 hours. TRAIL induced caspase-8 activation in parental, but not in resistant cells.

Figure 2. Protective role of FLIP against TRAIL-induced apoptosis in thyroid
carcinoma cells. A: TRAIL-resistant SW579-TR cells express higher levels of
FLIP, but not Bcl-2, than the parental, TRAIL-sensitive cells. B: Pretreatment
of SW579-TR cells with cycloheximide (CHX, 10 �g/ml) or bisindolylmale-
imide (BIM III, 20 �mol/L) restored sensitivity to LZ-TRAIL (300 ng/ml) (no
TRAIL, black bars; TRAIL treatment, white bars). Cell survival was quan-
tified with the MTT assay. C: CHX and BIM III specifically down-regulated
FLIP protein levels in SW579-TR cells after 8 hours of treatment, but not those
of cIAP-1, cIAP-2, Bcl-2, or Bcl-xL. Tubulin levels are shown for comparison.
D: Indirect confirmation of the anti-apoptotic role of FLIP, SW579-TR cells
were sensitized to LZ-TRAIL (300 ng/ml) by FLIP anti-sense oligonucleotides
(AS), but not by control oligonucleotides (CO). Cell survival was quantified
with the MTT assay.
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we detected in serum. The IGF-1 receptor-neutralizing
antibody aIR3 restored the sensitivity of SW579 cells
treated with LZ-TRAIL in the presence of 10% FCS (Fig-
ure 3B), suggesting that IGF-1 could be one of the serum
factors that confer protection from TRAIL. Indeed, pre-
treatment with IGF-1 had a protective effect against LZ-
TRAIL-induced apoptosis in SW579 cells (Figure 4A) and
in FRO cells. This effect was again specifically inhibited
by the IGF-1 receptor-neutralizing antibody aIR3 (Figure
4B), confirming that it was mediated through the IGF-1R.
The protective effect of IGF-1 was also blocked by the
PI-3K inhibitor wortmannin (Figure 4B), suggesting that
the signaling pathway for this effect involves PI-3K. IGF-1
had a similar protective effect against apoptosis induced
by the Apo2L form of the ligand as well (Figure 4C), which
is the form that has been shown to be nontoxic for normal
hepatocytes.20

Two more paracrine growth/survival factors, bFGF and
EGF, demonstrated a similar protective effect on TRAIL-
induced apoptosis in SW579 cells (Figure 4, D and E)
and potentiated the effect of IGF-1.

Inhibition of Constitutive PI-3K Activity
Sensitizes Thyroid Carcinoma Cells to TRAIL-
Induced Apoptosis

Having demonstrated that the PI-3K inhibitor wortmannin
attenuated the anti-apoptotic effect of IGF-1, we investi-
gated its effect when applied alone to thyroid carcinoma
cells. We found that wortmannin could sensitize both
SW579 and SW579-TR cells to subtoxic doses of TRAIL
(Figure 5), suggesting that constitutive PI-3K activity is
present in those cells and has an anti-apoptotic function.
The fact that this sensitizing effect was present even in
the TRAIL-resistant line offers hope that PI-3K-inhibiting

Figure 3. A: Treatment of SW579 cells with recombinant LZ-TRAIL (50 to 200
ng/ml) for 18 hours resulted in higher survival in the presence of 10% FCS
(squares) that in serum-free medium (triangles). Cell survival was quanti-
fied with the MTT assay. B: The IGF-1 receptor-neutralizing antibody aIR3 (2
�g/ml) potentiated the apoptosis-inducing effect of LZ-TRAIL (50 ng/ml)
against SW579 cells in 10% FCS (MTT assay).

Figure 4. Effect of survival factors on TRAIL-induced apoptosis in thyroid
carcinoma cells. A: IGF-1 (100 ng/ml), a growth/survival factor present in
serum and produced locally in thyroid carcinomas by stromal cells in vivo,
protected SW579 cells from recombinant LZ-TRAIL (50 to 1000 ng/ml) (no
IGF-1, squares; IGF-1, diamonds). B: This protective effect was inhibited
by the IGF-1 receptor-neutralizing antibody aIR3 (2 �g/ml) and by the PI-3K
inhibitor wortmannin (W) (5 �mol/L). Cell survival was quantified with the
MTT assay. IGF-1 alone had only minimal proliferative effect within the short
incubation period of the experiment (18 hours). C: IGF-1 (100 ng/ml) also
lowered the proapoptotic activity of the Apo2L form of the ligand (100
ng/ml). D: bFGF (10 ng/ml) also partially attenuated LZ-TRAIL (50 ng/ml)-
induced apoptosis, an effect that was potentiated by IGF-1 (100 ng/ml). Cell
survival was quantified with the MTT assay. E: EGF (10 ng/ml) also partially
attenuated LZ-TRAIL (50 ng/ml)-induced apoptosis, an effect that was po-
tentiated by IGF-1 (100 ng/ml). Cell survival was quantified with the MTT
assay.
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therapies could overcome established resistance to ap-
optosis in a clinical setting.

