THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 50, pp. 34785-34795, December 12, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Localized Rho GTPase Activation Regulates RNA Dynamics
and Compartmentalization in Tumor Cell Protrusions™

Received for publication, May 26, 2008, and in revised form, September 22,2008 Published, JBC Papers in Press, October 9, 2008, DOI 10.1074/jbc.M804014200
Heather C. Stuart, Zongjian Jia, Anat Messenberg, Bharat Joshi, T. Michael Underhill, Hakima Moukhles,

and Ivan R. Nabi'

From the Department of Cellular and Physiological Sciences, Life Sciences Institute, University of British Columbia,

Vancouver, British Columbia V6T 1Z3, Canada

mRNA trafficking and local protein translation are associated
with protrusive cellular domains, such as neuronal growth
cones, and deregulated control of protein translation is associ-
ated with tumor malignancy. We show here that activated
RhoA, but not Racl, is enriched in pseudopodia of MSV-
MDCK-INV tumor cells and that Rho, Rho kinase (ROCK), and
myosin II regulate the microtubule-independent targeting of
RNA to these tumor cell domains. ROCK inhibition does not
affect pseudopodial actin turnover but significantly reduces the
dynamics of pseudopodial RNA turnover. Gene array analysis
shows that 7.3% of the total genes analyzed exhibited a greater
than 1.6-fold difference between the pseudopod and cell body
fractions. Of these, only 13.2% (261 genes) are enriched in pseu-
dopodia, suggesting that only a limited number of total cellular
mRNAs are enriched in tumor cell protrusions. Comparison of
the tumor pseudopod mRNA cohort and a cohort of mRNAs
enriched in neuronal processes identified tumor pseudopod-
specific signaling networks that were defined by expression of
M-Ras and the Shp2 protein phosphatase. Pseudopod expres-
sion of M-Ras and Shp2 mRNA were diminished by ROCK inhi-
bition linking pseudopodial Rho/ROCK activation to the local-
ized expression of specific mRNAs. Pseudopodial enrichment
for mRNAs involved in protein translation and signaling sug-
gests that local mRNA translation regulates pseudopodial
expression of less stable signaling molecules as well as the cellu-
lar machinery to translate these mRNAs. Pseudopodial Rho/
ROCK activation may impact on tumor cell migration and
metastasis by stimulating the pseudopodial translocation of
mRNAs and thereby regulating the expression of local signaling
cascades.

Regulation of mRNA translation through PI3K/Akt/mTOR
signaling and downstream elF4E-binding protein and S6
kinases play key roles in tumorigenesis (1, 2). In particular, the
initiation factor eIF4E induces tumorigenicity and has recently
been effectively targeted to inhibit tumor growth (3, 4). In var-
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ious nonmammalian and mammalian cell systems, mRNA
localization is a driving force for cell polarization and a key
mechanism in post-transcriptional gene regulation (5). Local
translation in dendrites plays a critical role in synaptic plasticity
and long term potentiation via mechanisms that involve
expression of the initiation factor eIF2, the elongation factor
eEF2 or the Fragile X mental retardation RNA-binding protein
(6—8). RNA and RNA-binding proteins are associated with
nascent adhesions during cell spreading, the RNA-binding
IMPs have been shown to regulate invadopodia formation, and
the elongation factor eEF1A2 induces filopodia in breast cancer
cells (9-11). However, although mRNAs localized to dendrites
and fibroblast protrusions have been identified (12-15),
mRNAs localized to tumor cell protrusions have yet to be
characterized.

Formation of a stable complex between F-actin, B-actin
mRNA, and elongation factor 1o anchors B-actin mRNA in
cellular protrusions linking protein translation to the actin
cytoskeleton (16). B-Actin mRNA is targeted to the leading
edge of fibroblasts by the chicken orthologue of the IMP RNA-
binding proteins, zip code-binding protein 1 (ZBP1),” via an
actin-dependent process mediated by Rho/ROCK signaling
and myosin motor proteins (17). However, RNA granule
interaction with the adenomatous polyposis coli tumor sup-
pressor and Fragile X mental retardation protein regulates
the microtubule-dependent targeting of RNA in fibroblasts
(15). IMP stabilization of CD44 mRNA has been shown to reg-
ulate invadopodia formation (11); however, comparison of met-
astatic MTLn3 and nonmetastatic MTC rat mammary adeno-
carcinoma cells showed reduced expression of ZBP1 and the
inability to target B-actin mRNA to cellular protrusions (18).
The demonstration that Src phosphorylation of ZBP1 results
in the translational derepression of B-actin mRNA (19) is indic-
ative of the complex interplay between mRNA trafficking, pro-
tein translation, and signaling events that spatially regulate pro-
tein synthesis and expression in cellular domains.

Proteomic analysis has shown that the protein translation
machinery, RNA-binding proteins, and signaling proteins,
including ROCK and Src, are major components of tumor cell
protrusions of MSV-MDCK-INV tumor cells (20, 21). In this

2The abbreviations used are: ZBP, zip code-binding protein; ROCK, Rho
kinase; MDCK, Madin-Darby canine kidney; MSV, Moloney sarcoma virus;
FRET, fluorescence resonance energy transfer; MLC2, myosin light chain 2;
EGFP, enhanced green fluorescent protein; YFP, yellow fluorescent pro-
tein; CFP, cyan fluorescent protein; HGF, hepatocyte growth factor; DIG,
digoxigenin.
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tumor cell line, pseudopodial protrusion is dependent on auto-
crine HGF activation and regulated by Rho/ROCK signaling
(20, 22). Activated Rho has been localized to the protrusions of
motile cells and shown to regulate pseudopodial RNA expres-
sion (23-25), and Rho/ROCK signaling has been associated
with nonproteolytic, blebbed tumor cell migration (26). More
recently, pseudopod-localized tyrosine-phosphorylated caveo-
lin-1 (pCavl) has been shown to be a critical regulator of Rho
activation state, focal adhesion turnover, and ROCK- and Src-
dependent tumor cell migration and invasion (21).

