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Rho family proteins regulate multiple cellular functions in-
cluding motility and invasion through regulation of the actin
cytoskeleton and gene expression. Activation of Rho proteins
is controlled precisely by multiple regulators in a spatiotempo-
ral manner. RhoA and/or RhoC are key players that regulate
the metastatic activity of malignant tumor cells, and it is there-
fore of particular interest to understand how activation of
these Rho proteins is controlled. We recently identified an up-
stream regulator of RhoA activation, p27RE-Rho (p27*P! re-
leasing factor from RhoA) that acts by freeing RhoA from inhi-
bition by p27XiPt, p27XP1 j5 a cell cycle regulator when it is
localized to the nucleus, but it binds RhoA and inhibits activa-
tion of the latter when it is localized to the cytoplasm. Here, we
show that a metastatic variant of mouse melanoma B16 cells
(F10) exhibits greater expression of p27RF-Rho, RhoA, and
RhoC than the nonmetastatic parental cells (F0). Injection of
F10 cells into mouse tail vein resulted in the formation of met-
astatic lung colonies, whereas prior knockdown of expression
of either one of the three proteins using specific shRNA se-
quences decreased metastasis markedly. p27RF-Rho regulated
the activation of RhoA and RhoC and thereby modulated cel-
lular adhesion and motility, in addition to pericellullar prote-
olysis. The Rho activities enhanced by p27RF-Rho had a
marked effect upon efficiency of lodging of F10 cells in the
lung, which represents an early step of metastasis. p27RF-Rho
also regulated metastasis of human melanoma and fibrosar-
coma cells. Thus, p27RF-Rho is a key upstream regulator of
RhoA and RhoC that controls spreading of tumor cells.

Dissemination of tumor cells from a primary tumor mass
and formation of metastatic colonies at secondary sites is the
major cause of mortality of cancer patients (1, 2). The forma-
tion of metastases involves a series of discrete steps, including
invasion of the extracellular matrix, intravasation into vascu-
lar structures, extravasation, and regrowth at the secondary
site (1, 3). Although metastasis is a complex process, and the
underlying cellular mechanism has been difficult to under-
stand, recent studies have shown that the epithelial-mesen-
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chymal transition program, which is employed during devel-
opment, inflammation, and wound healing, is activated in
tumor cells and confers upon the cells both invasive and met-
astatic ability (2, 4). Metastatic tumor cells are highly migra-
tory and invasive, and these properties are regulated by mem-
bers of the Rho family of GTPases (5- 8).

The Rho family of GTPases comprises Rho, Rac, and Cdc42
subfamilies, which regulate different aspects of the dynamic
reorganization of the actin cytoskeleton during cell move-
ment (9, 10). Proteins of the Rac and Cdc42 subfamilies regu-
late polymerization of branching actin to form ruffling mem-
branes and filopodia, respectively, whereas Rho subfamily
proteins are known to regulate the formation of stress fibers,
which bridge cell adhesion structures and generate contractile
forces during movement. Members of the Rho subfamily in-
clude RhoA, RhoB, and RhoC, and in this study we use the
term “Rho proteins” to represent these subfamily members.
Although the genes encoding Rho proteins are rarely mutated
in tumor cells, changes in their level of expression has been
associated with invasive and metastatic tumors (11). In partic-
ular, RhoA and RhoC are frequently overexpressed in meta-
static cancer cell lines and clinical specimens (9), whereas the
expression of RhoB is occasionally decreased (9, 12). More-
over, analysis of cells generated from repeated selection of
metastatic melanoma cells in mice revealed that increased
expression of RhoC is associated strongly with the acquisition
of metastatic ability (13). Activation of Rho proteins is medi-
ated by Rho guanine nucleotide exchange factors in response
to cell stimuli, and this process is antagonized by Rho protein
GDP dissociation inhibitors. The latter bind and sequester the
GDP-bound form of Rho proteins so as to prevent their acti-
vation at the inner surface of the plasma membrane (9, 10).
The concerted action of these two types of regulator gives rise
to dynamic changes in the actin cytoskeleton during cell
movement (14, 15).

