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SUMMARY

The increased motility and invasiveness of tumor cells are reminiscent of epithelial-mesenchymal transition
(EMT), which occurs during embryonic development, wound healing, and metastasis. In this study, we found
that Snail is stabilized by the inflammatory cytokine TNFa through the activation of the NF-kB pathway. We
demonstrated that NF-kB is required for the induction of COP9 signalosome 2 (CSN2), which, in turn, blocks
the ubiquitination and degradation of Snail. Furthermore, we showed that the expression of Snail correlated
with the activation of NF-kB in cancer cell lines and metastatic tumor samples. Knockdown of Snail expres-
sion inhibited cell migration and invasion induced by inflammatory cytokines and suppressed inflammation-
mediated breast cancer metastasis. Our study provides a plausible mechanism for inflammation-induced
metastasis.
INTRODUCTION

It has become increasingly clear that chronic inflammation is

tightly correlated with tumorigenesis, as cancer has been viewed

as ‘‘a wound that never heals’’ (Coussens and Werb, 2002; Jack-

son and Evers, 2006; Karin and Greten, 2005). Mounting

evidence from various clinical and experimental studies has

demonstrated that the inflammatory tumor microenvironment

plays a pivotal role not only in tumor development but also in

metastasis. The inflammatory tumor microenvironment evolves

as tumors grow; this includes the infiltration of immune cells

and the activation of the inflammatory response. Inflammatory

cells, particularly tumor-associated macrophages (TAMs), are

usually found at the invasive front (the tumor-host interface) of

more advanced tumors (Condeelis and Pollard, 2006). They facil-

itate angiogenesis, extracellular matrix breakdown, and tissue
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remodeling, and thus promote tumor cell motility. These TAMs

also secrete such proinflammatory cytokines as tumor necrosis

factor-a (TNFa), to activate the major inflammatory response

NF-kB pathway, which facilitates both tumor development and

metastatic progression (Karin, 2006; Karin and Greten, 2005).

The increased motility and invasiveness of tumor cells are

reminiscent of the events at EMT, which is characteristic of

embryonic development, tissue remodeling, and wound healing

(Nieto, 2002; Peinado et al., 2007; Thiery and Sleeman, 2006). In

the EMT process, epithelial cells acquire fibroblast-like proper-

ties and show reduced intercellular adhesion and increased

motility (Thiery and Sleeman, 2006). A hallmark of EMT is the

loss of E-cadherin expression. Loss of E-cadherin expression

is often correlated with the tumor grade and stage (Cowin

et al., 2005). Under physiological conditions, EMT takes place

at the edge of injury during wound healing (Neilson, 2006).
SIGNIFICANCE

A major challenge in cancer research is to identify the extrinsic signals and intrinsic factors that initiate metastasis. In this
study, we found that the informatory cytokine TNFa dramatically enhanced the protein stabilization of Snail through NF-kB
mediated CSN2 induction. We showed that the expression of Snail correlated with the activation of NF-kB and that knock-
down of Snail expression significantly inhibited cell migration and invasion induced by inflammation. Our finding demon-
strates that TNFa-mediated Snail stabilization plays critical role in cell migration, invasion, and metastasis. Our study not
only reveals a critical mechanism underlying inflammation-induced metastasis but also has important implications in the
development of treatment strategies for metastatic cancers.
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Similarly, this process occurs at the invasive front of many meta-

static cancers (Christofori, 2006; Franci et al., 2006). These

observations suggest that the migratory and invasive ability of

tumor cells at the invasive front are initiated and propelled by

an inflammatory microenvironment through the induction of

EMT. Several transcription factors have been implicated in the

control of EMT, including Snail/Slug, Twist, Goosecoid, dEF1/

ZEB1, SIP1, and E12/E47 (Hartwell et al., 2006; Nieto, 2002;

Yang et al., 2004). Snail was identified in Drosophila as

a suppressor of the transcription of shotgun (an E-cadherin

homolog) in controlling the formation of the mesoderm and

neural crest (Nieto, 2002; Thiery and Sleeman, 2006). The

absence of Snail is lethal because of severe defects at the

gastrula stage during development (Carver et al., 2001). Expres-

sion of Snail represses expression of E-cadherin and induces

EMT in MDCK and breast cancer cells, indicating that Snail plays

a fundamental role in EMT and breast cancer metastasis (Batlle

et al., 2000; Cano et al., 2000; Zhou et al., 2004). In addition,

overexpression of Snail correlates with tumor grade, nodal

metastasis, and tumor recurrence and predicts a poor outcome

in patients with various cancers (Blanco et al., 2002; Cheng et al.,

2001; Moody et al., 2005; Zhou et al., 2004). Furthermore,

expression of stromal matrix metalloproteinase (MMP3) stimu-

lates expression of Snail through the increased cellular reactive

oxygen species (Radisky et al., 2005). This interesting discovery

highlights the importance of the microenvironment in regulating

Snail and in the initiation of EMT at metastasis. We recently

showed that Snail is highly unstable, with a short half-life, and

is regulated by protein stability and cellular location though

GSK-3b-mediated phosphorylation (Zhou et al., 2004). However,

it is unclear what extrinsic signals regulated the activity of Snail

and the induction of EMT at the tumor invasive front. Here, we

examine the regulation of Snail and its role in cancer cell migra-

tion, invasion, and metastasis mediated by inflammation.

RESULTS

TNFa Is the Major Inflammatory Cytokine to Induce
Snail Stabilization
Because EMT occurs at the edges of the wound during healing

and at the invasive front of metastatic cancers (Christofori,

2006; Franci et al., 2006; Neilson, 2006), both processes are influ-

enced by stimuli that emanate from the inflammatory microenvi-

ronment, and because Snail is a major transcription factor for

EMT induction (Nieto, 2002; Thiery and Sleeman, 2006; Zhou

and Hung, 2005), we reasoned that tumor cell migration and inva-

sion at the tumor-host boundary are induced by inflammation

through Snail-mediated EMT induction. To test this hypothesis,

we first examined the invasive ability of 18 cancer cell lines from

breast, prostate, and colon cancers in response to macro-

phage-conditioned medium. We found that the invasive ability

for the majority of these cancer cell lines (15 of 18 cell lines) was

dramatically increased, compared with cells cultured in regular

medium (Figure 1A; see Figure S1 available online; data not

shown). Similar findings were also obtained when these cancer

cells were directly cocultured with macrophages (data not

shown). Interestingly, stable expression of Snail in two nonmeta-

static breast cancer cell lines (MCF7 and T47D, both of which

contain little endogenous Snail) greatly increased the invasive
ability of these cells (Figure 1A), indicating that Snail is a critical

molecule for mediating inflammatory cytokine-induced invasion.

