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epatocellular Carcinoma Via Induction of Apoptosis
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ackground & Aims: Expression of osteopontin
orrelates with tumor progression and metastasis.
he mechanisms by which osteopontin promotes tu-
or cell survival remain unclear. Here we used short-

airpin RNA–mediated gene silencing to investigate
he antitumor effects by osteopontin depletion in
epatocellular carcinoma (HCC). Methods: We ap-
lied polyethylenimine nanoparticles to deliver a
hort-hairpin RNA for depletion of osteopontin ex-
ression in HCC cells. Tumorigenicity and metastatic
otentials of HCC cells were studied in vitro and in
ude mice. Nuclear factor-�B (NF-�B) activation was
nalyzed by gel shift assay and luciferase analysis.
he expressions of integrins were examined by real-

ime reverse-transcription polymerase chain reaction.
poptosis was examined by terminal deoxynucleoti-
yl transferase–mediated deoxyuridine triphosphate
ick-end labeling assay and mitochondrial mem-
rane potential analysis. Results: Down-regulation
f osteopontin inhibited HCC cell growth, anchor-
ge-independent growth, adhesion with fibronectin
nd invasion through extracellular matrix in vitro,
nd suppressed tumorigenicity and lung metastasis in
ude mice. Osteopontin silencing resulted in sup-
ression of �v, �1, and �3 integrin expressions,
lockade of NF-�B activation, inhibition of Bcl-2/
cl-xL and XIAP expressions, increase of Bax expres-

ion, and induction of a mitochondria-mediated apo-
tosis. Furthermore, down-regulation of osteopontin

nhibited drug-induced NF-�B activation and sensitized
CC cells to chemotherapeutic agents in vitro, which

ed to complete regression of HCC xenografts in nude
ice. Conclusions: Osteopontin may facilitate tumor-

genesis and metastasis through prevention of tumor
ells from apoptosis. RNA interference–mediated deple-
ion of osteopontin may be a promising strategy for the
reatment of HCC by sensitizing the chemotherapeutic
rugs.

ecent evidence has shown that the expression of
osteopontin (OPN) is increased significantly in hep-
tocellular carcinoma (HCC), which associates closely
ith poor prognosis, early recurrence, tumor aggressive-
ess, and metastasis.1,2 OPN, an extracellular matrix pro-
ein, binds to �v� integrins and CD44 family of receptors
o propagate cellular signals on extracellular matrix
ECM) degradation, angiogenesis, and tumor cell apopto-
is.3–5 The mechanisms by which OPN promotes tumor
ell survival are still unclear. Soluble OPN inhibits
rowth factors and cytokine depletion induced apoptosis
n adherent endothelial cells, which involves enhanced
cl-xL expression.6 OPN contributes to antiapoptotic sig-
aling of melanocytes in dermal collagen through inter-
ction with integrin �v�3.7 OPN-deficient cardiac fibro-
lasts undergo increased cell death in response to
ydrogen peroxide through a caspase-3–independent
athway.8 OPN null mice show a significant delay in
,12-dimethylbenzanthracene–induced papilloma devel-
pment as a result of enhanced apoptotic effects.9 OPN
reatment confers colon cancer and gastric cancer cells an
ncreased resistance to ultraviolet-induced apoptosis via
ntegrin activation.10

Efforts have been made to inhibit tumor progression
nd metastasis by targeting OPN. 4 Suppression of OPN
y antisense oligonucleotides or RNA-mediated interfer-
nce and inhibition of OPN protein by antibodies or
ynthetic peptides have been used as the tools for cancer
herapy.4 OPN-neutralizing antibody efficiently blocked
nvasion and metastasis of HCC cells both in vitro and in
ivo.2 Blockade of OPN expression using small interfer-
ng RNA effectively suppressed metastasis of CT26 mu-
ine colon adenocarcinoma and human esophageal squa-

ous cell carcinoma.11,12

Polymeric nanoparticles for gene delivery have drawn
uch attention for its resistance to nuclease degradation

Abbreviations used in this paper: 5-FU, 5-fluorouracil; GFP, green
uorescent protein; MMP, mitochondrial membrane potential; NF-�B,
uclear factor-�B; OPN, osteopontin; shNon, nonsilencing shRNA;
hOPN, shRNA targeting OPN; shRNA, short-hairpin RNA; TMRE, tetra-
ethylrhodamine ethylester; TUNEL, terminal deoxynucleotidyl trans-

erase–mediated deoxyuridine triphosphate nick-end labeling.
© 2008 by the AGA Institute
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September 2008 SILENCING OF OSTEOPONTIN INDUCES APOPTOSIS 957
nd sustained duration of plasmid DNA administra-
ion.13,14 In this study, we applied spheric polyethyleni-

ine nanoparticles (named M-PEI) of 80 nm prepared by
hoto-Fenton reaction in aqueous solution15,16 to deliver
short-hairpin RNA (shRNA) targeting osteopontin and

nvestigated the therapeutic efficacy of this novel ap-
roach in the treatment of human HCC in a xenografted
ouse model system.