In addition to these regulators of Rho proteins, the cell cy-
cle regulator p27"" has recently been demonstrated to in-
hibit RhoA activation when p27""" is localized to the cyto-
plasm (16, 17). Cytoplasmic p27""P* binds GDP-RhoA and
prevents the latter from binding Rho guanine nucleotide ex-
change factors (16, 18 —20). We recently identified a new
p27""P'-binding protein, p27RF-Rho, which prevents binding
of p27"P! to GDP-RhoA (21). Therefore, p27"'P'-free GDP-
RhoA, which can be activated by guanine nucleotide exchange
factors, is expected to be generated focally at sites of p27RF-
Rho localization. In the previous study we found that p27RE-
Rho is expressed in invasive tumor cells and exhibits a punc-
tuate distribution at the inner surface of the basal membrane
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attached to the extracellular matrix in cultured cells. Activa-
tion of Rho gives rise to formation of stress fibers and inva-
dopodia-like protrusions that are associated with pericellular
proteolysis (21). However, Rho proteins regulate diverse cellu-
lar functions that are dependent upon actin polymerization,
such as cytokinesis and maintenance of cell polarity and adhe-
sion, etc. Therefore, it is of interest to clarify whether p27REF-
Rho regulates activation of Rho proteins during metastasis of
tumor cells.

In the present study, we made use of nonmetastatic (F0)
and metastatic (F10) variants of the B16 murine melanoma
cell line and found that expression of p27RF-Rho, RhoA, and
RhoC is greater in F10 than in FO cells. We further show that
p27RE-Rho contributes to the metastatic activity of F10 cells
by regulating the activation of RhoA and RhoC. We also dem-
onstrate the prometastatic function of p27RF-Rho in human
tumor cells.

EXPERIMENTAL PROCEDURES

Cells and Antibodies—B16F0 and B16F10 cells were ob-
tained from the Cell Resource Center for Biomedical Re-
search, Institute of Development, Aging and Cancer, Tohoku
University. HT1080 and A375 cells were obtained from the
American Type Culture Collection, and Mum?2B cells were a
generous gift from Dr. V. Quaranta (Vanderbilt University).
B16, HT1080, and A375 cells were maintained in DMEM con-
taining 10% FBS (Hyclone), 100 units/ml penicillin, and 100
pg/ml streptomycin (Invitrogen). Mum2B was maintained in
RPMI containing 10% FBS (Hyclone), 100 units/ml penicillin,
and 100 pg/ml streptomycin (Invitrogen). A polyclonal anti-
p27RE-Rho antibody was described previously (21). We used
commercially available antibodies for RhoA (Cell Signaling),
RhoC (Cell Signaling), and p27*'P* (Santa Cruz). Alexa Fluor
phalloidin was purchased from Invitrogen.

Knockdown Experiments Using shRNA—The shRNA se-
quences used for knockdown were 5'-caccgatcccttectgecctett-
tccgaagaaagagggcaggaagggatc-3' and 5'-caccgecgageccaactac-
catagccgaagctatggtagttgggctegge-3' for p27RF-Rhos; 5'-caccg-
gctgecatcaggaagaaactcgaaagtttcttectgatggeagee-3' and 5'-cac-
cgcttgctcatagtcttcageacgaatgetgaagactatgageaage-3' for
RhoAs; and 5'-caccggtagtagccttgttatttgacgaatcaaataacaaggcta-
ctacc-3' and 5'-caccggacatgaataaaggtcaaagagaactttgacctttattc-
atgtcc-3’ for RhoCs. shRNA-expressing lentiviral vectors were
generated and used according to the manufacturer’s instruc-
tions (Invitrogen).

The Pull-down Assay of Rho-GTPases—The pull-down as-
say of Rho-GTPases was performed as described previously
(21). Briefly, the cells were washed with ice-cold PBS and
scraped off the plates in cell lysis buffer (50 mm Tris-HCl, pH
7.4, 2 mm MgCl,, 1% Nonidet P-40, 10% glycerol, 100 mm
NaCl, supplemented with 1 mwm dithiothreitol, 10 ug/ml leu-
peptin, 10 ug/ml aprotinin, and 10 ug/ml pepstatin-A) on ice.
The lysates were centrifuged for 5 min at 20,000 X gat 4 °C. A
fraction of the cleared lysates was incubated with 15 ug of
GST-Rhotekin-Rho-binding domain bound to glutathione-
coupled Sepharose beads for 30 min at 4 °C. The pellet con-
taining the beads was collected, washed three times with ice-
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cold cell lysis buffer, and subjected to SDS-PAGE followed by
Western blot analysis using the indicated antibodies.

