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Pericellular proteolysis by membrane-type 1 matrix metallo-
proteinase (MT1-MMP) plays a pivotal role in tumor cell inva-
sion. Localization of MT1-MMP at the invasion front of cells,
e.g. on lamellipodia and invadopodia, has to be regulated in
coordination with reorganization of the actin cytoskeleton.
However, little is known about how such invasion-related actin
structures are regulated at the sites whereMT1-MMP localizes.
During analysis of MT1-MMP-associated proteins, we identi-
fied a heretofore uncharacterized protein. This protein, which
we call p27RF-Rho, enhances activation of RhoA by releasing it
from inhibition by p27kip1 and thereby regulates actin struc-
tures. p27kip1 is a well known cell cycle regulator in the nucleus.
In contrast, cytoplasmic p27kip1 has been demonstrated to bind
GDP-RhoA and inhibit GDP-GTP exchange mediated by gua-
nine nucleotide exchange factors. p27RF-Rho binds p27kip1 and
prevents p27kip1 from binding to RhoA, thereby freeing the lat-
ter for activation. Knockdownof p27RF-Rho expression renders
cells resistant to RhoA activation stimuli, whereas overexpres-
sion of p27RF-Rho sensitizes cells to such stimulation. p27RF-
Rho exhibits a punctate distribution in invasive human tumor
cell lines. Stimulation of the cells with lysophosphatidic acid
induces activation of RhoA and induces the formation of punc-
tate actin structures within foci of p27RF-Rho localization.
Some of the punctate actin structures co-localize with MT1-
MMP and cortactin. Down-regulation of p27RF-Rho prevents
both redistribution of actin into the punctate structures and
tumor cell invasion. Thus, p27RF-Rho is a new potential target
for cancer therapy development.

Malignant tumor cells grow invasively and form distant
metastases after moving throughmultiple tissue barriers. Inva-
sion requires cell locomotion together with degradation of the
extracellular matrix (ECM)2 by matrix metalloproteinases
(MMPs) (1). MT1-MMP (MMP-14) is an integral membrane
protease that degrades a variety of protein components within

the extracellular milieu (2). The substrates ofMT1-MMP include
a variety of components of the ECM, membrane proteins includ-
ing cell adhesionmolecules, and growth factors and cytokines (3).
To degrade the ECMbarrier in advance of an invading cell, MT1-
MMP localizes to the leading edge of invasion (4) and cellular pro-
trusions called invadopodia (5–7). Therefore, it is of particular
interest how reorganization of actin structures is regulated at sites
whereMT1-MMP localizes.
Duringmass spectrometric analysis of proteins co-purifiedwith

MT1-MMP, we identified a protein of unknown function (8).
Although this protein did not affect MT1-MMP activity, we
observed that enhanced expression or down-regulation of this
proteinaffectedactivationofRhoA.Thus,webecame interested in
the possibility that this protein mediates focal reorganization of
actin structures close to sites whereMT1-MMP localizes.
RhoA plays a pivotal role in signal transduction pathways

that regulate reorganization of actin structures and does so by
assuming active GTP-bound and inactive GDP-bound states,
with the transition between the two forms finely regulated by
many cellular proteins (9, 10). In addition to the classical mod-
ulators, recent studies have revealed that p27kip1 also regulates
activation of RhoA and Rac1 (11, 12). p27kip1 has been charac-
terized as a cyclin-dependent kinase inhibitor localized to the
nucleus, but phosphorylation of p27kip1 by protein kinaseB/Akt
or kinase-interacting stathmin (KIS) mediates its translocation
from the nucleus to the cytoplasm. Cytoplasmic p27kip1 binds
RhoA and prevents activation of RhoA by GEFs (12, 13). How-
ever, it is not known how inhibition of RhoA by p27kip1 is
released to allow activation. The protein we identified binds
p27kip1, thereby preventing its binding to RhoA (schematically
illustrated in supplemental Fig. S1). We named this protein
p27RF-Rho (p27kip1 releasing factor from RhoA) based on this
activity.

EXPERIMENTAL PROCEDURES

Plasmids—Complementary DNAs (cDNAs) encoding
RhoGDI and CA-Lbc were gifts from Y. Takai (University of
Osaka). cDNAs for p27RF-Rho, RhoA, p115RhoGEF, trans-
ferrin receptor, and p27kip1 were obtained from HT1080 cells
by reverse transcription-PCR.
Cells and Culture Conditions—HT1080 and A375 cells were

obtained from the American Type Culture Collection. HT1080
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and A375 were maintained in Dulbecco’s modified Eagle’s
mediumcontaining 10% fetal bovine serum (FBS;Hyclone), 100
units/ml penicillin, and 100 �g/ml streptomycin (Invitrogen).
Antibodies and Chemicals—A polyclonal anti-p27RF-Rho

antibody was prepared by immunizing a chicken with a recom-
binant protein expressed in Escherichia coli; the antibody
obtained was affinity-purified.We used commercially available
antibodies forMyc (RocheApplied Science), FLAG (Sigma), V5
(Invitrogen), GFP (Invitrogen), RhoA (Santa Cruz, sc-179),
Cdc42 (BD Biosciences, 44), Rac (Upstate, 23A8), cortactin
(Upstate, 4F11), glutathione S-transferase (GST; Cell Signaling,
26H1), and p27kip1 (Santa Cruz, c-19). AlexaFluor phalloidin
was purchased from Molecular Probes. Y27632 (Calbiochem)
was used at 10 �M, and cell-permeable C3 exoenzyme
(Cytoskeleton)was used at 2�g/ml.All other chemical reagents
were purchased from Sigma-Aldrich orWako unless otherwise
indicated.
Knockdown Experiments Using shRNA and siRNA—The