Materials and Methods
Construction of shRNA Plasmid Vectors
The sequence targeting human OPN for RNA

nterference was 5= GGACAGTTATGAAACGAGT 3=. Se-
uence (5= TTCTCCGAACGTGTCACGT 3=) targeting
one of the known genes was used for negative control.
ligonucleotides of shRNA including a TTCAAGAGA

oop motif were synthesized and inserted into pGCsi
ector containing H1 promoter, T6 terminal sequences,
nd green fluorescent protein (GFP) reporter gene with a
tandard cloning procedure by GeneChem (Shanghai,
hina).

Cell Cultures and Transfection
Cells were grown in Dulbecco’s modified Eagle

edium supplemented with 10% fetal bovine serum in a
umidified incubator at 37°C in a 5% CO2 atmosphere.
ransfection of plasmids was performed using M-PEI in
-well tissue culture plates as described previously.15

riefly, 3.6 �g plasmid was dissolved in 100 �L 0.9%
aCl, 14.4 �g of M-PEI then was pipetted to plasmid.
he plasmid/M-PEI mixture then was added to cells in

erum-free Dulbecco’s modified Eagle medium. I�B� ki-
ase � mammalian– expressing plasmids were from Ge-
eCopoeia (Guangzhou, China).

Anchorage-Independent Growth Assay
For anchorage-independent growth assays, cells

ere seeded in 0.3% agarose over a 0.6% agarose bottom
ayer at a density of 500 cells per well in a 24-well plate.
fter 3 weeks, the numbers of colonies greater than 100
m in diameter were counted.

Cell Invasion and Adhesion Assay
Invasion of cells through the ECM was deter-

ined by the Cell Invasion Assay Kit (Chemicon, Te-
ecula, CA). The number of cells invading through the

CM was counted by 5 randomly selected visual fields,
nd the extent of invasion was expressed as the average
umber of cells per microscopic field at a magnification
f 200. Ninety-six–well plates coated with 10 �g/mL
bronectin (Calbiochem, San Diego, CA) were used for
dhesion assay as described previously.17

Apoptosis Analysis
The fluorescein FragEL DNA Fragmentation Detec-
ion Kit (Calbiochem) was used for the terminal deoxynu- l
leotidyl transferase–mediated deoxyuridine triphosphate
ick-end labeling (TUNEL) assay. The fluorescein of cells
arrying DNA labeled with fluorescein isothiocyanate–
eoxyuridine triphosphate (TUNEL-positive cells) was ana-

yzed by Becton Dickinson (Franklin Lakes, NJ) FACscan.
For in vivo apoptosis assay, the formalin-fixed paraffin

ections were deparaffinized and incubated with TUNEL
eaction mixture. Apoptotic cells were observed under a
uorescence microscope (Olympus, Tokyo, Japan).

Measurement of Mitochondrial Membrane
Potential
Cells were incubated with tetramethylrhodamine

thylester (TMRE) by the MitoShift Kit (Trevigen, Gaith-
rsburg, MD) and observed under a fluorescence micro-
cope. In healthy cells, the TMRE dye accumulates in the

itochondria and appears bright red by fluorescence
icroscopy, but in apoptotic cells the mitochondrial
embrane potential collapses and the TMRE dye cannot

ccumulate within the mitochondria.

Reverse-Transcription Polymerase Chain
Reaction Analysis
Total RNA was isolated using the RNeasy mini kit

Qiagen, Hilden, Germany), and genomic DNA was re-
oved using the RNase-Free DNase set (Promega, Mad-

son, WI). First-strand cDNA was generated using the
everse Transcription System kit (Promega). For quanti-
cation of integrin and CD44 messenger RNA expres-
ion, real-time polymerase chain reaction was performed
s described previously.18

Subcellular Fractionation and Western
Blotting Analysis
Cytosol and mitochondria fractionation was per-