Characterization of the Anti-Apoptotic Effect of
IGF-1 on Thyroid Carcinoma Cells: Impact on
Akt Activity and Protein Levels of Apoptosis
Mediators

Despite a well-established anti-apoptotic role in other
models37 and its wide expression in thyroid tissue,36 the
role of IGF-1 on thyroid carcinoma apoptosis has not
been studied extensively. In this study, we found that
IGF-1 treatment induced the enzymatic activity of Akt in
SW579 cells, as evidenced by its ability to phosphorylate
a GSK-3 fusion protein (Figure 6A). We also investigated
the effect of the heat shock protein-90 chaperone inhib-
itor geldanamycin.38 Previous studies have demon-
strated that geldanamycin reduces the intracellular levels
and activity of several kinases, including Akt.39,40 We

found that geldanamycin lowered Akt protein levels and
inhibited IGF-1-induced Akt activation (Figure 6).

By flow cytometric analysis, we also found that IGF-1
treatment does not modify the cell surface expression of
TRAIL receptors (Figure 7A). We then investigated the
effect of IGF-1 on a panel of apoptotic inhibitors in SW579
cells. We found that IGF-1 up-regulates FLIP, cIAP-2,
XIAP, and survivin, but not cIAP1 or the anti-apoptotic
members of the Bcl-2 family Bcl-2, Bcl-xL, A1/Bfl-1, and
Mcl-1 (Figure 7B). Nevertheless, IGF-1 down-regulated
Bax protein levels, which could be an additional mecha-
nism of protection from apoptosis.

Forced Expression of Constitutively Active Akt
Attenuates TRAIL-Induced Apoptosis

Having demonstrated that IGF-1 activates Akt and lowers
sensitivity to TRAIL-induced apoptosis, we investigated
the direct effect of Akt activation in our model. We found
that transfection of a construct encoding constitutively
active Akt in thyroid carcinoma cells protected them from
TRAIL (Figure 8), suggesting that the anti-apoptotic effect
of IGF-1 in our model could be mediated (at least in part)
by activation of Akt.

Geldanamycin Overcomes the Anti-Apoptotic
Effect of IGF-1

In our effort to describe clinically achievable methods to
sensitize neoplastic cells to Apo2L/TRAIL, we studied
further the effects of the heat shock protein-90 chaperone
inhibitor geldanamycin, which, as we already demon-
strated, decreases Akt activity in IGF-1-treated cells. In
agreement with that result, we found that geldanamycin
overcame the protective effect of IGF-1 and increased
the sensitivity of thyroid carcinoma cells to LZ-TRAIL
(Figure 9A) and Apo2L (Figure 9B). These data suggest
that geldanamycin or similar agents could be helpful

Figure 5. A: Wortmannin (W) (5 �mol/L) increased the sensitivity of paren-
tal SW579 cells to LZ-TRAIL (50 ng/ml), suggesting that constitutive PI-3K
activity is present in thyroid carcinoma cells and has an anti-apoptotic role.
B: Wortmannin (5 �mol/L) exerted a similar sensitizing effect on the TRAIL-
resistant SW579-TR cells treated with a higher concentration of LZ-TRAIL
(300 ng/ml). Cell survival was quantified with the MTT assay.

Figure 6. Akt enzymatic activity (A) and protein levels (B) in SW579 cells
after treatment with IGF-1 (100 ng/ml) for 0.5 or 1 hour, in the presence or
absence of 1 �mol/L of geldanamycin (GA). Cells were pretreated with
geldanamycin for 4 hours. C: Equal loading of the gel in B was confirmed by
Coomassie Blue staining of the membrane.
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adjunct agents in Apo2L/TRAIL-based combination ther-
apies.

