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A hallmark of metastasis is organ specificity; however, little is known about the underlying signaling
pathways responsible for the colonization and growth of tumor cells in target organs. Since tyrosine kinase
receptor activation is frequently associated with prostate cancer progression, we have investigated the role of
a common signaling intermediary, activated Ras, in prostate cancer metastasis. Three effector pathways
downstream of Ras, Raf/extracellular signal-regulated kinase (ERK), phosphatidylinositol 3-kinase, and Ral
guanine nucleotide exchange factors (RalGEFs), were assayed for their ability to promote the metastasis of a
tumorigenic, nonmetastatic human prostate cancer cell line, DU145. Oncogenic Ras promoted the metastasis
of DU145 to multiple organs, including bone and brain. Activation of the Raf/ERK pathway stimulated
metastatic colonization of the brain, while activation of the RalGEF pathway led to bone metastases, the most
common organ site for prostate cancer metastasis. In addition, loss of RalA in the metastatic PC3 cell line
inhibited bone metastasis but did not affect subcutaneous tumor growth. Loss of Ral appeared to suppress
expansive growth of prostate cancer cells in bone, whereas homing and initial colonization were less affected.
These data extend our understanding of the functional roles of the Ral pathway and begin to identify signaling
pathways relevant for organ-specific metastasis.

Cancer metastasis is the major determinant of cancer-re-
lated death. Metastasis is an inefficient process involving mul-
tiple steps that include local tumor cell dissemination, survival
in the circulation, arrest in the vasculature, extravasation, and
growth in distant organs (5). A hallmark of metastasis is the
propensity of many types of cancers to metastasize to specific
organs. Most circulating tumor cells passively arrest in capillary
beds based upon mechanical constraints, and the organ selec-
tivity for secondary growth of some cancers, such as colon
cancer metastasis to liver, correlates with blood flow patterns
(28, 41). However, it is clear from other examples, such as the
predominant growth of breast and prostate cancer lesions in
bone, an organ with relatively low arterial blood flow, that
organ-specific factors other than hemodynamics determine
metastatic colonization (24, 42).

It has been widely accepted that the final outcome of me-
tastasis depends upon multiple interactions between metastatic
cells and their host organ microenvironment (10). One type of
specific interaction occurs as a result of vascular specialization
in individual organs that may lead to the adherence of tumor
cells to endothelial cells or other vascular elements (34). In
addition, it is well established that after extravasation from the
vessels, reciprocal interaction between tumor cells and stromal,

parenchymal, and immune cells influences the likelihood of
clonal growth (5).

The molecular mechanisms that determine metastatic com-
petence and secondary organ specificity are poorly defined.
Experimental and clinical studies have demonstrated that me-
tastasis is an inefficient process whereby circulating tumor cells
rarely colonize distant sites, leading to the hypothesis that
successful metastatic cells carry a unique constellation of ge-
netic changes in addition to those that give rise to the primary
tumor (11). Consistent with this, recent investigations using the
MDA-MB-231 breast cancer model have demonstrated that
enhanced metastatic capacity can be selected from a hetero-
geneous tumor cell population and that organ-specific growth
is closely linked with the expression of genes that encode fac-
tors such as secreted proteins and cell surface receptors that
are necessary for interaction with the organ microenvironment
(16, 20, 21). On the other hand, microarray analyses of several
different types of primary adenocarcinomas have revealed a
“poor prognosis” gene signature that is associated with metas-
tasis and a negative clinical outcome (31, 38). Because the gene
signature is contributed to by a large fraction of primary tumor
cells, one interpretation of these data is that the signature
reflects a predisposition to metastasis as opposed to the devel-
oped metastatic phenotype (3). Determining the signaling
pathways that mediate metastasis and regulate genes that pro-
mote tissue-specific interactions is an important step in design-
ing therapeutic strategies to treat and prevent metastasis.

Prostate cancer shows strong organ-specific metastasis to
bone, and numerous pieces of evidence support the concept
that tumor colonization of the bone is an active process involv-
ing reciprocal stimulation between prostate tumor cells and
cellular elements in the bone matrix (19, 25). Prostate cancer is
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androgen dependent such that initial androgen ablation ther-
apy is effective in causing its regression. However, in most
advanced prostate cancer, such treatment ultimately results in
the recurrence of highly aggressive androgen-independent me-
tastasis, most frequently in the bone (9). Increases in autocrine
and paracrine growth factor loops are among the most com-
monly reported events that correlate with prostate cancer pro-
gression and are one mechanism of synergy with or replace-
ment of androgen-dependent growth (2, 35). Many such
growth factors and their cognate receptors, including epider-
mal growth factor, transforming growth factor � (TGF-�),
keratinocyte growth factor, basic fibroblast growth factor, and
insulin-like growth factor, signal through Ras-dependent path-
ways. Therefore, although Ras mutations in prostate cancer
are rare, it is reasonable to propose that chronic Ras activation
is a common feature of advanced metastatic prostate cancer
(40).

Ras engages multiple downstream signaling pathways, in-
cluding Raf protein kinase, phosphatidylinositol 3-kinase
(PI3K), and members of the Ral guanine nucleotide exchange
factor (RalGEF) family (32). While the Raf and PI3K path-
ways are well-validated effectors in cancers, investigations us-
ing human cancer cell lines and a mouse genetic model re-
cently have shown that the RalGEF pathway also contributes
to tumorigenesis and metastasis (8). Genetic ablation of
RalGDS, a member of the Ras-activated RalGEF family, re-
duced the incidence and progression of tumors in a Ras-de-
pendent mouse model of skin carcinogenesis (13).

An understanding of the cellular processes and the mo-
lecular mechanisms that mediate the biological responses to
RalGEF/Ral activation is just beginning to emerge. RalGTP
binds several effectors, resulting in the activation and/or coor-
dination of various biological responses, including vesicle sort-
ing, migration, and signal transduction (8). Effectors described
to date include the Rac/Cdc42 GAP domain containing protein
RalBP1 (4), the exocyst components Sec5 and Exo84 (23),
filamin (27), and the Y box transcription factor, ZONAB (12).
Binding of RalA-GTP to Sec5/Exo84 is directly implicated in
regulating basolateral vesicle delivery, whereas Ral/RalBP1
has been indirectly implicated in endocytosis (8, 23). It seems
likely that exocytotic and endocytotic processes will affect au-
tocrine and paracrine signaling networks, both of which are
expected to contribute to metastatic colonization.