Furthermore, when MCF7 and HEK293 GFP-Snail stable trans-

fectants were cultured with macrophage-conditioned medium,

cell detachment and acquisition of an EMT-like morphology

were noted (Figure 1B). Surprisingly, the intensity of the GFP-Snail

in these cells was dramatically elevated (Figure 1B). We previously

demonstrated that the half-life of Snail is about 25 min and is

mainly regulated through b-Trcp-mediated proteasome degrada-

tion (Zhou et al., 2004). The enhanced intensity of GFP-Snail, after

culture with macrophage-conditioned medium, suggested that

unknown cytokines from the conditioned medium induced protein

stabilization of Snail. Of the many inflammatory cytokines that

macrophages secrete, we tested the major cytokines—TNFa,

IL-1b, IL-2, IL-6, and IFNg—for their ability to stabilize Snail.

When Snail/HEK293 cells were treated with different cytokines

for 6 hr, we found that TNFa and proteasome inhibitor MG-132

induced the stabilization of Snail to a similar level (Figure 1C,

lane 2 versus lane 7). Similar results were also found in Snail/

MCF7, Snail/T47D, and Snail/ZR75 cells (Figure S2A). The cyto-

kine-induced Snail stabilization appears to correlate with NF-kB

activation (Figures S2B–S2D). IL-1b also induced Snail stabiliza-

tion in Snail/MCF7 cells, but this effect depended on cell types

and IL-1b concentration (Figure S2A and S2B). We also combined

the ineffective cytokines with TNFa and found no synergistic

effect between TNFa and the other cytokines (Figure 1C), indi-

cating that the effect on Snail stabilization by macrophage-condi-

tioned medium is mainly mediated by TNFa. To further confirm

this observation, we treated four different Snail-expressing stable

cell lines with TNFa and found that TNFa induced the stabilization

of Snail to a similar level as did the proteasome inhibitor MG-132

(Figure 1D). Moreover, we treated several cancer cell lines with

TNFa and found that TNFa also induced the stabilization of

endogenous Snail in these cells (Figure 1E). Interestingly, both

endogenous and exogenous Snail induced by TNFa migrated

faster on an SDS-PAGE gel than did Snail induced by MG-132

(Figures 1D and 1E), suggesting that the mechanism of Snail stabi-

lization appears to be different with these two agents. To deter-

mine whether the different migrating bands represent different

phosphorylated states of Snail, we immunoprecipitated Snail

and treated it with protein phosphatase (Figure 1F). Similar to

the findings of our previous report, Snail stabilized by MG-132

was in a phosphorylated form. However, Snail stabilized by

TNFa remained in a nonphosphorylated form. We next measured

the time course for Snail stabilization and found that the level of

Snail was increased after 1 hr of TNFa stimulation and reached

a maximum at about 4 hr (Figure 1G). However, the mRNA level

of Snail did not demonstrate a significant elevation within 6 hr

of TNFa treatment in MDA-MB231 and Snail/HEK293 cells

(Figure 1H; data not shown). Thus, the initial and rapid induction

of Snail suggested that the elevation of Snail by TNFa was mainly

due to protein stabilization. Furthermore, the TNFa-stabilized

Snail is functionally important for cell migration and invasion,

because the stabilization of Snail in Snail/MCF7 cells by TNFa

enhanced migration and invasion of these cells (Figure 1A; Figures

S1 and S3). Collectively, these results clearly indicate that the

inflammatory cytokine TNFa induces the stabilization of Snail in

a nonphosphorylated, functional form and thus enhances cell

migration and invasion.
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Figure 1. The Inflammatory Cytokine TNFa Induced Cell Migration and Invasion via Protein Stabilization of Snail

(A) The invasive ability of various cancer cell lines was examined by an invasion assay with regular culture medium (control medium) or macrophage-conditioned

medium (MP medium), as described in Experimental Procedures. Error bars show standard deviation of three independent experiments in duplicate.

(B) MCF7 and HEK293 GFP-Snail stable cell lines were cultured with control or MP medium overnight; the morphology and the intensity of GFP were examined

under a fluorescent microscope. Scale bar, 100 mm.

(C) Snail/HEK293 cells were treated with different cytokines (10 ng/ml for each) for 6 hr, and Snail was analyzed by western blotting.

(D) HEK293 and breast cancer MCF7, T47D, and ZR75 Snail stable cells were treated with either TNFa or MG-132 (10 mM) for 6 hr, and Snail was separated on

14% SDS-PAGE and examined by western blotting.

(E) Cells were treated with TNFa or MG-132, for 6 hr and endogenous Snail was analyzed by western blotting as described in (D).

(F) Snails were immunoprecipitated from Snail/HEK293 cells, and the immunocomplex was then incubated with or without l-phosphatase for 30 min and

analyzed by western blotting. p and n indicate phosphorylated and unphosphorylated Snail, respectively.

(G) Snail from Snail/HEK293 cells treated with TNFa for different time intervals was analyzed by western blotting.

(H) mRNA from MDA-MB231, treated with TNFa for different time intervals, was analyzed by RT-PCR. A reaction without template served as a negative

control (Ng).
TNFa-Mediated Snail Stabilization Is Dependent
on NF-kB Activation
Previously, we demonstrated that GSK-3b is a major kinase that

phosphorylates Snail and induces the protein degradation of

Snail (Yook et al., 2005; Zhou et al., 2004). To examine whether

the stabilization of Snail by TNFa is mediated by regulation of

GSK-3b activity, we treated Snail/HEK293 cells with the PI3K

inhibitor LY294002 to activate GSK-3b prior to TNFa treatment

(loss of GSK-3b phosphorylation at Serine 9 enhances GSK-3b

activity). We found that TNFa induced stabilization of Snail

regardless of the phosphorylated status of GSK-3b (Figure 2A),

suggesting that TNFa-mediated Snail stabilization is indepen-

dent of GSK-3b phosphorylation. To further investigate our find-

ings, we knocked down the expression of GSK-3b in Snail/

HEK293 cells using specific GSK-3b siRNA (Figure 2B). Down-

regulation of GSK-3b partially elevated the level of Snail

(Figure 2B, lane 2 versus lane 1). However, this down-regulation

did not affect TNFa-mediated Snail stabilization (Figure 2B,
418 Cancer Cell 15, 416–428, May 5, 2009 ª2009 Elsevier Inc.
lane 3 versus lane 4). Similarly, when Snail was expressed

in GSK-3b�/� MEFs, it also became partially stabilized

(Figure 2C, lane 5 versus lane 2), which is consistent with our

previous finding that GSK-3b is the major kinase for mediating

Snail degradation. Interestingly, TNFa-mediated Snail stabiliza-

tion was further elevated in the absence of GSK-3b (Figure 2C,

lane 6 versus lanes 5 and 3), indicating that TNFa and GSK-3b

are two key factors for stabilization of Snail.