IFN-� and TNF-� Sensitize Thyroid Carcinoma
Cells to TRAIL

We have previously reported that thyroid carcinoma cells
can be sensitized to Fas-mediated cell death after treat-
ment with IFN-� and TNF-�.11 Although these cytokines
may stimulate the apoptotic pathway at various levels,
one direct effect of IFN-� was a strong increase in Fas
expression at the protein level.11 We now investigated the
effect of these cytokines on TRAIL-induced apoptosis in
thyroid carcinoma. We found a strong sensitizing effect of
IFN-�, and a less pronounced effect of TNF-�, on TRAIL-
induced apoptosis in SW579 (Figure 10A) and FRO cells.
A similar effect was also found in SW579-TR cells (Figure
10B), leading to the observation that despite the emer-
gence of resistance to TRAIL, the sensitizing effect of
cytokines remains intact in these cells. IFN-� pretreat-
ment also sensitized SW579-TR cells to TRAIL-induced
cleavage of caspase-10 and caspase-8 (not shown).

Flow cytometry analysis showed that the only change in
apoptosis-inducing TRAIL receptor cell surface levels by
cytokine treatment of SW579 cells that correlated with their
sensitizing effect was the up-regulation of DR5 by TNF-�
(Figure 11, A and B). IFN-� also up-regulated caspase-8,
whereas TNF-� had a more pronounced effect on
caspases-10 and -3, as shown by immunoblotting (Figure
11C). Interestingly, TNF-� stimulated the protein expression
of TRAIL itself (IFN-� had only a minor effect). This finding
suggests that under cytokine stimulation, thyroid carcinoma
cells can produce the death ligand TRAIL.

Figure 7. A: Flow cytometric analysis for TRAIL receptors (DR4, DR5, DcR1,
and DcR2, shaded peaks) in SW579 cells treated with or without IGF-1 (100
ng/ml) for 8 hours revealed no changes. Control antibody staining appears as
unshaded peaks. B: Treatment of SW579 cells with IGF-1 (100 or 300
ng/ml) for 8 hours up-regulated the apoptosis inhibitors FLIP, cIAP2, XIAP,
and survivin, but not cIAP1 or the anti-apoptotic members of the Bcl-2 family
Bcl-2, Bcl-xL, A1, and Mcl-1. IGF-1 also down-regulated the proapoptotic
Bax.

Figure 8. Transfection of constitutively active Akt lowered the sensitivity of
SW579 cells to LZ-TRAIL (50 ng/ml), as compared to the empty vector. Cell
death was quantified with the MTT assay.
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Discussion

We investigated the regulation of Apo2L/TRAIL-induced
apoptosis in thyroid carcinoma cells by both intracellular
and paracrine factors. We demonstrate that the emer-
gence of resistance to TRAIL is associated with up-reg-
ulation of FLIP protein levels. More importantly, sensitivity
is restored by down-regulation of FLIP, via either the
protein synthesis inhibitor cycloheximide, the PKC inhib-
itor BIM III, or a FLIP anti-sense oligonucleotide. The
growth/survival factor IGF-1 lowered the sensitivity of thy-
roid carcinoma cells to TRAIL in a PI-3K-dependent man-
ner, activated Akt and increased the protein levels of
several apoptosis inhibitors, including FLIP. The anti-
apoptotic effect of IGF-1 was mimicked by transfection of
constitutively active Akt. On the other hand, the T help-
er1-derived inflammatory cytokines IFN-� and TNF-� had
a sensitizing effect on TRAIL-induced apoptosis.

Although recombinant Apo2L/TRAIL is very potent
against thyroid carcinoma cells in vitro,11 we cannot rule
out that future clinical use of this apoptotic pathway in
cancer patients might eventually encounter emergence
of refractoriness. Furthermore, the rational design of sen-
sitization strategies could be useful from a clinical stand-
point because it could conceivably lead to Apo2L/TRAIL-
based combination therapies with enhanced anti-tumor
activity. Therefore, we investigated the mechanisms reg-
ulating the sensitivity of thyroid carcinoma cells to Apo2L/
TRAIL. We established a model of TRAIL resistance by
isolating a resistant subline from a TRAIL-sensitive pa-
rental papillary carcinoma line. The TRAIL-resistant
SW579-TR cells did not exhibit differences in cell surface
TRAIL receptor expression in comparison to the parental
cells, but had higher levels of the anti-apoptotic protein
FLIP and did not exhibit activation of caspases-10 and -8
on TRAIL treatment. The protein synthesis inhibitor cyclo-
heximide and the PKC inhibitor BIM III down-regulate

