
INTRODUCTION
Papillary thyroid carcinoma (PTC) rep-

resents 80–90% of all thyroid malignan-
cies worldwide (1) and is ranked second
only to breast cancer among females in
Saudi Arabia. PTC is usually well differ-
entiated, but the clinical behavior of PTC
varies widely (2). The prognosis for PTC
is often favorable; however, approxi-
mately 20% of PTC tumors recur and

some reach advanced stages (3). Several
clinicopathological variables, including
stage, cancer invasion and distant metas-
tasis, are used for prognostication for
PTC (4,5) However, the factors and
mechanisms determining the aggressive
behavior of some papillary carcinomas
that result in recurrence and metastatic
lesions refractory to current modalities of
treatment are still not fully known.

Therefore, there is a need for further re-
search to elucidate the molecular mecha-
nisms and discover relevant targeted
therapies.

Activation of receptor tyrosine kinase
(RTK) encoding for the hepatocyte
growth factor receptor (c-Met) has been
reported in PTC (6). Binding of the re-
ceptor to its ligand, hepatocyte growth
factor/scatter factor (HGF/SF) induces
receptor dimerization, triggering confor-
mational changes that activate Met tyro-
sine kinase activity (7). Met activation
can have profound effects on cell growth,
survival, motility, invasion and angio-
genesis (8,9). Dysregulation of Met sig-
naling has been shown to contribute to
tumorigenesis in a number of malignan-
cies, including thyroid cancer (10). On
the basis of these findings, it has been
suggested that hepatocyte growth factor
(HGF) and its receptor tyrosine kinase c-
Met play a crucial role in determining
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the invasiveness of PTC cells, and c-Met
expression has been found to be associ-
ated with the aggressive tall cell variant
of PTC (11,12) and a high risk of metasta-
sis (13). We have recently reported that
the c-Met gene is overexpressed in 37%
of PTCs in Saudi patients, and c-Met ex-
pression was significantly associated
with aggressive behavior, for example,
higher stage, nodal involvement and tall
cell variant (14). Furthermore, 55% of
PTC cases express activated AKT
(p-AKT), which suggests that p-AKT
may play an important role in PTC tu-
morigenesis. The fact that most of the
PTC cases that have activated AKT show
overexpression of c-Met suggests that c-
Met may be an alternative mechanism of
AKT activation in Middle Eastern PTC
(14). Furthermore, c-Met dysregulation is
associated with aggressive behavior and
may serve as a molecular biomarker and
potential therapeutic target in this type
of cancer (14).

Programmed cell death or apoptosis is
a genetically regulated process that plays
an essential role in the regulation of ho-
meostasis of higher organisms (15). Aber-
rant regulation of apoptosis can lead to
cancer. Two major pathways that lead to
apoptosis exist: the mitochondrion-initi-
ated pathway, also defined as the intrin-
sic pathway, and the cell-surface death-
receptor pathway, also defined as the
extrinsic pathway (16). Death receptors
are key components in the extrinsic
apoptotic pathway. Their activation due
to ligand binding or receptor clustering
and aggregation triggers an extrinsic
apoptotic signaling pathway leading to
apoptosis. One example is tumor necro-
sis factor–related apoptosis-inducing lig-
and (TRAIL), which is the ligand for
death receptor 4 (DR4) and death recep-
tor 5 (DR5) and induces apoptosis upon
ligation with DR4 or DR5.

In the present study, we assessed the
prevalence of p-Met protein expression
and its relation to DR5, activated AKT
and its downstream antiapoptotic targets
such as XIAP and Bcl-XL in a large co-
hort of Saudi PTCs using tissue microar-
ray (TMA) technology. We next investi-

gated the antitumor activity of
PHA665752, an inhibitor of c-Met activa-
tion, against human PTC cell lines. Our
data indicated that PHA665752 induces
upregulation of DR5 in PTC cells via a
mechanism involving generation of reac-
tive oxygen species (ROS). Finally, we
also studied the effect of PHA665752
combined with TRAIL on PTC and on
xenografts of these cells in a nude mouse
model. Altogether, our present findings
suggest that the HGF/c-Met signaling
pathway is an attractive therapeutic tar-
get for PTC that typically shows deregu-
lated c-Met pathways.

MATERIALS AND METHODS

Patient Selection, TMA Construction
and Immunohistochemistry

A total of 536 patients with papillary
thyroid carcinoma (PTC) diagnosed be-
tween 1988 and 2004 were selected from
King Faisal Specialist Hospital and Re-
search Centre. Clinical and histopatholog-
ical data were available for all these pa-
tients. All samples were analyzed in a
TMA format. TMA construction was per-
formed from formalin-fixed, paraffin-em-
bedded PTC specimens as described ear-
lier (17). The institutional review board of
the King Faisal Specialist Hospital and
Research Centre approved the study. Tis-
sue microarray slides were processed and
stained manually as described previously
(14). The primary antibodies used and
their dilutions, and incidences are listed
in Supplementary Table 1. p-Met and
DR5 were categorized by an H score as
described previously (18). Overexpres-
sion and reduced/absent expression
scores for p-Met (H score > 20 = high ex-
pression) and DR5 (H score > 220 = high
expression) were defined by use of X-tile.
XIAP, Bcl-XL and p-AKT scoring were
done as explained earlier (19,20).

Cell Lines and Culture Conditions
The PTC cell line B-CPAP was pur-

chased from DSMZ (Braunschh, Ger-
many) and TPC-1 was kindly provided
by B McIver (Department of Endocrinol-
ogy, Mayo Clinic, Rochester, MN, USA)

as a gift, and cultured as previously de-
scribed (21).