shRNA sequence used for knockdown of human p27RF-Rho
was 5�-caccgtatgtcttcatagtcattgcgaacaatgactatgaagacatacc-3�.
shRNA-expressing lentiviral vectors were generated and used
according to the manufacturer’s instructions. Three different
siRNAs for humanp27kip1were designed, synthesized, and pro-
vided by B-bridge International: 5�-gugucuaacgggagcccua-3�,
5�-ggagcaaugcgcaggaaua-3�, and 5�-gaagguucauguagagaaa-3�.
Cells were seeded and transfected with a 20 nM siRNAmixture
(containing the three target sequences) using LipofectamineTM
RNAiMAX (Invitrogen), according to the manufacturer’s
instructions.
Preparation of Cytoplasmic and Membrane Fraction—Cells

were disrupted under low osmotic conditions by resuspending
the cells in 250 mM sucrose and 25 mM Tris-HCl (pH 7.5) con-
taining protease inhibitor cocktail Set 1. After centrifugation at
6300 � g to remove nuclei and large cell debris, the superna-
tants were centrifuged again at 20,000 � g to pellet the mem-
branes so that the supernatant represented the cytoplasmic
fraction.
Co-immunoprecipitation and Pulldown Assays—HT1080

cells were lysed in immunoprecipitation buffer (1% Nonidet
P-40, 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, protease inhib-
itor mixture Set III). The beads were washed four times with
immunoprecipitation buffer and eluted with FLAG peptides or
Laemmli sample buffer.
The Pulldown Assay for Rho-GTPases—Cells were washed

with ice-cold PBS, scraped off the plates in cell-lysis buffer (50
mM Tris-HCl (pH 7.4), 2 mM MgCl2, 1% Nonidet P-40, 10%
glycerol, 100mMNaCl, supplementedwith 1mMdithiothreitol,
10 �g/ml leupeptin, 10 �g/ml aprotinin, and 10 �g/ml pepsta-
tin-A) on ice. Lysateswere centrifuged for 5min at 20,000� g at
4 °C. A fraction of the cleared lysates was incubated with 15 �g
of GST-PAK-CRIB or GST-Rhotekin-Rho binding domain
(RBD) bound to glutathione-coupled-Sepharose beads for 45
min at 4 °C. The pellet containing the beads was collected,
washed 3 times with ice-cold cell lysis buffer, and subjected to
SDS-PAGE followed by Western blot analysis using the indi-
cated antibodies.
GST Pulldown Assay—Recombinant proteins such as GST,

GST-RhoA, and GST-p27kip1 were expressed in E. coli BL21

Gold (DE3) pLysS (Stratagene) using the pDEST15 expression
vector (Invitrogen). GST pulldown assays were performed as
described previously (14).
Matrigel Invasion—Matrigel invasion assays were performed

as described previously (15). Briefly, Transwells with 8-�m
pore size filters (Corning) covered with Matrigel (BD Bio-
sciences) were inserted into 24-well plates. Dulbecco’s modi-
fied Eagle’s medium (500 �l) containing 10% FBS was added to
the lower chamber, and 200 �l of a cell suspension (5 � 104

cells) was placed in the upper chamber. The plates were incu-
bated at 37 °C in a 5%CO2 atmosphere for 6 h. Cells in the lower
chamber were then stained with Giemsa solution and counted.
Fluorescent Gelatin Degradation Assay—Oregon Green-la-

beled gelatin was obtained from Invitrogen. Coverslips were
coated with 50 �g/ml poly-L-lysine for 20 min at room temper-
ature, washed with PBS, and fixed with 0.5% glutaraldehyde
(Sigma) for 15 min. After 3 washes, 0.2% fluorescently labeled
gelatin in 2% sucrose in PBS was incubated for 10 min at room
temperature. After washing with PBS, coverslips were incu-
bated in 5 mg/ml sodium borohydride for 3 min, washed 3
times in PBS, and finally incubated in 2ml of completemedium
for 2 h. To assess the ability of cells to form invadopodia and
degrade the gelatin, cells were plated on Oregon Green-coated
coverslips and incubated at 37 °C for 2 h.
Immunofluorescence Microscopy—Cells were fixed with 4%

paraformaldehyde and permeabilized using 0.1% Triton-X100
in PBS for 10 min. After the cells were blocked in PBS contain-
ing 5% goat serum and 3% bovine serum albumin, they were
incubatedwith primary antibodies. All primary antibodieswere
visualized with either an Alexa546-conjugated goat anti-mouse
antibody (Invitrogen) or HiLyteFluor 647- or 488-conjugated
goat anti-mouse or anti-chicken antibodies (AnaSpec). Cells
were stained for F-actin using Alexa488- or 647-conjugated
phalloidin (Invitrogen). Images of cells were captured with a
Radiance 2100 microscope fitted with a confocal detection
(Bio-Rad) or IX70 equipped with a CCD camera (Olympus).
Statistical Analysis—Data are represented as mean � S.D.

The unpaired Student’s t test was used for analyzing differences
between experimental groups.