To determine which signaling pathway was involved in TNFa-

mediated Snail stabilization, we next treated the cells with inhibi-

tors of the MAPK/ERK, mTOR, p38, and JNK kinases, since TNFa

can induce the activation of these pathways. Although the stabili-

zation of Snail by TNFa was not affected by these inhibitors, we

found that an NF-kB inhibitor (Sanguinarine) completely blocked

TNFa-stabilized Snail (Figure 3A). Similar results were also noted

when these cells were treated with another commonly used

NF-kB inhibitor, BAY 11-7082 (Figure S4), suggesting that the

activation of the NF-kB pathway is important for TNFa-mediated
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Snail stabilization. To further investigate this finding, we ex-

pressed wild-type (WT) or kinase-dead (KD) IKKa or IKKb, p65,

or IkB mutant in Snail/HEK293 cells, followed by treatment with

TNFa. Kinase-dead IKKb partially suppressed the stabilization of

Snail mediated by TNFa (Figure 3B, lane 10). Expression of the

super-suppressor of IkB (Karin, 2006) completely inhibited the

TNFa-stabilized Snail (Figure 3B, lane 14), whereas expression

of p65 alone in these cells induced Snail stabilization (Figure 3B,

lane 11). We also coexpressed p65 with GFP-Snail in HEK293

cells and found that the expression of p65 dramatically enhanced

Snail protein levels as the expression of p65 was colocalized with

GFP-Snail in the nucleus (Figure 3C). Collectively, these results

indicate that the activation of the NF-kB pathway was critical for

the stabilization of Snail. To confirm a causal relationship between

p65 and Snail, expression of p65 was knocked down by siRNA in

Snail/HEK293 cells. Knockdown of p65 expression suppressed

the stabilization of Snail mediated by TNFa (Figure 3D). Similarly,

knockdown of p65 expression in PC3 and HCT116 cells also

A

B
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Figure 2. TNFa-Mediated Snail Stabilization Was Parallel with

GSK-3b

(A) Snail/HEK293 cells were pretreated with or without LY294002 (20 mM) for

1 hr, followed by stimulation with or without TNFa for 6 hr. The expression of

Snail and the activation of Akt and GSK-3b were examined by western blotting.

(B) Control and GSK-3b siRNA were expressed in Snail/HEK293 cells for 42 hr,

followed by treatment with or without TNFa for additional 6 hr. The expression

of Snail, GSK-3b, and actin was examined by western blotting.

(C) Snail was expressed in WT or GSK-3b�/� MEF cells for 42 hr followed by

treatment with or without TNFa for additional 6 hr. The expression of Snail,

GSK-3b, and actin was examined by western blotting.
blocked TNFa-inducedendogenousSnail stabilization (Figure3D).

To rule out off-target effects caused by the siRNA, relevant data

were also confirmed with a second siRNA that depletes p65

with a similar efficiency (Figure S5). In addition, when Snail was

expressed in p65�/� MEF cells, we did not find the stabilization

of Snail by TNFa (Figure 3E). However, when Snail was coex-

pressed with p65 in these cells, the stabilization of Snail by

TNFa was restored (Figure 3E), confirming that p65 is required

for the stabilization of Snail. Furthermore, when Snail was

coexpressed with the E-cadherin promoter-driven luciferase

construct, a mild suppression of E-cadherin luciferase was noted.

Treatment with TNFa or coexpression with p65 greatly enhanced

Snail-mediated E-cadherin promoter suppression, indicating that

the enhanced suppression of the E-cadherin promoter was due to

the stabilization of Snail mediated by TNFa or the coexpression of

p65 (Figure 3F).

The Transcriptional Activity of NF-kB Is Required
for TNFa-Mediated Snail Stabilization
The p65 protein contains an N-terminal Rel-homolog domain

(RHD) that is conserved among all five Rel family members and

is required to associate with IkB and to form homo- or hetero-

dimers among Rel family transcription factors (Chen and Greene,

2004; Gilmore, 2006). The C terminus of p65 contains a DNA-

binding region and is required for its transcription activity

(Figure 4A) (Chen and Greene, 2004; Gilmore, 2006). To analyze

the molecular mechanism for Snail stabilization by p65, we coex-

pressed WT or different deletion mutants of p65 with Snail in

HEK293 cells. Interestingly, when the C-terminal region of p65

was deleted, the ability of p65 to induce the protein stability of

Snail was completely abolished (Figure 4A), indicating that the

transcription activity of p65 was critical for the stabilization of

Snail. Consistent with this notion, we found that the Snail stabi-

lization by TNFa was completely blocked when cells were

pretreated with a transcription inhibitor actinomycin D (Act D)

(Figure 4B). Because we showed that TNFa-stabilized Snail is

mediated at the posttranslational level (Figures 1G and 1H), the

transcriptional dependence of p65 suggests that a mediator is

involved in the stabilization of Snail and that this potential medi-

ator is induced by TNFa or p65 at the early time point. To further

define the underlying mechanism, we washed TNFa away from

culture medium after 6 hr of cell incubation with TNFa and

chased the degradation of Snail (Figures 4C and 4D). We found

a slow down-regulation of Snail (with a half-life more than 4 hr)

after removal of TNFa, suggesting that TNFa treatment has initi-

ated a program for the stabilization of Snail. However, this slow

down-regulation of Snail was suppressed by Act D even in the

presence of TNFa, indicating that a mediator, which is transcrip-

tionally induced by TNFa but is blocked by Act D, was required

for the stabilization of Snail. Compatible with this idea, the accel-

erated down-regulation of Snail by Act D was completely blocked

by a proteosome inhibitor, MG-132 (Figures 4C and 4D). In addi-

tion, we incubated cells with TNFa for 6 hr to induce a potential

mediator and then treated the cells with protein translational inhib-

itor cycloheximide (Figure S6). We found that the rate of Snail

degradation was slower than that in cells without TNFa pretreat-

ment (Figure S6). Together, these results strongly suggest that

a mediator was transcriptionally/translationally induced by TNFa

or p65 to block the proteasome degradation of Snail.
Cancer Cell 15, 416–428, May 5, 2009 ª2009 Elsevier Inc. 419
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Figure 3. Activation of NF-kB Pathway Was Required for the Stabilization of Snail

(A) Snail/HEK293 cells were pretreated with various inhibitors for 1 hr followed by stimulation with TNFa for 6 hr. The level of Snail was examined by western

blotting.