Fluorescent Gelatin Degradation Assay—Oregon Green-
labeled gelatin was obtained from Invitrogen. The coverslips
were coated with 10 ug/ml poly-L-lysine for 20 min at room
temperature, washed with PBS, and incubated for 10 min at
room temperature in 0.2% fluorescently labeled gelatin in 2%
sucrose in PBS. The cells were fixed with 0.5% glutaraldehyde
(Sigma) for 15 min. After three washes, the coverslips were
incubated in 5 mg/ml sodium borohydride for 3 min, washed
three times in PBS, and finally incubated in 2 ml of serum-free
medium for 1 h. To assess the ability of cells to form inva-
dopodia and degrade the gelatin, the cells were placed on Or-
egon Green-coated coverslips and incubated at 37 °C for 4 h.

Immunofluorescence Microscopy—The cells were fixed with
4% paraformaldehyde and permeabilized using 0.1% Triton
X-100 in PBS for 10 min. After the cells were blocked in PBS
containing 5% goat serum and 3% BSA, they were incubated
with Alexa 568-conjugated phalloidin (Invitrogen). Images of
cells were captured with IX70 equipped with a CCD camera
(Olympus).

Adhesion and Spreading Assay—The cells were plated in
dishes coated with fibronectin (1 ug/ml; Sigma) or vitronectin
(1 wg/ml; Sigma) for 30 min, and the cells were detached us-
ing 0.25% trypsin, 1 mM EDTA containing PBS and counted
using a Coulter counter (Beckman). Spreading of cells was
observed under a microscope equipped with a CCD camera,
and the adherent cell area was analyzed using Metamorph
software. Spreading was presented as the total area of cells
adhering to the matrix.

Migration Assay—Transwells with 8-um-pore size filters
(Costar) covered with fibronectin (5 pug/ml; Sigma) were in-
serted into 24-well plates. DMEM (500 ul) containing 10%
FBS was added to the lower chamber, and 100 ul of a cell sus-
pension (1 X 10 cells) was placed in the upper chamber. The
plates were incubated at 37 °C in a 5% CO,, atmosphere for
9 h. The cells in the lower chamber were then stained with
crystal violet and counted.

Metastasis Assays—1 X 10° cells were suspended in 200 ul
of PBS and injected via the lateral tail veins of C57BL/6 mice
(Clea Japan). 6 —7-week-old mice were used for the experi-
ments. Two weeks following injection, the mice were killed,
the lungs were extirpated, and the black spherical B16F10
colonies were counted. Short term lung colonization assays
used cells fluorescently labeled with CellTracker Green and
CellTracker Orange (Invitrogen). p27RF-Rho-depleted and
control cells (1 X 10° each for BI6F0 and B16F10 and 2.5 X
10° each for A375, Mum2B, and HT1080) were injected into
the tail veins of C57BL/6 mice (B16) or nude mice (A375,
Mum?2B, and HT1080), which were killed 1 or 24 h later.
Fluorescently labeled cells in the lung were counted by confo-
cal microscopy (Nikon).

RESULTS

Expression of Rho Proteins and p27RF-Rho in Variant B16
Melanoma Cell Lines—To evaluate a role for p27RF-Rho in
the regulation of invasion and metastasis of tumor cells in
mice, we made use of a nonmetastatic FO and a highly meta-
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FIGURE 1. Analysis of Rho mRNA and protein in B16 melanoma cells. g, quantitative PCR analysis of p27RF-Rho, RhoA, RhoB, and RhoC in B16F0 and
B16F10 cells. Gene expression was normalized to that of GAPDH and presented as the ratio of expression in B16FO0 relative to B16F10 cells. The data are pre-
sented as the means = standard deviation (n = 3).*, p < 0.05. **, not detected. b, protein levels of p27RF-Rho, RhoA, and RhoC in B16F0 and B16F10 cells.
¢, quantification of Fig. 1B. The data are presented as the means = standard deviation (n = 3).*, p < 0.05.