Reagents and Antibodies
PHA665752 was purchased from Tocris

Cookson Inc (Ellisville, MO, USA).
 SuperKiller TRAIL was purchased from
Alexis Corporation (Lausen, Switzerland).
Bax (6A7) antibody was purchased from
Sigma (St. Louis, MO, USA). Cleaved
 caspase-3, p-Akt, p-Foxo1, p-GSK3, BID,
XIAP, cIAP1, caspase-8 and c-Met antibod-
ies were purchased from Cell Signaling
Technologies (Danvers, MA, USA). c-Met,
cytochrome c, β-actin, caspase-3 and poly
(ADP)ribose polymerase (PARP) antibod-
ies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). 
p-Met (Y1230/Y1234/Y1235) antibody
was purchased from Invitrogen (Camarillo,
CA, USA). Annexin V/propidium iodide
was purchased from Molecular Probes
(Eugene, OR, USA). The apoptotic DNA-
ladder kit was obtained from Roche
(Penzberg, Germany). JC1 was purchased
from Aexis (San Diego, CA, USA).

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide Assays

Cells (104) were incubated in triplicate in
a 96-well plate with or without indicated
doses of PHA665752 for 24 h. The ability of
PHA665752 to suppress cell growth was
determined by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT)
cell proliferation assays, as previously
 described (22).

Annexin V/Propidium Iodide Dual
Staining

PTC cell lines were treated with the in-
dicated concentrations of PHA665752.
The cells were harvested and the per-
centage of cells undergoing apoptosis
was measured by flow cytometry after
staining with fluorescein-conjugated An-
nexin V and propidium iodide as previ-
ously described (23).

DNA Laddering
The DNA laddering assay was per-

formed as described earlier (24). Briefly,
cells (2 × 106) were treated with and
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without PHA665752 for 24 h. DNA was
extracted, and 2 μg DNA was
eletrophoresed on 1.5% agarose gel con-
taining ethidium bromide at 75 V for 2 h.

Cell Lysis and Immunoblotting
Cells were treated with PHA665752 as

described in the figure legends and lysed
as previously described (25). Proteins (10
μg) were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to a
polyvinylidene difluoride (PVDF) mem-
brane. Immunoblotting was done with
different antibodies and visualized by
use of the Amersham ECL Western Blot-
ting Analysis System.

Gene Silencing by Using siRNA
DR5, c-Met small interfering (si)RNAs

and scrambled siRNA were purchased
from Santa Cruz Biotechnology. Cells
were transfected by use of Lipofectamine
2000 for 6 h, then the lipid and siRNA
complex was removed and fresh growth
medium was added. After 48 h, cells
were used for apoptosis experimental
analysis by flow cytometry or protein
level determination by Western blotting
analysis.

Detection of Bax Conformational
Changes

This assay was performed as described
earlier (24). Briefly, after treatment with
the indicated reagents for the indicated
time points, cells were lysed with Chaps
lysis buffer. We then incubated 500 μg of
total protein with 2 μg of anti–Bax 6A7
monoclonal antibody for 2 h at 4°C.
Then, 25 μL of protein G-beads was
added and incubated at 4°C overnight.
Following washes in lysis buffer, samples
were separated by SDS-PAGE and im-
munoblotted with N20 Bax polyclonal
antibody.

Measurement of Mitochondrial
Membrane Potential

After treatment of PHA665752 for 24 h,
cells were incubated with 10 μmol/L JC1
at 37°C in the dark for 30 min, and mito-
chondrial membrane potential (percent-

age of green and red aggregates) was de-
termined by flow cytometry (26).

Assays for Cytochrome c Release
The release of cytochrome c from the

mitochondria was assayed as described
earlier (19). Briefly, cells were treated
with or without PHA665752 as described
in the figure legends, and cytosolic and
mitochondrial fractions were isolated.
We analyzed 20 μg of protein from the
cytosolic fraction of each sample by im-
munoblotting using an anti–cytochrome
c antibody.

Measurement of ROS
Exponentially growing cells were pre-

treated with PHA665752 10 μmol/L for
0, 2, 4 and 6 h, respectively, then loaded
with 10 μmol/L H2DCFDA. After 45 min
incubation at 37°C, the green fluores-
cence intensity in the cells was examined
by fluorescence-activated cell-sorting
(FACS) analysis.

Reverse Transcription–Polymerase
Chain Reaction Assays

Total RNA was isolated followed by 
10 μmol/L PHA665752 treatment for 24 h
with or without 10 mmol/L N-acetyl cyt-
steine (NAC) pretreatment for 2 h by using
Trizol (Invitrogen, Carlsbad, CA, USA) and
reverse transcripted with random hexam-
ers. Reverse transcription–polymerase
chain reaction (RT-PCR) was performed by
using the following primers: DR5 forward:
GGAAGCCGCTCATGAGGAAGTTGG;
DR5 reverse: GGCAAGTCTCTCTCC
CAGCGTCTC for 25 cycles (60°C anneal-
ing temperature) to produce a 181-bp
product. RT-PCR amplification of glycer-
aldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control.
All PCR products were analyzed by 4%
agarose gel electrophoresis and visualized
with ethidium bromide under UV light
using an α Imager (α Innotech, San Lean-
dro, CA, USA).