RESULTS

p27RF-Rho Is Encoded by a Unique Gene Conserved in Verte-
brates and Expressed Ubiquitously in Different Tissues—
p27RF-Rho is a protein co-purified with MT1-MMP from a
lysate of human melanoma A375 cells (8). This protein is com-
posed of 161 amino acids encoded by an as yet uncharacterized
gene (accession no.NM_017907). Gene orthologues for p27RF-
Rho exist in vertebrates only as a single copy in each species,
and the amino acid sequences arewell conserved (supplemental
Fig. S2B). p27RF-Rho does not have a signal sequence for secre-
tion or other known protein motifs except for consensus
sequences for myristoylation and palmitoylation at the N ter-
minus (NH2-MGCCY). Protein motifs of p27RF-Rho and its
expression constructs are presented in Fig. 1A. Expression of
the mRNA for p27RF-Rho was detected in almost all human
tissues tested (supplemental Fig. S2A).
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Specific Interaction of p27RF-Rho with MT1-MMP Does Not
Affect MMP-2 Activating Activity—Because p27RF-Rho was
identified as a protein co-purified with MT1-MMP, we tested
whether p27RF-Rho indeed associates with MT1-MMP in
HT1080 cells. Immunoprecipitation of endogenous p27RF-
Rho precipitated a 17-kDa protein, and coprecipitation of

endogenousMT1-MMPwas detected byWestern blot analysis
(Fig. 1B, a). This interaction was also observed with exog-
enously expressed FLAG-tagged p27RF-Rho and Myc-tagged
MT1-MMP (Fig. 1B, b).MT1-MMPhas a short cytoplasmic tail
comprising 20 amino acids. A mutant MT1-MMP lacking the
cytoplasmic tail (MT1-dCP) did not co-precipitatewith p27RF-

FIGURE 1. The MT1-MMP-associating protein, p27RF-Rho, regulates expression of MMP-9. A, schematic representation of p27RF-Rho and its tagged
protein derivatives. p27RF-Rho has consensus sequences for myristoylation and palmitoylation at the N terminus as indicated. p27RF-V5, V5-tagged p27RF-
Rho; p27RF-F, FLAG-tagged protein; p27RF-mC, mCherry-tagged protein including a truncation of the 3�-non-coding region of the p27RF mRNA so as to
eliminate the sequence targeted by the shRNA for the knockdown experiments; p27RF-H, His-tagged protein. B, a, immunoprecipitation (IP) of endogenous
p27RF-Rho by an anti-p27RF-Rho antibody co-precipitated endogenous MT1-MMP as detected by Western blot analysis of the immunoprecipitates using an
anti-MT1-MMP antibody. b, p27RF-Rho-FLAG was expressed together with myc-MT1-MMP in HT1080 cells. p27RF-Rho was immunoprecipitated using an
anti-FLAG antibody. Proteins bound to the antibody were eluted with FLAG peptides and subjected to Western blot analysis using an anti-Myc antibody.
p27RF-Rho precipitated MT1-MMP but not a mutant MT1-MMP lacking the cytoplasmic tail. C, effect of p27RF-Rho on production of gelatinases was analyzed
by gelatin zymography. Expression of p27RF-Rho in HT1080 cells was modulated by transfecting an expression plasmid for p27RF-V5, or endogenous protein
expression was down-regulated using shRNA (sh-p27RF), respectively. Gelatinase activities of MMP-2 and MMP-9 secreted into the culture media were
analyzed by gelatin zymography (upper panel). p27RF-Rho expression was analyzed by Western blot analysis (WB; bottom panels). D, the effect of p27RF-Rho on
the mmp-9 promoter was monitored using a luciferase reporter assay in HT 1080. The reporter construct is illustrated at the bottom. Data are shown as the
mean � S.D., n � 5. *, p � 0.05.
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Rho, suggesting the importance of the cytoplasmic tail for this
association (Fig. 1B, b). However, we have not detected direct
binding between purified p27RF-Rho and the cytoplasmic tail
peptide in vitro (data not shown). Thus, the interaction
between p27RF-Rho and MT1-MMP may be indirect or may
require other components.
p27RF-Rho may modulate the proteolytic activity of MT1-

MMP through this interaction. To test this possibility, we ana-
lyzed the effect of p27RF-Rho on the ability of MT1-MMP to
activate proMMP-2 in HT1080 cells (15). Neither forced
expression of p27RF-Rho nor its down-regulation by expres-
sion of a specific shRNA had any obvious effect on MMP-2
activation (intermediate � active MMP-2 versus proMMP-2)
(Fig. 1C). Unexpectedly however, forced expression of p27RF-
Rho led to increased expression of MMP-9, and p27RF-Rho
gene silencing led to decreased expression of MMP-9 (Fig. 1C).
This effect of p27RF-Rho on MMP-9 expression was repro-
duced using a reporter gene construct comprising the mmp-9
gene promoter, driving expression of the luciferase gene (Fig.
1D). Expression of p27RF-Rho enhanced reporter gene activity,

and knockdown of endogenous p27RF-Rho inhibited this activ-
ity. In contrast, knockdown of MT1-MMP expression did not
affect reporter gene activity, indicating that MT1-MMP does
not regulate the p27RF-Rho activity to regulate mm-9
promoter.
Expression of p27RF-Rho Modulates Cell Morphology Regu-

lated by RhoA—Upon expression of p27RF-Rho (p27RF-V5) in
HT1080 cells, we noticed changes in cell morphology. To con-
firm this further, we visualized the actin cytoskeleton using
Alexa488-phalloidin. Expression of p27RF-V5 in HT1080 cells
enhanced formation of actin stress fibers (Fig. 2A, f and g).
Expression of an empty vector did not affect the actin structure
of the cells (Fig. 2A, a and b,mock). Weak, punctate expression
of actin was observed in the control cells (Fig. 2A, b), whereas
stronger and more dense punctate expression became obvious
in the cells expressing p27RF-V5 (Fig. 2A, g, white arrows).
RhoA regulates actin polymerization via an mDia-mediated
pathway and actin depolymerization via a ROCK-mediated
pathway (16, 17). To examine whether p27RF-V5 affects the
actin cytoskeleton via activation of RhoA, we treated cells with