RalGEFs activate RalA and RalB, two highly homologous
GTPases. Although RalA and RalB have identical effector
domains, the two proteins are differentially localized in cells
and may have different affinities for effector proteins (8, 17,
36). In fact, distinct biological functions have been ascribed to
RalA and RalB. For cell lines that express mutated oncogenic
forms of Ras, such as human pancreatic cancer cell lines and
genetically defined transformed human epithelial cell lines,
RalA is almost always required for anchorage-independent
growth in vitro and subcutaneous tumor growth in immuno-
deficient mice, whereas RalB is dispensable (17, 18). A small
number of cancer cell lines of variable tissue origin with no
obvious Ras mutations have been assayed for Ral-dependent
growth properties (6). Transient RalA knockdown inhibited
proliferation of suspended epithelial cells, and permanent
RalA knockdown in a different study inhibited anchorage-
independent growth in some of the cell lines assayed. Transient

RalB knockdown in the presence but not the absence of RalA
initiated programmed cell death in the three evaluated cancer
cell lines. Thus, even in the absence of Ras mutations, RalA
and RalB appear to play a role in the growth properties of
several cancer cell lines (6). In addition to growth regulation,
RalA and RalB contribute to migration and invasion. RalA
and/or RalB have been found to be required for migration in
various cell lines, although this is not always the case. With
respect to migration, the interaction of the two pathways, as
well as their redundancy, appears to be cell line dependent in
the limited examples that have been investigated (18, 29).

In the present study, we investigated the effect of Ras-de-
pendent signaling pathways upon the development of metas-
tasis using two experimental xenograft models of prostate can-
cer. Activation of RalGEF was necessary and sufficient to
promote the efficient growth of nonmetastatic DU145 cells
specifically in bone, whereas other Ras-dependent pathways
promoted brain metastasis. Consistent with a role for Ral in
bone metastasis, knockdown of RalA inhibited the expansion
of metastatic PC3 cells in the bone after initial colonization.
These data begin to dissect underlying signaling pathways that
preferentially support metastasis in distinct organs and empha-
size the specificity of interactions between tumor cells and the
organ microenvironment.

MATERIALS AND METHODS

Constructs. Mutant versions of the transforming human H-RasV12 (RasV12)
and its effector mutants RasV12S35, RasV12G37, RasV12C40, and RlfCAAX were
subcloned into the pLC7�SX retroviral vector that directs the expression of
CD7, allowing flow sorting of pLC7�SX-infected/CD7-positive cell lines (39).
RalBN28 was cloned into pBABEpuro.

Lentiviral shRNA constitutive expression vectors against RalA and RalB were
purchased from Open Biosystems in collaboration with the Broad Institute of Mas-
sachusetts Institute of Technology and Harvard RNAi consortium. RalA1 shRNA
(5�-CCGGCGCTGCAATTAGAGACAACTACTCGAGTAGTTGTCTCTAATT
GCAGCGTTTTT-3�), RalA2 shRNA (5�-CCGGCGAGCTAATGTTGACAAGG
TACTCGAGTACCTTGTCAACATTAGCTCGTTTTT-3�), RalB1 shRNA (5�-C
CGGCCTTTACAGCAACTGCCGAATCTCGAGATTCGGCAGTTGCTGTA
AAGGTTTTTG-3�), and RalB2 shRNA (5�-CCGGCAAGGTGTTCTTTGACC
TAATCTCGAGATTAGGTCAAAGAACACCTTGTTTTTG-3�) were supplied
in a lentiviral expression vector, PLKO, which carries a puromycin selection marker.
The vector, SFGnesTGL expressing a thymidine kinase/green fluorescent protein
(GFP)/luciferase (TGL) fusion protein, was kindly provided by Gelovani Tjuvajev.

Cell culture and establishment of stable cell lines. DU145 and PC3 cells were
obtained from the American Type Culture Collection (Manassas, VA) and
cultured in RPMI 1640. HEK293FT and Amphophoenix cells were cultivated in
Dulbecco modified Eagle medium. All media were supplemented with 10% fetal
calf serum, 0.1 mM minimal essential medium nonessential amino acids, 2 mM
L-glutamine, and 100 �g of gentamicin/ml. HEK293FT culture media also con-
tained 500 �g of G418.

Establishment of cell lines stably expressing Ras effector domain mutant.
DU145 stably expressing H-RasV12, one of three Ras effector domain mutants
(H-RasV12S35, H-RasV12G37, and H-RasV12C40), or RlfCAAX were established by
retroviral infection using standard protocols. One week after pLC7�SX infection,
cells were harvested and labeled with anti-CD7-fluorescein isothiocyanate antibody
(Pharmingen), and fluorescent cells were sorted two times until cells were �99%
CD7 positive. A DU145RasV12G37 cell line stably expressing pBABEpuro/RalBN28

was established by retroviral infection and selection with puromycin. DU145RasV12G37

expressing the pBABEpuro vector (DU145RasV12G37puro) was used as a control.
Generation of luciferase-expressing lines. For bioluminescence imaging

(BLI), parental DU145 and PC3 cells were infected with pSFGnesTGL (30), a
retroviral vector that encodes a TGL fusion protein. Positive cells were isolated
by fluorescence-activated cell sorting of GFP-expressing cells and subsequently
infected with LC7�SX retroviruses containing oncogenic RasV12 or its effector
domain mutants. Positive cells were then sorted using both anti-CD7-PE and
GFP fluorescence.
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Generation of stable shRNA-expressing lines. DNAs (2.0 �g of VSV-G, 6.0 �g
of psPAXII, and 8.0 �g of PLKO siRNA) were transfected into HEK293FT cells.
Viral supernatants were harvested for infection of PC3 and DU145 cells. Positive
cells were selected with puromycin (1.5 �g/ml).

Animal experiments. Six- to eight-week-old male athymic nude mice (Ncr
nu/nu) were obtained from the National Cancer Institute, Frederick, MD. Ani-
mal care was provided in accordance with the procedures outlined in the Guide
for the Care and Use of Laboratory Animals. Prior to inoculation, cells were
treated with trypsin, resuspended in RPMI 1640–10% fetal calf serum, rotated at
room temperature for 1 h, spun down, and washed in phosphate-buffered saline
(PBS). Cells were counted and diluted to the appropriate concentration.