static F10 variant of the B16 mouse melanoma cell line. Quan-
titative analysis of mRNA levels by RT-PCR demonstrated
that F10 cells expressed a greater level of both p27RF-Rho and
RhoC than FO cells (Fig. 1a). However, expression of RhoA
mRNA was comparable between FO and F10 cells, whereas
expression of RhoB was suppressed in F10 cells.

Expression of Rho proteins was also examined by Western
blot analysis (Fig. 15). Consistent with the greater expression
of the mRNAs encoding p27RF-Rho and RhoC, expression of
the corresponding proteins was also greater in F10 cells. De-
spite the similarity in the level of expression of RhoA mRNA
in the two variant cell lines, its protein was expressed more
strongly in F10 than FO cells (Fig. 1¢). Post-transcriptional
modifications may alter the stability of RhoA protein. For ex-
ample, the stability of the RhoA protein is reported to be reg-
ulated by the ubiquitin-dependent degradation pathway (22,
23). We could not detect expression of RhoB protein in either
cell line under the conditions used in our assay (not shown).
Because RhoB is not likely a pro-metastatic regulator in the
downstream of p27RF-Rho, we do not follow this protein fur-
ther in this study.

P27RF-Rho Plays a Critical Role in F10 Cell Metastasis to
the Lung—B16-F10 cells are known to form metastatic colo-
nies in the lung when the cells are injected into the tail vein of
mice. We also confirmed that our cells formed multiple meta-
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static nodules in the lung, and we further found that ex-
pression of a control shRNA (sh-LacZ) did not affect the met-
astatic activity of the cell (data not shown). Using this assay
system, we evaluated whether the elevated expression of
p27RF-Rho, RhoA, and RhoC plays a role in metastasis by
knocking down expression of each protein. We prepared sta-
ble F10 transfectants in which the expression of either p27RF-
Rho, RhoA, or RhoC was knocked down by expressing the
appropriate shRNAs, and we further confirmed knockdown of
the expression of the corresponding proteins (Fig. 2a). Lungs
were dissected from mice 14 days after injection of the cells,
and black nodules corresponding to the melanoma cells were
visible on the lung surface (Fig. 2b). The number of the nod-
ules was counted and is presented in Fig. 2c. Compared with
control cells expressing sh-LacZ, knockdown of either RhoA
or RhoC expression markedly reduced the number of meta-
static colonies in the lung. p27RF-Rho knockdown cells ex-
pressing either of two different shRNAs (sh-p27RF1 and sh-
p27RF2) also exhibited a reduced number of metastatic
nodules, and this effect was comparable with that observed
following knockdown of Rho protein expression. Thus,
p27RF-Rho expression in F10 cells contributes to the meta-
static activity as effectively as does expression of RhoA or
RhoC. Constitutive knockdown of the expression of each pro-
tein had no apparent effect upon the growth properties of the
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FIGURE 2. The p27RF-Rho-Rho axis is required for melanoma cell metastasis in vivo. g, the efficiency of knockdown of p27RF-Rho (sh-p27RF1 and sh-
p27RF2), RhoA (sh-RhoA1, 2), or RhoC (sh-RhoC1, 2) in B16F10 cells was analyzed by Western blot analysis. b, appearance of murine lungs 14 days following
injection of control or p27RF-Rho-, RhoA-, or RhoC-depleted cells into the tail veins of 7-8-week-old mice. The number of surface tumor nodules is shown in

¢. The data represent the means = standard deviation (n = 7).

cells in culture (data not shown). Nonmetastatic FO cells did
not form lung metastasis at all, and forced expression of
p27RF-Rho as a V5-tagged form in the cells was not sufficient
to convert them metastatically (data not shown).