RhoA, and not Racl, is shown here to be activated in the
pseudopodia of MSV-MDCK-INV tumor cells. Dominant
active Racl inhibits pseudopodial RhoA and ROCK inhibition
activates pseudopodial Racl. Like B-actin mRNA in fibroblasts
(17), RNA delivery to tumor cell protrusions is microtubule-
independent, ROCK-dependent and myosin 2 (MLC2)-
dependent. Pseudopodial actin turnover is not affected by
ROCK inhibition that dramatically restricts dynamic RNA
turnover in these domains. Competitive signaling between
RhoA and Racl therefore regulates the dynamic delivery of
RNA to protrusive cellular domains of tumor cells. Gene array
analysis identifies mRNAs for signaling proteins and the transla-
tion machinery as predominant pseudopod-enriched mRNAs.
Comparative analysis with neuronal process-enriched mRNA (14)
identified M-Ras and Shp-2 as tumor cell-specific components of
pseudopodial signaling networks. RhoA/ROCK activation may
thereby impact on tumor cell migration by stimulating pseudopo-
dial targeting of select mRNAs and altering the expression of sig-
naling cascades in tumor cell protrusions.

EXPERIMENTAL PROCEDURES

Antibodies, Plasmids, and Reagents—Anti-B-actin mono-
clonal antibody, Hoechst, nocodazole, and blebbistatin were
purchased from Sigma-Aldrich. Anti-syntrophin monoclonal
antibody was from Affinity Bioreagents, anti-HSP70 was from
Upstate Technologies, and anti-fibronectin monoclonal anti-
body was from BD Sciences. Anti-M-Ras was a generous gift
from Dr. J. Schroeder (University of British Columbia). Alexa
488-, 568-, and 647-conjugated secondary antibodies and the
RNA-binding fluorescent dyes Syto RNASelect and Sytol4
were purchased from Molecular Probes. Y27632 was from Cal-
biochem. Raichu FRET probes for activated RhoA and Racl
were generously provided by Michiuki Matsuda (Osaka Univer-
sity) and dominant active V14RhoA plasmid by Nathalie
Lamarche (McGill University).

Cell Culture, Immunofluorescent Labeling, and Pseudopod
Purification—MDCK, MSV-MDCK (DoCl1), and MSV-
MDCK-INV cells were cultured as previously described (27).
Transfections were carried out using Effectene transfection
reagent (Qiagen). Immunofluorescent labeling of methanol/ac-
etone fixed cells was essentially as previously described (20)
using 400 nM SytoRNASelect, Hoeschst, and anti-$-actin and
Alexa 647-conjugated secondary antibodies. The cells were
imaged on a FV1000 Olympus confocal microscope using 60X
planapochromat objectives. Actin-rich pseudopodia were
scored visually for SytoRNA labeling from images of three cells
or more (>30 cells and three experiments/condition).
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Pseudopod Purification, Western Blots, and Activated Rho
Pulldown—Pseudopodia purification and Western blots of
pseudopodia, cell body, and total cell lysates were performed
as previously described (20, 28). Briefly, 107 MSV-MDCK-INV
cells were plated on 100-mm 1-micron pore filters mounted
between two 3—3.5-inch custom-made washers (Boulons Plus,
Anjou, Canada) in a 100-mm Falcon Petri dish, and the exterior
was sealed with agarose to prevent cell leakage to the bottom of
the filter. After 24 h of culture, the filter was washed four times
with cold phosphate-buffered saline containing 0.1 mm Ca®"
and 1 mm Mg>", and the top (cell bodies) and bottom (pseu-
dopodia) of the filter were scraped with a glass coverslip in
ice-cold lysis buffer (20 mm Tris-HCI, pH 7.6, 0.5% Nonidet
P-40, 250 mm NaCl, 3 mm EDTA, 3 mm EGTA containing
freshly added 2 mwm dithiothreitol, 0.5 mm phenylmethylsulfo-
nyl fluoride, 1 mm sodium vanadate, 2.5 mm sodium fluoride,
and 1 uMm leupeptin). GTP-RhoA pulldown assay was per-
formed as described previously (21). Briefly, 46 ul (~30 ug) of
Rho assay reagent (Rhotekin RBD, agarose; Upstate, CA) slurry
was used to pull down active Rho from cell lysates prepared
according to the manufacturer’s protocol. Both active and total
RhoA samples were subjected to SDS-PAGE and Western blot-
ting with anti-RhoA monoclonal antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA).

Affymetrix Gene Array—Biotinylated complimentary RNA
was prepared from 100 ng of total RNA as per the Affymetrix
GeneChip Technical Analysis Manual (Affymetrix, Santa
Clara, CA) using the two-cycle target labeling assay. Double-
stranded cDNA was synthesized using SuperScriptIl (Invitro-
gen) and oligo(dT),, primers. Biotin-labeled complimentary
RNA was prepared by cDNA in vitro transcription using the
BioArray high yield RNA transcript labeling kit (Enzo Biochem,
New York, NY) incorporating biotinylated UTP and CTP.
GeneChips were processed at the London Regional Genomics
Centre (Robarts Research Institute, London, Canada). Six
Affymetrix canine arrays (three pseudopodia, three cell body)
were scanned with the Affymetrix GeneChip Scanner 3000 and
signal intensities for genes generated with GCOS1.2
(Affymetrix) using the default values for statistical expression
algorithm parameters, a target signal of 150 for all probe sets
and a normalization value of 1. To determine the significant
differences in gene expression levels between pseudopodia and
cell body samples, one-way analysis of variance was performed
using Partek Pro (St. Louis, MO). Significantly modulated genes
were defined as those with absolute log2 fold change greater
than 0.7. The genes were summarized together using hierarchi-
cal clustering by Z score-normalized data crossing all six sam-
ples. The data discussed in this publication have been deposited
in the NCBI Gene Expression Omnibus and are accessible
through GEO Series accession number GSE13253. Gene lists of
mRNAs up-regulated in tumor protrusions and neuronal pro-
cesses (supplemental Table S1) (14) were analyzed and com-
pared using Ingenuity Pathways Analysis (Ingenuity Systems,
Redwood City, CA).