Relative Quantification Analysis by
Real-Time RT-PCR

All reactions were done in glass capil-
laries (Roche) with a final reaction vol-

ume of 10 μL of 1 × LightCycler
 FastStart DNA Master SYBR Green I
 reaction mixture (Roche, Mannheim,
Germany) containing FastStart Taq, reac-
tion buffer, dNTPs (deoxynucleoside-5′-
 triphosphates), 1 mmol/L MgCl2 and
0.5 μmol/L of each DR5 primer. For
each sample, PCR amplification was
performed in triplicate. GAPDH was
used as an endogenous control. Ther-
mocycling and detection were done on
the LightCycler (Roche). The relative ex-
pression ratio of a target gene was cal-
culated on the basis of efficiency (E) and
crossing point (CP) deviation of treated
cell line versus control (nontreated), and
expressed in comparison to a reference
gene, GAPDH (14).

Animals and Xenograft Study
Six-week-old nude mice were obtained

from Jackson Laboratories (Bar Harbor,
ME, USA) and maintained in a patho-
gen-free animal facility for at least 1 wk
before use. All animal studies were done
in accordance with institutional guide-
lines. For the xenograft study, mice were
inoculated subcutaneously into the right
abdominal quadrant with 10 × 106 TPC-1
cells in 200 μL phosphate-buffered saline.
After 1 wk, mice were randomly as-
signed into four groups: three groups re-
ceiving 25 μg/kg TRAIL, 25 mg/kg
PHA665752 and a combination of
25 μg/kg TRAIL and 25 mg/kg
PHA665752 intraperitoneally, respec-
tively, and one remaining group receiv-
ing 0.9% saline. The body weight and
tumor volume of each mouse was moni-
tored weekly. After 5 wks of treatment,
mice were killed and individual tumors
were weighed, then snap frozen in liquid
nitrogen for storage.

Statistical Analysis
The JMP8.0.2 (SAS Institute, Cary, NC,

USA) software package and SPSS 17.0
software (SPSS, Chicago, IL, USA) were
used for data analyses. A P value <0.05
was considered significant.

All supplementary materials are available
online at www.molmed.org.
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RESULTS

p-Met Expression Is Associated with
DR5 in PTC

Levels of p-Met and DR5 (TRAIL-R2)
were examined by immunohistochem-
istry (IHC) in a series of 536 PTC and
nonneoplastic normal thyroid tissue
(Supplementary Figures 1A, B). The inci-
dence of high p-Met and DR5 expression
in PTC was 69.9% (314/449) and 23.2%
(116/499), respectively. p-AKT activation
was significantly higher (P = 0.0012) in
the PTC subgroup with high p-Met ex-
pression (175/224;78.1%) compared with
PTC subgroup with low p-Met expres-
sion (123/193; 63.7%). Similarly DR5 ex-
pression was significantly higher (P =
0.0062) in the PTC subgroup with high 
p-Met expression (85/106; 80.2%) com-
pared with the PTC subgroup with low
p-Met expression (221/332; 66.6%). Rep-
resentative IHC data for both markers
were available in 438 TMA spots and
were further analyzed. p-Met was not as-
sociated with patients’ age, sex or dis-
ease stage at presentation.

We further stratified all our PTC cases
into 4 groups, depending on the pres-
ence of p-Met expression and DR5 ex-
pression status: high coexpression of p-
Met and DR-5 (n = 85); low coexpression
of p-Met and DR-5 (n = 111); low p-Met
and high DR5 expression (n = 21); and
high p-Met and low DR5 expression (n =
221) groups. Of these 4 groups only the
2 subgroups showing direct associations
between p-Met and DR5 expression (n =
196) were selected for further analysis.
As summarized in Table 1, coexpression
of high p-Met and DR5 showed an ag-
gressive phenotype characterized by
older age (P = 0.0004) and advanced
stage (P = 0.0146). Interestingly, coex-
pression of high p-Met and DR5 was
also linked to activation of the
PI3K/AKT signaling pathway, as is evi-
dent from direct significant associations
with p-AKT, BCL-XL, XIAP and PIK3CA
110 α subunit protein (p110 α) (P =
0.0045, 0.0068, 0.0049 and < 0.0001, re-
spectively). However, coexpression of
high p-Met and DR5 did not show any
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Figure 1. Effect of PHA665752 treatment on cell proliferation and apoptosis in PTC cell lines.
(A) PHA665752 inhibits the proliferation of PTC cells. B-CPAP and TPC-1 cells were incubated
with 0, 1, 2.5, 5, 10 and 25 μmol/L PHA665752 for 24 h. Cell proliferation assays were per-
formed by using MTT as described in Materials and Methods. Columns, mean of three inde-
pendent experiments with replicates of six wells for all the doses and vehicle control for
each experiment; bars, SD. *0.001 > P < 0.05; **P < 0.001, statistically significant. (B) PHA665752
causes cell-cycle arrest in B-CPAP cells. B-CPAP cells were treated with 5 and 10 μmol/L
PHA665752 for 24 h. Thereafter, the cells were washed and stained with propidium iodide
and analyzed for DNA content by flow cytometry. (C) PHA665752-induced apoptosis de-
tected by Annexin V/propidium iodide dual staining. B-CPAP and TPC-1 cells were treated
with various doses of PHA665752 (as indicated) for 24 h and cells were subsequently stained
with fluorescein-conjugated Annexin V and propidium iodide and analyzed by flow cytom-
etry. Columns, mean of three independent experiments; bars, SD. *0.05 < P < 0.01; **P <
0.001. (D) Caspase 9 and 3 activation and PARP cleavage following PHA665752 treatment.
B-CPAP and PTC-1 cells were treated with and without 5 and 10 μmol/L PHA665752 for 24 h.
Cytoplasmic extracts were prepared. Then 10 μg protein from each sample was separated
on SDS-PAGE and transferred to PVDF membrane and immunoblotted with antibodies
against caspase 9, caspase 3, cleaved caspase 3 and PARP. The blots were probed with an
antibody against β-actin for equal loading. (E) Effect of zVAD/fmk on PHA665752-induced
apoptosis detected by Annexin V/propidium iodide dual staining. B-CPAP cells were pre-
treated with 80 μmol/L zVAD/fmk for 2 h and subsequently treated with 10 μmol/L
PHA665752 for 24 h, and then cells were stained with fluorescein- conjugated Annexin V and
propidium iodide and analyzed by flow cytometry. Columns, mean of three independent
experiments; bars, SD. *P < 0.01. (F) Effect of zVAD/fmk on PHA665752- induced activation of
caspase 3 and cleavage of PARP. B-CPAP cells were pretreated with 80 μmol/L zVAD/fmk for
2 h and subsequently treated with 10 μmol/L PHA665752 for 24 h. Then cells were lysed and
equal amounts of proteins were separated on SDS-PAGE and transferred to PVDF mem-
brane, and immunoblotted with antibodies against caspase 3, PARP and β-actin.