ormed by the centrifugation technique as described pre-
iously.19 Nuclear extracts were made using NE-PER Nu-
lear and Cytoplasmic Extraction Reagents (Pierce
iotechnology, Rockford, IL). Total cell lysate was pre-
ared in 1 � sodium dodecyl sulfate buffer. Proteins at
he same amount were separated by sodium dodecyl
ulfate–polyacrylamide gel electrophoresis and trans-
erred onto polyvinylidene difluoride membranes. After
robing with individual antibodies, the antigen–antibody
omplex was visualized by the enhanced chemilumines-
ence reagent Supersignal (Pierce Biotechnology). The
ntibodies used were anti– caspase-3, anti– caspase-9, an-
i-X-linked inhibitor of apoptosis protein (XIAP), anti-
oly (ADP-ribose) polymerase (PARP), anti– cytochrome
, and anti-OPN (R&D Systems, Minneapolis, MN), anti–
cl-2, anti–Bcl-xL, and anti-Bax (Santa Cruz Biotechnol-
gy, Santa Cruz, CA), anti–p-Akt, anti–nuclear factor �B
NF-�B) p65, and anti-I�B� (Boster Biotechnology, Wu-
an, China), anti-GFP and anti-human matrix matal-
opeptidase 2 (MMP2; Beyotime, Haimen, China).
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OPN Enzyme-Linked Immunosorbent Assay
Cells were deprived of serum 24 hours after trans-

ection. The conditioned media was collected and viable
ell numbers were assessed by trypan-blue staining every
2 hours. OPN concentrations in conditioned media
ere measured using a quantitative immunoassay en-

yme-linked immunosorbent assay kit (QuantiKine As-
ay; R&D Systems). OPN levels were normalized to viable
ell numbers and calculated according to the following
ormula: OPN levels (ng/mL) � OPN concentrations in
onditioned media (ng/mL) � (cell numbers in mock
ells/cell numbers in shRNA-transfected wells). Tripli-

ate samples were analyzed.

Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay was per-

ormed using the LightShift chemiluminescent electro-
horetic mobility shift assay kit (Pierce Biotechnology).
ouble-stranded gel shift probes corresponding to the
uman consensus NF-�B sequences20 (5=-AGTTGAGGG-
ACTTTCCCAGGC-3=) were end-labeled with biotin.

Luciferase Reporter Assays
Cells were transfected with NF-�B– driven lucif-

rase plasmid together with the pRL-TK, which contains
he herpes simplex virus thymidine kinase (HSK-TK) pro-

oter to provide low to moderate levels of Renilla lucif-
rase expression, vector as a control for transfection effi-
iency using Lipofectamine 2000 (Invitrogen, Carlsbad,
A). The luciferase activities were measured using the
ual Luciferase Reporter Assay System (Promega).

Gelatin Zymography
MMP-2 activity was detected by zymography as

escribed previously.21 Briefly, the conditioned medium
nd tumor lysates were collected and the equal amounts
f protein were separated by 10% sodium dodecyl sulfate–
olyacrylamide gel electrophoresis containing 0.1% gela-
in without reducing agent. The gels were washed with
.5% Triton X-100 and incubated in 20 mmol/L glycine,
0 mmol/L CaCl2, and 1 mmol/L ZnCl2 (pH 8.3) at 37°C
or 24 hours to allow the gelatinases to digest the gelatin
tructure. The gels were stained with Coomassie Blue and
estained to visualize the results.

Tumorigenicity Assay
Six-week-old male BALB/c nude mice were pur-

hased from the Shanghai Experimental Animal Center
f Chinese Academy of Sciences (Shanghai, China). All
ice were maintained under pathogen-free conditions in

aminar flow boxes in accordance with established insti-
utional guidance and approved protocols. Two days
fter transfection with shRNA plasmids, 5 � 106 HCC-
M3 cells were injected subcutaneously into the right
anks of nude mice. The tumor volume was calculated

ccording to the following formula: V � length � width2 d
0.5. Animals were killed for histopathology examina-
ion at day 35 after cell inoculation.

Treatment of Mice With HCC Xenografts
For in vivo treatment experiments, mice inocu-

ated with 5 � 106 HCC-LM3 cells were divided randomly
nto 6 groups (6 mice/group) when tumor volume
eached 100 mm3. Mice were treated daily for 5 days by
ntratumoral injection of 20 �g shRNA plasmids mixed
ith 80 �g M-PEI. One day after injection, the mice were
osed intraperitoneally with or without 5-fluorouracil

5-FU) at a concentration of 10 mg/kg body weight daily
or 5 days. Tumor volume was monitored.

Statistical Analysis
Statistical analysis was performed using the Anal-

sis ToolPack provided by Microsoft Excel (Beijing,
hina). A 2-sample Student t test, assuming unequal
ariances, was used to determine the equality of the
eans of 2 samples. Results were considered statistically

ignificant at a P value of less than .05.

