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Background: RSK2-mediated prometastatic signaling mechanism remains unclear.
Results: RSK2-CREB pathway up-regulates Fascin-1 to promote filopodia formation, cancer cell invasion, and tumor
metastasis.
Conclusion: RSK2-CREB-Fascin-1 pathway could be a promising therapeutic target in metastatic cancers.
Significance: These data will advance our understanding of signaling pathways that mediates RSK2-dependent prometastatic
signals.

Metastasis is the leading cause of death in patients with
breast, lung, and head and neck cancers. However, the molecu-
lar mechanisms underlying metastases in these cancers remain
unclear. We found that the p90 ribosomal S6 kinase 2 (RSK2)-
cAMP response element-binding protein (CREB) pathway is
commonly activated in diverse metastatic human cancer cells,
leading to up-regulation of a CREB transcription target Fas-
cin-1. We also observed that the protein expression patterns of
RSK2 and Fascin-1 correlate in primary human tumor tissue
samples from head and neck squamous cell carcinoma patients.
Moreover, knockdown of RSK2 disrupts filopodia formation
and bundling in highly invasive cancer cells, leading to attenu-
ated cancer cell invasion in vitro and tumor metastasis in vivo,
whereas expression of Fascin-1 significantly rescues these phe-
notypes. Furthermore, targeting RSK2 with the small molecule
RSK inhibitor FMK-MEA effectively attenuated the invasive
and metastatic potential of cancer cells in vitro and in vivo,
respectively. Taken together, our findings for the first time link
RSK2-CREB signaling to filopodia formation and bundling
through the up-regulation of Fascin-1, providing a proinvasive

and prometastatic advantage to human cancers. Therefore, pro-
tein effectors of the RSK2-CREB-Fascin-1 pathway represent
promising biomarkers and therapeutic targets in the clinical
prognosis and treatment of metastatic human cancers.

More than 90% of mortality from cancer is not caused by the
primary tumors but rather by metastases, which are a major
prognostic indicator and cause it to be an incurable disease
(1–5). Invasion is the process by which cancer cells leave the
tumor and enter adjacent tissue (6). Cancer cells possess a
broad spectrum of invasion mechanisms that are tightly regu-
lated by a number of cell signaling proteins (1, 7, 8).We recently
reported that p90 ribosomal S6 kinase 2 (RSK2)4 confers pro-
invasive and prometastatic potential to metastatic head and
neck cancer cells (9). RSK2 is a Ser/Thr kinase that phosphory-
lates multiple signaling effectors, including transcription factors
such as the cAMP response element-binding (CREB) protein
(10), to regulate cell cycle, cell survival, and proliferation
(reviewed in Refs. 11 and 12).
CREB is a transcription factor whose signaling is implicated

in the promotion of tumor progression, growth stimulation, the
conferring of apoptotic resistance, and the support of angiogen-
esis (13, 14). In human prostate cancer, CREB is associatedwith
androgen-independent progression and promotes prostate
cancer bone metastasis (15). RSK2 activates CREB by phosphor-
ylating Ser-133, which then promotes CREB binding to the
coactivator CBP (CREB-binding protein) and mediates func-
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tional contacts with the basal transcriptional machinery (16).
Fascin-1 is a CREB transcription target that binds to actin and
bundles F-actin into tightly packed parallel arrays (17–20). Fas-
cin-1 is the only actin-bundling protein that localizes along the
entire lengths of filopodia (21, 22), which are actin-containing
spikes that aid in cell migration. Abundant filopodia formation
is a critical hallmark of the invasive phenotype of cancer cells
(23, 24). Elevated expression of Fascin-1 in cancer cells has been
reported to correlate with an aggressive clinical outcome and
poor prognosis in various types of cancers including liver can-
cer,melanoma, brain, and breast cancers (25–27).However, the
mechanism by which proinvasive and prometastatic signals
regulate CREB and Fascin-1 in metastatic human cancers
remains largely unknown.Here, we report that the RSK2-CREB
signaling pathway represents a common proinvasive and pro-
metastatic pathway in diversemetastatic cancers that functions
in part by up-regulating Fascin-1.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies include RSK2, vimentin, and GSK3�/�
antibodies (SantaCruz Biotechnology, Inc., Dallas, TX); Fascin-1
antibodies (Santa Cruz Biotechnology, Inc. and Dako, Carpin-
teria, CA); phospho-CREB (Ser-133), CREB, phospho-RSK
(Ser-380), and phospho-GSK3�/� (Ser-21/9) antibodies (Cell
Signaling Technology, Inc., Danvers, MA); anti-FLAG and
�-actin antibodies (Sigma Aldrich Corp.); Ki-67 antibody
(Dako).
In Vitro Cell Invasion and Proliferation Assays—Cell inva-