FIGURE 2. p27RF-Rho modulates cell morphology via RhoA activity. A, HT1080 cells stably expressing p27RF-V5 and mock cells (empty vector) were seeded
onto collagen coated glass coverslips and treated with LPA and/or Y27632. Actin was visualized with Alexa488-phalloidin. Confocal images were performed
using a 63� objective lens (scale bar, 20 �m). B, invasion of Matrigel was analyzed using the indicated HT1080 cell transfectants in the presence or absence of
Y27632. The number of cells that had invaded through the Matrigel layer was counted. Data are shown as the mean � S.D. (n � 3). *, p � 0.05 (Student’s t test).
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Y27632, which is a synthetic inhibitor of ROCK (17). Lysophos-
phatidic acid (LPA), an inducer of RhoA activation, stimulated
the formation of stress fibers in the cells (Fig. 2A, c and h;mock
and p27RF-V5 panels, respectively), and this effect was inhib-
ited by Y27632 in both the control cells (Fig. 2A, d) and the
p27RF-V5-expressing cells (Fig. 2A, i). We also observed that
Y27632 inhibited formation of actin stress fibers in the cells
expressing p27RF-V5 even in the absence of LPA stimulation
(Fig. 2A, j). Thus, p27RF-V5 appears to affect RhoA activation
and eventually stimulates the formation of stress fibers. Expres-
sion of p27RF-Rho also enhanced invasion of HT1080 cells into
the reconstituted basementmembrane calledMatrigel (Fig. 2B,
p27RF-V5). In contrast, knockdown of endogenous p27RF-Rho
using shRNA inhibited invasion (Fig. 2B, sh-p27RF). Enhanced
invasion by the expression of p27RF-V5was prevented by expo-
sure of the cells to Y27632 (Fig. 2B, p27RF-V5�Y27632). The
cells used for the experiments are stable lines expressing each
construct (refer to Fig. 3A, a for protein expression, third panel
from the top).

It is also known that Rho/ROCK signaling stimulates expres-
sion of themmp-9 gene (20, 21). Indeed, the promoter activity
enhanced by p27RF-Rho expression, as was observed in Fig. 1D,
was suppressed by the C3 inhibitor of Rho subfamily proteins
(supplemental Fig. S3B).

We also analyzed human malignant melanoma A375 cells
whose round cell morphology is reported to be maintained by
active Rho/ROCK signaling. Disruption of this signaling alters
cell morphology, leading to the induction of multiple protru-
sions (18, 19). Indeed, the cells showed a typical round mor-
phology when cultured on Matrigel/collagen-coated glass
slides (supplemental Fig. S4A,a), and treatment of the cellswith
Y27632 reproduced the reportedmorphology with protrusions
(supplemental Fig. S4A, b ). Knockdown of endogenous p27RF-
Rho by expressing shRNA induced a morphological change
similar to that observed after treatment of the cells with Y27632
(supplemental Fig. S4A, c; for knockdown efficiency, refer to
supplemental Fig. S4B).
p27RF-Rho Increases GTP-loaded RhoA—Because p27RF-

Rho appeared to affect RhoA activity, we tested whether the
amount of GTP-loaded RhoA in HT1080 cells is affected by
p27RF-Rho (Fig. 2A). To measure this we used a recombinant
fragment of the RBD of Rhotekin, a specific effecter of GTP-
loaded Rho subfamily proteins (RhoA, -B, and -C). The expres-
sion of p27RF-V5 increased the amount of GTP-RhoA to 150%
of the control value, whereas expression of sh-p27RF decreased
the level of GTP-RhoA to 40% that of the control value (Fig. 3A,
a, a representativeWestern blot; Fig.2A, b, quantification of the
bands). Expression of p27RF-mC (Fig. 1A), which lacks the tar-
get sequence of sh-27RF in the 3� non-coding region, in the
knockdown cells reversed the effect of sh-p27RF expression,
giving rise to a level ofGTP-RhoA thatwas 90% that observed in
the control cells (Fig. 3A, b). In contrast, GTP loading ontoRac1
or Cdc42 was unaffected by the expression of p27RF-V5 or
knockdown of endogenous p27RF-Rho by shRNA (supplemen-
tal Fig. S6, A and B). p27RF-Rho does not affect the interaction
between GTP-RhoA and Rhotekin RBD as demonstrated by an
experiment using Rhotekin RBD and constitutively active
RhoA (supplemental Fig. S6C).

Next we tested whether p27RF-Rho increases the binding of
RhoA to GEFs that mediate GTP loading (Fig. 3B). We
expressedMyc-RhoA inHT1080 cells together with p115-Rho-
GEF or constitutively active Lbc (CA-Lbc) and then immuno-
precipitated Myc-RhoA and detected the GEFs in the precipi-
tates by Western blot analysis. Expression of p27RF-V5
enhanced the binding of Myc-RhoA to p115-RhoGEF (Fig. 3B,
a, p27RF-V5 in the top panel; for quantification, see Fig. 3B, b).
Conversely, down-regulation of endogenous p27RF-Rho with
sh-p27RF decreased the binding of Myc-RhoA to the GEF (Fig.
3B, a and b, sh-p27RF). Similar results were obtained for
another GEF protein, a constitutively active Lbc fragment (sup-
plemental Fig. S6D, CA-Lbc). Taken together the results indi-
cate that p27RF-Rho affects activation of RhoA by increasing
interaction with GEFs.
p27RF-Rho Negates Inhibition of RhoA by p27kip1—Accessi-