P27RF-Rho Regulates Activation of RhoA and RhoC in B16-
F10 Cells—In the previous study, we demonstrated that
p27RF-Rho releases inhibition of RhoA activation by p27P*
without affecting the gene expression of RhoA (21). To con-
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firm whether p27RF-Rho can regulate activation of endoge-
nous RhoA and RhoC in B16 cells, we altered the level of ex-
pression of p27RF-Rho in the cells by expressing either
additional protein or shRNAs targeting each gene (Fig. 3a).
Active RhoA and RhoC proteins were pulled down from cell
lysates prepared from the cells using the Rho-binding domain
of Rhotekin and analyzed by Western blot. FO cells expressed
low levels of p27RF-Rho and Rho proteins. Forced expression
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FIGURE 3. p27RF-Rho modulates RhoA and RhoC activation via inhibition of the p27"P! pathway. g, regulation of Rho proteins by p27RF-Rho. B16F0
cells expressing an empty vector (mock) or p27RF-Rho fused to a V5 tag (p27RF-V5, lanes 1 and 2) and B16F10 cells expressing a control shRNA (sh-LacZ,
lane 3) or either one of two shRNA sequences targeted to the p27RF-Rho mRNA (sh-p27RF1 and sh-p27RF2, lanes 3-5) were used for the assay. The cell ly-
sates were analyzed by Western blot using antibodies that recognize p27RF-Rho, RhoA, or RhoC. Active Rho proteins were pulled down using the Rhotekin
fragment and analyzed similarly. The ratio of active to total protein is indicated below the blots (n = 3). b, subcellular localization of p27“** in B16F0 and
B16F10 cells. After cells were lysed and separated into cytoplasmic and nuclear fractions, p27kip1 was detected by Western blot analysis. Tubulin and lamin
B1 are markers for cytoplasmic and nuclear proteins, respectively. T, total lysate; C, cytoplasmic fraction; N, nuclear fraction. ¢, p27RF-Rho suppresses p27 P’
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tional empty vector (mVkip1-mock, lane 3) or mVkip1 with p27RF-Rho fused to an mCherry tag (mVkip1-p27RFmC, lane 4) were expressed in B16F10 cells.
Total and active Rho proteins were analyzed as in a. The ratio of active to total protein is indicated below the blots (n = 3).

of p27RF-Rho fused to a V5 tag (p27RF-V5, lane 2) did not using human tumor cell lines (21), and it also regulates the
affect the total protein level of RhoA and RhoC but resulted in  activation of RhoC.

a modest increase in the level of active RhoA and RhoC (Fig. We next examined whether p27RF-Rho regulates the abil-
3a, lane 2). In contrast, F10 cells express greater levels of ity of p27""* to inhibit Rho proteins in B16 melanoma cells.

p27RF-Rho and active forms of RhoA and RhoC than FO cells ~ FO and F10 cells expressed p27""P" at a similar level (Fig. 3).
(Fig. 3a, lane 3). Knockdown of p27RF-Rho expression in F10  Subcellular fractionation revealed that p27""* is more abun-

cells gave rise to a decrease in the level of the active forms dant in the cytoplasm of F10 cells than in the nucleus,
RhoA and RhoC (Fig. 3a, lanes 4 and 5). Thus, p27RF-Rho whereas it is distributed almost equally in FO cells. This is
regulates the activation of RhoA as we reported previously consistent with previous studies reporting that cytoplasmic
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of the data bars in the graphs. *, p < 0.05.

p27"P! is more abundant in malignant compared with non-
malignant cells (18, 24). To confirm that p27*"P* suppresses
the activation of Rho proteins in B16 melanoma cells, we
overexpressed p27*?! fused to an mVenus tag (mVkip1) in
F10 cells (Fig. 3¢). Forced expression of mVkip1 resulted in a
decreased level of active RhoA and RhoC (30 and 20%, respec-
tively) compared with the levels detected in lysates prepared
from mock-transfected control cells (Fig. 3¢, lane 1 versus
lane 2). Subsequent expression of p27RF-Rho fused to an
mCherry tag (p27RFmCherry) in mVkip1-expressing cells
increased the level of the activated forms of RhoA and RhoC
(Fig. 3¢, lane 3 versus lane 4). These results are consistent
with the mechanism we reported previously, which suggests
that p27RF-Rho enhances activation of RhoA by suppressing
the inhibitory activity of p27*'P* (21). Thus, elevated expres-
sion of p27RF-Rho is important to increase the amount of
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active RhoA and RhoC by counteracting the increased levels
of cytoplasmic p27°'P* in F10 cells.