Fluorescence Resonance Energy Transfer—FRET experiments
used single molecule RhoA (Raichul298) and Racl
(Raichul026) activity sensing FRET plasmids (generically YFP-
Rho GTPase-Rho GTPase effector-binding domain-CFP). GTP
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FIGURE 1. RhoA is selectively activated in the pseudopodia of MSV-MDCK-INV cells. A, cells were transfected with Raichu-Rho or Raichu-Rac FRET probes,
asindicated. Fluorescence images of the CFP channel are taken before (prebleach) and after (postbleach) photobleaching the YFP acceptor with a 515-nm laser
in either pseudopod or cell body regions, indicated by a square in the pseudocolorimages. Raichu-Rho or Raichu-Rac activation was determined by the increase
in average pixel density of CFP emission in the bleached region, visualized in the pseudo-colored images where regions of high intensity are colored in red and
low intensity in blue. B, quantification of FRET efficiency in the pseudopodia (blue) and the cell body (black) is presented in graph form for Raichu-Rho or
Raichu-Rac transfected cells untreated or treated with 20 um Y27632 for 1 h prior to imaging or in cells cotransfected with Raichu-Rho and a dominant active
Rac1 plasmid (DA-Rac) (means = S.E; n = 3; * p < 0.01). C, MSV-MDCK-INV cells were plated on 1-micron pore filters, and Rho activation in purified
pseudopodial and cell body fractions was analyzed by rotekinin pulldown. Densitometry of activated Rho was determined relative to total Rho and presented

in graph form (n = 3; = S.E,; **, p < 0.001). Scale bar, 20 um.

binding promotes interaction of the activated GTPase and the
effector-binding domain bringing the N-terminal YFP and
C-terminal CFP into proximity enabling FRET (29, 30). The
cells were transfected with Raichul298, Raichul026, or
Raichul298 and dominant active V12Racl plasmid in 4-well
Lab-Tek Il chambered coverglasses (Nalge Nunc International)
for 24 h and treated with 20 um Y27632 for 1 h prior to imaging
in phenol red-free Dulbecco’s modified Eagle’s medium. CFP
and YFP emission of transfected cells excited with a 405-nm
laser was first acquired on an Olympus FV1000 confocal micro-
scope, cell regions were bleached using a 515-nm laser, and the
CFP and YFP channels were reimaged. The average pixel inten-
sity of the selected region was determined before and after
bleaching, and FRET efficiency was calculated in the CFP chan-
nel taking into account background pixel intensity. The per-
centage of bleach value was obtained by subtracting the average
pixel intensity following bleaching from the average pixel inten-
sity prior to bleaching.

Fluorescence Recovery after Photobleaching—MSV-MDCK-
INV cells stained with 400 nm Syto RNASelect for 1 h, tran-
siently transfected with EGFP or MSV-MDCK-INYV cells stably
expressing EGFP-B-actin (20) were plated in chambered cover-
glasses for 24 h and incubated with 20 um Y27632 for 1 h in
phenol red-free Dulbecco’s modified Eagle’s medium prior to
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imaging for 90s following bleaching of select actin-rich pseu-
dopodia using a 488-nm laser at 100%.

In Situ Hybridization—Approximately 20,000 cells were
plated per well in 8-well Lab-Tek chamber slides (Nalge Nunc
International) for 24 h and, where indicated, treated with 20 um
Y27632 for 90 min. The cells were fixed, prehybridized, and
hybridized with end tail DIG-labeled control or target specific
oligonucleotides and immunodetected following the standard
protocol supplied by the manufacturer (Roche Applied Sci-
ence). Subsequently, the cells were washed with 95% ethanol
and mounted with gelvatol. To quantify the distribution of spe-
cific mRNAs, pseudopodia were defined as that portion of cel-
lular protrusions beyond the point of narrowing, and the num-
ber of DIG immunoreactive profiles (spots) in pseudopodia and
cell body was determined.

RESULTS

RhoA/ROCK Signaling Regulates Pseudopodial RNA Delivery
and Turnover—Raichu FRET reporter constructs for RhoA and
Racl have been extensively used to localize the active forms of
these GTPases (29, 30). MSV-MDCK-INV cells were trans-
fected with Raichu-Rho and Raichu-Rac and Rho and Rac acti-
vation, respectively, determined in the pseudopodia and cell
bodies of the cells by photobleaching FRET (Fig. 1). RhoA acti-
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FIGURE 2. Pseudopodial RNA translocation is microtubule-independent and ROCK and MLC2-dependent in MSV-MDCK-INV cell pseudopodia. A, MSV-
MDCK-INV cells were either untreated (control, CTL); treated with the ROCK inhibitor Y27632 (20 um), the myosin Il inhibitor blebbistatin (7 um), or the
microtubule depolymerizing agent nocodazole (2 um); or treated with both Y27632 and nocodazole or blebbistatin and nocodazole for 90 min. RNA was
labeled with Syto14 and B-actin with specific antibodies, as indicated. The arrowheads point to actin-rich pseudopodia. B, pseudopodia were scored for the
presence of RNA staining with Syto14 for all conditions (n > 30; = S.E.; *, p < 0.001). Scale bar, 20 um.