Tumorigenesis assays. A total of 5 � 106 PC3 cells in 50 �l was mixed 1:1 with
growth factor-reduced Matrigel (Becton Dickinson) immediately prior to injec-
tion. DU145 cells were diluted to 2.5 � 106 in 0.1 ml of PBS. Cells were injected
bilaterally subcutaneously into the flanks of nude mice. The tumor size was
measured with calipers. The tumor volume was calculated from the following
formula: tumor volume � 4/3 	XL/2 (W/2)2. The results represent mean 
 the
standard error (SE) for each experimental group.

Tumorigenesis in bone. Mice were anesthetized, the knees were flexed to a 90°
angle, and a 27-gauge needle was inserted through the tibial plateau. A Hamilton
syringe was used to accurately inject 25 �l of cells (105) into the proximal tibia.
BLI and radiography were determined weekly to monitor the growth of tumor in
bone. Mice were euthanized when they showed signs of morbidity or when bone
lesions were obvious upon X-ray examination.

Systemic tumor metastasis. A total of 105 tumor cells in 0.1 ml of PBS were
inoculated into the left cardiac ventricles of male nude mice after anesthetizing
them with Avertin (500 mg/kg). To monitor the development of bone metastasis,
the mice were radiographed weekly using an MX-20 Faxitron X-ray system
(Faxitron). Mice were euthanized after weight loss of �10% body weight or after
demonstrating signs of paralysis. Four long bones (two front limbs with scapulae
and two hind limbs), spines, and soft tissues including the adrenal glands, kidney,
spleen, liver, and brain were collected and fixed in 10% buffered formalin for
histological analysis (HistoServ, Inc.). Necropsies were performed, and mice with
evidence of tumor in the chest cavity were excluded from the study since this
indicated excessive leakage of tumor cells during cardiac injection. Fewer than
5% of mice were excluded.

BLI and analysis. Mice were anesthetized with 1.5% isoflurane. D-Luciferin
(Xenogen) was injected at 150 mg/kg (body weight). Five minutes later, biolu-
minescent images were acquired with an IVIS imaging system (Xenogen). Anal-
ysis was performed by using LivingImage software (Xenogen) by measuring the
photon flux within a region of interest drawn around the bioluminescence signals.
Blank regions of interest were also measured for each scan and deducted from
each tumor photon flux to normalize. Ventral scans were used for quantification
of all jaw and leg tumors. Dorsal scans were used for brain tumor quantifications.

Histology and histomorphometry. Long bones and spine were decalcified in
10% EDTA and embedded in paraffin. Sections were stained with hematoxylin,
eosin, orange G, and phloxin (hematoxylin and eosin, orange G). Images of
tissues and bones were acquired, and the total tumor area in each of four limbs
was measured using the MetaMorph imaging system. All soft tissues were stained
with hematoxylin and eosin. Human cytokeratin 18 was used as a marker to
detect tumors or micrometastases in brain and soft tissues. Slides were auto-
claved at 121°C for 10 min in sodium citrate buffer (10 mM sodium citrate, 0.05%
Tween 20 [pH 6.0]) to retrieve antigen, followed by immunohistochemical stain-
ing with a mouse anti-human CK18 monoclonal antibody (Dako).

In vitro growth determinations. Cells were seeded in six replicates in 96-well
plates at densities of 2 � 103 and 5 � 103 cells per well for DU145 and PC3,
respectively. Each day, one plate was stained with crystal violet fixative solution
for 30 min, rinsed in distilled water, and allowed to air dry. At the end of the
experiment, crystal violet was dissolved by adding 100 �l of 50% ethanol con-
taining 0.1 M sodium citrate to each well, and the absorbance was quantified at
a 540-nm wavelength on a plate reader.

In vitro luciferase assays. Cells were seeded in triplicate in 24-well plates at a
density of 105 cells per well. The following day the cells in two wells were lysed
in 100 �l of Bright-Glo luciferase assay buffer (Promega). The cells were gently
scraped by using a pipette tip, lysates were transferred to a 5-ml polystyrene
round-bottom tube, and the light output measured by using a luminometer. The
cells in the third well were treated with trypsin and counted by using a hemacy-
tometer. Relative light unit readings were divided by cell number to obtain
RLU/cell.

Distribution of fluorescent cells within organ vasculature. DU145 cells ex-
pressing empty vector (EV), RasV12, or Ras effector mutants were labeled with
SNARF-1 carboxylic acid acetate succinimidyl ester (Molecular Probes) before
inoculation. Mice were sacrificed 5 h after intracardiac injection; the bone, brain,

and other soft tissues, including the kidneys and adrenal glands, were removed
and kept on ice. Fluorescent cells in various organs were counted under a
fluorescence stereomicroscope (Leica MZFLIII; excitation filter, 545/30 nm;
barrier filter, 620/60 nm) with a �1.6 planapochromatic objective lens at zoom
position 8. Refocusing was performed when necessary to follow the contour of
the tissues. Representative sections from soft tissues, including the brain (four
sections), kidneys (two sections), and adrenal glands (one section), were counted
for fluorescent cells. Four long bones (two tibia and two femurs) were counted
for each mouse. To count cells from the bones, muscles were carefully removed
from tibias and femurs without disturbing the blood vessels on the bone surfaces.
Images were then captured by using a QImaging micropublisher charge-coupled
device camera.

PTHrP assay. Parathyroid hormone-related protein (PTHrP) was measured
by a two-site immunoradiometric assay, which detects PTHrP 1-74 (Nichols
Institute).

Statistical methods. Results are expressed as mean 
 the SE. The data were
analyzed by using Prism software (GraphPad Software, Inc.) by repeated-mea-
sures analysis of variance. A P value of �0.05 was considered significant.

