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Abstract

Although preclinical studies have suggested that farnesyltransferase inhibitors (FTI) have promising antitumor activity, clinical trials have shown that FTI activity in patients is actually limited.
The mechanism that induces resistance to FTI treatment is still not fully understood. The FTI
SCH66336 has been shown to induce apoptotic and antiangiogenic activities in a subset of head
and neck squamous cell carcinoma (HNSCC) and non ^ small cell lung cancer (NSCLC) cell lines.
We therefore investigated the mechanisms mediating resistance to the therapeutic activities of
SCH66336 in HNSCC and NSCLC. Our various analyses showed that insulin-like growth factorI receptor (IGF-IR) activation interferes with the antitumor activity of SCH66336 in HNSCC and
NSCLC cells. Treatment with SCH66336 activated the IGF-IR/phosphatidylinositol 3-kinase/Akt
pathway, leading to increased mammalian target of rapamycin (mTOR)-mediated protein synthesis of survivin in a subset of HNSCC and NSCLC cell lines that were insensitive to the apoptotic
activities of the drug. Inhibition of IGF-IR, Akt, or mTOR or the knockdown of survivin expression
abolished resistance to SCH66336 and induced apoptosis in the cells. Overexpression of survivin
by the use of adenoviral vector protected SCH66336-sensitive HNSCC cells from the apoptotic
activities of the drug. Our results suggest that expression of phosphorylated IGF-IR, phosphorylated Akt, phosphorylated mTOR, and survivin serves as biological markers of SCH66336
responsiveness in HNSCC and NSCLC cells and that SCH66336 induces survivin expression
through an IGF-IR/Akt/mTOR ^ dependent pathway. Thus, combining inhibitors of IGF-IR, phosphatidylinositol 3-kinase/Akt, mTOR, or survivin with SCH66336 may be an effective anticancer
therapeutic strategy for patients with HNSCC or NSCLC.

Head and neck squamous cell carcinoma (HNSCC) is
diagnosed annually in an estimated 600,000 patients worldwide
(1). In the United States, the annual incidence is estimated to be
31,000 with f7,400 associated deaths (2). First-line therapy
for locally advanced HNSCC is typically surgery and/or radiotherapy (3, 4). However, radical surgery for HNSCC is difficult
and disfiguring (3). In addition, tumors recur after first-line
therapy in approximately one third of all patients with HNSCC,
underscoring the need for more effective treatment strategies.
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The Ras signaling pathway is invariably activated (5) in
several types of human cancers, including head and neck
cancer, through the overexpression of the epidermal growth
factor receptor, mutation(s) in Ras, and/or the downstream
activation of Ras-mediated pathways such as phosphatidylinositol 3-kinase (PI3K)/Akt (5 – 8), resulting in deregulated cell
proliferation, angiogenesis, cell transformation, cytoskeletal
reorganization, and suppression of apoptosis (9). The idea of
targeting Ras is therefore appealing. Because Ras requires posttranslational modification, including farnesylation, to ensure
its cell membrane localization and further engagement of the
raf/mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase kinase kinase, MAPK, ral/Gef, and PI3K,
farnesyltransferase inhibitors (FTI) have been developed
to block Ras activation (10). However, previous findings
have suggested that FTIs have several targets other than Ras,
including RhoB, the centromere-binding proteins CENP-E and
CENP-F, insulin-like growth factor (IGF)-binding protein-3,
heat shock protein 90, Ras homologue enriched in brain, and
other proteins not yet identified (11 – 14).
FTIs have been shown to inhibit tumor cell growth in vitro
(15) and in vivo (16). In human tumor cell lines, FTIs induce
the accumulation of cells in the G2-M phase of the cell cycle,
which is often correlated with p53-dependent p21waf/cip1
induction in many cell types (15). FTIs have also been shown
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to inhibit the growth of chemically induced lung tumor with
K-Ras mutations in immunocompetent mice (17) and the
growth of human bladder, colon, and fibrosarcoma tumor
xenografts (16).