vation is increased in pseudopodial regions compared with cell
body regions, but no difference in Racl activation between
these two regions of MSV-MDCK-INV cells was detected (Fig.
1, A and B). Interestingly, in cells treated for 1 h with the ROCK
inhibitor Y27632, we observed selective activation of Racl in
pseudopodial regions. Conversely, expression of dominant
active Racl inhibited pseudopodial RhoA activation (Fig. 1B).
To verify Rho activation in pseudopodial domains, we purified
the pseudopodia of MSV-MDCK-INV cells and assessed the
presence of activated Rho using a rhotekinin pulldown assay
(21). As seen in Fig. 1C, activated Rho-GTP is enriched in the
pseudopodial fraction of MSV-MDCK-INV cells purified on
1-micron pore filters (20) relative to the cell body. These results
demonstrate a predominant role for RhoA signaling in MSV-
MDCK-INV pseudopodia and are indicative of cross-talk
between RhoA and Racl in this cellular domain.

Generally, actin filaments and microtubules facilitate short
and long distance mRNA transport, respectively (5). Disruption
of cytoplasmic microtubules by nocodazole treatment of MSV-
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MDCK-INV cells results in cell rounding and blebbing followed
by cell spreading and reformation of pseudopodia (31). In these
cells, Sytol4-labeled RNA extends to peripheral cellular pro-
trusions (Fig. 2A4). Scoring of actin-rich pseudopodia for Syto14
labeling showed that microtubule depolymerization increased
the number of RNA-containing pseudopodia (Fig. 2B). RNA
labeling of protrusions was prevented by treatment with
Y27632 or the MLC2 inhibitor blebbistatin in both the absence
and the presence of nocodazole (Fig. 2). Global RNA delivery to
MSV-MDCK-INV protrusions therefore occurs via a microtu-
bule-independent, Rho/ROCK/MLC2-dependent mechanism.

To further validate the effect of Rho/ROCK signaling on
dynamic mRNA delivery to pseudopodial domains, we assessed
turnover of pseudopodial actin and RNA using fluorescence
recovery after photobleaching. ROCK inhibition did not impact
on turnover of pseudopodial B-actin-GFP turnover (Fig. 3, A
and B). However, ROCK inhibition not only reduces pseudopo-
dial RNA content (Fig. 24) (20) but also severely restricts the
dynamics of the residual RNA present in these domains (Fig. 3,
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FIGURE 3. ROCK-dependence of RNA but not actin turnover in MSV-MDCK-INV cell pseudopodia. A, MSV-MDCK-INV cells stably expressing pEGFP-actin
(B-actin-GFP) and untransfected MSV-MDCK-INV cells labeled with the cell-permeant dye Syto14 (Syto14 RNA) were either left untreated (control) or treated
with Y27632 for 60 min (+Y27632). Cells were imaged prior to photobleaching (prebleach), immediately after photobleaching of the pseudopodial region with
the 488-nm laser (bleach), and 90 s after photobleaching (postbleach). A representative graph of three experiments shows the fluorescence intensity in the
bleached region over time (t = 0 corresponds to the time immediately after photobleaching) for B-actin-GFP (B) or Syto14 labeled RNA (C). Untreated cells
(control) are shown in blue, and Y27632-treated cells are in red. The values have been normalized to the prebleach intensity. The mobile fraction, representing
the percent of fluorescence recovered in the bleached region, and half-time of recovery of control and Y27632 treated cells are shown in graph form for

B-actin-GFP (B) and Syto14 RNA (C) (means = S.E,; n = 3;*,p < 0.01). Scale bar, 20 pm.

A and C). In the presence of the ROCK inhibitor, Y27632, the
Sytol4-labeled RNA showed a slower rate of recovery and a
reduced mobile fraction (Fig. 3, A and C).

Tumor Cell Pseudopodia Contain a Distinct Spectrum of
mRNA—To characterize the transcriptome of MSV-MDCK-
INV pseudopodia, we performed gene array analysis of pseu-
dopodia isolated on 1-micron pore polycarbonate filters (20,
28). Pseudopodial and cell body mRNA fractions were prepared
and analyzed by Affymetrix microarray analysis. Of the 23,913
genes analyzed, only 1979 genes (7.3%) presented an absolute
log2 fold change greater than 0.7 (~1.6-fold) of mRNA expres-
sion in either the pseudopodial or cell body fraction with a
minority (261; 13.2%) of mRNAs exhibiting increased expres-
sion in the pseudopodia relative to the cell body (Fig. 4A and
supplemental Table S1). This is consistent with the idea that a
select population of mRNAs is translocated to tumor cell
pseudopodia.

A cohort of 242 identified genes enriched 1.6-fold in the
pseudopodial fraction is listed in Table 1 and functionally
grouped. The number of genes/group is presented as a pie chart
(Fig. 4B). Of particular interest is the abundance of proteins
involved in signaling and protein translation. Indeed, a large
number of pseudopod-enriched mRNAs encode ribosomal
proteins (Table 1). Similarly, components of the translational
machinery were among the most abundant mRNAs identified
in a recent analysis of process-localized mRNAs in hippocam-
pal neurons (14). Ingenuity network comparison of mRNAs
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enriched in neuronal protrusions compared with MSV-
MDCK-INV pseudopodia revealed multiple common signaling
pathways to be present in protrusions from normal neurons
and cancer cells (Fig. 4C). However, a number of networks were
identified to be selectively expressed in either tumor protru-
sions or neuronal processes indicative of the distinct mRNA
composition of these two protrusive structures (Fig. 4C). Of
particular interest, tumor protrusion networks were defined
consistently by expression of mRNAs coding for M-Ras and
Shp2 (PTPN11) that were not present in the neuronal process-
enriched RNA cohort (supplemental Table S2).