Results
M-PEI–Mediated shRNA Delivery Inhibits
OPN Expression in HCC Cells
About 50%– 60% of cells were transfected with

hRNA plasmids by M-PEI, as monitored by GFP expres-
ion in HCC cells (Figure 1A). Transfection with shRNA
argeting OPN (shOPN), but not nonsilencing shRNA
shNon), reduced OPN expression by about 50% as de-
ected by reverse-transcription polymerase chain reaction
nd Western blotting analyses compared with mock con-
rols (Figure 1B and C). Expression of GFP and inhibition
f OPN expression lasted up to 14 days posttransfection
Figure 1D), which might be owing to plasma DNA
ntrapped in PEI polymeric particles showing a sustained
elease pattern.13,15 The secreted OPN in the culture me-
ium was reduced significantly in shOPN-transfected
CC-LM3 cells (Figure 1E). Thus, M-PEI–mediated

hOPN transfection efficiently inhibits OPN expression
n HCC cells.

Inhibition of Cell Growth and Metastatic
Potential of HCC Cells by OPN Depletion
In Vitro
shOPN, but not shNon, significantly inhibited the

rowth and anchorage-independent growth of HCC cells
Figure 2A and B). Addition of recombinant human OPN
enerated from mouse myeloma cell NSO (rhOPN; R&D
ystems) or HCC-LM3 conditioned media could not re-
erse the inhibitory effect of shOPN on cell growth (Fig-
re 2A). A marked reduction of adhesion and invasion
bilities was observed in shOPN-transfected cells, which
ould be reversed by addition of rhOPN (Figure 2C and D).

oreover, shOPN-transfected HCC-LM3 cells showed a

rastic reduction of MMP-2 expression (Figure 2E). Thus,
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September 2008 SILENCING OF OSTEOPONTIN INDUCES APOPTOSIS 959
epletion of OPN has an inhibitory effect on the growth
nd invasion of HCC cells.

OPN Depletion Suppresses Tumorigenesis and
Lung Metastasis in HCC Xenografted Mice
Eight days after tumor cell inoculation, all mice

njected with shNon-transfected or mock-treated HCC-LM3
ells developed tumors in nude mice. However, it took 13 to
8 days for shOPN-transfected cells to develop tumors (Fig-
re 3A). Growth of shOPN-modified HCC-LM3 cells was

igure 1. M-PEI–mediated shRNA plasmid delivery inhibited OPN exp
he efficiency of transfection was monitored by detecting GFP expres
ontrast images of cells are shown in the corresponding right-hand colu
otal proteins were extracted and subjected to (B) reverse-transcrip
xpression. OPN expression was quantified by densitometric analysis of
rotein expressions in HCC-LM3 cells at various times after transfection
valuated by enzyme-linked immunosorbent assay. Data are shown as
ehyde-3-phosphate dehydrogenase.
uppressed significantly compared with that of shNon- fi
ransfected or mock-treated cells (Figure 3B). The tumor
olumes and weights of shOPN-modified HCC-LM3 xeno-
rafts were only about 20% and 25% of that of mock-treated
enografts 35 days after implantation (Table 1). Further-
ore, the incidence of lung metastasis dropped to zero in

hOPN-modified HCC-LM3 xenografted mice, which is
ignificantly different from that in the mock-treated
roup (83.3%) or the shNon-modified group (71.4%) (Fig-
re 3C, Table 1). Inhibition of OPN expression was con-

on in HCC cells. (A) HCC cells were transfected with shNon by M-PEI.
under fluorescence microscopy at 48 hours posttransfection. Phase-

agnification, 100�). (B and C) At 48 hours posttransfection, RNA and
olymerase chain reaction analysis or (C) Western blotting for OPN
PN bands normalized to the actin bands. (D) Analyses of GFP and OPN
shOPN. (E) Levels of the secreted OPN in the serum-free media were
eans � SD from triplicate experiments. (*P � .05). GAPDH, glyceral-
ressi
sion
mn (m
tion p
the O
with
the m
rmed by detection of OPN levels in plasma (Figure 3D),
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igure 2. Down-regulation of OPN inhibited cell growth and metastatic potentials in HCC cells in vitro. (A) At 24 hours posttransfection, HCC
ells were seeded in 96-well plates with or without rhOPN (5 �g/mL) or HCC-LM3 conditioned medium (CM) for MTS assay (Promega). Values
ere given as the means � SD of 6 wells. (*P � .05). (B) HCC cells were seeded in semisolid soft agar medium to monitor anchorage-

ndependent growth. The numbers represented the mean number of colonies of 3 independent experiments � SD (*P � .05). (C) HCC-LM3
ells were plated in 96-well plates precoated with fibronectin and allowed to adhere for 30 or 60 minutes. Alternatively, the cells were incubated
ith or without rhOPN (5 �g/mL) for 2 hours before being plated in 96-well plates and allowed to adhere for 30 minutes. Relative cell adhesion
as calculated by MTT assay with comparison with mock-treated cells. Mean values � SD of 3 independent experiments were shown (*P �

05). (D) HCC cells were incubated with ECM in the presence or absence of rhOPN (5 �g/mL) for 72 hours. Invading cell numbers are the
verage count of 5 random microscopic fields. Values shown are means � SD (*P � .05). (E) HCC-LM3 cells were serum-deprived for 24 hours.
he supernatants were collected and MMP-2 activity was analyzed by zymography and Western blotting. Equal amounts of total proteins were
sed in each lane. MTS, (3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoloium, inner salt); MTT, (3-
4-,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide, a tetrazole).
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September 2008 SILENCING OF OSTEOPONTIN INDUCES APOPTOSIS 961
s well as detection of OPN and GFP expression by
estern blotting in tumor samples 35 days after implan-

ation (Figure 3E). Inhibition of MMP2 expression by
hOPN was observed in tumor lysates (Figure 3F). These
ata suggest that OPN-depletion leads to significant in-

igure 3. Down-regulation of OPN inhibited tumorigenicity and metastasi
onitored. (B) The tumor volume of each group was scored every 5 days. D

H&E stain: magnification, 400�) from each group at day 35 after cell inocu
PN levels by enzyme-linked immunosorbent assay in each group at day 3

rom tumor tissues derived from each group 35 days after implantation and
umor samples in each group at day 35 were lysed by homogenizatio
ymography and Western blotting. Equal amounts of total proteins were u
ibition of tumorigenesis and metastasis of HCC in vivo. m
OPN Silencing Induces
Mitochondria-Mediated Apoptosis
After transfection with shOPN, most HCC cells

ad shrunk and detached from the plate under serum
tarvation. In contrast, the shNon-transfected cells re-

CC xenografts in nude mice. (A) Tumor formation time of each mouse was
present the means � SD (*P � .05). (C) Representative lung tissue sections
. Arrows indicate metastatic tumors. (D) Comparison of the mean plasma
ta represent the means � SD (*P � .05). (E) Total proteins were extracted
jected to Western blotting with anti-OPN and anti-GFP antibodies. (F) The
hosphate-buffered saline and MMP-2 activity was analyzed by gelatin
each lane. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
s of H
ata re
lation
5. Da
sub

n in p
ained attached to the dish and showed normal mor-
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hology (Figure 4A). The cell death in the shOPN-treated
roup was significantly higher than that in the shNon or
ock-treated groups, which was strongly enhanced by

erum starvation in HCC cells (Figure 4B). Addition of
hOPN could reverse anti-OPN antibody-induced but
ot shOPN-induced cell death (Figure 4C).The percent-
ge of TUNEL-positive apoptotic cells greatly increased
y OPN depletion compared with shNon-transfection,
hich was greatly enhanced by serum starvation (Figure
D). Another shOPN construct targeting 5’-GCATTC-
GATGTGATTGAT-3’ resulted in similar effects (Figure
E). Addition of rhOPN could not reverse shOPN-

nduced apoptosis (Figure 4E).
Apoptosis was examined further by in situ TUNEL

ssay on HCC-LM3 xenografted tumor tissues. The apo-
totic nuclei, seen as green color excited under fluores-
ence microscope, were greatly increased in shOPN-trans-
ected HCC-LM3 xenografts (Figure 4F). The percentage
f apoptotic cells in the shOPN group was 2 or 3 times
igher than that in the shNon or mock groups.
Procaspase-3 and -9 were greatly decreased at 48 hours

osttransfection with shOPN (Figure 5A). PARP, the sub-
trate of caspase-3, was found cleaved with an 85-kilodal-
on fragment after shOPN transfection (Figure 5A). Fur-
hermore, the broad-spectrum caspases inhibitor N-tert-
utoxy-carbonyl-Val-Ala-Asp-fluoromethylketone
ignificantly inhibited shOPN-induced cell death (Figure
B). Thus, shOPN induced apoptosis is caspase-depen-
ent in HCC cells.
Transfection with shOPN resulted in a significant loss

f mitochondrial membrane potential indicated by a
ubstantial reduction of TMRE staining (Figure 5C), as
ompared with surrounding nontransfected cells. Down-
egulation of OPN caused a dramatic accumulation of
ax and obvious elimination of Bcl-2 at mitochondria, as
ell as release of cyto-c from mitochondria to cytosol

Figure 5D). OPN silencing resulted in an obvious de-
rease of Bcl-xL, Bcl-2, and XIAP, and a dramatic increase
f Bax expression, which could not be reversed by addi-
ion of rhOPN (Figure 5E). However, I�B� kinase �,
hich activates NF-�B through phosphorylation and
egradation of I�B�, blocked shOPN-induced decrease of
cl-2 and induction of Bax (Figure 5F), indicating that

able 1. Osteopontin shRNA Inhibits Tumorigenesis and Met

Tumor size

Treatment groups Volume, mm3 W

Mock 2167 � 428 2.3
shNon 1971 � 500 2.1
shOPN 416 � 314* 0.60

OTE. Evaluation of lung metastasis in mice was performed on day
resented by both volume in cubic millimeters and weight in grams (m

n the lungs (the percentages are indicated in parentheses) and the av
P � .05, compared to mock treatment.
he alterations of Bcl-2 and Bax expression might be the a
esult of inhibition of NF-�B activity by OPN depletion.
hus, OPN depletion might induce mitochondria-medi-
ted apoptosis through regulation of the expression of
cl-2 and IAPs family members.