bility of GEFs to RhoA is negatively regulated by Rho inhibitors
that bind RhoA and prevent binding of GEFs. These include
RhoGDIs (22) and the cytoplasmic formof p27kip1 (12). Because
overexpression of p27RF-Rho increases binding of GEFs to
RhoA, we tested whether p27RF-Rho interacts with RhoA
inhibitors and whether it affects their function. FLAG-tagged
p27RF-Rho (Fig. 1A, p27RF-F) was co-expressed with a GFP-
fused form of RhoGDI-1 (GFP-RhoGDI) or p27kip1 (GFP-
p27kip1) inHT1080 cells and subjected to immunoprecipitation
assay to determine whether p27RF-F co-precipitates with
either or both RhoA inhibitors. Detection of the two RhoA
inhibitors was carried out by Western blot analysis using anti-
GFP antibody. Both GFP-tagged proteins were expressed at
similar levels and were of similar molecular weights (Fig. 3C,
bottom panel), but only GFP-p27kip1 co-precipitated with
p27RF-F (Fig. 3C, top panel). To confirm the binding between
p27RF-Rho and p27kip1 further in vitro, we expressed the fol-
lowing proteins in E. coli and purified them: His-tagged p27RF-
Rho (Fig. 1A, p27RF-H), and GST-fused forms of RhoA and
p27kip1 (supplemental Fig. S5A). p27RF-H bound GST-p27kip1
but not GST-RhoA (supplemental Fig. S5B).
Next, we examined whether p27RF-Rho affects the interac-

tion between p27kip1 and RhoA in vivo (Fig. 3D). p27kip1
expressed in HT1080 cells was subjected to immunoprecipita-
tion, and co-precipitation of RhoA was detected by Western
blot analysis (Fig. 3D,mock in the top panel). Overexpression of
p27RF-V5 in the cells decreased the amount of RhoA bound to
p27kip1 (Fig. 3D, p27RF-V5 in the top panel). Conversely, down-
regulation of endogenous p27RF-Rho using shRNA increased
the amount of RhoA bound to p27kip1 (Fig. 3D, sh-p27RF in the
top panel). Thus, p27RF-Rho inhibits the binding of p27kip1 to
RhoA. If p27kip1 is essential for p27RF-Rho to regulate RhoA
activation, the absence of p27kip1 should abolish regulation of
RhoA by p27RF-Rho. Knockdown of p27kip1 using siRNA
increased the amount of GTP-RhoA by 1.6-fold (Fig. 4A, a for
Western blots and Fig. 4A, b for quantification), consistent with
a negative role for p27kip1 in RhoA activation as reported pre-
viously (12, 23–25). Expression of p27RF-V5 in the knockdown
cells did not augment RhoA activation any further (Fig. 4A, a
and b).

Cellular activation of RhoA can be induced by various exter-
nal stimulants such as LPA, phorbol 12-myristate 13-acetate,

A p27kip1-binding Protein Regulates RhoA

OCTOBER 2, 2009 • VOLUME 284 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 27319

http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1
http://www.jbc.org/cgi/content/full/M109.041400/DC1


A p27kip1-binding Protein Regulates RhoA

27320 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 40 • OCTOBER 2, 2009



and FBS. Indeed, the amount of GTP-RhoA increased upon
treatment of the cells with these compounds (Fig. 4B, a for
Western blots and Fig. 4, B, b for quantification). However,
down-regulation of endogenous p27RF-Rho significantly sup-
pressed the increase in GTP-RhoA, although this suppression
was not complete (Fig. 4B, a and b). Stimulation of the cells with
LPA or FBS also increased association of endogenous p27RF-
Rho with endogenous p27kip1 in the cells (Fig. 4C, a and b).

Based on the results presented in Figs. 3 and 4, we propose a
role for p27RF-Rho in the activation of RhoA as summarized in
Fig. 4D. Activation of RhoA can be inhibited by p27kip1 as
reported previously (12, 23–25). p27RF-Rho binds p27kip1 so as
to free it from GDP-RhoA and thereby renders GDP-RhoA
accessible to GEFs that mediates GDP-GTP exchange.
Co-localization of p27RF-RhowithActive RhoA and Punctate

Actin Expression after Cell Stimulation—Stimulation of
HT1080 cells with LPA induced activation of RhoA and
enhanced the polymerization of actin (Fig. 2B). p27RF-Rho
detected by an anti-p27RF-Rho polyclonal antibody exhibited a
punctate distribution and did not show any clear co-localiza-
tion pattern with actin in non-stimulated cells (Fig. 5A, c). The
expression signals were specific to p27RF-Rho, as knockdown
of p27RF-Rho expression abolished the signals almost com-
pletely (Fig. 5A, h and k). The punctate distribution of p27RF-
Rho expression was not affected after treatment of cells with
LPA (Fig. 5A, e). Upon stimulation of the cells, stress fibers and
punctate actin structures became apparent (Fig. 5A, d). The
punctate pattern of p27RF-Rho expression was observed to
largely overlapwith that of actin in LPA-treated cells (Fig. 5A, f),
although co-localization of p27RF-Rho with the stress fibers
was not apparent. When cells whose endogenous p27RF-Rho
had been knocked downwere treatedwith LPA, the actin struc-
ture at the sites of membrane ruffling became more prominent
than either stress fibers or actin dots (Fig. 5A, j).
Next, GTP-loaded Rho subfamily members including RhoA

were visualized in the cells by treating fixed cell samples with
purified GST-RBD and then with an anti-GST antibody (26,
27). GST treatment alone did not produce significant signals
within the cells (not shown). Active RhoAwas observed weakly
within the serum-starved cells (Fig. 5B, b), and stimulation of
the cells with LPA generally enhanced the signal (Fig. 5B, f),
leading to the appearance of an enhanced punctatemorphology
within a fraction of this signal. Within the same cell, the punc-
tate p27RF-Rho signal (Fig. 5B, e, green) overlappedwith that of
both GST-RBD (Fig. 5B, f, red) and actin (Fig. 5B, g, blue). Co-
localization of the three signals appears aswhite punctate struc-
tures within the merged image (Fig. 5B, h).
We also evaluated localization of cortactin, which is a reg-