The Affymetrix data were validated by in situ hybridization
of a select population of mRNAs including B-actin (1.4-fold up,
log2 fold 0.49), Shp2 (Src homology 2 phosphotyrosyl phospha-
tase, PTPN11; 2.4-fold up, log2 fold 1.27), M-Ras (Ras small
GTPase; 2.27-fold up, log2 fold 1.18), the p41 subunit of the
Arp2/3 complex (ARPCI1A, 1.84-fold up, log2 fold 0.88), and
a-syntrophin (SNTA1, 1.78-fold up, log2 fold 0.83). B-Actin
and Arp2/3 p41 subunit mRNA have been previously demon-
strated to localize at or near membrane protrusions (17, 32).
M-Ras and Shp2 define the networks selectively present in
MSV-MDCK-INV pseudopodia (Fig. 4C). Syntrophin is part of
the dystroglycan complex that is down-regulated in aggressive
breast cancer cells (33). Fibronectin mRNA (10.8-fold down,
log2 fold —3.44233), exhibits over 10-fold reduced expression
in the pseudopodia relative to cell body by gene array and was
included as a control.
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FIGURE 4. Identification of pseudopod-localized mRNAs. A, Affymetrix gene array analysis (23,913 genes) of mRNA from three preparations of cell bodies
(left) and pseudopodia (right) of MSV-MDCK-INV cells presents up-regulated genes in red and down-regulated genes in green. See supplemental Table S1 for
lists of log2 fold 0.7 up-regulated genes in pseudopodia and of log2 fold 2.0 up-regulated genes in the cell body. B, based on the classification of mRNAs
up-regulated by >1.6-fold (log2 fold 0.7) in MSV-MDCK-INV pseudopodia (Table 1), the number of mRNAs per class is presented as a pie chart. C, gene lists of
mMRNAs up-regulated in MSV-MDCK-INV pseudopodia (supplemental Table S1; 261 pseudopod-enriched genes) and in neuronal processes (14) 159 process
up-regulated genes) were analyzed and compared using Ingenuity Pathways Analysis. The yellow line indicates network expression above a threshold of p <
0.05. Networks significantly expressed in either tumor protrusions or neuronal processes are presented, and network components are listed in supplemental
Table S2.

dial distribution by in situ (Fig. 5B). For M-Ras, Arp2/3 p41 sub-
unit, Shp2, and a-syntrophin, the in situ hybridization signal was

At the mRNA level, in situ hybridization showed that for all of
the probes tested, except fibronectin, a significant number of the