RESULTS

RasV12 effector pathways promote tissue specific metastasis.
A large number of growth factor receptors and their ligands
are upregulated in advanced prostate cancer. It is possible that
a common intermediary in growth factor-mediated signaling
pathways contributes to prostate cancer progression. The Ras
GTPase is a convergence point in growth factor receptor sig-
naling. Three Ras downsteam effectors known to play major
roles in cellular transformation are the Raf, PI3K, and
RalGEF proteins (32). Single amino acid substitutions in the
effector loop region of Ras have been widely used to address
the individual roles of these pathways. RasV12 with the muta-
tions T35S, Y40C, and E37G binds to and activates primarily
Raf, PI3K, and Ral-GEF, respectively, although other poten-
tial effectors are known to bind as well (33, 43). DU145 is a cell
line derived from a human prostate adenocarcinoma brain
metastasis and contains wild-type Ras alleles (15, 37). DU145
is tumorigenic in immunocompromised mice but has low ex-
perimental metastasis activity (7, 26). To investigate whether
Ras-initiated signaling pathways promote prostate cancer me-
tastasis, DU145 cells were infected with retroviruses expressing
constitutively active H-RasV12 or one of the three H-RasV12

effector mutants (referred to hereafter as Ras). The expression
of Ras in the various populations is shown in Fig. 1A. The
relative expression level of Ras was similar in the effector
mutants DU145RasV12S35, RasV12G37, and RasV12C40 and was
notably higher than that observed in cells infected with EV.
RasV12-infected populations demonstrated only slightly in-
creased levels relative to EV-infected cells, although compa-
rable infections of other human epithelial cell lines demon-
strated substantial RasV12 overexpression. DU145 cells were
independently infected twice with RasV12 viruses, which re-
sulted in populations expressing low levels of Ras, suggesting
that selection against high RasV12 expression had occurred.
We evaluated the activation of downstream signaling pathways
in the various cell lines (Fig. 1A) utilizing phospho-ERK1/2
and AKT as indicators of the Raf and PI3K pathways, respec-
tively. RalGEF function was measured by determining the
level of its enzymatic product, RalA-GTP, using a pull-down
assay. Activation of the Raf/mitogen-activated protein kinase
pathway was observed in DU145RasV12 and RasV12S35 popu-
lations, as well as a small increase in DU145RasV12C40 cells.
Increased RalGEF signaling was seen in DU145RasV12 and
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RasV12G37 cells, as shown for the RalA isoform. In addition to
establishing the expected specificity of the RasV12S35 and
RasV12G37 effectors, these results show that although RasV12

levels were not markedly increased above endogenous Ras,
there was potent activation of downstream pathways.

Contrary to expectations for an activated PI3K pathway,
DU145RasV12C40 cells did not show enhanced AKT phosphor-
ylation on either T308 or S473 nor on downstream targets of
AKT, including GSK-3�, p70S6K, or FOXOA3 (not shown).
DU145 cells express wild-type PTEN, which downregulates
PI3K activity. After serum stimulation of DU145 cells, we
observed weak phosphorylation of AKT that was severalfold
reduced compared to similarly stimulated samples of LnCaP

prostate tumor cells, which have lost PTEN expression. Either
due to PTEN expression or other unknown factors, it appears
that DU145 cells do not maintain sustained activation of AKT.
However, despite a lack of AKT activation, we found that
DU145RasV12C40 cells were functionally modified with respect
to metastasis (see below).

The metastatic properties of DU145 cells expressing acti-
vated Ras or Ras effector pathways were evaluated in an ex-
perimental metastasis assay, which reflects the arterial distri-
bution of injected cells to multiple organs via left ventricle
inoculation. This model measures several steps in the meta-
static process, including survival in the circulation, extravasa-
tion, and colonization of tumor cells in different organs. A

FIG. 1. Oncogenic Ras and Ras effector mutants activate the metastatic potential of DU145 cells. (A) Western blot analysis showing H-Ras,
phosphorylated Erk and activated RalA expression in DU145 cells expressing different Ras mutants. �-Tubulin, total Erk, and total RalA served
as loading controls, respectively. Proteins in whole-cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Activated RalA was measured by detecting RalBP1-bound RalA after immunoprecipitation. (B) Kaplan-Meier curve showing the survival rate of
mice bearing different DU145 cell lines. Mice were sacrificed after 10% loss of body weight, paraplegia, imbalance, or head twisting. The data
represent the percent survival versus time (days). **, P � 0.01 as determined by log-rank test compared to the DU145EV control group. There
were no significant differences between DU145RasV12 and DU145RasV12 effector mutant groups. n � 10 to 12 mice per group. (C) Tumor growth
rate in vivo after subcutaneous injection of DU145RasV12 and different Ras effector mutants. The data represent the tumor volume (cm3) 
 the
SE versus time (days). n � 10 tumors per group. (D) Tumor growth rate in bone after intratibial injection. The data represent average photon
flux 
 the SE over time. n � 10 tibiae per group. Number of tibia that developed tumors in bone is indicated in parentheses. No significant
differences were detected by using two-way analysis of variance (P � 0.1).
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Kaplan-Meier plot of survival for mice inoculated with DU145
containing EV, RasV12, or the various effector mutants is
shown in Fig. 1B. Most of the mice bearing DU145EV cells
survived more than 3 months, while the majority of mice bear-
ing DU145RasV12, RasV12S35, RasV12G37, or RasV12C40 died
between 6 and 8 weeks with evidence of weight loss and neu-
rological or skeletal complications. Necropsies to determine
the cause of death revealed dramatic differences in the tissue
specificity of metastasis, with obvious bone metastasis caused
by DU145RasV12 and RasV12G37 cells, and brain metastasis
caused by DU145RasV12, RasV12S35, and RasV12C40 cells (Ta-
ble 1). A moderate and similar degree of adrenal gland me-
tastasis was observed with all cell lines except the DU145EV.

To evaluate the contribution of tumorigenic growth to the
metastatic properties of the various cell lines, in vitro and in
vivo growth assays were performed. The in vitro growth rate of
the DU145 lines expressing RasV12, RasV12S35, RasV12G37, and
RasV12C40 was similar and slightly greater than the parental
DU145 line (not shown). Inoculation of the various cell lines
subcutaneously (Fig. 1C) revealed that the DU145/RasV12 cells
produced the largest and most rapidly growing tumors, neces-
sitating euthanasia of the mice by 3 weeks. DU145RasV12S35,
RasV12C40, RasV12G37, and EV cells formed tumors of similar
sizes by 5 weeks, and the DU145RasV12G37 cells appeared to
have a faster initial growth rate. Finally, intratibial growth was
assessed with DU145 cell lines carrying a bioluminescent re-
porter, a fusion protein composed of herpes simplex virus type
1 thymidine kinase, GFP, and luciferase domains (TGL), in
addition to RasV12 or its effector mutants (30). All of the cell
lines demonstrated similar GFP fluorescence upon fluores-
cence-activated cell sorting analysis and similar levels of ex vivo
luciferase activity (not shown). All Ras-expressing cell lines
grew well in the bone marrow and demonstrated approxi-
mately the same rate of growth, measured as photon flux, with
DU145EV being the slowest. There was no significant differ-
ence in the percentage of mice that developed bone tumors in
comparing the DU145RasV12, EV, and effector mutant lines
(Fig. 1D). All tumors were osteolytic as determined by histol-
ogy and X-ray imaging (not shown).