(B) FLAG-tagged IKK or Myc-tagged p65 or mutant IkB was coexpressed with Snail in HEK293 cells that were treated with or without TNFa for 6 hr. Expression of

Snail, IKK, p65, and IkB was analyzed by western blotting.

(C) GFP-Snail was coexpressed with p65 in HEK293 cells. After fixation, the cellular location of Snail (green) and p65 (red) was examined by immunofluorescent

staining (nuclei were stained with DAPI; blue). Scale bar, 20 mm.

(D) Control or p65 siRNA was expressed in Snail/HEK293, PC3, and HCT116 cells followed by TNFa or vehicle treatment for 6 hr. The levels of Snail and p65 were

examined by western blotting.

(E) Snail was either expressed with or without p65 in p65�/� MEF cells treated with TNFa or vehicle for 6 hr. Snail and p65 were analyzed by western blotting.

(F) Snail and/or p65 was coexpressed with the E-cadherin promoter luciferase construct in HEK293 cells. After 40 hr, cells were treated with or without TNFa for

6 hr and luciferase activity was measured by using a Dual-Luciferase Reporter Assay (Promega) (mean ± SD in three separate experiments).
CSN2 Induces Snail Stabilization by Inhibiting
Its Ubiquitination
Approximately 140 genes are regulated by p65, and some of

them are early response genes that are induced within 1 to

4 hr (Zhou et al., 2003). Because the protein stabilization of Snail

by TNFa begins at 1 hr and reaches a maximum at 4 hr (Fig-

ure 1G), the induction of genes that regulate Snail should occur

within 1 hr of TNFa stimulation. There are about 50 genes that

are induced within 1 hr of TNFa stimulation, such as IkBa

(Zhou et al., 2003). We screened the majority of these genes

for their ability to induce the stabilization of Snail (data not

shown) and found that the expression of COP9 signalosome 2

(CSN2) was of particular interest. CSN2 is the second and

most conserved subunit of the COP9 signalosome in all eukary-

otes (Cope and Deshaies, 2003; Richardson and Zundel, 2005;

Wolf et al., 2003). The eight CSN subunits share significant

sequence homologies with the eight subunits of the 26S protea-

some lid and are thought to cooperate with the ubiquitin/

proteasome system in the regulation of protein stability by inter-

acting with cullin-based ubiquitin ligases to control their activity.

To test whether CSN2 is involved in the regulation of Snail medi-
420 Cancer Cell 15, 416–428, May 5, 2009 ª2009 Elsevier Inc.
ated by TNFa or p65, we first examined the expression of CSN2

in cells by semiquantitative PCR after TNFa stimulation. Consis-

tent with the findings of a previous report (Zhou et al., 2003), the

induction of CSN2 expression occurred within 1 hr of TNFa treat-

ment and reached a maximum at 4 hr in several cell lines,

including HEK293, SKBR3, and MDA-MB231 cells (Figures 5A

and S7). The induction of IkB by TNFa, as a positive control,

also began within 1 hr of stimulation. Similar results were also ob-

tained when we performed Q-PCR analysis (data not shown).

Consistent with the change in mRNA, TNFa also induced endog-

enous CSN2 expression in a time-dependent manner in SKBR3

and MDA-MB231 cells (Figures 5A and S7). In addition, we

noticed that the promoter region of CSN2 contains 4 conserved

NF-kB binding sites. Expression of p65 induced the luciferase

activity driven by the CSN2 promoter (Figure 5B). Deletion of

the C terminus of p65 abolished its ability to induce CSN2

(Figure 5B). Moreover, when CSN2 was coexpressed with Snail

in HEK293 cells, it dramatically stabilized Snail protein to a similar

degree as did TNFa or MG-132 (Figure 5C). Surprisingly, the

stabilized Snail mediated by CSN2 was in a nonphosphorylated

form that is similar to TNFa but different from MG-132
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Figure 4. Transcriptional Dependence of NF-kB Was Involved in the Stabilization of Snail

(A) Wild-type (WT) or various deletion mutants of p65 (scheme diagram shown on left panel) were coexpressed with Snail in HEK293 cells and the expression of

Snail, IkB, and p65 was analyzed by western blotting.

(B) Snail/HEK293 cells were pretreated with or without actinomycin D (Act D; 0.5 mg/ml) for 1 hr followed by TNFa stimulation for 6 hr. Snail or IkB was analyzed by

western blotting.

(C) After stimulation with TNFa for 6 hr, Snail/HEK293 cells were washed twice with fresh medium to remove residual TNFa, followed by incubation without or with

Act D in combination with TNFa or TNFa/MG-132 together over a time course. Snail or IkB was analyzed by western blotting.

(D) Densitometry results for the level of Snail described above were plotted.
(Figure 5C). Similarly, when CSN2 was coexpressed with GFP-

Snail, it enhanced the intensity of GFP-Snail in the nucleus

(Figure 5D). To further determine whether CSN2 is required for

TNFa-mediated Snail stabilization, we treated cells with two

known CSN inhibitors, curcumin or emodin (Berse et al., 2004)

and found that the stabilization of Snail by TNFa was suppressed

(Figure 5E). In addition, when CSN2 expression was knocked

down by siRNA, the TNFa-stabilized Snail was greatly sup-

pressed in Snail/HEK293 cells (Figure 5F). Knockdown of

CSN2 expression also significantly inhibited the stabilization of

endogenous Snail induced by TNFa in PC3 and SKBR3 cells

(Figure 5F). This finding was not caused by the off-target effects

of siRNA, because similar data were also obtained with a second

siRNA that targets CSN2 with a similar efficiency (Figure S8).