DIG-immunoreactive profiles or spots were localized to pseu-
dopodial protrusions (Fig. 54). No labeling was detected for a con-
trol sense B-actin oligonucleotide probe. B-Actin mRNA showed
1.4-fold enrichment by gene array, corresponding to its pseudopo-
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enriched in the pseudopod fraction and significantly enhanced rel-
ative to fibronectin mRNA, which was enriched in the cell body
(Fig. 5B). ROCK inhibition by treatment with the Y27632 com-
pound resulted in the reduction of in situ labeling of pseudopodia
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TABLE 1
mRNAs enriched 1.6-fold in the pseudopodial fraction relative to cell body
Mean Mean Mean Mean Mean Mean |
gene name |92 gene name  [Loo? gene name  |o9? gene name  |ko9? gene name |92 gene name |92
Ratio Ratio Ratio Ratio Ratio Ratio
SIGNALING PROTEINS | PROTEIN TRANSLATION | TRANSCRIPTION (33) METABOLISM (21) RNA RELATED (16) MISCELLANEOUS (38)
(57) (39) ELL 1.07(SOD2 1.06|STAU2 0.91|DPH4 1.11
SHP-2 1.27|DNAJC24 1.11 |TCEB3 0.97|ATP5A1 1.01|[HNRNPA1 0.81|CCDC62 1.07
ACYP2 1.18|PPIL1 1.00|RFXAP 0.90|IDI1 1.00|WBP4 0.80|CENPC1 0.97
M-RAS 1.18|EEF1E1 0.87|MED31 0.89|MCCC2 0.93|SF3B2 0.78|BEXLA1 0.95
TPT1 1.11|EEF1A1 0.85|POLR3F 0.87|ND2 0.86| TXNL4A 0.77|WDR37 0.92
PCTK1 1.10|PFDN5 0.84|NFYB 0.86|FNTA 0.86|MSI2 0.77|THEM2 0.91
PI4K2B 1.09|SDCCAG10 0.83|WWTR1 0.85(TPMT 0.85|SRRP35 0.77|TRIM44 0.90
SGK1 1.05|HRSP12 0.81|TCEA3 0.84(PIN4 0.83|TDRD3 0.77|SMC6 0.89
TNK2 1.05|PPIL3 0.81|ZMYND11 0.83|CLYBL 0.79|WBP4 0.76/STI3 0.88
DSCR1L1 0.93|EIF5A2 0.78|RBBP4 0.81|GFPT1 0.76|MCTS1 0.76|IDH3A 0.87
PDCD2 0.89|EIF4EBP1 0.77|HOXD8 0.80|DHFR 0.75|ZCRB1 0.75|RP2 0.87
TBC1D7 0.89|SRP9 0.73|GTF2F2 0.79|AKR7A5 0.75|PCBP4 0.75|TIGD1 0.85
CSNK1A1 0.87|FKBP1B 0.70|DMAP1 0.79|ALDH16A1 0.75|DDX27 0.75|CSRP2BP 0.85
RAP2A 0.86|DNAJC7 0.70|TOX4 0.79(IVD 0.74|FMR1 0.74|COMMD6 0.84
NET1 0.85|Ribosome (26) ZNF160 0.78|CYP2E1 0.74|RBMX 0.71|THOC7 0.83
PPP2R2B 0.83|RPS29 1.46|POLR1D 0.78|METTL5 0.74|SFRS12 0.71|PPA1 0.82
RPGR 0.81|RPL19 1.09|SUV39H2 0.78/NDUFB5 0.73| CYTOSKELETON (12) |TMEFF1 0.82
MCTSH1 0.81|RPS12 1.05|LPP 0.77|ENOPH1 0.73|ABLIM3 1.05|GSTO1 0.81
RAB28 0.80|MRPS15 1.03|DEK 0.77|FAHD1 0.73|MYO5A 0.98|CYB5B 0.80
PPP6C 0.80|RPL7 0.96|GTF3A 0.77|UQCRB 0.73|ANKRA2 0.92|CBWD2 0.79
PLCB4 0.80|PES1 0.95|ACTL6A 0.77[TXNRD1 0.70|BFSP1 0.89|ANKRD39 0.79
RPS6KA2 0.80|RPL29 0.92|TAF13 0.77| TRANSPORT PROTEINS |ARPC1A 0.88|MOCS2B 0.78
BECN1 0.80|MRPS16 0.88| TCEAT1 0.75 (19) SNTA1 0.83|GPXR 0.78
MOB1 0.79|RPL14 0.88|SUHW3 0.72|SEC14L1 1.14|LPP 0.77|DPH3 0.78
WDR32 0.79|RPS15A 0.88|PIAS2 0.72|SNX10 1.04|DYNC1LI2 0.77|FTL 0.77
COPS2 0.78|RPS5 0.87|POLR2I 0.72|ARFIP1 0.99|MYL9 0.71|DSCCH1 0.76
STAT3 0.78| MRPS28 0.86(PWP1 0.72|TIMM8A 0.99|KIF1B 0.71|BTBD1 0.75
MAPK14 0.78|RPL21 0.86|RFC3 0.71|SNX24 0.92|DSTN 0.71|NDUFB6 0.74
MORN2 0.78|RPL13A 0.85|PRMT5 0.71|CEP57 0.84|DYNLRB2 0.70/CIB2 0.74
TMEM55A 0.78|RPL15 0.81|MED21 0.71|BET1 0.84| UBIQUITINATION (8) [HDHD2 0.74
BCKDK 0.78|RPL31 0.81|ZNF277P 0.71|TRAK2 0.83|RNF41 1.11|cCDC34 0.72
FAK1 0.78|MRPS5 0.80(TFDP2 0.70|ARL6 0.82|USP16 1.05|COMMD10 0.71
ING2 0.77|RPS3 0.80[SIRT5 0.70|VPS35 0.82|RNF11 1.04|ARMC8 0.71
K-RAS 0.76|RPL13A 0.77 AP1IMA1 0.78|UBXD4 0.98|SSBP1 0.71
RASSF4 0.75|RPL10A 0.77 AAK1 0.78|RNF138 0.96|ODF1 0.71
ADORA2BP 0.75|RPL17 0.77 COG1 0.76|UFM1 0.78|EFCAB2 0.71
RACK1 0.74|MRPS35 0.76 GOSR1 0.76|UBE2V1 0.75BRP44L 0.71
MAD2L1 0.74|MRPL51 0.73 SLC25A6 0.75|UBE2G1 0.75/0TUD4 0.70
CKs2 0.74|MRPL16 0.71 ARL2BP 0.75
ANAPC10 0.73|RPL34 0.71 EPN2 0.73
RB1CC1 0.73|RPL10 0.71 PREI3 0.73
PHLP 0.73 SEC22B 0.71
STK39 0.73
PKIG 0.72
DDHD1 0.72
CSNK2B 0.72
TMEM11 0.72
GRB14 0.72
SH3BGRL2 0.71
CEP57 0.71
STAM 0.71
RAB32 0.70
GKAP1 0.70
LANCL1 0.70
RYR3 0.70
ccm2 0.70
BFGF 0.70
HDGFRP3 0.70

for B-actin, M-Ras, and Shp2 to approximately the same levels as
observed for fibronectin mRNA (Fig. 5B).

Expression of both M-Ras and syntrophin is up-regulated
in MSV-MDCK and MSV-MDCK-INV cells relative to

DECEMBER 12, 2008+ VOLUME 283 +NUMBER 50

MDCK cells (Fig. 5C). Pseudopodial and cell body fractions
were prepared from MSV-MDCK-INV cells plated on 1-mi-
cron pore filters (20). The pseudopodia are depleted of mito-
chondrial HSP70, confirming the purity of the pseudopodial
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FIGURE 5. Validation and expression of pseudopodial enriched mRNAs and gene products. A, MSV-MDCK-INV cells were in situ hybridized with
oligonucleotides to the antisense strands of B-actin, Shp2, and fibronectin and the sense strand of B-actin (B-actin sense). In the bright field images, dark
spots indicate the presence of DIG tailed oligonucleotide bound to its complementary mRNA molecule and were absent in cells hybridized with B-actin
sense oligonucleotides. B, MSV-MDCK-INV cells were in situ hybridized with oligonucleotides to B-actin, fibronectin, M-Ras, p41 protein of the Arp2/3
complex, Shp2, and a-syntrophin (left panel). Alternatively, MSV-MDCK-INV cells, untreated or treated with 20 um Y27632 for 90 min were in situ
hybridized with oligonucleotides to B-actin, M-Ras, and Shp-2 (right panel). The total number of DIG-labeled mRNA profiles or spots in pseudopodia and
cell body were counted, and the average ratio of DIG-labeled mRNA profiles for pseudopodia relative to cell body is presented in graphic form for each
of the indicated probes (means = S.E;; n = 3; ¥, p < 0.05; **, p < 0.005 relative to FN (left) or untreated cells (right)). C, total cell lysates of MDCK,
MSV-MDCK, and MSV-MDCK-INV cells were probed by Western blot for M-Ras, syntrophin, and B-actin. D, lysates from cell bodies and pseudopodia of
MSV-MDCK-INV cells were probed for fibronectin, M-Ras, syntrophin, mitochondrial HSP70 (mHSP70), and B-actin. The bands were quantified by densitometry
relative to B-actin. (n = 3; £S.E,; *, p < 0.01; **, p < 0.001).