OPN Depletion Inhibits �v, �1, and �3
Integrin Expression and Blocks NF-�B
Activity
Expressions of integrin �v, �1, and �3, and CD44

ere much higher in HCC-LM3 cells than HL7702 cells
Figure 6A). OPN depletion greatly decreased the expres-
ions of �v, �1, and �3 integrin in HCC-LM3 cells (Figure
A). Addition of rhOPN attenuated anti-OPN antibody–

nduced but not shOPN-induced �v, �3 integrin suppres-
ion (Figure 6A). However, the mechanism for down-
egulation of the expressions of integrins by OPN
epletion still need to be investigated further.
OPN could activate both Akt and NF-�B activities on

nteraction with �v �1 and �v�3 integrins to promote
ell survival and motility.5 We first measured the activity
f Akt by assessing phosphorylation of Akt after OPN
epletion. Phosphorylation of Akt was not affected by
PN knockdown (Figure 6B). However, OPN depletion

reatly inhibited the amount of p65 subunit of NF-�B
nd prevented the nuclear accumulation of p65 induced
y serum starvation or 5-FU stimulation (Figure 6B).
F-�B transcriptional activity was greatly enhanced in
CC-LM3 cells compared with HL7702 cells (Figure 6C).
own-regulation of OPN significantly inhibited NF-�B

ctivity and cisplatin-induced NF-�B activation in HCC-
M3 cells (Figure 6C). NF-�B DNA-binding activities

nduced by serum starvation or cisplatin and 5-FU treat-
ent also were strongly attenuated by OPN depletion,
hich could not be reversed by addition of rhOPN (Fig-
re 6D). Next, the expression of NF-�B inhibitor I�B�
as determined by Western blotting. Treatment of cis-
latin caused a decrease of I�B� within 30 minutes and
hen the amount of I�B� returned to basal levels after 60

inutes because of its NF-�B– dependent do novo syn-
hesis. OPN depletion greatly enhanced the amount of
�B� and completely blocked cisplatin-induced turnover
f I�B� (Figure 6E). These data suggest that depletion of
PN might block chemotherapy drug–induced NF-�B

sis of HCC-LM3 Cells in Nude Mice

Lung metastasis

g Cases (%) Metastasis, no.

.23 5 of 6 (83.3%) 5.2 � 1.3

.34 5 of 7 (71.4%) 4.4 � 2.3

.27* 0 of 7 (0)* 0*

fter subcutaneous implantation of HCC-LM3 cells. Tumor sizes are
� SD). Lung metastasis is denoted as both the positive metastases
number of metastases (no.) in lungs per positive case (mean � SD).
asta

eight,

7 � 0
2 � 0
5 � 0

35 a
ean

erage
ctivation.
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igure 4. Down-regulation of OPN-induced apoptosis in HCC cells. HCC cells were transfected with shRNA plasmids for 24 hours, and then
xposed to serum starvation for 48 hours. (A) Photomicrographs showed morphologic changes in HCC cells (magnification, 200�). (B) Cell death
as monitored by trypan blue staining and expressed as the percentage of blue dead cells relative to the total cell number. Data were presented as
eans � SD from 3 independent experiments (*P � .05). (C) shRNA-transfected and anti-OPN antibody (2 �g/mL; R&D Systems)–treated cells were

ncubated with or without rhOPN (5 �g/mL) for 48 hours and the cell death was determined as in B (*P � .05). (D) Apoptotic cells were detected by
uorescence flow cytometry with TUNEL assay. Numbers above bracketed lines indicate the percentage of TUNEL-positive cells. The experiments
ere repeated 3 times. (E) shRNA-transfected and anti-OPN antibody–treated cells were incubated with or without rhOPN (5 �g/mL) for 48 hours
nd then cell apoptosis was determined by TUNEL assay (*P � .05). Expressions of OPN were confirmed by Western blotting with anti-OPN
ntibody. (F) In situ TUNEL apoptosis analysis was performed in tumor sections derived from the same mice as in Figure 3 at day 35 after cell

noculation. The apoptotic nuclei were seen as green color excited under fluorescence microscopy. Cell nuclei were counterstained with DAPI and
een as blue (magnification, 200�). The percentage of apoptotic cells was calculated by counting green-stained nuclei vs blue-stained nuclei from 6