P27RF-Rho Regulates the Formation of Invadopodia and
Degradation of the Extracellular Matrix—In a previous study,
we observed that p27RF-Rho regulates the formation of inva-
dopodia in HT1080 fibrosarcoma cells (21). To analyze
whether p27RF-Rho also regulates the formation and proteo-
Iytic activity of invadopodia in F10 cells, we cultured the cells
on a layer of gelatin labeled with Oregon Green for 4 h (Fig.
4a). Degradation of the gelatin beneath the cultured cells was
visualized as a darker area within the fluorescent green back-
ground. The initial pattern of degradation appeared as punc-
tate foci (Fig. 4a) that gradually expanded and fused with one
another over time (not shown). These foci of degradation
overlapped with the punctate pattern of the fluorescent sig-
nals corresponding to actin-based structures (red) that form
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3). The number of cells analyzed in each data set is indicated at the bottom of the graphs.

invadopodia. Knockdown of the expression of p27RF-Rho in
F10 cells reduced the extent of degradation of the gelatin by
the cells as well as the number of punctate actin signals (Fig.
4, b and c). Regions of colocalization of the foci of degradation
with the puncate actin signals were deemed to represent inva-
dopodia. Counting of the number of control (sh-LacZ) and
knockdown (sh-p27RF1 and sh-p27RF2) cells with invadopo-
dia revealed that a smaller percentage of p27RF knockdown
cells exhibited such structures (Fig. 4d). In addition, the total
area per cell of gelatin degradation was also decreased in the
knockdown cells relative to the control (Fig. 4e).

P27RF-Rho and Downstream Effectors Regulate Cell Adhe-
sion and Migration of F10 Cells—Rho proteins play central
roles in the regulation of the dynamics of the actin cytoskele-
ton during cell adhesion, spreading, and migration (7, 25). We
used the stable F10 knockdown cells (Fig. 2a) to examine cell
motility in an assay chamber equipped with a fibronectin-
coated filter (Fig. 5a). All of these cells exhibited significantly
reduced cell motility compared with the control sh-LacZ-
expressing cells. The p27RF-Rho or RhoA knockdown cells
also exhibited reduced adhesion to fibronectin (Fig. 50) or
vitronectin (Fig. 5¢). In addition, the knockdown cells exhib-
ited reduced spreading (Fig. 5d4) and exhibited a spherical
morphology (supplemental Fig. S1), which is frequently ob-
served in cells in which Rho proteins have been inactivated
(7, 26).

P27RF-Rho Regulates an Early Step of Experimental Metas-
tasis to Lung—W e have demonstrated that the expression of
p27RE-Rho in F10 cells affects adhesion, migration, and inva-
sion of the cells. These activities of tumor cells are particularly
important for extravasation and the following invasion into
the lung parenchyma in the experimental metastasis assay.
Therefore, we analyzed the effect of p27RF-Rho expression in
F10 cells at an early step so as to establish the initial extent of
deposition of tumor cells in the lung in the experimental me-
tastasis assay. We injected a mixture of FO and F10 cells la-
beled with green fluorescent and red fluorescent protein cell
trackers, respectively, into the tail vein of mice and analyzed
the number of cells in the lung 1 and 24 h later (Fig. 6, 2 and
¢). A similar number of FO and F10 cells were localized to the
lung 1 h after injection. However, most FO cells were cleared
during the following 24 h, whereas a significant number of
F10 cells were retained. Therefore, it is clear that F10 cells
initially lodge in the lung more efficiently than FO cells. Simi-
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lar results have been reported using other B16 melanoma var-
iant cells (26). Using the same assay system, we compared the
ability of F10 cells expressing either control sh-LacZ or sh-
p27RF1 to establish the initial deposition in lung tissue (Fig. 6,
a and ¢). A similar number of control and p27RF-Rho knock-
down cells reached the lung, whereas the p27RF-Rho knock-
down cells were not retained in the lung 24 h later.