SCH66336 (lonafarnib) was one of the first FTIs to be
evaluated in clinical trials (18, 19). SCH66336 was shown to
have antiproliferative and apoptotic activities in a wide variety
of cancer cells in vitro. We previously showed that SCH66336
could also induce apoptotic and antiangiogenic activities in
a subset of HNSCC and non – small cell lung cancer (NSCLC)
cell lines (12, 13, 20). In spite of the promising antitumor
activities of SCH66336 observed in preclinical studies,
however, researchers have found unsuccessful therapeutic
activities of SCH66336 in clinical trials. A large-scale phase III
clinical trial in patients with advanced NSCLC showed that no
additional benefit was gained by adding SCH66336 to standard
first-line chemotherapy (21). In addition, no response or even
modest activity has been observed in patients with colon cancer
or chronic myeloid leukemia (22, 23).
In this study, we investigated the mechanisms involved in
the resistance of HNSCC cells to the therapeutic activities of
SCH66336. Here, we report that SCH66336 induces survival
response that involves the IGF-I receptor (IGF-IR)/PI3K/Akt/
mammalian target of rapamycin (mTOR) – mediated synthesis
of antiapoptotic survivin protein. Consequently, inactivation of
IGF-IR/phosphorylated Akt (pAkt)/mTOR – mediated survivin
protein synthesis and knockdown of survivin protein render
HNSCC cells sensitive to SCH66336 treatment.

Materials and Methods
Cell lines and reagents. The human HNSCC cell lines UMSCC38,
UMSCC22A, UMSCC10B, SqCC/Y1, and SqCC35 were established
originally by Drs. Michael Reiss (Yale University, New Haven, CT) and
Thomas Carey (University of Michigan, Ann Arbor, MI). TR146 cells
were provided by Dr. A. Balm (The Netherlands Cancer Institute,
Amsterdam, the Netherlands). Normal human oral keratinocytes were
obtained from Dr. Reuben Lotan (The University of Texas M. D.
Anderson Cancer Center, Houston, TX). Human NSCLC cell lines 226B,
226Br, and H460 were obtained from the American Type Culture
Collection. The cell lines used in this study were derived from primary
cancers or metastases from patients with HNSCC or NSCLC (24, 25).
The HNSCC cell lines were cultured in DMEM, and NSCLC cell lines
were cultured in RPMI 1640 supplemented with 10% fetal bovine
serum (FBS) and antibiotics at 37jC in a humidified environment
with 5% CO2. Normal human oral keratinocytes were cultured in
keratinocyte serum-free medium (Invitrogen) supplemented with
recombinant human epidermal growth factor and bovine pituitary
extract.
We obtained 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide from Sigma-Aldrich. The class I PI3K inhibitor LY294002,
the MAPK/extracellular signal-regulated kinase kinase inhibitor U0126,
and the IGF-IR tyrosine kinase inhibitor AG1024 were purchased from
Chemicon. Another IGF-IR tyrosine kinase inhibitor, OSI-868, was
obtained from OSI. The mTOR inhibitor rapamycin was purchased
from Calbiochem-Novabiochem. Antibodies against procaspase-3,
active caspase-3, XIAP, survivin, phosphorylated IGF-IR, pAkt, Akt,
phosphorylated p70s6k, p70s6k, phosphorylated 4E-binding protein 1
(4E-BP1), 4E-BP1, phosphorylated c-Raf, and phosphorylated MAPK
were purchased from Cell Signaling Technology; anti-actin, H-Ras,
K-Ras, IGF-IRh, and MAPK were obtained from Santa Cruz Biotechnology; and a-tubulin was purchased from Sigma. SCH66336
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{i.e., [+]4-(2-[4-(8-chloro-3,0-dibromo-6,11-dihydro-5-benzocyclohepa (1,2-h)pyridin-11-yl)-1-piperidinyl]-2-oxoethyl)-1-piperidinecarboxamide} was provided by Schering-Plough Research Institute.
Synthetic small interfering RNA (siRNA) that targets survivin was
purchased from Ambion. Adenoviral vector expressing constitutively
active survivin, referred to as Ad-survivin, was provided by Dr. Dario C.
Altieri (University of Massachusetts Medical School, Worcester, MA; ref.
26). Empty vector (Ad-EV) was used as a control.