association with disease-free survival 
(P = 0.9623).

PHA665752 Inhibits Cell Proliferation
and Induces Apoptosis in PTC Cells

PHA665752 has previously been re-
ported to affect cell proliferation in vari-
ous cell lines (27,28). We therefore tested
its effect on cell proliferation of PTC cells
by MTT assay and determined the doses
for further experiments by IC50 (half-
maximal inhibitory concentration) of
PHA665752. As shown in Figure 1A, as
the dose of PHA665752 increased, cell
growth inhibition increased in a dose-
 dependent fashion in both PTC cell lines.

PHA665752-induced growth inhibition
was statistically significant (P < 0.01) at
most of the doses tested. The IC50 values
calculated from our graphed results
using SPSS 17.0 were 3.92 ± 0.59 μmol/L
and 3.84 ± 0.58 μmol/L, respectively, so
the doses of 5 and 10 μmol/L were used
for further experiments.

In subsequent experiments, we deter-
mined whether the observed suppressive
effect of PHA665752 in the MTT assay
was ascribable to induction of apoptosis.
After 24 h of treatment with PHA665752,
cell fractions were determined by flow
cytometry. As shown in Figure 1B the
sub-G1 population of cells increased

from 0.48% in vehicle to 33.3% with
5 μmol/L and 83.96% with 10 μmol/L in
B-CPAP cells. Similar results were ob-
tained in TPC1 cells (data not shown).
These results indicated that PHA665752
treatment results in apoptosis in PTC
cells. PHA665752-induced apoptosis in
PTC cells was further confirmed by
 Annexin V/PI dual staining (Figure 1C
and Supplementary Figure 2A) and
DNA-laddering methods (Supplementary
Figure 2B). These results suggest that
suppression of growth by PHA665752 in
PTC cells is via induction of apoptosis.

Finally we sought to determine
whether PHA665752 induced apoptosis
via activation of caspase-9, caspase-3 and
cleavage of PARP. Figure 1D shows that
PHA665752 treatment led to the activa-
tion of caspase-9 and caspase-3 and
cleavage of PARP in PTC cells in a dose-
dependent manner. Furthermore,
PHA665752 treatment resulted in activa-
tion of caspase-8, leading to truncation of
Bid in both cell lines, as we inferred
through the decreased intensity of the
full-length Bid band (Supplementary Fig-
ure 2D). In addition, pretreatment of 
B-CPAP with 80 μmol/L z-VAD/fmk, a
universal inhibitor of caspases, followed
by PHA665752 treatment, abrogated apo-
ptosis in B-CPAP cells (Figure 1E and
Supplementary Figure 2C) and also pre-
vented caspase-3 and PARP activation
(Figure 1F). These results clearly indicate
that inhibition of c-Met by PHA665752
causes apoptosis via activation of the mi-
tochondrial apoptotic pathway in PTC
cells.

Constitutive Expression of Met and
Activation of c-Met Signaling Pathway
in PTC Cells

We first performed an experiment in
which the B-CPAP cells were treated
with indicated doses of PHA665752 for 
4 h. After cells were lysed, Western blot
was performed. As shown in Supple-
mentary Figure 3, up to 10 μmol/L
PHA665752 treatment did not affect
phosphorylaton of Lyn, stat3, Jak2 and
Src. These results are consistent with the
observation in early studies in which
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Table 1. Clinic-pathological characteristics of p-Met and DR5 coexpression in PTC.a

Total Both high Both low

No. % No. % No. % P

No. of patients 196 85 43.4 111 56.6
Age, years
≤45 102 52.0 32 31.4 70 68.6 0.0004
>45 94 48.0 53 56.4 41 43.6

Extrathyroidal extension
Absent 87 44.4 32 36.8 55 63.2 0.0956
Present 109 55.6 53 48.6 56 51.4

Stagea

I 100 54.3 35 35.0 65 65.0 0.0146
II 11 6.0 3 27.3 8 72.7
III 19 10.3 13 68.4 6 31.6
IV 54 29.4 28 51.8 26 48.2

p-AKTb

High (2–3) 91 50.0 51 56.0 40 44.0 0.0045
Low (0–1) 91 50.0 32 35.2 59 64.8

PIK3CA-IHCb

High 139 71.7 73 52.5 66 47.5 <0.0001
Low 55 28.3 12 21.8 43 78.2

BCLXLb

High 50 25.6 30 60.0 20 40.0 0.0068
Low 145 74.4 55 37.9 90 62.1
XIAPb

High 70 36.1 40 57.1 30 42.9 0.0049
Low 124 63.9 45 36.3 79 63.7

HGF-1b

High 38 21.0 30 79.0 8 21.0 <0.0001
Low 143 79.0 49 34.3 94 65.7

c5-Year disease-free survival 75.6 65.2 0.9623

aStage information was not available in 12 of the 196 PTC cases with data available for
coexpression of p-Met and DR5.
bIHC was noninformative in some TMA spots ranging from 1 to 15 indicated in parenthesis:
p-AKT (14); PIK3CA, PTEN and XIAP (2 each); BCL-XL (1); HGF-1 (15).
cDisease-free survival data were available for some patients but the remaining patients for
whom disease-free survival data were not available were excluded from survival analysis.