Furthermore, expression of exogenous CSN2 enhanced the

steady-state of Snail, whereas knockdown of endogenous

CSN2 expression facilitated the degradation of Snail (Figure S9).

Together, these results indicate that CSN2 is the critical mediator

and is required for TNFa-mediated Snail stabilization.

Cullin is an essential scaffolding component of ubiquitin E3

ligases, and it is modified covalently by neddylation, which
blocks the association of cullin with a negative regulator,

CAND1 (Goldenberg et al., 2004; Richardson and Zundel,

2005). The activity of CSN is to remove the neddylation from cull-

ins and to facilitate the association of cullin with CAND1 and,

therefore, inhibit the ubiquitin E3 ligase activity of SCF complex.

CSN2 is the most conservative subunit of CSN, and it facilitates

the functional assembly of CSN complex (Naumann et al., 1999;

Schweitzer et al., 2007). The intrinsic de-neddylation function of

CSN complex is executed by CSN5 that contains MPN metal-

loenzyme activity. Similar to CSN2, expression of CSN5 also

induced the stabilization of Snail, indicating that the function of

CSN complex is critical for Snail stabilization (Figure S10).

Consistent with this finding, knockdown of CSN5 inhibited

CSN2-mediated Snail stabilization (Figure S11). Interestingly,

knockdown of CAND1, a negative regulator of cullins, also sup-

pressed CSN2-mediated Snail stabilization (Figure S11). We

previously demonstrated that the protein stability of Snail is regu-

lated by the E3 ligase b-Trcp and the proteasome pathway; treat-

ment with the proteasome inhibitor MG-132 stabilized Snail in

a highly phosphorylated and ubiquitylated form (Zhou et al.,

2004). Because Snail stabilized by TNFa or CSN2 occurs in
Cancer Cell 15, 416–428, May 5, 2009 ª2009 Elsevier Inc. 421
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Figure 5. CSN2 Induced Snail Stabilization

(A) HEK293 and SKBR3 cells were treated with TNFa for different time intervals and mRNA from these cells was analyzed by semiquantitative RT-PCR. Expres-

sion of CSN2 was also analyzed in SKBR3 cells.

(B) The CSN2 promoter luciferase construct was coexpressed with WT or different deletion mutants of p65 in HEK293 cells. Luciferase activities were normalized

and determined (mean ± SD in three separate experiments).

(C) Snail/HEK293 cells were either treated with TNFa or MG-132 for 6 hr or coexpressed with HA-CSN2. Expression of Snail and CSN2 was separated on 14%

SDS-PAGE and analyzed by western blotting.

(D) GFP-Snail was coexpressed with CSN2 or empty vector in HEK293 cells followed by treatment with TNFa or vehicle for 6 hr. The cellular location of Snail

(green) and CSN2 (red) was examined by immunofluorescent staining (nuclei were stained with DAPI; blue). Scale bar, 100 mm.

(E) Snail/HEK293 cells were pretreated with either DMSO, or Curcumin (CM; 50 nM) or Emodin (400 nM) for 1 hr followed by TNFa for 6 hr. Snail was examined by

western blotting.

(F) CSN2 siRNA was expressed in Snail/HEK293, PC3, and SKBR3 cells followed by treatment with TNFa or vehicle. Snail and CSN2 were examined by western

blotting.
a nonphosphorylated form (Figures 1F and 5C) and because

CSN2 affects ubiquitin E3 ligase, we analyzed whether the

protein stabilization is mediated by suppression of Snail ubiqui-

tylation. When ubiquitin was immunoprecipitated from the cell

lysate, we found significantly less Snail ubiquitylation in cells

treated with TNFa than in cells treated with MG-132

(Figure 6A). Similarly, when Snail was immunoprecipitated, we

also found that the ubiquitylation of Snail was dramatically

suppressed in cells treated with TNFa or expressing CSN2,

compared with cells treated with MG-132, although total stabi-

lized Snail proteins were similar (Figure 6B). Moreover, we found

that the association of Snail with its E3 ligase, b-Trcp, was abol-

ished in cells treated with TNFa or expression with CSN2

(Figure 6B). Because TNFa- and CSN2-stabilized Snail are un-

phosphorylated, we also examined the association of Snail

with GSK-3b since GSK-3b is the main kinase for mediating Snail

phosphorylation and degradation. Surprisingly, we found that

the association of Snail with GSK-3b was diminished in cells

treated with TNFa or CSN2, compared with cells treated with

MG-132 (Figure 6C). Consistent with these findings, when

endogenous GSK-3b was immunoprecipitated, the associated
422 Cancer Cell 15, 416–428, May 5, 2009 ª2009 Elsevier Inc.
endogenous Snail was significantly reduced in cells treated

with TNFa, compared with that in cells treated with MG-132

(Figure 6D). Similarly, when endogenous Snail was pulled

down, the bound endogenous GSK-3b was lost in cells treated

with TNFa (Figure 6E). Together, these results clearly demon-

strated that the stabilization of Snail by TNFa or p65 was medi-

ated by the transcriptional induction of CSN2, which, in turn, in-

hibited the association of Snail with b-Trcp and GSK-3b and thus

suppressed its ubiquitylation and phosphorylation.

Snail Is Required for Cell Migration, Invasion,
and Metastasis Mediated by Inflammation
Having established that TNFa-stabilized Snail is mediated by

NF-kB-induced CSN2, we next examined whether the stabiliza-

tion of Snail was required for cancer cell migration, invasion, and

metastasis mediated by inflammation. We first established

stable shRNA Snail knockdown cells from two highly metastatic

cancer cell lines, MDA-MB231 and MDA-MB435. We achieved

about 90% knockdown of endogenous Snail expression

(Figure 7A). Although we did not detect the gain of expression

of E-cadherin (data not shown), the expression of N-cadherin
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Figure 6. CSN2 Inhibited the Ubiquitination of Snail

(A) HA-ubiquitin was expressed in Snail/HEK293 cells followed by treatment with either TNFa or MG-132 for 6 hr. Ubiquitin was immunoprecipitated from equal

amount of lysates (two lower panels) and the ubiquitinated Snail was examined by western blotting.

(B) HA-ubiquitin was coexpressed with HA-CSN2 or control vector in Snail/HEK293 cells followed by treatment with TNFa or MG-132 for 6 hr. After Snail was

immunoprecipitated, the ubiquitination of Snail and the bound b-Trcp were examined by western blotting.