P27RF-Rho Regulates the Metastatic Ability of Human Tu-
mor Cells—To extend our observations with mouse mela-
noma cells to human tumors, we chose human malignant
melanomas (A375 and Mum2B) and human fibrosarcoma
HT1080 cells. All of these tumor cells expressed p27RF-Rho,
whose expression could be inhibited by expressing the appro-
priate shRNA (Fig. 7, a—c). A mixture of green fluorescent
protein-labeled control cells expressing sh-lacZ and red fluo-
rescent protein-labeled cells expressing sh-p27RF was in-
jected into the tail vein of mice, and we analyzed the number
of cells in the lung 1 and 24 h later (Fig. 7, d—f). The number
of knockdown cells lodging in the lung 24 h later was de-
creased compared with the control cells for all three cell types
(Fig. 7, g—i), indicating that p27RF-Rho expressed in human
tumor cells plays a role similar to that observed in mouse mel-
anoma cells.

DISCUSSION

Rho signaling is known to regulate invasion and metastasis
of tumor cells, and increased expression of RhoA or RhoC has
been linked to acquisition of malignancy (13, 15, 27-29). We
show here that metastatic F10 cells also exhibit greater ex-
pression of RhoA and RhoC than their nonmetastatic FO
counterparts. Although the enhanced expression of RhoC is
regulated at the mRNA level, expression of RhoA is regulated
at the post-translational level. Ubiquitin ligase smurfl, which
regulates the stability of RhoA (30), may be involved in the
regulation of RhoA expression. Expression of RhoB was de-
creased in F10 cells relative to its level of expression in FO
cells. RhoB is thought to have tumor suppressor activity,
based on studies in other malignant melanoma cells (9, 12).
Increased expression of the Rho proteins (RhoA and RhoC) in
F10 compared with FO cells does not seem to be the conse-
quence of up-regulation of p27RF-Rho in the cells from the
results presented in Fig. 3 (4 and ¢). Expression of RhoB in FO
cells was not affected by forced expression of p27RF-Rho
(data not shown).
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FIGURE 6. p27RF-Rho is required for murine melanoma lung colonization in vivo. Localization of tumor cells to the lung 1 or 24 h following injection
into the tail vein of mice is shown. g, localization of a mixture of B16F0 (labeled with CellTracker Green) and B16F10 cells (labeled with CellTracker Orange).
¢, localization of a mixture of control B16F10 cells (expressing sh-LacZ, labeled with CellTracker Green) and B16F10 cells depleted for p27RF-Rho (expressing
sh-p27RF1, labeled with CellTracker Orange). b and d, the numbers of cells in a and c are presented in b and d, respectively.

Both RhoA and RhoC are indispensible for the metastatic
activity of F10 cells, because knockdown of the expression of
either one was sufficient to suppress formation of lung metas-
tases (Fig. 2). Transmission of signals by RhoA and RhoC to
their effectors, such as ROCK and mDia, requires their
activation in addition to increased expression of the Rho pro-
teins. The ratio of the expression of the cytoplasmic and nu-
clear forms of p27""! is increased in F10 cells (Fig. 3b), as is
seen in other malignant tumors (31, 32). Whereas a lower
level of p27""P! in the nucleus is favorable for continuous cell
cycle progression, cytoplasmic p27** suppresses Rho signal-
ing by binding to the GDP-bound form of RhoA and possibly
RhoC. Indeed, increased expression of p27""P! decreased the
level of the activated forms of both RhoA and RhoC in F10
cells (Fig. 3c). Therefore, increased expression of p27RF-Rho
in parallel with the increased expression of RhoA and RhoC in
F10 cells appears to be a plausible mechanism by which Rho
signaling enhances metastasis. Knockdown of p27RF-Rho
expression suppressed the metastatic activity of F10 cells as
effectively as knockdown of either RhoA or RhoC (Fig. 2) per-
haps by decreasing the amount of active RhoA and RhoC in
F10 cells (Fig. 3a). However, the expression of p27RF-Rho
alone in FO cells is not sufficient to convert the cells metastati-
cally (data not shown). This is presumably because upon
forced expression of p27RF-Rho in FO cells, there was no cor-
responding increase in the expression levels of RhoA and
RhoC (Fig. 3a), and therefore the total amount of the active
Rho proteins may be insufficient to cause the cells to metasta-
size. In addition to above, it is also possible that additional
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uncharacterized factors are required to render FO cells fully
metastatic.