PHA665752 at doses up to 5 and 10
μmol/L induced apoptosis in malignant
pleural mesothelioma cell lines and ovar-
ian carcinoma cell lines via the c-Met
pathway, respectively (29,30).

We then examined whether
PHA665752 also inhibited p-Met and
deregulated downstream components of
the c-Met signaling pathway in PTC
cells. As shown in Figure 2A, all PTC cell
lines expressed constitutive p-Met and 
p-AKT, and 24 h of treatment with
PHA665752 dephosphorylated constitu-
tive p-Met and p-AKT in a dose-depen-
dent manner. Inhibition by PHA665752
further caused inactivation of p-Foxo1,
p-GSK3 and p-Bad (Figure 2A). In addi-
tion, PHA665752 treatment downregu-
lated the expression of the antiapoptotic
genes XIAP and cIAP1 (Figure 3D), sug-
gesting that PHA665752 induces apopto-
sis in PTC cell lines via inactivation of 
p-Met activity and deregulation of its
downstream substrates.

PHA665752-induced apoptosis via the
c-Met signaling pathway was further
confirmed in B-CAPA1 cells by transfec-
tion studies with two siRNAs specifically

targeting different sequences of c-Met.
As shown in Figure 2B, c-Met siRNA in-
hibited c-Met expression, decreased
phosphorylation of Met and AKT and
downregulated caspase 3. Similar results
were obtained by using another c-Met
siRNA (data not shown). There results
clearly supported the link between c-Met
and XIAP/cIAP through AKT phospho-
rylation in the growth and survival of
PTC cells

PHA665752 Induces Apoptosis via
Mitochondrial Pathway

Inactivation of Bad has been shown to
activate the mitochondrial apoptotic
pathway by allowing Bad protein to
translocate to mitochondria, leading to
conformational changes and upregula-
tion of proapoptotic Bax (31). As shown
in Figure 2A, inactivation of AKT leads
to dephosphorylation of Bad. We there-
fore tested the activation of Bax in re-
sponse to PHA665752 treatment. As
shown in Figure 3, inhibition of c-Met
resulted in conformational changes and
activation of Bax protein starting at 4
and 8 h of PHA665752 treatment. We

then examined the effect of PHA665752
on mitochondrial membrane potentials
in those cells. Treatment of PTC cells
with PHA665752 led to loss of mito-
chondrial membrane potential as mea-
sured by JC1 stained red fluorescence
depicting apoptotic cells (Figure 3B). We
further examined cytochrome c release
from mitochondria into cytosol in PTC
cells treated with PHA665752 for 24 h
by Western blotting analysis. Higher
levels of cytochrome c were measured
in cytosol after PHA665752 treatment
(Figure 3C).

PHA665752-Induced ROS Generation
Regulates Upregulation of DR5

It has been shown that a number of
compounds generate ROS-induced cell
death (32), and DR5 expression is upreg-
ulated by ROS (33). A recent study con-
ducted by our group demonstrated that
PHA665752 induces DR5 upregulation
through generating ROS in lymphoma
cells (24). We therefore sought to exam-
ine whether PHA665752 also generated
ROS in PTC cells. H2DCFDA-based
FACS detection revealed that intracellu-
lar ROS levels increased in a time-
 dependent manner in PTC cell lines fol-
lowing treatment with 10 μmol/L
PHA665752 (Supplementary Figure 4A),
starting as early as 2 h after treatment.
To confirm whether PHA665752 gener-
ated ROS in PTC cells, we pretreated
PTC cells with 10 mmol/L NAC, a scav-
enger of ROS, for 2 h followed by treat-
ment of PHA665752 for various time pe-
riods. Pretreatment with NAC inhibited
PHA665753-generated ROS in PTC cells
(Supplementary Figure 4B). We then ex-
plored whether PHA665752-generated
free radicals modulate expression of
DR5 in PTC cells. As shown in Figure 4A,
PHA665752 treatment of PTC cells up-
regulated DR5, starting at 3 h. To further
confirm whether ROS generation is di-
rectly related to PHA665752-induced
DR5 upregulation, we examined DR5 ex-
pression at the transcriptional and trans-
lational levels in PTC cell lines pre-
treated with 10 mmol/L NAC for 2 h,
followed by treatment with PHA665752
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Figure 2. Effect of PHA665752 treatment on c-Met and its downstream signaling pathway.
(A) B-CPAP and TPC-1 cells were treated with various doses of PHA665752 as indicated
and cytoplasmic extracts were prepared; 10 μg of protein from each sample was sepa-
rated on SDS-PAGE, transferred to a PVDF membrane and immunoblotted with antibodies
against total Met, p-Met, p-AKT, Foxo1, p-GSK3 and p-Bad. The blots were probed with an
antibody against β-actin for equal loading. (B) B-CPAP and TPC-1 cells were transfected
with scrambled siRNA (100 nmol/L) and c-Met siRNA (50 and 100 nmol/L) for 48 h. After 
48 h, cells were lysed and proteins were immunoblotted with antibodies against c-Met, 
p-Met, AKT, p-AKT, caspase-3 and β-actin.



for 24 h. As shown in Figure 4B, pre-
treatment with 10 mmol/L NAC notably
inhibited PHA665752-induced DR5 up-
regulation at the mRNA and protein lev-
els in PTC cells. It was confirmed by an-
other experiment in which a second
scavenger of ROS, PEG-SOD (polyethyl-

ene glycol-conjugated superoxide dis-
mutase), abrogated PHA665752-induced
DR5 upregulation in PTC cells (Supple-
mentary Figure 5). These data sug-
gested that upregulation of DR5 induced
by PHA665752 in PTC cells is ROS
 dependent.