ulator of actin polymerization and a marker for invadopodia

(Fig. 6A, a). Corresponding to the formation of punctate
actin structure at sites of p27RF-Rho localization, we
observed most of p27RF-Rho patches co-localized with cor-
tactin (Fig. 6A, a and b).
Then we examined whether MT1-MMP co-localizes with

p27RF-Rho. MT1-MMP localized to the ruffling membrane at
the cell periphery (Fig. 6A, c, open arrowhead) and in the region
surrounding the nucleus in a punctate pattern of distribution
(Fig. 6A, c). Some of the perinuclear dotsmay correspond to the
protein within the Golgi complex. However, some MT1-MMP
signals and punctate p27RF-Rho signals overlapped one
another. We observed that �30% of the punctate p27RF-Rho
signals overlapped with MT1-MMP (Fig. 6B). The cells were
next cultured on fluorescently labeled gelatin, and the proteo-
lytic activity ofMT1-MMPwas visualized as dark spots (Fig. 6C,
c). A confocal image of the gelatin layer (Fig. 6C, d, X-Y section)
and X-Z images of MT1-MMP, p27RF-Rho, and gelatin are
presented (Fig. 6C, d, right panels). The punctate p27RF-Rho
signal extended into the gelatin layer, and the cellular protru-
sions overlapping the area of MT1-MMP expression showed
evidence of gelatin degradation.
Membrane Targeting of p27RF-Rho Is Critical for the Gener-

ation of the Punctate Pattern of ActinDistribution—p27RF-Rho
contains potential lipid modification sites; that is, one myris-
toylation and two palmitoylation sites at the N terminus (Fig.
7A, NH2-MGCCY). We generated p27RF-Rho mutants with
mutations at these sites (Fig. 7A, MASSY) and a revertant with
seven amino acids added to the N terminus of the mutant
(Nrev) (Fig. 7A). To examine whether p27RF-Rho associates
with the plasma membrane, wild type or mutant p27RF-Rho
was expressed in HT 1080 cells as V5-tagged forms. The cells
were then disrupted under low osmotic pressure, subdivided
into membrane and cytoplasmic fractions, and subjected to
Western blot analysis (Fig. 7B). Transferrin receptor and tubu-
lin were monitored as markers of membrane and cytoplasmic
proteins, respectively. Wild type p27RF-Rho detected with
anti-V5 antibodywasmostly distributed to themembrane frac-
tion, whereas a small fraction of the signal was detected in the
cytoplasm. The amount of mutant p27RF-Rho (ASS) detected
in the membrane fraction was greatly reduced compared with
that of the wild type protein, whereas the amount detected in
the cytoplasm was increased (Fig. 7B, ASS in the membrane
fraction). Revertant p27RF-Rho showed a similar distribution
pattern to that of the wild type protein (Fig. 7B, Nrev).

p27RF-Rho co-localized with MT1-MMP (Fig. 6), and
immunoprecipitation of each protein co-immunoprecipitated
the other (Fig. 1B). To evaluate the importance of the mem-
brane-targeting signals of p27RF-Rho for this association with
MT1-MMP, we expressed wild type and mutant p27RF-Rho as

FIGURE 3. p27RF-Rho promotes the association of GEFs with RhoA. A, GTP-loaded Rho proteins in HT1080 cell lysate were pulled down using GST-Rhotekin
for RhoA. RhoA proteins were analyzed by Western blot (WB) using specific antibodies (a, upper panel). Quantification of active RhoA normalized to total RhoA
(b, n � 3). *, p � 0.05 (Student’s t test). Endogenous and exogenous p27RF-Rho proteins were detected with an anti-p27RF-Rho polyclonal antibody (a, middle
panel). B, a, the effect of p27RF-Rho on the association of Myc-RhoA with V5-p115RhoGEF was tested. Myc-RhoA was immunoprecipitated (IP) and the
associated GEFs were detected by Western blot analysis. b, quantification of Fig. 2B, a (n � 3). *, p � 0.05 (Student’s t test). C, a, GFP-RhoGDI or GFP-p27kip1 was
expressed together with p27RF-F in HT1080 cells. p27RF-F was immunoprecipitated using an anti-FLAG antibody, and associated GFP-fused proteins were
detected by Western blot assay using an anti-GFP antibody. A representative result of three experiments is indicated. b, quantification of C, a (n � 3). *, p � 0.05
(Student’s t test). D, a, Myc-RhoA and FLAG-p27kip1 were expressed in HT1080 cells expressing either p27RF-V5 or sh-p27RF. FLAG-p27kip1 was immunopre-
cipitated, and Myc-RhoA was detected in the precipitates by Western blot analysis. b, quantification of Fig. 2D, a (n � 3). *, p � 0.05 (Student’s t test).

A p27kip1-binding Protein Regulates RhoA

OCTOBER 2, 2009 • VOLUME 284 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 27321