Proliferation assay. HNSCC cells were seeded at 3,000 per well in
96-well plates (Becton Dickinson). After 1 day, the medium was
changed to medium with or without 5 Amol/L SCH66336. DMSO
(0.1%) was used as a control. After 3 days of incubation, cell
proliferation was assessed with a 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide assay as described elsewhere (27).
siRNA transfection and virus infection. To assess the effects of
survivin in SCH66336-induced apoptosis in HNSCC cells, TR146 and
UMSCC38 cells (2  105) in 35-mm dishes were transfected with
60 nmol of scrambled siRNA or siRNA specifically targeting survivin
by the use of Oligofectamine (Invitrogen) for 6 h. siRNA-transfected
cells were incubated with or without 5 Amol/L SCH66336 for 48 h
for fluorescence-activated cell sorting analysis or Western blotting.
UMSCC10B, SqCC/Y1, and SqCC35 cells (8  105) in 60-mm dishes
were infected with Ad-EV or Ad-survivin with 10 plaque-forming
units/cell for 2 h in medium without FBS. After 36 h, cells were
incubated with or without 5 Amol/L SCH66336 for 48 h for
fluorescence-activated cell sorting analysis or Western blotting.
TR146 cells were infected with Ad-EV or adenovirus expressing
dominant-negative IGF-IR (Ad-dnIGF-IR) with the indicated plaqueforming unit/cell for 2 h in medium without FBS. After 24 h, cells were
incubated with or without 5 Amol/L SCH66336 for 72 h for the cell
proliferation assay.
Western blotting. Western blotting was done as described elsewhere
(13). Briefly, equivalent amounts of protein (25 Ag) were resolved by
SDS-PAGE in 8% to 15% gels (80 V for 10 min and 100 V for 1-1.5 h)
and transferred overnight at 20 V to a nitrocellulose membrane.
Blocking, washing, incubation with primary or secondary antibody, and
development were done as described elsewhere (13).
Reverse transcription-PCR. Total RNA was isolated from the cells
with the use of Trizol reagent (Invitrogen). cDNA was synthesized from
1 Ag of total RNA as templates in a 50 AL reaction by using the Taqman
reverse transcriptase reagents according to the manufacturer’s protocol
(Applied Biosystems). The reaction was incubated at 25jC for 10 min,
at 48jC for 30 min, and inactivation at 95jC for 5 min. After
inactivation, the cDNA was stored at -20jC until use. Reverse
transcription-PCR was done by amplification of the genes using cDNA
template generated as described above and corresponding gene-specific
primer sets. The primer sequences are as follows: survivin, 5¶-GCATGGGTGCCCCGACGTTG-3¶ (sense) and 5¶-GCTCCGGCCAGAGGCCTCAA-3¶ (antisense); glyceraldehyde-3-phosphate dehydrogenase,
5¶-GGTGAAGGTCGGTGTGAACGGATTT-3¶ (sense) and 5¶-AATGCCAAAGTTGTCATGGATGACC-3¶ (antisense).
To avoid amplification of genomic DNA, the primers of each genes
were chosen from different exons. PCR was carried out in a total
volume of 25 AL containing 2 AL of cDNA solution and 0.2 Amol/L of
sense and antisense primers. The reverse transcription-PCR exponential
phase was determined on 28 to 33 cycles to allow quantitative
comparisons among the cDNAs developed from identical reactions.
Amplification products (8 AL) were resolved in 2% agarose gel, stained
with ethidium bromide, and visualized in a transilluminator and
photographed.
Cell cycle and apoptosis analysis. All cells (nonadherent and
adherent) were harvested, washed, fixed with 1% paraformaldehyde
and 70% ethanol, and stained using an APO-BRDU kit (Phoenix Flow
Systems) according to the manufacturer’s protocol. Flow cytometric
analysis was done by using a Coulter EPICS Profile II flow cytometer
(Coulter Corp.) equipped with a 488-nm argon laser. Approximately
10,000 events (cells) were evaluated for each sample.
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Results
Effect of SCH66336 on the proliferation of HNSCC cells. In
the experiments described in previous report (20), some of the
same HNSCC cell lines used in the current study (TR146,
UMSCC38, and SqCC/Y1 cells) showed apoptotic response
after treatment with SCH66336 (1 Amol/L) for >3 days in the
presence of 5% FBS. However, we recently observed a rather
large differential response in HNSCC cell lines. We recently
found that a 2-day treatment with 5 Amol/L SCH66336, a dose
achievable in vivo (f8 Amol/L; ref. 28), was sufficient to induce
apoptosis in the FTI SCH66336-sensitive HNSCC cell lines (12)
but not in the resistant cell lines (12). To study the mechanism
of SCH66336 resistance in HNSCC cells, we chose a 5 Amol/L
SCH66336 in this experiment. We increased the dose of
SCH66336 to 5 Amol/L, which is not optimal for observing
the apoptotic activities of the drug in the HNSCC cell lines used
in our study.