RasV12S35 and RasV12C40 mediate brain metastasis. Animals
inoculated with DU145RasV12, RasV12S35, and RasV12C40 ex-
pressing lines developed multiple brain metastasis in ca. 67, 80,
and 80%, respectively, of the mice examined (Table 1 and Fig. 2).
Mice within these experimental groups often displayed weight

loss, deformed calvaria, and ataxic movement or other neurolog-
ical abnormalities. As shown in Fig. 1B, the time to severe mor-
bidity for 50% of the animals was 5 weeks, and 95% of the
animals did not survive beyond 8 weeks. In contrast,
DU145RasV12G37-transformed cells formed brain metastasis at a
low frequency (27%). DU145EV cells did not form brain metas-
tasis in the time frame which resulted in morbidity in the other
groups, but rare small tumors were observed in mice evaluated 6
months after inoculation. Most brain metastases were observed
throughout the various regions of the cortex and occasionally in
the cerebellum or olfactory bulbs (Fig. 2A). Macroscopic metas-
tases were visible between 2 and 3 weeks. Histological analyses
revealed that DU145RasV12S35, RasV12C40, and RasV12G37 me-
tastases grew in dispersed, infiltrative clusters of cells, whereas
DU145RasV12 tumors grew as solid, vascularized masses (Fig.
2B). Figure 2C shows the average number of brain metastases per
mouse in each group. DU145RasV12-, DU145RasV12S35-, and
DU145RasV12C40-injected mice presented with an average of three
to four brain tumors per mouse. However, DU145RasV12G37 bear-
ing mice presented with an average of less than one brain tumor per
mouse. In summary, the RasV12S35 and RasV12C40 pathways signifi-
cantly stimulated the colonization and growth of DU145 cells in
the brain. In addition, the expression of fully functional acti-
vated Ras appeared to enhance angiogenesis.

FIG. 2. Brain metastasis formed by DU145RasV12 and different
DU145Ras effector mutants. (A) Low-power micrograph of brain sec-
tions showing the distribution of multiple brain metastases in
DU145RasV12C40-bearing mice compared to that of DU145EV control
mice. Bar, 1 mm. (B) Representative histological sections of brain
metastases from mice bearing DU145RasV12 and the different Ras
effector mutants. Cytokeratin 18-positive tumor cells (brown) in brain
as revealed by immunohistochemical staining (50X) are shown. Bar,
200 �m. (C) Number of brain metastasis per mouse in each group
quantified by using histological sections. Animal survival was as shown
in Fig. 1B, and the final specimens were collected by 10 weeks. n � 10
to 12 mice per group. **, P � 0.01.

TABLE 1. Metastasis development in various organs

Cell line
(no. of mice tested)

Absolute no. of mice (%)a

Long
bones Spine Brain Adrenal

glands Kidney

DU145/EV (10) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
DU145/RasV12 (12) 8 (67) 3 (30) 8 (67) 4 (33) 0 (0)
DU145/RasV12S35 (10) 4 (40) 3 (30) 8 (80) 4 (40) 1 (10)
DU145/RasV12G37 (11) 10 (91) 3 (27) 3 (27) 2 (18) 0 (0)
DU145/RasV12C40 (10) 3 (30) 0 (0) 8 (80) 3 (30) 0 (0)

a Shown are the absolute number and percentage of mice that developed
metastasis in the indicated organ. An animal with any detectable tumor growth
in the indicated organ was scored as positive, and thus the numbers in the table
do not indicate metastatic burden. Metastatic burden is indicated in Fig. 2C and
Fig. 3C and D. Mice were euthanized between 6 and 9 weeks after tumor cell
inoculation.

7542 YIN ET AL. MOL. CELL. BIOL.



RasV12G37 mediates bone metastasis. DU145RasV12G37-bearing
mice developed detectable osteolytic bone metastasis by 5
weeks in 90% of the mice examined, as determined by X-ray
imaging (Fig. 3A). Each animal displayed multiple lesions,
averaging five lesions per animal (Fig. 3C). Mice inoculated
with DU145RasV12 cells developed bone lesions in 75% of the
animals, but the average number of lesions per animal was half
that of animals bearing DU145V12G37 cells (Fig. 3A and C).
Bone metastasis was infrequent in DU145RasV12S35- or
RasV12C40-bearing animals. DU145RasV12 and RasV12G37 tu-
mors were large and often filled the bone marrow cavity,
whereas DU145V12S35 and RasV12C40 tumors were usually
smaller and grew more slowly (Fig. 3B). A histomorphometric
analysis of tumor area per long bone is shown in Fig. 3D,
demonstrating that DU145RasV12G37 tumors grew approxi-

mately three times larger than DU145RasV12 tumors and 20
times larger than DU145RasV12S35 or RasV12C40 tumors.

Bone metastasis was observed in long bones and vertebral
bodies (Fig. 3A and B and see Fig. S1 in the supplemental ma-
terial), the latter frequently resulting in spinal cord involvement
and hind limb paresis. Vertebral bodies are common sites of
prostate cancer metastasis in patients. The site of metastasis for
the various cell lines was the periosteal surface (Fig. 3B). Cortical
bone metastasis is most commonly observed in lung cancer pa-
tients and less so in breast cancer and other solid cancer types,
where bone metastasis invasion usually begins on the endosteal
surface (22). Metastases were predominantly osteolytic with re-
active new bone formation in some tumors (see Fig. S1 in the
supplemental material). Histological sections revealed frequent
osteoclasts along the uneven periphery of the expanding tumors.