andomly chosen fields in each section. Data are presented as means � SD (*P � .05). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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igure 5. Down-regulation of OPN-induced mitochondria-mediated apoptosis. (A) Twenty-four hours after transfection, total proteins were isolated
t the various times after serum-starvation and subjected to Western blotting with indicated antibodies. (B) Cells were treated with the pan-caspase

nhibitor N-tert-butoxy-carbonyl-Val-Ala-Asp-fluoromethylketone (80 �mol/L) 2 hours before being subjected to serum starvation for 48 hours. Cell
eath was determined by trypan blue staining. Data are presented as means � SD from 3 independent experiments (*P � .05). (C) After
erum-starvation for 48 hours, mitochondrial potential was determined by TMRE staining. Transfected cells (left panel) with the corresponding TMRE
taining profile (middle panel) and phase-contrast images (right panel) were observed under fluorescence microscope (magnification, 400�). Arrows

ndicate the corresponding transfected cells by TMRE staining or phase-contrast images. (D) Cytosolic and mitochondrial subcellular fractions were
solated from the same HCC-LM3 cells as in C, and subjected to Western blotting with indicated antibodies. (E) shRNA-transfected or anti-OPN
ntibody–treated HCC-LM3 cells were incubated with or without rhOPN (5 �g/mL) in the serum-free media. Total proteins were subjected to Western
lotting with antibodies specific for Bax, Bcl-2, Bcl-xL, and XIAP. (F) HCC-LM3 cells were transfected with shRNAs together with or without plasmid
ncoding I�B� kinase � for 48 hours. Total proteins or nuclear proteins were subjected to Western blotting with indicated antibodies. GAPDH,

lyceraldehyde-3-phosphate dehydrogenase.
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igure 6. Down-regulation of OPN inhibited integrin expression and suppressed NF-�B activation. (A) Real-time reverse-transcription polymerase
hain reaction analysis was performed to determine the expressions of integrin ��, �1, �3, and CD44. Data are presented as means � SD from 3

ndependent experiments (*P � .05). (B) HCC-LM3 cells were subjected to serum-starvation with or without 5-FU (5 �g/mL) treatment. Total proteins
r nuclear proteins were isolated 24 hours after treatment and subjected to Western blotting with anti–p-Akt and anti–NF-�B p65 antibodies. (C) Cells
ere transfected with NF-�B–responsive luciferase reporter construct together with or without shRNAs. At 24 hours after transfection, cells were

reated with or without cisplatin (0.5 �g/mL). Luciferase activity was determined 24 hours after treatment. Means of triplicate experiments � SD are
hown (*P � .05). (D) HCC-LM3 cells were exposed to serum starvation with cisplatin (0.5 �g/mL) or 5-FU (5 �g/mL) or rhOPN (5 �g/mL) treatment.
uclear protein extracts were harvested 24 hours later and subjected to electrophoretic mobility shift assay. Adding no nuclear extract served as
egative control in the left-most lane. NS, nonspecific signal. (E) HCC-LM3 cells were treated with 0.5 �g/mL cisplatin for the indicated times. Total

roteins were isolated and subjected to Western blotting with anti-I�B� antibody. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Down-Regulation of OPN Sensitizes HCC
Cells to Chemotherapeutic Agents
Depletion of OPN significantly enhanced the sensi-

ivities of HCC-LM3 cells to topoisomerase II inhibitors
toposide and Adriamycin (Merck, San Diego, CA), thymi-

igure 7. Osteopontin shRNA sensitized HCC cells to chemother
ncubated with various cytotoxic agents for 24 hours, or (B) treate
etermined by trypan blue staining. Data are presented as means �

n HCC-LM3 xenografts receiving different treatments as indicated ev
ach group (*P � .05).
ylate synthase inhibitor 5-FU, as well as the DNA-reactive c
gent cisplatin, as compared with shNon or mock treat-
ent (Figure 7A). TNF-related apoptosis-inducing ligand

TRAIL) induced less than 20% of cell death in HCC-LM3
nd HepG2 cells at a dose as high as 100 ng/mL. Down-
egulation of OPN dramatically increased TRAIL-mediated

tic drugs. (A and B) shRNA-transfected HCC-LM3 cells were (A)
th different concentrations of TRAIL for 48 hours. Cell death was
from 3 independent experiments. (C) Tumor volume was measured

days. Data are the means � SD of the tumor volumes derived from
apeu
d wi
SD
ery 5
ell death (Figure 7B). Thus, down-regulation of OPN sen-
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itizes HCC cells to both death receptor and DNA damage–
nduced cell death.