Figure 9. Impact of geldanamycin (GA) (1 �mol/L) on TRAIL-induced ap-
optosis in thyroid carcinoma cells. A: SW579 cells were pretreated with IGF-1
(100 ng/ml) for 6 hours, in the presence or absence of geldanamycin, and
then incubated with LZ-TRAIL (50 ng/ml) for an additional 18 hours.
Geldanamycin overcame the protective effect of IGF-1 against TRAIL-in-
duced apoptosis. Moreover, geldanamycin alone had a sensitizing effect on
TRAIL-induced apoptosis. B: Geldanamycin also sensitized SW579 cells to
the Apo2L form of the ligand (50 ng/ml).

Figure 10. A: SW579 cells were sensitized by a 48-hour pretreatment with
IFN-� (500 IU/ml) and TNF-� (50 ng/ml) to an additional 18-hour incubation
with a low, subtoxic concentration of LZ-TRAIL (20 ng/ml). B: TRAIL-
resistant SW579-TR cells were sensitized by a 48-hour pretreatment with
IFN-� (500 IU/ml) and TNF-� (50 ng/ml) to an additional 18-hour incubation
with LZ-TRAIL (300 ng/ml).
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FLIP protein levels32,34 and overcome resistance to Fas-
induced apoptosis in many models.11,17,32,34 We now
found that both cycloheximide and BIM III overcame the
resistance of SW579-TR cells to TRAIL. Importantly, both
inhibitors specifically down-regulated FLIP protein levels,
and treatment with a FLIP anti-sense oligonucleotide re-
stored sensitivity to TRAIL. These data establish FLIP as
a major candidate for the role of anti-apoptotic regulator
in TRAIL-induced signaling in thyroid carcinomas. Al-
though the anti-apoptotic role of FLIP in Fas-mediated
apoptosis is well-documented,41–44 its impact on the
TRAIL pathway is more controversial and may be subject
to tissue-specific variations. Elevated FLIP levels corre-
late with Apo2L/TRAIL-resistance in some occa-
sions,8,44,45 but not in others.46 Most primary papillary
thyroid carcinoma cell lines are sensitive to Apo2L/TRAIL,
yet all lines tested to date are resistant to FasL and this
resistance can be overcome by cycloheximide.11 This
differential pattern of sensitivity could mean that two dif-
ferent intracellular inhibitors regulate the two pathways.
Alternatively, it is possible that whereas FLIP can poten-
tially inhibit both pathways in thyroid carcinomas, the
threshold for FLIP-dependent resistance is higher for the
Apo2L/TRAIL pathway than for the Fas pathway, perhaps
because of differential affinity of FLIP for the adaptor

molecules of the respective receptor-caspase death sig-
naling complexes.

The local microenvironment exerts a major role on
cancer cell fate via the production of growth/survival
factors and cytokines.35,47 IGF-1 is strongly expressed
by stromal cells in thyroid carcinomas,36 and is also
present in the serum. IGF-1 and serum had a strong
protective effect against TRAIL-induced cell death, in
agreement with our previous findings in multiple myeloma
cells.48 bFGF and EGF also had anti-apoptotic effects,
which were potentiated by IGF-1. These data suggest
that paracrine factors produced by the local microenvi-
ronment could modulate the response of neoplastic cells
to TRAIL/Apo2L. Moreover, the PI-3K inhibitor wortman-
nin had a sensitizing effect even when used alone, sug-
gesting that constitutive PI-3K activity is present and has
an anti-apoptotic role in thyroid carcinomas. Interestingly,
this sensitizing effect was present in both TRAIL-sensitive
and -resistant cells.

IGF-1 did not modulate cell surface TRAIL receptor
expression, but up-regulated FLIP, cIAP-2, XIAP, and
survivin. Our work thus highlights that paracrine factors,
such as IGF-1, may regulate sensitivity to apoptosis by
modifying caspase inhibitor expression. The increase in
FLIP expression on IGF-1 treatment is consistent with its
protective role on Apo2L/TRAIL-induced apoptosis that
we described earlier. cIAP-2 is an inhibitor of caspase-8
activation and apoptosis induced by TNF-�49 and its
expression is under the positive regulatory control of
nuclear factor-�B in several models.49,50 Nuclear fac-
tor-�B may also up-regulate the expression of XIAP,51 a
potent inhibitor of caspases-3, -7, and -9.52 Survivin pref-
erentially binds to and inhibits effector caspases, such
as caspase-3 and caspase-7.53 Additionally, Bax, a
proapoptotic member of the Bcl-2 family, was found in
this study to be down-regulated by IGF-1-treatment,
which could also potentially contribute to resistance to
apoptosis.