p27RF-Rho-depleted F10 cells injected into the mouse tail
vein reached the lung within an hour with almost the same
efficiency as the control F10 cells. However, unlike the paren-
tal F10 cells, the p27RF-Rho-depleted cells were not retained
in the lung 24 h later and therefore failed to form metastatic
colonies. Cells depleted of p27RF-Rho exhibited reduced ad-
hesion, migration, and pericellular proteolysis. The effect of
p27RF-Rho knockdown on an early step of the experimental
metastasis assay is presumably a reflection of these cellular
activities in the processes of extravasation from the capillaries
and successive invasion into the lung parenchyma. Recently
two modes of tumor cell invasion in a three-dimensional envi-
ronment have been described, and tumor cells are thought to
employ either of these modes in a flexible fashion through
interaction with the ECM (33, 34).2 Tumor cell invasion can
be regulated via a balance between the Rac/Cdc42- and Rho-
dependent modes of migration (35, 36). During a mesenchy-
mal mode of migration where Rac and CDC42 are active, cells
exhibit an elongated morphology during invasion and employ
proteases to degrade the surrounding ECM. In contrast, Rho
regulates an amoeboid type of cell movement that enables
cells to move through gaps between components of the ECM
without degrading the structure itself (34). However, a recent
study raised the possibility that even amoeboid-like invasion
requires ECM degradation by proteases, based on an analysis

2The abbreviation used is: ECM, extracellular matrix.
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FIGURE 7. p27RF-Rho is required for malignant human tumor cells lung colonization in vivo. Knockdown efficiency of p27RF-Rho (sh-p27RF) in A375
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using cross-linked collagen instead of artificially pepsinized
collagen (37). B16F10 cells expressing p27RF-Rho exhibited a
spherical morphology in a three-dimensional collagen/Matri-
gel mixture (supplemental Fig. S24). Conversely, knockdown
of p27RF-Rho expression increased the number of cells with
an elongated morphology (supplemental Fig. S2B). Based on
these observations, F10 cells may employ an amoeboid type of
migration that requires proteolytic activity during invasion.

p27RE-Rho is nearly ubiquitously expressed in a variety of
cell types (21). However, an Oncomine database search re-
vealed that p27RF-Rho tends to be expressed at a greater level
in myeloma and seminoma cells compared with that observed
in the normal cellular counterparts of these tumors. These
findings raise the possibility that genetic or epigenetic alter-
ations of the p27RF-Rho gene may be linked to the develop-
ment of tumors or other diseases. Single nucleotide polymor-
phisms have been identified within the coding regions of
p27RE-Rho, including SNPs predicted to cause amino acid
substitutions. The relevance of these single nucleotide poly-
morphisms to human disease remains to be determined.
Therefore, p27RF-Rho expressed in human tumors is also
expected to enhance Rho signaling and increase metastatic
ability of the cells. Indeed, p27RF-Rho expressed in human
melanoma and fibrosarcoma cells was a crucial regulator of an
early step of experimental metastasis, as was observed in F10
cells (Fig. 7).

In conclusion, we have demonstrated that p27RF-Rho-me-
diated suppression of p27°"P* regulates the metastatic activity
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of mouse and human melanoma cells in addition to human
fibrosarcoma cells. Rho proteins have been thought to be
promising targets for the suppression of the invasive and met-
astatic properties of tumor cells. On the other hand, inhibi-
tion of Rho proteins in patients may cause severe side effects
because of their ubiquitous roles in regulating diverse cellular
functions. Thus, specific modulation of p27RF-Rho may rep-
resent a more targeted strategy for the development of anti-
cancer therapeutics.
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Note Added in Proof—During the preparation of this publication,
we found reports describing that p27RF-Rho is the protein having
three different names and functions (38 —40).
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