(C) Myc-GSK-3b was coexpressed with HA-CSN2 or control vector in Snail/HEK293 cells for 42 hr followed by treatment with MG-132 or TNFa for additional 6 h.

Snail was immunoprecipitated and the association of GSK-3b was examined by western blotting.

(D) HCT116 cells were either treated with TNFa or MG-132. Endogenous GSK-3b was immunoprecipitated, and the bound endogenous Snail was detected by

western blotting.

(E) Cells were treated with TNFa or MG-132. Endogenous Snail was immunoprecipitated and the associated endogenous GSK-3b was detected by western

blotting.
was dramatically decreased, whereas the expression of two tight

junction molecules, ZO-1 and claudin-1, was increased

(Figure 7A). Consistent with these molecular changes, cell migra-

tion of both Snail knockdown cell lines was inhibited in a wound

healing assay (Figures 7B and S12). Importantly, cell migration

induced by TNFa was also significantly suppressed (Figures

7B and S12). To rule out off-target effects caused by the shRNA,

relevant data were also confirmed with a second shRNA that

depletes Snail with a similar efficiency in MDA-MB231 cells

(Figure S13). On the invasion assays, although the invasiveness

of MDA-MB231 and MDA-MB435 cells were dramatically

increased when they were cocultured with macrophage-condi-

tioned medium or macrophages (Figures 7C and S14), the addi-

tion of TNFa antibody, but not the control IgG, suppressed cell

invasion induced by macrophages or macrophage-conditioned

medium (Figures 7C and S14). These results further confirm

our finding that TNFa is the major cytokine for inducing Snail

stabilization and cell invasion (Figure 1). Most important, knock-

down of Snail expression in these two cancer cell lines not only

inhibited the invasiveness that is intrinsic to the metastatic

cancers cells but also suppressed inflammation-enhanced inva-

sion (Figures 7C and S14).
We also tested our findings in a xenograft metastasis model in

which a cancer cell line, MDA-MB435, was used to generate

pulmonary metastases, and the administration of lipopolysac-

charide (LPS), an inducer of inflammation (Luo et al., 2004),

greatly accelerated lung metastases in mice (Figures 8A, S15,

and S16). Knockdown of Snail expression suppressed both the

intrinsic and inflammation-enhanced metastasis in these mice.

Similar results were also obtained when we used another meta-

static breast cancer cell line, MDA-MB231, in the xenograft

metastasis assay (Figure 8A). Together, our results demon-

strated that Snail is required for cell migration, invasion, and

metastasis mediated by inflammation.

To further extend our findings in vivo, we determined whether

there is a correlation between the expression of Snail and the

activity of p65 in cancer cell lines and resected human breast

cancer specimens. Because p65 is active in the nucleus and

Snail is localized in the nucleus when it is stabilized (Zhou

et al., 2004), we measured the expression of Snail and p65 in

nuclear extracts from 14 different cancer cell lines. We found

that the nuclear level of p65 was highly correlated with the

protein level of Snail (Figure 8B). Likewise, in 110 breast cancer

specimens, the expression of p65 was highly correlated with the
Cancer Cell 15, 416–428, May 5, 2009 ª2009 Elsevier Inc. 423
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Figure 7. Knockdown of Snail Expression Suppressed Inflammation-Induced Cell Migration and Invasion In Vitro

(A) In the top two panels, mRNA from MDA-MB231 and MDA-MB435 cells and their corresponding stable transfectants with knockdown of Snail expression were

analyzed by RT-PCR. In the bottom five panels, expression of Snail (treated with MG-132 for 6 hr), N-cadherin, ZO-1, Claudin-1, and actin was analyzed by

western blotting.

(B) The motile behavior of MDA-MB231 and its corresponding Snail knockdown cells was analyzed by wound healing assay. The percentage of migrating cells

was shown (mean ± SEM in three separate experiments) and the representative images were shown in Figure S12.

(C) The invasive ability of MDA-MB231 and MDA-MB435 cells and their corresponding stable transfectants with knockdown of Snail expression was analyzed by

the invasion assay. The representative images were shown and the percentage of invasive cells was plotted in bottom graph (mean ± SEM in three separate

experiments). Scale bar, 200 mm.
expression of Snail (Figure 8C and Table S1). Thus, these results

in human breast cancer tissues confirmed our observations in

cell culture and in an animal model, lending further support to

our hypothesis that the stabilization of Snail by p65 is required

for the cell migration and invasion induced by inflammatory cyto-

kines.

DISCUSSION

In this study, we showed that TNFa-induced Snail stabilization

plays a critical role in inflammation-induced EMT and cancer

cell migration, invasion, and metastasis. Our study provides

several insights into the regulation of EMT and metastasis. First,

our study indicates that Snail-induced EMT is critical for inflam-

mation-initiated invasion and metastasis. In the tumor-host

boundary, the persistent recruitment of immune cells, such as

macrophage and mast cells, is thought to establish an inflamma-

tory tumor microenvironment. The remarkable interaction of

macrophages with tumor cells has been visualized in vivo by

multiphoton imaging and is found to enhance tumor cell dissem-
424 Cancer Cell 15, 416–428, May 5, 2009 ª2009 Elsevier Inc.
ination and invasion at the invasive front (Condeelis and Pollard,

2006; Wyckoff et al., 2007). In addition, macrophage ablation in

experimental tumor models greatly inhibited the occurrence of

tumor metastasis (Lin et al., 2001). Although macrophages

have been shown to enhance angiogenesis and MMP produc-

tion and thus facilitate tumor metastasis (Lin et al., 2006; Luo

et al., 2006), the underlying molecular mechanism for macro-

phage-induced dissemination and invasion of tumor cells at

the invasive front remains unclear. In our study, we found that

coculture of tumor cells with macrophages greatly enhanced

the migration and invasion of tumor cells by inducing the EMT

program through NF-kB-mediated Snail stabilization (Figure 1).