Flow cytometric analysis on a subset of HNSCC cell lines
stained with propidium iodide showed a mild increase in the
cell population in the G0-G1 phase (TR146, UMSCC22A, and
UMSCC38), G2-M phase (UMSCC10B), or sub-G0-G1 phase
(SqCC/Y1, UMSCC10B, and SqCC35) of the cell cycle after the
treatment with SCH66336 (5 Amol/L) for 48 h in medium
containing 10% FBS (Fig. 1A). Terminal deoxynucleotidyl
transferase – mediated dUTP nick end labeling – based fluorescence-activated cell sorting analysis revealed no apoptotic
response in the TR146, UMSCC22A, or UMSCC38 cell lines
after the same treatment (Fig. 1B). In contrast, SqCC/Y1,
UMSCC10B, and SqCC35 cells remained sensitive to the
apoptotic activities of SCH66336 (Fig. 1B). These findings
indicated that cell survival pathways activated in a high serum

condition protected the TR146, UMSCC22A, and UMSCC38
cells from apoptotic activities of SCH66336.
SCH66336 induces survivin expression, which mediates resistance to apoptotic activities of the drug in HNSCC cells. We
attempted to find the molecules that are involved in HNSCC
cell resistance to SCH66336 treatment. We first assessed the
K-Ras pathway status of the cell lines used in our study. Western
blot analysis showed that the basal expression levels of K-Ras,
H-Ras, and phosphorylated c-Raf (Ser338), a downstream of
Ras, did not show obvious difference between the HNSCC cell
lines and normal human oral keratinocytes (Fig. 2A). Further,
consistent with the previous report (20), the response of the
HNSCC cell lines to the SCH66336 treatment (Fig. 1A) did not
seem to be correlated with the status of the K-Ras pathway.
Because inhibitors of apoptosis proteins are involved in the
sensitivity of tumor cells to chemotherapeutic drugs (26, 29),
we next correlated the apoptotic response (Fig. 2B, top) with the
expression of inhibitors of apoptosis proteins, including
survivin and XIAP, in TR146, UMSCC38, and SqCC/Y1 cells
after the treatment with SCH66336. TR146 cells with marginal
apoptotic response (Fig. 2B, bottom) showed no detectable
changes in the expression levels of active caspase-3, XIAP, and
survivin after the drug treatment (5 Amol/L for 48 h) in the
medium containing 0.1% FBS (Fig. 2B, bottom). Under the
same conditions, UMSCC38 and SqCC/Y1 cells showed
increases in apoptotic cell population and expression of active
caspase-3 in parallel with decreased XIAP and survivin
expression (Fig. 2B, bottom). When the drug was treated in
the presence of 10% FBS, TR146, UMSCC22A, and UMSCC38
cells all showed a pronounced increase in survivin expression
with no change in procaspase-3 and active caspase-3 levels
(Fig. 2C). In contrast, SqCC/Y1, UMSCC10B, and SqCC35 cells

Fig. 1. The effect of SCH66336 on HNSCC
cells. A subset of HNSCC cells was treated
with 0.1% DMSO or SCH66336 (SCH; 5
Amol/L) for 48 h and analyzed. Percentage
of cells in specific phases of the cell cycle
(sub-G1, G0-G1, S, and G2-M) by flow
cytometric analysis (A) and a flow
cytometry ^ based terminal deoxynucleotidyl
transferase ^ mediated dUTP nick end
labeling assay (B).
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Fig. 2. The effect of SCH66336 on the expression of survivin. A, Western blot analysis in a normal human oral keratinocytes (NHOK) and in a subset of HNSCC cells.