FIGURE 4. p27RF-Rho activates RhoA via p27kip1 pathway. Aa, effect of p27RF-Rho on RhoA activation in the presence or absence of p27kip1. The expression
of p27kip1 in HT1080 cells was knocked down using siRNA. b, quantification of the ratio of active RhoA to total RhoA (n � 3). *, p � 0.05 (Student’s t test). B, a,
HT1080 cells were serum-starved and treated with FBS, phorbol 12-myristate 13-acetate (PMA), or LPA in the presence or absence of sh-p27RF, and active RhoA
was detected. b, quantification of the Western blots (n � 3). *, p � 0.05 (Student’s t test). C, a, HT1080 cells were serum-starved and treated with LPA or FBS, then
p27kip1 immunoprecipitated (IP) using anti-p27RF-Rho antibody. sh-p27RF was a negative control. b, quantification of C, a (n � 3). D, schematic illustration of
the role of p27RF-Rho in the activation of RhoA. p27 kip1 binds GDP-RhoA and prevents GDP-RhoA from binding GEFs. p27RF-Rho binds p27 kip1 and sequesters
the latter from GDP-RhoA. GDP-RhoA free from p27 kip1 can be activated by associating with GEFs.
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FLAG-tagged forms in HT1080 cells and analyzed them by
immunoprecipitation followed by Western blot analysis to
detect MT1-MMP (Fig. 7C, a). MT1-MMPwas detected in the
precipitate of p27RF-F (wild type). In contrast, the ASSmutant
protein failed to co-precipitate MT1-MMP. Nrev p27RF-F,
which associated with the plasmamembrane, restored the abil-
ity to co-precipitate MT1-MMP. However, the transferrin
receptor used as a membrane protein control was not co-pre-
cipitated with p27RF-F. Thus, association of p27RF-Rho with
the plasma membrane is mediated by the N-terminal amino
acid sequence, and it is important for the protein interaction
with MT1-MMP.
Immunostaining of cells treated with LPA revealed that

p27RF-mC showed a punctate distribution (Fig. 7D, c, WT) as
demonstrated for the endogenous proteins in Fig. 5A, a and d.
However, p27RF-mC containing the ASS mutation largely
failed to exhibit this punctate pattern of distribution and
instead appeared to be distributed diffusely throughout the cell
(Fig. 7D, g), whereas the Nrev mutation restored the punctate
pattern of distribution observed for the wild type protein (Fig.
7D, k). Formation of punctate actin structures was also
observed in cells expressing the ASS mutant p27RF-mC
because the cells express endogenous p27RF-Rho. Only wild
type and Nrev p27RF-mC showed co-localization with actin

and cortactin within the punctate
cell structures, which are indicated
by the white areas where the three
fluorescent signals overlap with
each other (Fig. 7D, d and l). The
ability of the mutant p27RF-Rho to
promote cellular invasion into
Matrigel was analyzed by expressing
themutant proteins in cells inwhich
the endogenous p27RF-Rho had
been down-regulated by shRNA
expression (Fig. 7E). Expression of
p27RF-mC andNrev-mC but not the
mutant (ASS-mC) restored the inva-
sion-promoting activity (Fig. 7F).

DISCUSSION

The present study has identified a
new system regulating the activa-
tion of RhoA mediated by p27RF-
Rho, a newly discovered p27kip1-
binding protein. The binding of
p27RF-Rho to p27kip1 sequesters
p27kip1 away from GDP-RhoA and
releases the latter in a form acces-
sible to GEFs for GDP-GTP
exchange, as summarized in supple-
mental Fig. S1A. Based on this
mechanism, localization of p27RF-
Rho appears to be important for
defining the subcellular region
where GDP-RhoA can be activated
by GEFs in response to stimuli as
summarized in supplemental Fig.

S1,A and B). Indeed, p27RF-Rho co-localized with active RhoA
within punctate cellular structures that contained actin in
HT1080 cells treated with LPA (Fig. 7B). p27RF-Rho was iden-
tified as a protein associatingwithMT1-MMP.However, it is of
note that the activity of p27RF-Rho was not affected signifi-
cantly by the presence or absence of MT1-MMP.
Regulation of the Formation of Punctate Subcellular Struc-

tures Containing Actin by p27RF-Rho—Invasive cells fre-
quently form invadopodia when the cells are cultured on ECM-
coated glass slides, and the formation of these structures has
been reported to correlate with the invasive ability of the cell
(28). Invadopodia have been characterized as membrane pro-
trusions with ECM-degrading proteases and cell adhesionmol-
ecules on their outer surface and an actin-based structure
inside (29, 30). The protein p27RF-Rho we characterized in the
present study regulates formation of punctate actin structures
within the cells and a fraction of such punctate actin structures
co-localized with MT1-MMP (Figs. 6 and 7D). The punctate
distribution of p27RF-Rho expression co-localized well with
that of actin and cortactin.However, only 30%of these punctate
signals co-localized with MT1-MMP expression. Punctate
p27RF-Rho signals were observed to extend into cellular pro-
trusions that invaded into the gelatin layer, and gelatin degra-
dation was observed at those cellular protrusions characterized

FIGURE 5. Co-localization of p27RF-Rho, active RhoA, and actin. A, HT1080 cells expressing sh-p27RF or
sh-LacZ were seeded onto collagen-coated glass coverslips. Cells were serum-starved and treated with LPA.
Actin was visualized with Alexa488-phalloidin (green), and p27RF-Rho was visualized with anti-p27RF-Rho
(red). The area indicated by the white arrowhead is magnified in the inset. Confocal images were performed
using a 63� objective lens (scale bar, 20 �m). B, after fixation the cells were incubated with soluble GST-RBD to
detect active RhoA. Bound GST-RBD was visualized by immunostaining using anti-GST antibody (red). The
same samples were double-stained for p27RF-Rho (green) and actin (blue). The area indicated by the white
arrowhead is magnified in the inset. CCD images were performed using a 60� objective lens (scale bar, 20 �m).
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by overlapping MT1-MMP expression (Fig. 6C, d). These pro-
trusions aremost likely invadopodia, which are actin-based cell
protrusions that exhibit ECM degrading activity. Thus, MT1-
MMPappears to be recruited to the punctate actin structures at

a later stage so as to form mature invadopodia. Stimulation of
HT1080 cells with LPA induced the formation of actin dots
including invadopodia-like actin structures. Knockdown of
p27RF-Rho in the cells prevented formation of these structures