Taken together, our data identify at least two intracel-
lular signaling pathways as important modulators of
Apo2L/TRAIL-induced apoptosis, namely the PI-3K/Akt
and PKC pathways. Akt regulates proliferation and sur-
vival in normal and neoplastic thyrocytes54–56 and has
recently been reported to up-regulate FLIP57 and protect
from Apo2L/TRAIL58 in other models. Our work, in addi-
tion to extending this concept to thyroid carcinomas,
identifies specific extracellular paracrine factors, such as
IGF-1, as physiological modulators of Apo2L/TRAIL-in-
duced apoptosis via the PI-3K/Akt pathway. Moreover,
transfection of constitutively active Akt attenuated TRAIL-
induced apoptosis in our model. In the case of PKC, our
work suggests that it confers protection from TRAIL-in-
duced apoptosis in a FLIP-dependent manner.

Our study suggests that approaches inhibiting the ac-
tivity and the intracellular signaling pathway of IGF-1 and
other survival factors could be helpful adjuncts in the
clinical use of TRAIL. PI-3K inhibitors, such as wortman-
nin, could exert such an effect. Additionally, novel agents
of the ansamycin family, that inhibit the heat shock pro-
tein-90 molecular chaperone, have been reported to de-
plete cells of several kinases, including Akt39,40 and are

Figure 11. A and B: Flow cytometric analysis of TRAIL receptors DR4 (A)
and DR5 (B) after a 48-hour treatment with or without IFN-� (500 IU/ml) or
TNF-� (50 ng/ml) in SW579 cells. Control antibody staining is also shown. C:
Evaluation of the protein levels of caspase-8, caspase-10, caspase-3, FLIP,
and TRAIL in SW579 cells after a 48-hour treatment with or without IFN-�
(500 IU/ml) or TNF-� (50 ng/ml). IFN-� (500 IU/ml) up-regulated caspase-8
and TNF-� (50 ng/ml) and up-regulated caspases-10 and -3. Additionally,
TNF-� induced the expression of TRAIL itself.
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currently being evaluated clinically.59 In our studies,
geldanamycin lowered Akt protein levels and enzymatic
activity after stimulation, sensitized cells to TRAIL and
overcame the protective effect of IGF-1. It should be
noted that similar results were obtained with both the
LZ-TRAIL and the Apo2L forms of the ligand.

Another class of potentially helpful adjunct agents are
the inflammatory cytokines IFN-� and TNF-�, that, as
previously reported, can sensitize both normal60 and
neoplastic thyrocytes11 to Fas-mediated apoptosis; IFN-�
is produced by tumor-infiltrating lymphocytes, whereas
TRAIL participates in cell-mediated immunity.61–64 The
sensitizing effect of cytokines may be mediated, at least
in part, by the up-regulation of DR5, similar to their stim-
ulating effect on Fas expression that we previously de-
scribed,11 and/or the increase in caspase expression,
similar to a report on nonmalignant thyrocytes.65 It should
be noted that this sensitizing effect was still present in the
TRAIL-resistant subline, a finding that has obvious clini-
cal implications. Another interesting observation was that
TNF-� induced the production of the death ligand TRAIL
itself, in agreement with a similar report by Bretz and
colleagues,21 who also demonstrated that this effect ren-
ders the cancer cells cytotoxic against lymphocytes in a
TRAIL-dependent manner. This immune evasion hypoth-
esis resembles a counterattack mechanism that we have
already described in thyroid carcinoma cells because of
their constitutive expression of FasL.17

In conclusion, we have demonstrated an inhibitory role
for FLIP and the IGF-1/Akt pathway in Apo2L/TRAIL-in-
duced apoptosis of thyroid carcinoma cells. Our studies
emphasize the complex effects of circulating or paracrine
factors present in the local microenvironment and set the
framework for the future design of pharmacological inter-
ventions to increase the sensitivity of thyroid carcinomas
to this apoptotic pathway.
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