fraction (Fig. 5D). Interestingly, M-Ras is strongly expressed  dopodial fraction (Fig. 5D). The reduced expression of a-syn-
in the pseudopodial fraction relative to the cell body at levels trophin in the pseudopodial fraction relative to the cell body
equivalent to or greater than B-actin (Fig. 5D). However, like indicates that mRNA enrichment in pseudopodia is not neces-
fibronectin, syntrophin shows reduced expression in the pseu- sarily associated with increased expression of its gene product.
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DISCUSSION

Rho/ROCK-dependent RNA Translocation to Tumor Cell
Pseudopodia—The repeated, directional extension of pseudop-
odia and their stabilization by substrate adhesive contacts con-
stitutes the basic mechanism by which cells move over a sub-
strate (34). Cell motility is therefore associated with the
polarized formation of a distinct plasma membrane domain,
the pseudopod, whose stabilization determines the directional-
ity of cell movement (35). Receptor stimulation of Rac1/Cdc42
and phosphatidylinositol biphosphate activates WASp/Scar
proteins at the leading edge recruiting Arp2/3 and actin mono-
mers to induce actin filament branching and membrane pro-
trusion (36). A recent proteomic analysis of neurites and soma
localized a Cdc42/Rac signaling network to these protrusive
domains of neurons (37). The demonstration here that Rho is
the dominant GTPase activated in MSV-MDCK-INV pseudop-
odia is consistent with previous reports that Rho/ROCK signal-
ing regulates pseudopodia protrusion in this cell line (20, 31) as
well as with previous reports of Rho activation in protrusions of
other motile cells (23-25).

The pseudopodia of MSV-MDCK-INV cells are highly
blebbed, elongated protrusions and are morphologically dis-
tinct from lamellipodia (28). Inhibition of ROCK activates
pseudopodial Rac1 (Fig. 1) and transforms the protrusive pseu-
dopodia of MSV-MDCK-INV cells into lamellipodia without
inhibiting cell motility (20) or, as shown here, pseudopodial
actin turnover (Fig. 3, A and B). The ROCK-dependent delivery
of RNA to pseudopodia in MSV-MDCK-INV cells is microtu-
bule-independent and similar to the actin-mediated, Rho/
ROCK- and MLC2-dependent pathway previously described
for B-actin mRNA (17). ROCK inhibition prevents RNA accu-
mulation in pseudopodia (Fig. 2), the dynamic turnover of
pseudopodial RNA (Fig. 3) as well as the pseudopodial enrich-
ment of distinct mRNA species (Fig. 5). Local Rho signaling
therefore promotes the pseudopodial delivery of multiple RNA
species via the Rho/ROCK/MLC2 actin-dependent pathway.
Microtubule-dependent RNA granule translocation in neurons
and fibroblasts (15, 38) suggests that different modes of RNA
trafficking may be active in different cell types. The microtu-
bule-independent pseudopodial delivery of RNA may therefore
be associated with local activation of Rho/ROCK versus Rac
signaling and be responsible for targeting of distinct cohorts of
mRNAs to cellular protrusions of different cell types. This sug-
gests that pseudopodial Rho versus Rac activation, although not
necessarily impacting on pseudopodial actin dynamics or over-
all cell migration, may rather, by altering pseudopodial protein
content through mRNA delivery and local translation, affect
pseudopodial morphology and the migratory mode of the cells.

The Tumor Pseudopod Transcriptome—The cohort of
mRNAs identified by gene array analysis to be enriched in
MSV-MDCK-INV cell pseudopodia is consistent with the
abundance of proteins involved in protein translation, RNA
binding, and signaling that were identified in the proteomic
analysis of the pseudopodia of these cells (20). Comparison of
the proteome of fibroblast protrusions with a cohort of proteins
enriched in metastatic prostate cancer cells supported an asso-
ciation between the pseudopodial localization of the transla-
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tional machinery and tumor cell migration and metastasis (39).
Interestingly, the major classes of proteins identified in the
pseudopod proteome, cytoskeleton-associated, glycolytic
enzymes, and chaperones (20) were not among the major
classes of pseudopodial mRNAs identified. Comparison of the
pseudopod proteome and transcriptome of MSV-MDCK-INV
cells therefore suggests that local mRNA translation may regu-
late pseudopodial expression of less stable signaling molecules
as well as the cellular machinery to locally translate these
mRNAs.

It is, however, important to note that proteomic analysis
detects the most abundant pseudopodial proteins. In addition,
expression of the gene products of pseudopod localized
mRNAs will depend both on the extent of translation of select
mRNAs and on local degradation of the protein. For instance,
reduction of pseudopodial RhoA activity by Smurfl-dependent
ubiquitination promotes Cdc42/Racl activation, lamellipodia
formation, and polarized cell movement; Smurf inhibition
stimulates Rho-dependent activation of downstream ROCK
and MLC2 and enhanced, random, nonproteolytic cell invasion
(40, 41). The proteome of MSV-MDCK-INV cells (20) is
enriched for proteasome-associated components consistent
with the pseudopod as a site of active protein degradation.
However, RhoA activation in the pseudopodia of MSV-MDCK-
INV cells (Fig. 1) suggests that local ubiquitin-mediated degra-
dation is associated with E3 ubiquitin ligases other than Smurf
(41).