B, flow cytometry ^ based terminal deoxynucleotidyl transferase ^ mediated dUTP nick end labeling assay (top) andWestern blot analysis (bottom) inTR146, UMSCC38, and
SqCC/Y1cells incubated for 48 h in medium with 0.1% FBS and in the presence or absence of 5 Amol/L SCH66336. C, Western blot analysis in a subset of HNSCC cells,
which were incubated for 48 h in 10% FBS medium with or without 5 Amol/L SCH66336. D, cell proliferation (72 h) and Western blot analysis (48 h) of H460, 226Br, and
226B NSCLC cell lines, which were treated with 5 Amol/L SCH66336.

showed a notable decrease in the survivin and procaspase-3
levels in an association with an increase in the active caspase-3
level after the treatment with SCH66336 (Fig. 2C). XIAP
expression remained unchanged in these cells after the drug
treatment. We further investigated the response of NSCLC cells
to SCH66336 treatment. H460 and 226Br cell lines treated with
SCH66336 showed no major differences in cell viability or
procaspase-3 and active caspase-3 expression but a marked
increase in survivin expression (Fig. 2D). The H226B cell line
showed a substantial decrease in cell number, survivin protein
level, and caspase-3 cleavage after drug treatment (Fig. 2D).
Altogether, these data suggest that the expression of survivin,
but not of XIAP, is involved in the apoptotic activities of
SCH66336 in HNSCC and NSCLC cells.
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To determine the role of survivin in SCH66336-mediated
apoptosis in HNSCC cells, we transfected TR146 and
UMSCC38 cells with siRNA specifically targeting survivin and
treated them with SCH66336 for 48 h. We found it interesting
that apoptosis was induced by the transfection of survivin
(18.5% in TR146 cells and 7.8% in UMSCC38 cells) and was
notably increased by treatment with SCH66336 (33.1% in
TR146 cells and 20.0% in UMSCC38 cells; Fig. 3A). The induction of apoptosis was further confirmed by the cleavage of
caspase-3, detected by Western blot analysis, in the cells transfected with survivin siRNA and then treated with SCH66336
(Fig. 3B). We then examined the apoptotic response of
SqCC/Y1 and UMSCC10B cells to SCH66336 treatment when
overexpression of survivin was induced by infection with
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adenoviral vector containing survivin. The caspase-3 cleavage
induced by SCH66336 was substantially prohibited in the
cells overexpressing survivin (Fig. 3C). Thus, survivin seemed to
play an important role in the resistance of HNSCC cells to
SCH66336.
Activation of the IGF-IR/Akt pathway in HNSCC cells induces
resistance to the apoptotic activities of SCH66336. We investigated the mechanism by which SCH66336 regulates survivin
expression. The transcriptional activity of nuclear factor-nB
(30), hypoxia-inducible factor-1a (31), and p53 on survivin
expression has been reported in cancer cells (32). Given the
effects of SCH66336 on these transcription factors (33), we
tested the effects of SCH66336 on survivin mRNA expression in
HNSCC cell lines. Reverse transcription-PCR analysis revealed
that mRNA levels of survivin were mildly decreased in sensitive
cells (SqCC/Y1) and increased in the resistant cells (TR146 and
UMSCC38) in response to the SCH66336 cells (Fig. 4A).
Activation of IGF-IR and the consequent activation of IRS-I
and Akt have been known to mediate resistance to antitumor
agents in various cancers (34, 35). Hence, we examined the
status of the IGF-IR/Akt signaling pathway in HNSCC cells after
treatment with SCH66336. SCH66336 induced increases in the
unfarnesylated H-Ras in all of the HNSCC cell lines used in this
experiment (Fig. 4B), indicating the effectiveness of the drug in
inhibiting the activation of Ras by farnesyltransferase. The
expression of pIGF-IR and pAkt was increased in SCH66336resistant TR146, UMSCC22A, and UMSCC38 but decreased in
the sensitive SqCC/Y1, UMSCC10B, and SqCC35 cells after
drug treatment (Fig. 4B). Meanwhile, SCH66336 induced
increased levels of p44/42MAPK, an indicative activated 44/
42MAPK, in all of the HNSCC cell lines used in this experiment.
These findings indicate that Akt was activated in the HNSCC
cell lines that were insensitive to the apoptotic activities of
SCH66336 through an IGF-IR – dependent but Ras- and MAPKindependent mechanism.
Inhibition of IGF-IR activation sensitizes HNSCC cells to
SCH66336. To investigate the role of IGF-IR in the resistance
to apoptosis induced by SCH66336, we determined whether
blocking the IGF-IR pathway can sensitize the resistant cells to
SCH66336. To this end, we infected TR146 and UMSCC38 cells
with Ad-dnIGF-IR (36) before treating them with SCH66336.