Knockdown of Snail expression not only inhibits TNFa-induced

cancer cell migration and invasion in vitro but also suppresses

LPS-mediated metastasis in vivo (Figures 7 and 8). A recently

study (Luo et al., 2004) elegantly demonstrated that injection of

LPS induced an inflammatory condition and enhanced NF-kB-

mediated tumor growth and metastasis of colon cancer in an

experimental metastasis model. That study further demonstrated

that blocking the NF-kB pathway converts inflammation-induced
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Figure 8. Knockdown of Snail Expression Suppressed Inflammation-Induced Metastasis In Vivo

(A) MDA-MB435 and MDA-MB231 cells and their corresponding stable transfectants with knockdown of Snail expression were injected into the tail vein of ICR-

SCID mice. After 6–9 weeks, the number of lung metastases was plotted (mean ± SEM, n = 6) and the representative photography of lung was shown. For lung

metastases, *p < 0.01 for parental cells compared with their stable transfectants with knockdown of Snail expression after treatment with LPS, #p < 0.05 when

compared with PBS stimulation for parental cells, yp < 0.05 for parental cells compared with their stable transfectants with knockdown of Snail expression treated

with PBS.

(B) Nuclear extracts were prepared from various cancer cell lines and the expression of Snail and p65 was analyzed by western blotting. Poly (ADP-ribose) poly-

merase (PARP) was used as a control for the equal loading of nuclear extracts.

(C) The 110 surgical specimens of breast cancer were immunostained using antibodies to Snail, p65, as well as the control serum (data not shown). Represen-

tative stains from the same tumor samples are shown. Scale bar, 100 mm.

(D) A proposed model to illustrate the stabilization of Snail by TNFa leading to EMT and metastasis.
tumor growth and metastasis to TRAIL-mediated tumor regres-

sion. This is an important finding because inflammation both

promotes tumor growth and metastasis and kills cancer cells.

Consistent with this observation, we found that the introduction

of LPS in mice greatly enhanced lung metastasis of breast cancer

cells (Figure 8A). Knockdown of Snail not only blocked metast-

asis that is intrinsic to the metastatic breast cancer cells but

also greatly suppressed inflammation-accelerated metastasis

(Figure 8A). Because Snail possesses an antiapoptotic function

in addition to the induction of EMT (Kajita et al., 2004; Vega

et al., 2004), future studies will explore whether knockdown of

Snail induces apoptosis mediated by inflammation and thus

contributes to the metastatic suppression. Similar to our findings,

Olmeda et al. (2007) recently showed that silencing of Snail

expression by shRNA inhibited tumor growth and invasiveness.

It will be interesting to determine whether the silencing of Snail

expression in their system also suppresses inflammation-medi-

ated cell invasion and metastasis. Collectively, our study indicates

that Snail stabilization and EMT induction, mediated by the

inflammatory cytokine TNFa, are critical for metastasis and thus
provides a plausible molecular mechanism for tumor cell dissem-

ination and invasion at the invasive front.

Second, our study reveals a mechanism of Snail regulation by

NF-kB in the process of inflammation-induced EMT and cancer

metastasis. We and others previously showed that Snail is

mainly regulated by GSK-3b-mediated phosphorylation and

degradation (Yook et al., 2005; Zhou et al., 2004). In current

study, we showed that TNFa-mediated Snail stabilization occurs

through the induction of CSN2, which blocks the phosphoryla-

tion and ubiquitylation of Snail by disrupting its binding to

GSK-3b and b-Trcp (Figures 5 and 6), resulting in Snail stabil-

ization in a nonphosphorylated and nonubiquitylated state

(Figure 8D). These findings are in agreement with the notion

that Snail is a labile protein and is subjected to delicate regulation

by multiple extracellular signaling pathways to control its ubiqui-

tylation and degradation (Figure 8D). Interestingly, dorsal,

a Drosophila homolog of p65, has been shown to be the key

regulator of Snail and Twist during embryonic patterning and

the innate immune response in fly (Furlong et al., 2001). In this

study, we showed that activation of the NF-kB pathway is the
Cancer Cell 15, 416–428, May 5, 2009 ª2009 Elsevier Inc. 425
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major signal for the stabilization of Snail and the induction of EMT

(Figures 1 and 7). Activation of NF-kB correlated with the level of

Snail in breast cancer cell lines and tumor samples (Figure 8).

Thus, our results indicate that the signaling pathway between

Snail and NF-kB is highly conserved from fly to mammal and

highlight the notion that cancer cells utilize many developmental

strategies for their proliferation and progression. Although Snail

has recently been shown to be increased at the transcriptional

level by the NF-kB pathway (Bachelder et al., 2005; Julien

et al., 2007; Kim et al., 2007), our results indicate that the stabi-

lization of Snail by TNFa also occurs at the posttranslational

level. Therefore, it is likely that NF-kB regulates the activity of

Snail through both transcriptional and posttranslational mecha-

nisms at EMT (Huber et al., 2004). The posttranslational regula-

tion provides a rapid induction of Snail that is urgently needed,

whereas the transcriptional regulation offers a persistent and

lasting activity of Snail during chronic inflammation.

The involvement of CSN2 in regulating the stability of Snail is

intriguing. CSN2 is the second and most conserved subunit of

the COP9 signalosome in all eukaryotes (Cope and Deshaies,

2003; Richardson and Zundel, 2005; Wolf et al., 2003). Recent

evidence indicates that CSNs cooperate with the ubiquitin/pro-

teasome system in the regulation of protein stability by interact-

ing with cullin-based ubiquitin ligases to control their activity. In

line with this concept, Chang and colleagues found a 512-gene

expression pattern as a wound response signature and showed

that this signature is a powerful predictor of metastasis and

death in diverse types of primary human tumors (Chang et al.,

2005; Chang et al., 2004). They demonstrated that amplification

of c-Myc and another subunit of COP9 signalsome, CSN5, are

the critical genetic regulators for these large-scale transcrip-

tional wound response signatures in cancer (Adler et al., 2006).