PHA665752 Significantly Magnified
Antitumor Effects of TRAIL in PTC Cells

Because PHA665752 causes upregula-
tion of DR5, we sought to determine
whether PHA665752-induced apoptosis
is DR5 independent. After transfection
with DR5 siRNA or scrambled siRNA for
48 h, B-CPAP cells were treated with indi-
cated doses of PHA665752 for 24 h, and
then apoptosis status was detected by
flow cytometer using Annexin/PI stain-
ing. As shown in Figure 4C, no statisti-
cally significant difference of apoptosis
was observed among different siRNA-
transfected cell groups treated with same
dose of PHA665752 (P > 0.05). These re-
sults suggested that PHA665752-induced
apoptosis is independent of DR5.

In addition, we examined the role of
DR5 in PHA665752-modified apoptosis
in PTC cells. We transfected DR5 siRNA
and scrambled siRNA to B-CPAP cells,
followed by 5 and 10 μmol/L PHA665752
treatment for 24 h. After cell lysis, West-
ern blot was performed. As shown in Fig-
ure 4D, depression of DR5 did not affect
the PHA665752-induced activation of
 caspase-3 and PARP. These data sug-
gested that PHA665752-modified DR5
upregulation was not involved in the ac-
tivation of caspase-3 and PARP induced
by PHA665752 in PTC cells.

Because upregulation of DR5 expres-
sion was observed in PTC cells treated
with PHA665752, and many primary tu-
mors are inherently resistant to TRAIL-
mediated apoptosis although TRAIL is a
fascinating chemotherapeutic agent for
cancer treatment, we sought to examine
whether subtoxic doses of PHA665752
sensitize the antitumor effects of TRAIL
via upregulation of DR5. After 24 h of
treatment with 2.5 μmol/L PHA665752,
2.5 ng/mL TRAIL alone or a combina-
tion of those two agents, PTC cells were
stained with Annexin V/PI, and ana-
lyzed by flow cytometry. As shown in
Figure 4E, apoptosis induced by the
combination of those agents was signifi-
cantly higher than that induced by each
alone (P < 0.001).

We further explored the underlying
mechanism that may be responsible for
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Figure 3. PHA665752-induced activation of the mitochondrial apoptosis pathway. (A) Bax
conformational change by PHA665752 treatment in PTC cell lines. B-CPAP and TPC-1 cells
were treated with 5 μmol/L PHA665752 for 4 and 8 h, respectively; cells were then lysed
with 16 mmol/L CHAPS lysis buffer and immunoblotted with Bax rabbit polyclonal anti-
body. (B) Loss of mitochondrial membrane potential by PHA665752 treatment in PTC cells.
B-CPAP and TPC-1 cells were treated with various doses of PHA665752 as indicated for 
24 h. Live cells with intact mitochondrial membrane potential ( ) and dead cells with lost
mitochondrial potential ( ) were measured by JC-1 staining and analyzed by flow cy-
tometry as described in Materials and Methods. (C) PHA665752-induced cytochrome c
release from mitochondria. B-CPAP and TPC-1 cells were treated with various doses of
PHA665752 as indicated for 24 h. Mitochondria-free cytoplasmic fractions were isolated as
described in Materials and Methods. Cell extracts were separated on SDS-PAGE, and im-
munoblotted with an antibody against cytochrome c and β-actin. (D) B-CPAP and TPC-1
cells were treated with various doses of PHA 665752 as indicated and cytoplasmic ex-
tracts were prepared, then 10 μg of protein from each sample was separated on SDS-
PAGE, transferred to a PVDF membrane and immunoblotted with antibodies against XIAP
and cIAP1. The blots were probed with an antibody against 
β-actin for equal loading.



intensification of TRAIL-induced apo-
ptosis by PHA665752. After 24 h of treat-
ment with 2.5 μmol/L of PHA665752,
2.5 ng/mL TRAIL alone, or both in com-
bination, expression of caspase-3,
cleaved caspase-3, Bcl-XL and PARP was
determined by Western blotting. Only
the combination of the two reagents
highly affected activation of caspases
and PARP cleavage (Figure 4F). These
results clearly indicate that PHA665752
enhances TRAIL-induced apoptosis via
activation of caspases and cleavage of
PARP.