The number of TR146 and UMSCC38 cells was substantially
decreased by the SCH66336 treatment when the IGF-IR
pathway was inhibited (Fig. 4C). The effects of Ad-dnIGF-IR
transfection on UMSCC38 cells were more obvious than those
on TR146 cells, probably due to the sensitivity of the UMSCC38
cells to the adenoviral vector as determined by the response of
the cells to the control adenoviral vector (Ad-EV). We found an
approximate 20% decrease in the viable number of UMSCC38
cells after the infection with 10 plaque-forming units/cell of AddnIGF-IR. In contrast, less than a 10% decrease in viability was
observed in the Ad-EV – infected UMSCC38 cells. SCH66336
treatment induced a mild (6%) but statistically significant
decrease in the viable cells infected with 50 plaque-forming
units/cell of Ad-dnIGF-IR (P = 0.005, Student’s t test). We
further examined the effects of IGF-IR tyrosine kinase inhibitors, AG1024, on survivin expression and the apoptotic
response of HNSCC cells to SCH66336. We observed substantially enhanced inhibition of cell proliferation in TR146 and
UMSCC38 cells treated with SCH66336 and AG1024 (Fig. 4D).
Moreover, Western blot analysis revealed that combined
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treatment with AG1024 and SCH66336 increased the level of
active caspase-3 in TR146 and UMSCC38 cells (Fig. 4D,
bottom), suggesting that survivin expression induced by the
IGF-IR pathway protected the cells from apoptosis.
SCH66336 induces protein synthesis of survivin in HNSCC
cells through the IGF-IR/Akt/mTOR pathway. We investigated
whether activation of the IGF-IR/Akt pathway is involved in the
expression of SCH66336-induced survivin in HNSCC cells.
SCH66336-induced increases in pAkt, p4E-BP1, and survivin
expression were all suppressed by the combined treatment of
SCH66336 plus LY294002 but not with SCH66336 plus U0126
(Fig. 5A). Moreover, when the PI3K pathway was blocked by
the LY294002 treatment, caspase-3 was activated (Fig. 5A) and
cell proliferation was further inhibited by SCH66336 (Fig. 5B).
In contrast, combined treatment with U0126 did not affect cell
proliferation or the expression of survivin or active caspase-3
(Fig. 5A and B).
Because mTOR, which is activated by the IGF-IR/Akt
pathway, plays a key role in mRNA translation (37), we
investigated whether survivin expression was enhanced by the
activation of mTOR. Indeed, phosphorylation of the eukaryotic
translation initiation factor 4E-BP1, a substrate of mTOR

Fig. 3. Survivin mediates resistance to SCH66336 in cancer cells. Flow
cytometry ^ based terminal deoxynucleotidyl transferase ^ mediated dUTP nick
end labeling assay (A) and Western blotting (B) inTR146 and UMSCC38 cells after
transfection with control siRNA (si-scr) or survivin siRNA (si-survivin) followed
by treatment with 5 Amol/L SCH66336 for 48 h. C, Western blotting in SqCC/Y1,
UMSCC10B, and SqCC35 cells infected with adenoviral vector expressing survivin
(Ad-survivin) or empty vector (Ad-EV) followed by 5 Amol/L SCH66336
for 48 h. Ac-caspase-3, active caspase-3.
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Fig. 4. SCH66336 induced survivin expression through the IGF-IR pathway. A, reverse transcription-PCR analysis of survivin inTR146, UMSCC38, and SqCC/Y1cells
after treatment with 5 Amol/L SCH66336 for 48 h. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the control. B, Western blotting in a subset of HNSCC
cells incubated for 48 h in the medium containing 10% FBS with or without 5 Amol/L SCH66336. C, proliferation of TR146 and UMSCC38 cells after adenoviral vector
(Ad-EV) or adenoviral vector expressed truncated a-subunit of IGF-IR (Ad-dnIGF-IR) into the medium after treatment with 5 Amol/L SCH66336 for 48 h. Cell proliferation
(72 h; D) andWestern blotting (48 h; D, bottom) inTR146 and UMSCC38 cells after 5 Amol/L SCH66336 and IGF-IR tyrosine kinase inhibitorAG1024 treatment. **, P < 0.01;
***, P < 0.001, compared with indicated control.

activation (Fig. 4B), was well correlated with the induction of
survivin expression (Fig. 2C). In contrast, the level of pp70s6k
expression increased in all of the HNSCC cell lines (Fig. 4B).