Strikingly, overexpression of c-Myc and CSN5 in nontrans-

formed mammary epithelial MCF10A cells induce an invasive

morphology and confer invasive ability on these cells to invade

through a three-dimensional basement membrane matrix. In

addition, expression of these two genes activates the wound

response program with a similar wound response signature

(Adler et al., 2006). Because c-myc is a transcriptional factor

and CSN5 is a critical regulator of protein stability, we speculate

that c-myc and CSN5 control the wound response program at

transcriptional and posttranslational level, respectively. The crit-

ical role of CSNs in regulating protein stability is further sup-

ported by the observations that many important transcription

factors and signal transduction regulators have short half-lives

(such as p53, c-Jun, HIF1, and IkBa) and are regulated through

ubiquitylation and degradation. Expression of CSN2 or CSN5

induces the protein stabilization of c-Jun, IkBa, and p27 (Huang

et al., 2005; Yang et al., 2002). In our study, we found that expres-

sion of CSN2 induces stabilization of Snail and knockdown of

CSN2 expression blocks TNFa-mediated Snail stabilization

(Figures 5 and 6). Thus, the posttranslation regulation of Snail,

mediated by CSN during the inflammatory response, provides

a delicate control of Snail during EMT and metastasis. Interest-

ingly, Schweitzer et al. (2007) recently found that CSN2 controlled

NF-kB activity by de-ubiquitylating and stabilizing IkBa. They

found that expression of CSN2 induced the functional assembly

of CSN complex. In addition, CSN2 disrupted the association of

IkBa with b-Trcp and enhanced the de-ubiquitylating of IkBa by
426 Cancer Cell 15, 416–428, May 5, 2009 ª2009 Elsevier Inc.
de-ubiquitinylase USP15. On contrary, knockdown of CSN2

expression enhanced TNFa-mediated highly phosphorylated

and highly ubiquitylated IkBa. Their results are consistent with

our findings. However, whether CSN2 also stabilizes other

b-Trcp substrates in a similar fashion requires systematic and

thorough investigation.

Our also study suggests that EMT and MET (mesenchymal-

epithelial transition) is a dynamic process that is controlled by

an inflammatory microenvironment. By adopting a mesenchymal

phenotype through EMT, individual carcinoma cells can infiltrate

adjacent tissues, cross endothelial barriers, and enter the circu-

lation through blood and lymphatic vessels. Once the cancer

cells reach their secondary tissues or organs, they can revert

back to an epithelial morphology through an MET process at

the secondary tissues or organs that lack inflammatory stimuli.

This model is consistent with the fact that, although some

cancers are invasive and metastatic, their secondary metasta-

sized lesions have well-differentiated epithelial characteristics.

Our study also supports the view that EMT mainly occurs at

the invasive front of metastatic carcinoma (Christofori, 2006;

Franci et al., 2006). It is highly unlikely that EMT would occur in

a whole tumor because there is lack of tumor-stroma interaction

and an inflammatory microenvironment in the center of the

tumor.

In summary, we showed that inflammation-triggered migra-

tion, invasion, and metastasis of tumor cells are mediated

through NF-kB-induced Snail stabilization. Knockdown of Snail

expression inhibits inflammation-induced cancer cell migration

and invasion in vitro and metastasis in vivo. Our study not only

reveals a critical mechanism underlying inflammation-induced

metastasis but also has important implications in the develop-

ment of treatment strategies for metastatic cancers.

EXPERIMENTAL PROCEDURES

Plasmids, siRNA, and Antibodies

GSK-3b siRNA expression plasmid pkD-GSK-3b-V1 was purchased from

Upstate Biotechnology. Smart pool siRNA against human CSN2 (siRNA-1),

p65 (siRNA-1), CSN5, and CAND1 were obtained from Dharmacon (Chicago, IL).

A second validated siRNA against CSN2 (siRNA-2) or p65 (siRNA-2) was

purchased from QIAGEN (Valencia, CA). Primers corresponding to the human

Snail (from 507 to 525) were cloned into the pSUPER vector to generate

pSUPER-shRNA-Snail-1 expression plasmid (shRNA-1) for RNAi silencing. A

second shRNA against Snail (shRNA-2; TRCN0000063819) was purchased

from MISSION shRNA at Sigma-Aldrich (St Louis, MO). Information for other

plasmids and antibodies used in this study are described in Supplemental

Experimental Procedures.

Macrophage Preparation and Culture

Buffy coats that contain mononuclear cells were collected from the blood of

healthy individual donors at Gulf Coast Regional Blood Center (Houston,

TX). Primary blood monocytes were isolated by density-gradient centrifuga-

tion through Ficol/Hypaque (Amersham Bioscience, Piscataway, NJ), sus-

pended (8 3 106 cells/ml) in RPMI 1640 medium with 15% heat-inactivated

human serum (Sigma, St. Louis, MO), and seeded in flasks (Borovikova

et al., 2000). After incubation for 2 hr at 37�C, adherent cells were detached

with 10 mM EDTA and resuspended (106 cells/ml) in medium supplemented

with 40 ng/ml human MCSF (PeproTech Inc, Rocky Hill, NJ). Cells were

allowed to differentiate for 7 days in the presence of MCSF. On day 7, fresh

medium without MCSF was added to the cells, and the cells continued to

culture for 24 hr. Human macrophages were finally exposed to LPS (100 ng/ml,

Sigma) for 24 hr. The culture medium was collected, centrifuged, stored in

aliquots at �80�C, and defined as macrophage-conditioned medium. For
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coculture experiments, Transwell inserts (0.2 mm pores, Nunc) that contain 2 3

105/ml macrophages were placed inside an upper well of the Boyden

chamber, which was coated with Matrigel and seeded with various cancer

cell lines.

Experimental Lung Metastasis Model

Female ICR-SCID mice (6–8 weeks old) were purchased from Taconic (Ger-

mantown, NY) and maintained and treated under specific pathogen-free

conditions. All procedures were approved by the Institutional Animal Care

and Use Committee at the University of Texas Medical Branch and conform

to the legal mandates and federal guidelines for the care and maintenance

of laboratory animals. Mice (6 for each group) were injected intravenously

with breast cancer cell lines MDA-MB-231 (1 3 106 cells/mouse) or MDA-

MB-435 (2 3 106 cells/mouse) cells via the tail vein. Three weeks later, mice

were injected intraperitoneally with 10 mg of LPS (serotype 055:B5; Sigma) in

PBS or with PBS alone. After an additional 3 weeks (for MDA-MB435) or

9 weeks (for MDA-MB231), mice were killed by cervical dislocation, and lungs

were removed and weighed. Visible lung metastatic nodules were examined

macroscopically or detected in paraffin-embedded sections stained with

hematoxylin and eosin. Data were analyzed by Student’s t test; p < 0.05 was

considered significant.

Statistical Analysis

The experiments were repeated at least two times. Results are expressed as

mean ± SD or SEM, as indicated. An independent Student’s t test was per-

formed to analyze the luciferase assay. Two-tailed student’s t test was used

to compare the intergroup; p < 0.05 was considered statistically significant.

SUPPLEMENTAL DATA

The Supplemental Data include one table, 16 figures, and Supplemental

Experimental Procedures and can be found with this article online at http://

www.cell.com/cancer-cell/supplemental/S1535-6108(09)00085-3.
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