In Vivo Activity of PHA665752 against
PTC Cell Xenograft

Our observation that PHA665752 in-
tensifies TRAIL-induced apoptosis in
PTC cell lines suggests the potential for
therapeutic responses to treatment of
PTC. Therefore, we sought to determine
whether cotreatment of PHA665752 with
TRAIL potentiates the inhibition of PTC
xenograft tumors in nude mice. Tumor
development and treatment in nude mice
were performed as described in Materials
and Methods. After 5 wks of treatment,
mice were killed and tumors were col-
lected. As shown in Figure 5A, there was
significant regression of tumor volume at
the end of the fourth week in the group
of animals treated with PHA665752 and
TRAIL (P < 0.05), and the effect was more
profound at the end of fifth week (P <
0.01). A significant reduction in tumor
weight (Figure 5B) was also observed in
mice treated with PHA665752 and TRAIL
(P < 0.01). In addition, images of tumors
after necropsy showed that treatment
with these two agents resulted in signifi-
cant shrinkage of tumor size in nude
mice (Figure 5C). We further analyzed the
status of phosphorylation of c-Met and
AKT, and cleavage of caspase-3 and
PARP in TPC-1 xenografts with different
treatments. As shown in Figure 5D, the
levels of p-Met, p-AKT, caspase-3 and
PARP were remarkably deceased, and
levels of cleaved PARP and caspase-3
were significantly increased in tumors of
mice treated with PHA665752 and
TRAIL, compared with vehicle,
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Figure 4. Effect of PHA665752 on TRAIL-induced apoptosis in PTC cells. (A) PHA665752 induces
upregulation of DR5. TPC-1 cells were treated with 10 μmol/L PHA665752 for the indicated pe-
riod, then cells were lysed and equal amounts of proteins were separated by SDS-PAGE, trans-
ferred to PVDF membrane and immunoblotted with antibodies against DR5. The blots were
probed with an antibody against β-actin for equal loading. (B) Effect of NAC on PHA665752-
induced DR5 upregulation in PTC cells. B-CPAP and TPC-1 cells were pretreated with
10 mmol/L NAC for 2 h and subsequently treated with 5 μmol/L PHA665752 for 24 h. RT-PCR:
total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) and reverse transcripted
with random hexamers. RT-PCR and relative quantification real-time RT-PCR were performed
as described in Materials and Methods. Western blot: after cell lysis, equal amounts of pro-
teins were separated by SDS-PAGE, transferred to an immobilon membrane and immunoblot-
ted with antibodies against DR5 and β-actin. *P < 0.01 (PHA665752 treatment versus control);
**P < 0.001 (NAC + PHA665752 treatment versus PHA665752 treatment alone). (C) B-CPAP cells
were transfected with or without scrambled siRNA (100 nmol/L) and DR5 siRNA (100 nmol/L) for
48 h. After 48 h, cells were treated with or without indicated doses of PHA665752 for 24 h, and
then apoptosis status was detected by flow cytometer using Annexin/PI staining. Columns,
mean of three independent experiments; bars, SD. (D) B-CPAP cells were transfected with or
without 100 nmol/L scrambled siRNA and 100 nmol/L DR5 siRNA for 48 h. After 2 d, cells were
treated with or without indicated doses of PHA665752 for 24 h, then cells were lysed and
 proteins were immunoblotted with antibodies against DR5, caspase-3, PARP and β-actin. 
(E) B-CPAP and TPC-1 cells were treated with 2.5 μmol/L PHA665752 alone, 2.5 ng/mL TRAIL
alone and two agents in combination for 24 h, and cells were subsequently stained with
 fluorescein-conjugated Annexin V and propidium iodide and analyzed by flow cytometry.
Columns, mean of three independent experiments; bars, SD. *P < 0.001. (F) B-CPAP and TPC-1
cells were treated with 2.5 μmol/L PHA665752, 2.5 ng/mL TRAIL and a combination of 
2.5 μmol/L PHA665752 with 5 ng/mL TRAIL for 24 h. Then cells were lysed and equal amounts
of proteins were separated on SDS-PAGE, transferred to a PVDF membrane and immunoblot-
ted with antibodies against p-Met, caspase 3, cleaved caspase 3, Bcl-XL, PARP and β-actin.



PHA665752 alone and TRAIL alone. Our
data indicate that PHA665752 treatment
augmented antitumor effects of TRAIL in
TPC-1 cell xenografts in nude mice.

DISCUSSION
HGF plays a major role in tumor pro-

liferation, migration, invasion and metas-
tasis via the c-Met pathway in variety of
cancers (34,35). The tumorigenic activity
of c-Met depends on deregulation of the
HGF/c-Met signaling pathway, which re-
sults in phosphorylation and activation
of AKT (36–38). AKT plays an important

role in cell survival and antiapoptosis via
modulating the expression of antiapo -
ptotic genes.

Several studies (14,39,40) have previ-
ously demonstrated the oncogenic role of
c-Met in thyroid carcinogenesis. PTC
showing Met expression was associated
with an aggressive phenotype character-
ized by higher stage, nodal involvement,
extrathyroidal extension metastasis and
tall cell variant histology. Chattopadhyay
et al. (41) have confirmed the therapeutic
rationale of c-Met inhibition by demon-
strating that treatment of PHA665752 in-

duced the apoptosis in PTC cell-line cells
via cleavage of PARP; this dramatically
suppressed invasion and migration in-
duced by HGF.

In the current study, stratification of
PTC cases on the basis of expression of
p-Met and DR5 led to the identification
of an aggressive phenotype (coexpres-
sion of p-Met and DR5) that was associ-
ated with older age and advanced stage
and showed activation of the PI3K/AKT
signaling pathway. In an earlier study
(42) we had also investigated the role 
of PI3K/AKT signaling and the
RAS–RAF–MEK (mitogen-activated
 protein kinase/ERK kinase)–ERK
 (extracellular-signal-regulated kinase)
pathway in papillary thyroid carcinomas.
BRAF mutations were seen in 153 (51.7%)
of 296 PTC cases analyzed; PIK3CA gene
mutations in 4 (1.9%) of 207 PTC cases;
and N2-RAS mutations in 16 (6%) of 265
PTC cases. We then analyzed the associa-
tion between BRAF mutation and p-Met
expression in the PTC subgroup for
which data were available for BRAF mu-
tations (n = 296). p-Met expression de-
tected by IHC was significantly higher 
(P = 0.0194) in the PTC subgroup with
BRAF mutation (84.01 ± 66.06) compared
with the PTC subgroup that had no
BRAF mutation (66.14 ± 52.85; data not
shown). Interestingly, Kumagai et al. (43)
have studied the incidence of mutations
in ARAF, CRAF and MET genes, and
hotspots of K-RAS and N-RAS genes in
Japanese PTC lacking BRAF mutations.
Because of lack of mutations in these
genes in BRAF-negative PTC, the authors
concluded that that although ARAF,
CRAF and MET are actively expressed,
alterations of these genes are rare in PTC
and unlikely to play a perceptible role in
molecular pathogenesis.