FIGURE 6. p27RF-Rho co-localized with MT1-MMP. A, MT1-MMP with a C-terminal Venus-tag was expressed in HT1080. The cells were stained for MT1-MMP
(green), p27RF-Rho (red), and cortactin (blue). The area indicated by the white arrowhead is magnified in the inset. Confocal images used a 63� objective lens
(scale bar, 20 �m). B, the number of punctate p27RF-Rho signals or MT1-MMP-p27RF-Rho double positive punctate signals were counted. Data are the mean �
S.D. (n � 3). C, a– d, HT1080 cells cultured on Oregon Green-labeled gelatin-coated glass coverslips. After fixation, the cells were stained for p27RF-Rho (red) and
MT1-MMP (blue). Note that the degradation of gelatin is specific to the cells expressing exogenous MT1-MMP. d, X-Y and X-Z sections of the gelatin layer and
merged image. Confocal images were performed using a 63� objective lens (scale bar, 20 �m).
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(Fig. 5A) and diminished the invasive activity of the cell (Fig.
2B). Thus, it is of particular interest whether and how p27RF-
Rho regulates the formation and turnover of invadopodia.
The subcellular localization of p27RF-Rho showed a punc-

tate distribution pattern even before stimulation of the cells,
and the pattern resembled that of the actin dots formed in
response to cell stimulation. Thus, the localization of p27RF-
Rho appears to determine the subcellular regionwhere external

signals are transmitted to activate RhoA and induce actin
polymerization. The question of how p27RF-Rho localizes to
particular patches of the plasma membrane remains unan-
swered, and we are trying to identify membrane proteins that
interact with p27RF-Rho to understand the mechanism. It is
interesting that p27RF-Rho associated with the plasma mem-
brane fraction (Fig. 7B) co-precipitated MT1-MMP in an
immunoprecipitation assay (Fig. 7C), whereas a mutant

FIGURE 7. Membrane targeting signals of p27RF-Rho are necessary to localize to the punctate actin structures and bind to MT1-MMP. A, N-terminal
sequences of p27RF-Rho, and its mutants are presented. Gly and Cys indicated by black bold letters correspond to hypothetical myristoylation and palmitoy-
lation sites, respectively. ASS, acylation defective mutant; Nrev, additional acylation sites were fused to the N terminus of the ASS mutant. B, the following
proteins were expressed in HT1080 cells; mock (empty vector), wild type (WT), ASS, and Nrev. After cells were lysed and separated into cytoplasmic and
membrane fractions, p27RF-Rho was detected by Western blot analysis. Transferrin receptor and tubulin are representative makers for membrane and
cytoplasmic proteins, respectively. A representative result of three experiments is indicated. C, Myc-tagged-MT1-MMP (a) and hemagglutinin-tagged trans-
ferrin receptor (b) were expressed together with p27RF-F or its mutants in HT1080 cells. The cells were lysed, and p27RF-F was immunoprecipitated (IP) using
an anti-FLAG antibody. p27RF-Rho and its mutants bound to the antibody were eluted with FLAG peptides and subjected to Western blot (WB) analysis using
anti-Myc or anti-HA antibodies. A representative result of three experiments is indicated. D, p27RF-Rho and its mutant proteins fused to an mCherry tag were
expressed in HT1080 cells, and the cells were seeded onto collagen-coated glass coverslips, then serum-starved and treated with LPA. After fixation, the cells
were stained for mCherry (red), cortactin (blue), and actin (green). Confocal images were performed using a 63� objective lens (scale bar, 20 �m). E and F, effect
of mutant p27RF-Rho on Matrigel invasion. Expression of endogenous p27RF-Rho was knocked down using shRNA in HT1080 cells, and mutant p27RF-Rho
proteins were expressed. Proteins were analyzed by Western blot analysis (E). The invasive activity of the cells was analyzed using a Transwell Chamber
equipped with a Matrigel-coated filter, and the number of invaded cells was counted. Data are presented as the mean � S.D. (n � 3). *, p � 0.05 (Student’s t test).
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p27RF-Rho lacking acylation sites that fails to associate with
the membrane fraction did not. However, direct interaction
between the cytoplasmic tail of MT1-MMP and p27RF-Rho
was not detected at least in vitro (not shown). Thus, we sup-
pose that MT1-MMP and p27RF-Rho are co-assembled into
a multiprotein complex in invasion-related structures such
as invadopodia.
Association of p27RF-Rho with Plasma Membrane—p27RF-

Rho has its own intrinsic mechanism for localizing to the
plasmamembrane as revealed by biochemical fractionation and
sequence manipulation of p27RF-Rho (Fig. 7, A and B). Three
potential acylation sites exist in the N-terminal region of
p27RF-Rho. Mutation of the three sites (ASS) greatly dimin-
ished the amount of the protein in the membrane fraction,
whereas fusion of additional modification sites to the N termi-
nus of the mutant restored the protein to the membrane frac-
tion. Thus, p27RF-Rho has an intrinsic mechanism for localiz-
ing to sites of activation of RhoA by GEFs (supplemental Fig.
S1). Because knockdown of p27RF-Rho significantly reduced
activation of RhoA in response to stimuli, we think p27RF-Rho
is an important player regulating transmission of different types
of signals to activate RhoA. RhoA is important for a variety of
cellular functions (10, 16, 31). Presumably p27RF-Rho does not
universallymediate all processes that regulate RhoA. For exam-
ple, we have not observed any effect of p27RF-Rho on cell divi-
sion where cytokinesis of the duplicated cells is regulated by
RhoA (32).
RhoA plays crucial roles in many diseases, including cancer,

arteriosclerosis, and neuronal diseases (33, 34). Therefore,
p27RF-Rho presents a promising new target to control RhoA
activation and develop therapeutic agents for treating diseases
associated with aberrant RhoA activity.
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