Decreased levels of pAkt, p4E-BP1, pp70s6k, and survivin
expression (Fig. 5C), as well as notably enhanced antiproliferative effects (Fig. 5D), were also shown in TR146 cells treated
with rapamycin. Interestingly, combined treatment with
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AG1024 plus SCH66336 also decreased the protein levels of
p4E-BP1 in TR146 and UMSCC38 cells, activated caspase-3
expression, and suppressed survivin expression (Fig. 4D).
Therefore, it is plausible that the activation of IGF-IR induced
by SCH66336 treatment stimulated mTOR-mediated protein
synthesis of survivin, which in turn protected HNSCC cells
from apoptosis.
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Discussion
Numerous studies have shown the critical role of the IGF-IR/
Akt pathway in the survival of cancer cells against the cytotoxic
effects of chemotherapy, radiotherapy, and several molecular
targeting agents (20, 34, 35, 38). In this study, we showed
that SCH66336 induced activation of IGF-IR and its downstream mediators Akt and mTOR, resulting in survivin protein
synthesis that mediates resistance to the apoptotic activities of
SCH66336 in HNSCC cells. Consequently, inhibition of the
IGF-IR/Akt/mTOR signaling pathway decreased survivin expression, resulting in restoration of the apoptotic activities of
SCH66336 in HNSCC cells.
Much evidence has identified survivin as a prognostic marker
for a variety of human cancers (39, 40), including HNSCC
(26, 29, 39). Recent findings have shown that survivin mediates
resistance to cancer therapy; overexpression of survivin is
correlated with resistance to radiotherapy or chemotherapy
(39, 41, 42). The inhibition of survivin expression by siRNA or
the expression of mutant survivin (T34A) sensitized breast,
cervical, prostate, lung, and colorectal cancer cells to apoptotic
stimuli (26, 43). In these studies, the suppression of survivin
expression and/or activity inhibited tumor development
through a dual mechanism of inducing tumor cell apoptosis
and suppressing angiogenesis (43). Based on these findings, we
hypothesized that survivin expression may be involved in the

sensitivity to SCH66336 treatment. In support of our hypothesis, our results showed the important role of survivin in the
resistance of HNSCC cells to the apoptotic response of
SCH66336. We found that (a) SCH66336 induced IGF-IR
activation and survivin expression in a subset of HNSCC and
NSCLC cell lines, which inversely correlated with the sensitivity
of the cells to the apoptotic activities of the drug; (b) the
blockade of IGF-IR by the use of AG1024 or Ad-dnIGF-IR or the
inactivation of Akt by the use of LY294002 was sufficient to
suppress SCH66336-induced phosphorylation of Akt and
survivin expression and to restore apoptotic activities of the
drug; (c) decreased survivin expression by specific siRNA led to
increased susceptibility to apoptosis induced by SCH66336;
and (d) the overexpression of survivin rendered SCH66336sensitive HNSCC cells resistant to the apoptotic activities of the
drug. These findings indicate that induced expression of
survivin through the IGF-IR/Akt/mTOR pathway is responsible
for the sensitivity of the HNSCC cells to SCH66336. Because
the IGF-IR signaling pathway plays a major role in cell
proliferation and survival, inhibition of the pathway was
expected to decrease cell viability. Indeed, the treatment with
Ad-dnIGF-IR or AG1024 effectively decreased the expression of
phosphorylated IGF-IR and viability of TR146 and UMSCC38
cells in a dose-dependent manner. Blockade of IGF-IR signaling
by these treatments also blocked the SCH66336-induced
activation of IGF-IR and significantly enhanced the apoptotic

Fig. 5. Inhibition of Akt/mTOR pathway
enhances the apoptotic effect of
SCH66336 in HNSCC cells.Western blot
analysis (48 h; A) and cell proliferation
(72 h; B) inTR146 cells after treatment
with 5 Amol/L SCH66336 plus the PI3K
inhibitor LY194002 (LY) or 5 Amol/L
SCH66336 plus the MAPK/extracellular
signal-regulated kinase kinase inhibitor
U0126. Ac-caspase-3, cleaved caspase-3.