FIG. 3. Ras and Ras effector mutant-induced bone metastasis. (A) Representative radiographs of hind limbs from mice injected with various
DU145 populations via an intracardiac route. Bone destruction was obvious in DU145RasV12 and DU145RasV12G37 groups compared to
DU145EV, DU145RasV12S35, and DU145RasV12C40 groups. (B) Representative histological sections of tibia from mice bearing different DU145
cell lines. Tumor has replaced the bone marrow cavity in the DU145RasV12G37 group. Massive bone destruction and large tumor burdens were seen
in the DU145RasV12 group. Relatively small tumors and less bone destruction were evident in the DU145RasV12S35 and DU145RasV12C40 groups.
No tumor cells were evident in the DU145EV group. Bar, 1 mm. (C) Number of bone lesions quantified on radiographs versus time (days). **,
P � 0.01; ***, P � 0.001 (versus DU145EV control). (D) Histomorphometric analysis of tumor area in the long bones from different groups. *,
P � 0.05; ***, P � 0.001 (versus DU145EV control).
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Interestingly, although bone metastases were significantly less fre-
quent and smaller for DU145RasV12S35 or DU145RasV12C40

compared to DU145V12G37, there was no obvious difference in
the histology of various tumors (Fig. 3B and data not shown). The
localization of the tumors and their osteolytic nature appeared
similar among the various effector pathway-expressing cell lines.
Conditioned media from the various cell lines stimulated similar
degrees of bone marrow-derived osteoclast maturation in vitro
(see Fig. S2 in the supplemental material). In addition, direct
measurements of secreted PTHrP, a factor known to play a sig-
nificant role in tumor-mediated osteoclastogenesis (14), was sim-
ilar in the various cell lines (results not shown).

Ras effector pathways do not influence the distribution of
tumor cells within various organs after hematogenous dissem-
ination. An important question to consider with respect to the
organ tropism of the DU145 cell lines is whether the various
Ras signaling pathways influence homing or organ distribution
after hematogenous spread. To visualize distribution patterns
of the bulk of cells over time, we analyzed the various TGL-
expressing DU145 cell lines by using BLI immediately and at 1,
7, 12, or 20 days postinoculation (see Fig. S3 in the supple-
mental material). All cell lines demonstrated similar patterns
of organ distribution within the first week, which showed high
levels within the brain and kidneys at day 1 and loss of the
majority of signal by day 7. There was evidence of the expected
organ-specific patterns of metastasis starting at day 12. Thus,

the distribution of the bulk of injected cells and their survival
over time was similar for the various cell lines.

In order to quantify the distribution of single cells in specific
organs after hematogenous dissemination, the DU145 cell
lines were labeled in vitro with SNARF-1, a stable cell-perme-
able fluorescent probe, prior to inoculation. Five hours later,
tissues were collected and individual cells were counted by
using a fluorescent stereomicroscope. Because DU145 cell de-
rivatives initiate bone metastases from the cortical surface, the
surfaces of bones from the hind limbs were analyzed (Fig. 4A).
The adrenal gland and sections of brain and kidney, prepared
at uniform thickness and spatial position, were also analyzed.
The majority of cells were lodged in capillaries (note the shape
of the tumor cells deformed within the capillaries in Fig. 4A
and B). The absolute numbers of cells from the DU145 cell
lines that were localized to bone (Fig. 4C), brain (Fig. 4D),
kidneys, or adrenal glands (not shown) did not vary signifi-
cantly. We conclude that the expression of oncogenic Ras or
Ras effector pathways does not alter the distribution of DU145
cells relative to the organs that develop metastasis.

The RalGEF pathway is necessary and sufficient to mediate
bone metastasis. Bone is the most common site of prostate
cancer metastasis, occurring in more than 80% of patients with
progressive disease. Therefore, we sought to determine the
underlying signaling pathway responsible for the dramatic
bone metastasis phenotype of the DU145RasV12G37 cell pop-

FIG. 4. Quantification of tumor cells arrested in the vasculature of brain and bone. (A) Fluorescent cells indicated by the arrows are shown on
the surface of a tibia as visualized by using fluorescence stereomicroscopy. Bar, 100 �m. (B) Fluorescent cells in a brain section. (C) Average
number of foci per bone for DU145EV, DU145RasV12, DU145RasV12G37, and DU145RasV12S35. Four bones were counted from each mouse.
(D) Average number of foci per brain section for various DU145 derivative cell lines. Four sections were counted from each mouse. n � 3 mice
per group. No significant differences were detected by using one-way analysis of variance (P � 0.05).
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ulation. The activity of the RasV12G37 effector pathway is gen-
erally attributed to activation of RalGEFs, but this effector
domain mutant does interact with other proteins. To deter-
mine whether RalGEF activity is sufficient, we introduced a
membrane-associated, constitutively active RalGEF, RlfCAAX,
into DU145 cells. RalA-GTP levels were quantified by utilizing
a RalBP1 pull-down assay, which demonstrated stimulation to
a level greater than the RasV12G37 (Fig. 5A). After left ventri-
cle inoculation, the development of bone metastasis was mon-
itored by X-ray and histological analyses in injected mice.
DU145RlfCAAX cells developed osteolytic bone metastasis in
long bones and vertebral bodies similarly to DU145RasV12G37

cells, demonstrating that an activated RalGEF can substitute for the
RasV12G37 effector pathway in this assay (Fig. 5B). To determine

whether RalGEF activation is essential for the bone metastatic
activity of DU145RasV12G37 cells, a dominant-negative approach
was used by expressing RalBN28. RalBN28 forms a nonproductive
complex with RalGEFs, resulting in reduced levels of total GTP-
bound Ral (Fig. 5A). Basal phospho-ERK levels were used as a
control and were found to be unaffected by RlfCAAX or RalBN28

expression. RalBN28 had no effect upon the in vitro growth of
DU145RasV12G37 but did appear to mildly suppress subcutane-
ous growth of DU145RasV12G37 (data not shown). Figure 5B
shows that the ability of DU145RasV12G37RalBN28 cells to de-
velop bone metastasis was reduced by ca. 65% compared to
DU145RasV12G37puroEV.

RalGEFs stimulate GTP exchange on two substrates, RalA and
RalB. To determine which Ral isoforms are necessary for bone

FIG. 5. Activation of RalGEF pathway is necessary and sufficient for the development of bone metastasis by DU145 cells. (A) Immunoblot
analysis of Ras, activated RalA, and phosphorylated Erk expression in DU145EV, DU145RasV12G37puro, DU145RlfCAAX, and
DU145RasV12G37RalBN28 cell lines. Activated RalA was measured by detecting the RalBP1-bound RalA after immunoprecipitation. �-Tubulin,
total RalA, and total Erk were used as loading controls. (B) Percentage of mice that developed bone metastasis 6 weeks after intracardiac injection.
n � 10 to 12 mice per group. (C) Immunoblot analysis of RalA and RalB levels in DU145RasV12G37 after introduction of shRNAs. RalA shRNAs
are labeled A1 and A2, and RalB shRNAs are labeled B1 and B2. �-Tubulin is used as a loading control. (D) RalA and RalB are required for
metastatic tumor growth in bone. DU145RasV12G37 cells expressing the aforementioned shRNAs against RalA and RalB were injected via the
intracardiac route. Metastatic tumor growth was monitored via BLI. The line graph shows the average photon flux per animal per group over a
4-week period. n � 8 mice per group. The total numbers of metastases at week 28 were as follows: PLKO (n � 7), RalAshRNA1 (n � 2),
RalAshRNA2 (n � 2), and RalBshRNA1 (n � 3), RalBshRNA2 (5). *, P � 0.05 versus EV control.
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metastasis formation, luciferase-expressing DU145RasV12G37