sion assays were performed as described (9). In brief, cells were
seeded on Matrigel-coated chambers and incubated for 48 h.
Invaded or non-invaded cells were fixed and stained in 25%
methanol and 0.5% crystal violet. Total cell number was
assessed by combining both non-invaded cells and invaded cells
in the chambers. The relative invasion level was defined as the
number of cells that had passed through the Matrigel-coated
membranes normalized to the total cell number. Proliferation
was determined by using the Celltiter96AQueous One solution
proliferation kit (Promega, Madison, WI).
In Vitro Cell Migration Assay—Eight-�m pore Transwell

inserts (BDBiosciences) bottomswere coatedwith collagen (40
�g/ml). Cells (3.3–6.6 � 103) were seeded in the upper cham-
bers and were incubated for 24 h. Non-migrated cells on the
upper surface or migrated cells on the lower surface of the
membrane were removed with a cotton swab. The cells were
fixed, stained, and counted as described above for the invasion
assay.
Reagents—The RSK-specific inhibitor fmk has been described

previously (28). SL0101 was purchased from Toronto Research
Chemicals, Inc., Toronto, Ontario, Canada. shRNA constructs
were purchased from Open Biosystems (Pittsburgh, PA). The
sense strands of the RSK2, CREB, and Fascin-1 shRNAs were
GCCTGAAGATACATTCTATTT, CAGTGGATAGTGTAA-
CTGATT, and TTCTTGGAGGTCACAAACTTG, respectively.
The RSK2 construct has been described previously (29). The
image clone for Fascin-1 (GenBankTM accession no. BC000521)
was purchased from Open Biosystems. The Fascin-1 gene was
FLAG-tagged by PCR and subcloned into the pLHCX-derived
gatewaydestinationvectorasdescribedforexpression inhumancell

lines (30). SKBR3andA549were fromtheAmericanTypeCulture
Collection.212LNandM4ehavebeendescribedpreviously (9,31).
Cell line authenticationwas carried out using STRprofiling by the
RADIL CellCheckTM service.
Promoter Reporter Assay—The pmFascin-1-luc construct

was kindly provided by Drs. D. Vignjevic and A. Reske-Kunz
(Institut Curie and University ofMainz). The plasmid transfec-
tion and dual luciferase reporter assay were carried out accord-
ing to the manufacturer’s instructions (Promega, Madison,
WI).
SEM Experiments—Cells were seeded in silicon chips and

fixed in 2.5% glutaraldehyde and 0.1 M cacodylate buffer,
washed in the same buffer, and post fixed in 1% buffered
osmium (2.5% glutaraldehyde in 0.1 M cacodylate buffer) for 1 h
followedwith a gentlewash in distilledwater. The sampleswere
dehydrated in ethanol and placed into the chilled chamber of a
critical point dryer (Polaron, model E3000), which was filled
with liquid CO2 under pressure. The ethanol was completely
exchanged for liquid CO2 in the critical point dryer. The dried
samples were attached to labeled aluminum stubs and sputter
coated with �12–15 nm gold-palladium. The samples were
imaged using a Topcon DS 130F field emission scanning elec-
tron microscope with an accelerating voltage of 10 kV.
Immunofluorescence Staining—A549 and SKBR3 cells were

seeded on coverslips and fixed in PHEMO buffer as described
previously (9). Cells were blocked in 10% goat serum and then
stained with Alexa Fluor 555 conjugated phalloidin (5 units/ml,
Invitrogen) to stain filamentous actin. The coverslips were
washed in PBS, mounted, and imaged on a Zeiss LSM 510
META confocal microscope.
Xenograft Nude Mouse Assay—Animal experiments were

carried out based on protocols approved by the Institutional
Animal Care and Use Committee of Emory University. For
xenograft experiments using three groups of mutant M4e cell
lines, mice (athymic nu/nu, female, 4–6 weeks old, Taconic,
Hudson, NY) were injected submandibular to the mylohyoid
muscle with mutant cells as described previously (9). After 3
weeks, primary tumors and lymph nodes were collected, fixed,
and paraffin-embedded. For FMK-MEA treatment, each of the
nude mice (athymic nu/nu, female, 4–6 weeks old) were
injected with 0.5 � 106 cells/100 �l of PBS submandibular to
the mylohyoid muscle. On day 5 after injection, mice were
divided into two groups with similar average weights with each
group receiving either FMK-MEA or PBS. Each mouse was
administered 80 mg/kg of FMK-MEA daily by intraperitoneal
injection from 5 days after the xenograft for 16 days total. The
control group received PBS alone on the same schedule. Tumor
growth was recorded by measuring (every 2–3 days) two per-
pendicular diameters of the tumors using the formula 4�/3 �
(width/2)2 � (length/2). Mice were sacrificed after 16 days post
drug treatment. The lymph nodes and primary tumors were
collected, fixed, and paraffin-embedded for histopathological
analyses.
Immunohistochemical Staining (IHC)—The IHC was per-