PHA665752, an inhibitor of c-Met
 tyrosine kinase activity, induces dose-
 dependent inhibition of cell proliferation
and induction of apoptosis via the mito-
chondrial apoptotic pathway in PTC cell
lines. PHA665752 also inactivated c-Met
and dephosphorylated AKT and its down-
stream substrates FOXO1, GSK3 and Bad,
and downregulated the expression of the

R E S E A R C H  A R T I C L E

M O L  M E D  1 8 : 1 6 7 - 1 7 7 ,  2 0 1 2  |  B U  E T  A L .  |  1 7 5

Figure 5. PHA665752 inhibits growth of TPC-1 xenograft and downregulates c-Met and its
downstream signaling pathway in vivo. Nude mice at 6 wks of age were injected with 10
million MDAH2774 cells. (A) Effect of PHA665752 on TPC-1 xenograft. The volume of each
tumor was measured every week. The average (n = 6) tumor volumes in vehicle-treated
mice (—▲—) and mice treated with indicated doses of TRAIL (25 μg/kg; —■—), PHA665752
alone (25 μg/kg; —◆—) and a combination of TRAIL and PHA665752 (PHA665752 25 μg/kg +
TRAIL 25 μg/kg; —●—) were plotted. The results are expressed as mean ± SD (n = 6). *P <
0.001 compared with vehicle-treated mice. (B) After 5 wks of treatment, mice were killed
and tumor weights were measured. The results are expressed as mean ± SD. *P < 0.001
compared with vehicle-treated mice by Student t test. (C) Representative tumor images
of vehicle-treated mice and mice treated with PHA665752 and/or TRAIL after necropsy. 
(D) Whole cell homogenates from mice treated with vehicle, 25 μg/kg TRAIL, 25 mg/kg
PHA665752 and a combination of 25 μg/kg TRAIL and 25 mg/kg PHA665752 were immuno -
blotted with p-Met, p-AKT, caspase 3, cleaved caspase 3, PARP and β-actin antibodies.



antiapoptotic genes XIAP and cIAP1. Fur-
thermore, gene silencing of c-Met via its
specific siRNA depleted its expression as
well as abrogated c-Met–mediated AKT
signaling, confirming that PHA665752
specifically induces its apoptotic effect,
causing inhibition of cell viability via in-
activation of Met and AKT.

Among all the apoptosis-inducing cy-
tokines, TRAIL is the only one still being
actively pursued for its anticancer proper-
ties in the clinic. Many human cancer cell
types, however, are resistant to TRAIL-
 induced apoptosis (44). Agents that can
sensitize tumor cells to TRAIL have great
potential for making cancer therapy more
effective. In the present study, we ex-
plored the role of PHA665752 in upregu-
lation of DR5 leading to sensitization of
PTC cells to TRAIL-induced apoptosis.
Our data demonstrate that PHA665752
significantly upregulated DR5 expression,
thereby allowing TRAIL to effectively in-
duce apoptosis in combination with
PHA665752 in PTC cells. Nontoxic doses
of PHA665752 and TRAIL also allow PTC
cells to undergo efficient apoptosis with-
out causing any weight loss or any visible
sickness. Our in vivo studies on the effect
of PHA665752 and TRAIL on growth of
PTC cell tumors in a murine xenograft
model are consistent with results obtained
from in vitro cell line data. In addition to
an overall significant regression of tumor
volume and loss of tumor weight follow-
ing treatment with PHA665752 and
TRAIL, Western blotting analysis of tu-
mors also showed remarkable decreased
c-Met and AKT activity, and cleavage of
caspase-3 and PARP in mice treated with
subtoxic dose of PHA665752 and TRAIL.

The current study expands on our ear-
lier findings of an oncogenic role of Met
signaling in PTC. We have demonstrated
that inhibition of c-Met by PHA665752
causes apoptosis via the mitochondrial
apoptotic pathway, and PHA665752 also
synergizes death receptor–induced apo-
ptosis via upregulation of DR5, suggest-
ing the combination of PHA665752 and
TRAIL may be a novel strategy for the
treatment of PTC and other human can-
cers that are resistant to chemotherapy.

We hypothesize that molecular profiling
on the basis of p-Met and DR5 expres-
sion could lead to the identification of a
subset of primary PTCs and, more im-
portantly, recurrent/metastatic PTCs that
are resistant to conventional therapy.
Such recurrent/metastatic lesions usu-
ally have dysregulated Met signaling
and could be targeted with newer drugs.
Further validation and additional studies
could provide new vistas for treatment
of recurrent cases of PTC that are gener-
ally refractory and resistant to therapy.

In summary, our data indicate that
high coexpression of p-Met and DR5 is
linked to activation of PI3K/AKT and as-
sociated with aggressive phenotypes in
Middle Eastern PTC; inhibition of c-Met
by PHA665752 causes apoptosis via the
mitochondrial apoptotic pathway and
PHA665752 also synergizes death recep-
tor–induced apoptosis via upregulation
of DR5. These findings suggest that the
combination of PHA665752 and TRAIL
may be a novel strategy for the treatment
of refractory PTC.
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