(DU145RasV12G37/TGL) cells were infected with lentiviruses
encoding shRNAs directed against either RalA or RalB. Two
distinct shRNAs against RalA (A1 and A2) and RalB (B1 and
B2) were used, and protein knockdown in resultant lines is
shown in Fig. 5C. Luciferase activity per cell was similar in the
various cell lines (not shown).

DU145RasV12G37/TGL cells infected with the EV or the
derivative knockdown populations were injected via the left
cardiac ventricle, and metastasis formation was monitored by
BLI over time. As shown in Fig. 5D, there was a significant
decrease in the development of bone metastasis by cell lines
with either reduced RalA or reduced RalB compared to EV-
infected cells. Reduced total photon flux resulted from an ca.
50% decrease in tumor initiation coupled with a two- to three-
fold decrease in tumor growth (see Fig. 5 legend). In addition,
we observed what appeared to be a regression of two indepen-
dent vertebral metastases in each of the RalA and RalB knock-
down groups, totaling four in all (data not shown). In
contrast, no such regression was observed in the con-
trol group, nor has it been a common observation for
DU145RasV12G37/TGL cells in independent experiments. All
mice inoculated with DU145RasV12G37/TGL-pLKO EV-in-
fected cells required euthanasia at day 28. Mice inoculated
with cells in which RalA or RalB had been knocked down
were healthy at day 28. Importantly, reduction of RalA,
but not RalB, decreased subcutaneous tumorigenesis of
DU145RasV12G37/TGL cells (see Fig. S4 in the supplemental
material), a finding consistent with other published data for
Ras-activated cell lines expressing shRNA against RalA (18).
We conclude that activation of both RalA and RalB is required
for the bone metastatic activity that is stimulated by RasV12G37,
although dissecting a role for RalA in metastasis is compli-
cated by its role in tumorigenesis.

To complement these results, we attempted to mimic the
bone metastatic activity of RlfCAAX (Fig. 5B) by introducing
constitutively activated forms of RalA, RalAV23, RalB, and
RalBV23, either separately or together, into DU145 cells. Al-
though we obtained DU145 cells expressing significantly ele-
vated levels of GTP-bound RalA and/or RalB, neither acti-
vated isoform alone nor both together significantly increased
the bone metastatic activity of the DU145/TGL parental cell
line (not shown), suggesting that RlfCAAX may have addi-
tional functions beyond GTP exchange activity. Another pos-
sibility is that constitutively GTP-bound Ral isoforms do not
mimic the cycling exchange of GTP mediated by RlfCAAX.
Taken together, these data suggest that RalA and RalB acti-
vation is necessary but not sufficient for bone metastasis down-
stream of RasV12G37.

Finally, CD24, which has been identified as a RalA/B-de-
pendent target in bladder cancer cells, was of specific interest
in the DU145 model because it has been suggested that CD24
plays a role in metastasis as a result of its affinity for P-selectin,
leading to the formation of microemboli that lodge in second-
ary organs (6). However, we have determined that the various
oncogenic Ras effector mutants induce CD24 surface expres-
sion in DU145 cells to equivalent degrees, suggesting that
CD24 may contribute to metastatic ability but is not a unique
determinant of tissue-specific colonization (results not shown).

Loss of RalA leads to inhibition of growth in bone by metas-
tatic PC3 cells. To address the general requirement for RalA
or RalB-mediated signaling pathways in prostate cancer bone
metastasis, we expanded our analysis to the PC3 cell line,
which was originally isolated from a prostate cancer bone me-
tastasis. PC3 has wild-type Ras alleles, is highly metastatic to
bone in xenograft assays, and is a widely used model of pros-
tate cancer bone metastasis (15). Consistent with the hypoth-
esis that Ral-GTP levels contribute to growth of prostate can-
cer in bone, bone metastatic parental PC3 cells demonstrated
approximately four to five times more GTP-bound RalA rela-
tive to total Ral than the weakly metastatic DU145 parental
cells (not shown). Lentivirus-encoded shRNAs directed
against RalA and RalB were introduced into TGL-expressing
PC3 cells, and the metastatic and tumorigenic potentials of
these cells were analyzed. As shown in Fig. 6A, two distinct
RalA shRNAs (A1 and A2) decreased RalA protein levels by

3-fold compared to the EV control. Measurement of RalA-
GTP by immunoprecipitation using RalBP1 showed that acti-
vated RalA was knocked down by 
5-fold in the presence of
RalA-directed shRNA. The RalB-directed shRNAs B1 and B2
reduced RalB protein levels sixfold and to nondetectable lev-
els, respectively. RalB-GTP levels were not detectable. Con-
sistently we observed increased RalA levels in cell populations
with decreased RalB (Fig. 6A). Importantly, all cell popula-
tions had similar levels of luciferase activity ex vivo (see Fig.
S5A in the supplemental material). All cell lines grew at similar
rates in vitro (data not shown). Tumorigenic potential was
assayed by evaluating subcutaneous tumor growth (see Fig.
S5B in the supplemental material). Tumors arising from the
various cell lines described above grew to similar sizes and at
similar rates. Cells isolated and expanded from tumors dem-
onstrated comparable reductions in Ral proteins as the starting
populations of inoculated cells, as shown for RalA in Fig. 6D.