Western blot analysis (48 h; C) and cell
proliferation (72 h; D) of TR146 cells after
treatment with 5 Amol/L SCH66336 plus
100 nmol/L mTOR inhibitor rapamycin
(Rapa). ***, P < 0.001, compared with
indicated control.
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activities of the drug. Although blockade of IGF-IR signaling
with AG1024 effectively reduced phosphorylated IGF-IR
expression, the effects of the drug treatment on phosphorylated
4E-BP1 and survivin expression were mild, probably due to the
other signaling pathways that influenced the activation/
expression of 4E-BP1 and survivin. In contrast, direct blockade
of survivin by the use of siRNA almost completely abolished
survivin expression, induced apoptosis on its own, and
sensitized the cells to apoptotic activities of SCH66336,
indicating an important role of survivin in preventing apoptosis
in HNSCC cells. We, along with other researchers, have shown
that the induction of survivin is involved in the survival of
cancer cell lines against several therapeutic agents; overexpression of survivin protects a variety of cancer cells from the
apoptotic activities of gefitinib (44), erlotinib (45), deguelin
(46), Taxol (47), and radiotherapy (48). Therefore, the
mechanism of survivin overexpression does not seem to
depend specifically to FTI.
We addressed the role of mTOR in protein translational
regulation of survivin. We were surprised to find that treatment
with SCH66336 resulted in the phosphorylation of 4E-BP1,
indicative of mTOR activation, in the HNSCC cell lines resistant
to the apoptotic activities of the drug. Moreover, combined
treatment with SCH66336 plus rapamycin, a mTOR inhibitor,
decreased survivin expression and provoked apoptosis in
HNSCC cells with weak SCH66336 sensitivity. Therefore,
resistance and sensitivity to SCH66336 in HNSCC may be
determined at least in part by the ability of the cancer cells to
stimulate IGF-IR/Akt/mTOR – mediated synthesis of survivin
expression, which protects HNSCC cells from apoptosis. Of
interest, rapamycin treatment suppressed pAkt levels in TR146
cells. The effects of rapamycin on the decreased level of pAkt
expression in these HNSCC cell lines contradict the previous
results showing an increase in pAkt level in leukemia, prostate,
and breast cancer cells after the rapamycin treatment (49, 50).

However, recent reports have also shown that prolonged
rapamycin treatment suppresses mTOR complex 2 assembly
and consequently inhibits Akt phosphorylation in cancer cells,
endothelial cells, or mice when treated for >24 h (51). We also
observed an unexpected activation of p44/42MAPK in the
SCH66336-treated HNSCC cell lines, which is not consistent
with the previous finding showing inactivation of p44/42MAPK
in glioma cells and Ras-transformed Rat 2 fibroblast after the
SCH66336 treatment (52, 53). This unexpected MAPK activation was also observed in NSCLC cells treated with SCH66336
(54), and the molecular mechanism of this activation was not
elucidated. These findings indicate that the response of cancer
cells to molecularly targeted therapy varies depending on the
cellular context.
In conclusion, we have described, to the best of our
knowledge for the first time, that the activation of the IGF-IR/
Akt/mTOR pathway and consequent induction of survivin
expression play an important role in inducing HNSCC cell
survival against SCH66336 treatment. Further, pharmacologic
inhibition or genetic manipulation of IGF-IR, PI3K, or mTOR
pathways sensitized HNSCC cells to SCH66336 through
the inhibition of survivin expression. Multiple mechanisms,
including activity/expression of Akt and Bcl-xL (20),
IGF-binding protein-3 (12, 55), nuclear factor-nB (33), and
death receptor 5 (56), have been suggested to be involved in the
apoptotic activities of SCH66336. For patients with SCH66336resistant HNSCC, this newly identified resistance mechanism
against SCH66336 could provide the basis for new therapeutic
strategies, such as combinations of SCH66336 and inhibitors of
IGF-IR, Akt, mTOR, and survivin. Further studies are warranted
to investigate the mechanism of differential regulation of IGFIR activation in HNSCC cells. In addition, clinical trials are
needed to validate whether such combined treatments could
enhance the objective response and survival rates in patients
with HNSCC.
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