The fact that syntrophin mRNA, but not protein, is enriched
in tumor pseudopodia demonstrates that pseudopodial mRNA
enrichment does not necessarily translate into protein expres-
sion. Syntrophins bind to the actin-associated dystroglycan
complex whose expression is down-regulated in breast cancer
(33) but the functional significance of the pseudopodial enrich-
ment of syntrophin mRNA is not clear. Similarly, the large
number of mRNAs encoding proteins associated with tran-
scription that were found to be enriched in the pseudopodial
fraction (Table 1) may reflect alternate non-nuclear functions
for these proteins, such as in RNA delivery to nascent focal
adhesions (10). Alternatively, in muscle, disruption of intracel-
lular junctions induced the Rho/ROCK/MLC2-dependent
translocation of smooth muscle actin-inducing transcription
factors (42). Sequestration of transcription factor mRNAs to
actin-rich pseudopodial domains may function to regulate the
activity of their gene products.

The Pseudopod Transcriptome and Signaling—The MSV-
MDCK-INV transcriptome is not dissimilar to the previously
reported transcriptome of neuronal growth cones (14). This is
consistent with both domains being protrusive, motile cellular
domains. Signaling network comparison of the transcriptome
of MSV-MDCK-INV protrusions (Table 1) versus neuronal
processes (14) showed that the majority of detected signaling
networks were common to these protrusions derived from can-
cer and normal cells, respectively. These include actin regula-
tory and axonal guidance signaling networks that have also
been mapped to chemotactic induced protrusions in fibroblasts
(43). Interestingly, M-Ras and Shp2 were common components
of the four networks significantly expressed in cancer cell pseu-
dopodia but not in neuronal protrusions (supplemental Table

JOURNAL OF BIOLOGICAL CHEMISTRY 34793


http://www.jbc.org/cgi/content/full/M804014200/DC1

Transcriptome of Tumor Cell Protrusions

S2). Pseudopodial expression of mRNAs for these two proteins
was validated by in situ hybridization, and M-Ras protein was
found to be enriched in MSV-MDCK-INV pseudopodia (Fig.
5). This potentially identifies a cancer cell pseudopod-specific
signaling profile that may be related to the autocrine HGF and
Rho/ROCK signaling that drives pseudopod protrusion in these
cells (22, 31).

Rho/ROCK Signaling and Tumor Cell Motility—Both M-Ras
and Shp2 have been linked to HGF-induced signaling (44, 45)
that regulates pseudopodial protrusion in MSV-MDCK-INV
cells (22). M-Ras induces actin-rich microspikes and multiple
actin-rich foci upon injection into fibroblasts (46). Other stud-
ies have shown that overexpression of M-Ras is sufficient to
induce epithelial-mesenchymal transition in epithelial cells and
that this transformation is dependent on autocrine HGF signal-
ing (44, 47). R-Ras regulates membrane protrusions through
spatial regulation of Rho and Rac activity (48), and M-Ras could
potentially play a similar role in response to autocrine HGF
activation. Shp2 phosphatase activity is implicated in Ras/ERK
and Src signaling that is associated with integrin signaling,
adhesion turnover, and cell migration (49). Integrin dimeriza-
tion has recently been shown to result in the binding and acti-
vation of both Shp2 and Src (50). Interestingly, both Shp2 and
pCavl, a Src kinase substrate that also binds integrin (51, 52),
promote stabilization of focal adhesion kinase within focal
adhesions and focal adhesion disassembly (21, 53, 54). They
have also both been reported to inactivate Src and/or
p190RhoGAP, thereby promoting RhoA activation (55, 56).
However, Shp2 also dephosphorylates and activates Src, whose
phosphorylation of p190RhoGAP and RhoGDI regulates
RhoGTPase activity (57, 58), suggesting that Src plays a central
if complex role in integrin signaling. The delivery of RNA-bind-
ing proteins to nascent focal adhesions (10) and the derepres-
sion of B-actin mRNA translation by Src phosphorylation of
ZBP1 (19) suggests that interplay between local signaling and
mRNA translation may impact on adhesion turnover in protru-
sive cellular domains.

pCavl, pSrc (418) (21), pERK, RhoGDI (20), and activated
RhoA (Fig. 1) are all enriched in MSV-MDCK-INV pseudopo-
dia. pCavl is a critical regulator of tumor cell Rho activation
and of ROCK- and Src-dependent focal adhesion turnover and
tumor cell migration and invasion (21). Together these data
suggest that pseudopodial Rho/ROCK signaling may function
to regulate pseudopodial signaling, morphology, and focal
adhesion dynamics and thereby impact on tumor cell migration
and invasion, potentially via promotion of a random mode of
cell migration (31). Indeed, ROCK inhibition of pseudopodial
expression and turnover of RNA is shown here to be associated
with pseudopodial Racl activation and the formation of
extended lamellipodia. Pseudopodial mRNA translocation and
local translation of signaling molecules, including M-Ras and
Shp2, may thereby constitute part of an autofeedback loop that
potentiates the pseudopodial Rho/ROCK signaling required for
mRNA delivery (Fig. 6).

RhoA/ROCK activation may thereby impact on tumor cell
migration by regulating pseudopodial signaling through local
RNA recruitment and protein translation in cellular protru-
sions. The data presented here suggest that a critical role for
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FIGURE 6. Pseudopodial Rho/ROCK signaling, mRNA targeting, and local
signaling. Pseudopodial Rho/ROCK activation will enhance the pseudopo-
dial delivery of mRNAs coding for signaling molecules (such as M-Ras and
Shp2) as well as the protein translation machinery defining a feedback loop
that may promote pseudopodial Rho/ROCK signaling through local mRNA
delivery and translation.

pseudopodial Rho activation might be the local enrichment of
mRNAs coding for signaling molecules and regulators of pro-
tein translation. Gene array analysis of mRNAs enriched in this
tumor cell pseudopodial domain identifies candidate mRNAs
whose pseudopodial localization might be implicated in tumor
cell migration.
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