Intratumoral administration of shOPN significantly
nhibited growth of HCC-LM3 xenografts in nude mice
ompared with treatment with shNon or M-PEI (Figure
C). Notably, intraperitoneal administration of 5-FU in
ombination with intratumoral administration of
hOPN resulted in complete eradication of all 6 HCC-
M3 xenografts (Figure 7C). Thus, down-regulation of
PN might be a promising adjuvant for chemotherapy of
CC.

Discussion
Apoptosis plays a central role in tissue homeosta-

is during both development and adult life. Tumor cells
ften are deficient in apoptotic regulation, which leads to
he expansion of tumor cells, metastasis, and resistance
o chemotherapy.22–24 In the current study, we show that
epletion of OPN by RNA-mediated interference pro-
otes HCC cell apoptosis, leading to inhibition of tu-
origenesis and metastasis both in vitro and in vivo.
Previous studies have shown that OPN may prevent

poptosis through interaction with integrins and/or
D44 or its variants. OPN-CD44 interaction induced the
hosphorylation of Akt in the survival pathway of inter-

eukin-3,25 whereas OPN-integrin �v�1 and �v�3 inter-
ction induced endothelial cell survival as a result of
he activation of NF-�B.26 In exploring the molecular

echanism responsible for OPN-depletion–induced apo-
tosis, a significantly decreased expressions of ��, �3,
nd �1 integrin were found. Given that integrins are a
arge family of cell-surface receptors that bind to ECM
omponents to activate signaling pathways for tumor
nvasion and metastasis,27 inhibiting ��, �3, and �1
ntegrin expressions and their signaling pathway by OPN
epletion might contribute to the inhibitory effect on
umor metastasis and apoptosis. However, how the OPN
ilencing might inhibit integrin expression still needs to
e identified.

Supplement of rhOPN could not reverse shOPN-
nduced apoptosis in HCC-LM3, which is related directly
o the decreased expression of integrins by OPN deple-
ion. The shOPN-treated tumor cells with significantly
ecreased expression of integrins had a dysfunction to
ind and use the secreted or exogenous OPN, which
irectly contributed to cell apoptosis. However, the im-
ortance of intracellular OPN in the regulation of cell
urvival still needs to be investigated. Because most tu-

or cells contain high levels of intracellular OPN, the
xogenous or tumor cell–secreted OPN might integrate
ith intracellular OPN to regulate cell survival. Several

eports have indicated the vital roles of intracellular
PN. Intracellular OPN is essential for interferon-alfa
roduction by plasmacytoid dendritic cells,28 and also
xists as an integral component of a hyaluronan-CD44-

zrim/radixim/moesin (ERM) attachment complex in-
olved in the migration of embryonic fibroblasts, acti-
ated macrophages, and metastatic tumor cells.29

ocalization of OPN to the nucleus is associated with
olo-like kinase-1, a mitosis regulator, in 293 cells.30

NF-�B promotes cell survival through enhancing the
xpression of genes encoding anti-apoptotic proteins,
uch as Bcl-xL and BFL1 acting at the mitochondria, or
AP1, IAP2, and XIAP, blocking caspase activation.31,32

ecent data have shown that p50/p65 dimers inhibited
ax promoter activity, whereas p50/p50 dimers might
nhance its activity.33 Our present study suggests that the
roapoptotic function of shOPN may result from, at

east in part, impaired NF-�B activation and subsequent
nhibition of anti-apoptotic proteins such as Bcl-2/Bcl-xL
nd XIAP, and an increase of pro-apoptotic protein Bax.

NF-�B is activated in response to several types of che-
otherapeutic drugs, which blunts the ability of the

ancer therapy to induce cell death.32 Inhibition of
F-�B activity has been shown as an adjuvant approach

o chemotherapy for certain cancers.32,34 Here, we found
hat OPN depletion significantly blocked NF-�B activa-
ion induced by various chemotherapy drugs in HCC
ells. Thus, shOPN might sensitize HCC cells to chemo-
herapy through inhibition of NF-�B activity. This hy-
othesis was authenticated by the finding that shOPN
romoted chemotherapeutic agents and TRAIL-induced
ell death in HCC cells. Importantly, the combination of
ntratumoral injection of shOPN with systemic adminis-
ration of 5-FU completely eradicated established human
epatoma in nude mice. Given that HCC is refractory to
hemotherapeutic drugs,23,35 our finding provides a new
lue for the treatment of HCC by sensitizing HCC to
hemotherapeutic drug–mediated cell death.

In conclusion, our data presented here show that
own-regulation of OPN expression in HCC cells signif-

cantly inhibits tumorigenesis and metastasis, which
ight be ascribed to the pro-apoptotic effects induced by
PN depletion. The enhanced sensitivity of HCC cells to

hemotherapeutic drugs through blockade of NF-�B ac-
ivation by OPN silencing may have a great potential in
he development of therapeutic regimens for cancer treat-

ent.
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