formed in a manner similar to a method described previously
using the set of human HNSCC tissue samples used in Ref. 9
and lymph nodes or tumors obtained from xenograft mice.
The anti-Fascin-1 antibody from Dako (1:1000), anti-phos-
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pho-CREB S133 antibody from Cell Signaling Technology
(1:100), anti-vimentin antibody from Santa Cruz Biotech-
nology (1:1000), and anti-Ki-67 antibody from Dako (1:200)
were used for staining.

RESULTS

The RSK2-CREB Pathway Is Commonly Activated in Diverse
Metastatic Human Cancers, Leading to Up-regulated Gene
Expression of the Prometastatic Protein Fascin-1—To deter-
mine whether RSK2-CREB is a common proinvasive and pro-
metastatic signaling pathway, we tested the invasive andmigra-
tion potential of diverse metastatic cell lines with either RSK2
or CREB knockdowns, including HNSCC 212LN, lung cancer
cell line A549, and the breast cancer cell line SKBR3. Targeted

down-regulation of CREB or RSK2 resulted in a significant
reduction of cell invasion and migration in 212LN, A549, and
SKBR3 cells, suggesting that the RSK-CREB signaling pathway
confers an invasive potential in diverse metastatic human can-
cer cell lines (Fig. 1, A and B, respectively). Similar results were
obtained using additional shRNA clones or siRNAs for RSK2
and CREB (data not shown). However, knockdowns of either
RSK2 or CREB did not significantly affect the proliferation rate,
suggesting that the resulting decrease in cell invasion and
migrationwas not a consequence of reduced proliferation (data
not shown).
To explore the molecular mechanism underlying RSK2-

CREB pathway-enhanced metastasis, we surveyed potential
links between RSK2 and a group of CREB transcription targets

FIGURE 1. RSK2 activates CREB to promote cancer cell invasion and migration by up-regulating proinvasive Fascin-1. A, stable knockdown of RSK2 or CREB by
shRNA (lower panels) results in significantly decreased invasion (upper panels) in the metastatic cell line HNSCC 212LN (left), the lung cancer cell line A549 (middle) and
the breast cancer cell line SKBR3 (right). B, stable knockdown of RSK2 in 212LN, A549, and SKBR3 cells decreases cancer cell migration in a collagen-based migration
assay. C, a summary of RT-PCR results detecting mRNA levels of a group of CREB transcription targets in metastatic lung cancer A549 and HNSCC M4e cells with a stable
knockdown of RSK2 or CREB. One-step RT-PCR was performed using specific primers. The mRNA level of each transcription target was calculated as the signal intensity
of each target band normalized to its relevant GAPDH band on agarose gels. The number indicates the mRNA ratio of each target in A549 and M4e cells with either RSK2
knockdown or CREB knockdown to the control cells with an empty vector. D, real-time RT-PCR results show that RSK2 knockdown results in decreased mRNA levels of
the prometastatic CREB downstream target, Fascin-1 but not other CREB transcription targets in M4e cells. E, real-time RT-PCR results show that RSK2 knockdown
results in decreased mRNA levels of Fascin-1 in various metastatic human cancer cells. F, knockdown of RSK2 resulted in attenuated Ser-133 phosphorylation of CREB,
as well as attenuated protein expression levels of Fascin-1 in highly invasive 212LN, A549, and SKBR3 cells. G, RSK2 activates the fascin-1 gene promoter in a luciferase
reporter assay. The Fascin-1 promoter-reporter construct and a plasmid containing the constitutively active mutant form of RSK2,Y707A (RSK2 CA) were co-transfected
into 293T cells. After 24 h, cells were collected and assayed for luciferase expression. The results are shown as the firefly luciferase activity corrected for the Renilla
luciferase activity in the cell lysate, in RSK2 CA-stimulated versus control cells and are expressed as the fold induction. All of the error bars shown in the figures represent
the mean values � S.D. from three replicates of each sample. p values were determined using Student’s t test (*, p � 0.01–0.05; **, p � 0.01). The Western blot data
presented are from one experiment that is representative of multiple independent experiments.
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