The metastatic characteristics of PC3 cells with reduced
RalA or RalB levels were analyzed after inoculation via the left
cardiac ventricle. Mice were imaged for bioluminescence after
inoculation and then once per week starting at week 3. Mice
inoculated with EV or RalB knockdown cells developed signs
of extreme morbidity at weeks 6 to 7, and the experiment was
terminated to allow histological comparison of equivalently
aged tumors. The data in Table 2 show the number of tumors
detectable by bioluminescence at various anatomic sites over
time. PC3 and derivative cell populations exhibited a dominant
tropism to bone, including the jaw, long bones, and vertebral
bodies, and rarely to the adrenal glands. Bioluminescence sig-
nals were not apparent until 3 weeks postinoculation. An anal-
ysis of tumor numbers and growth over time clearly demon-
strated a greatly reduced metastatic potential for both PC3/A1
and PC3/A2. At week 3, signals were apparent in the jaws of at
least half of the animals in each experimental group. By week
6, the numbers of detectable tumors in the jaw were similar or
slightly decreased for most groups except the PC3/A1 line,
where the majority of tumors could no longer be detected. In
addition, PC3/A1 developed no and PC3/A2 developed fewer
long bone and vertebral metastases compared to the other
groups. Importantly, quantification of photon flux over time
for all bone tumors showed that the EV control, PC3/EV, and
the RalB knockdown lines, PC3/B1 and PC3/B2, increased
dramatically, 
1,000-fold between weeks 3 and 6 (Fig. 6B). In
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contrast, there was virtually no growth of bone metastases for
PC3/A1 and only a 10-fold increase for PC3/A2.

A portion of organs displaying bioluminescence signal were
analyzed histologically from each experimental group. Osteo-
lytic tumors typical of PC3 cells were identified in the majority
of evaluated PC3/EV, PC3/B1, and PC3/B2 inoculated mice
(Fig. 6C). In addition, it was not uncommon to observe clusters
of tumor cells in tooth pulp adjacent to mandible tumors. In
contrast, visible bone tumors were found in only zero of four or
two of six bioluminescence signal-positive organs from PC3/A1
and PC3/A2 inoculated mice, respectively, although occasion-
ally tumor cell clusters in the tooth pulp were observed. Be-

cause the organs were not exhaustively sectioned, we expect
the existence of small tumors outside the sections that were
collected as suggested by the presence of bioluminescence
signals.

To determine whether bone tumors derived from shRNA-
expressing populations initiated from cells that had escaped
knockdown, tumor cells were isolated and selectively grown in
culture from bioluminescence-positive organs, expanded in tis-
sue culture in the presence of puromycin, and analyzed for
RalA and RalB levels. Only one cell line, which subsequently
did not thrive, was derived from PC3/A2 tumors. Several cell
lines were derived from RalB knockdown tumors, and repre-

FIG. 6. Reduced RalA inhibits metastasis of PC3 cells to bone. (A) Detection of RalA or RalB by Western blot analysis in PC3 cells stably
expressing RalA shRNA (A1 and A2) or RalB shRNA (B1 and B2) or in the EV control. �-Tubulin serves as a loading control. (B) RalA is
required for metastatic tumor growth in bone. PC3 cells expressing the aforementioned shRNAs against RalA and RalB were injected via the
intracardiac route. Metastatic tumor growth was monitored via BLI. Line graph shows the average photon flux per animal per group over a 6-week
period. n � 8 to 15 mice per group. RalA shRNA bearing mice exhibited significantly less tumor burden in the bone than EV control mice and
RalB shRNA-bearing mice. *, P � 0.05; **, P � 0.01 (versus EV control). (C) Representative histological sections with hematoxylin and eosin
staining of sectioned mandibles taken from mice injected with the indicated cells. Bars: top panel, 50 �m; lower panel, 10 �m. Large osteolytic
tumor masses can be seen in the jaws of EV control and RalB shRNA-bearing mice, replacing bone marrow, destroying adjacent bone, and growing
out into the surrounding soft tissue. In contrast, tumor cells are rarely observed in the jaw bone marrow cavities of RalA shRNA-bearing animals;
occasionally, tumor cells are found in tooth root compartments, as shown. (D) Immunoblot analysis of RalA levels in cells isolated from
subcutaneously grown tumor (s.c. tumor isolates) and cell lines not passaged though animals (cell lines). Tumors were isolated from mice injected
with the indicated cell line and expanded in vitro. An immunoblot shows RalA levels in three EV control tumors and four RalA shRNA-expressing
tumors. Tubulin is used here as a loading control. (E) Immunoblot analysis of RalA and RalB levels in cells isolated from jaw and long bones of
mice injected via the intracardiac route with the indicated cell lines. Tumors were isolated from mice and expanded in vitro. Tubulin is used here
as a loading control.
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sentative examples are shown in Fig. 6E. In all of these bone
tumor-derived cell lines, RalB protein was lower than that in
PC3/EV tumor-derived lines. Individual tumor-derived lines
expressed variable levels, indicating clonal variation, but a
comparison of RalB protein levels and tumor size did not
reveal any correlation (data not shown). Interestingly, RalA
protein levels were uniformly increased, as was observed in the
cell lines prior to passage through animals. From the combined
analysis of bioluminescence signal over time, pathological eval-
uation, and selection for tumor-derived cell growth in vitro, we
conclude that a reduction of RalA but not RalB levels in PC3
cells significantly inhibited the development of bone metasta-
sis.

To analyze whether RalA-dependent bone growth is tumor
type specific, RalA and RalB knockdown experiments were
performed with the MDA-MB-231 breast cancer cell line,
which contains mutant oncogenic Ras. After cardiac inocula-
tion, the development of bone metastasis with respect to site,
number, and kinetics of growth was determined by using BLI.
There was no significant effect of RalA or RalB knockdown on
tumorigenesis or metastasis development by MDA-MB-231
(see Fig. S6A in the supplemental material). Loss of RalA and
RalB was verified in growing metastases (see Fig. S6B in the
supplemental material). Therefore, we conclude that the re-
quirement for RalA may vary with tumor type, and the inhi-
bition of bone metastasis associated with RalA loss in prostate
cancer cell lines is not simply secondary to a generalized or
nonspecific growth inhibition.

DISCUSSION

As pleiotropic regulators, signaling pathways that underlie
tissue-specific survival and growth of metastases are desirable
therapeutic targets. Because elevated growth factor receptor
signaling is a common progression factor in prostate cancer, we
evaluated the function of Ras-dependent signaling pathways,
which are downstream of such receptors, in prostate cancer
metastasis. DU145, a prostate cancer cell line with low meta-
static potential, was used to demonstrate in a xenograft exper-
imental metastasis model that activated Ras signaling promotes

metastasis in multiple tissues, including bone. Remarkably, the
expression of Ras-mediated effector pathways differentially stim-
ulated metastasis in different organs, which did not result from
obvious differences in tumorigenic growth properties of the
various lines. RasV12S35 and RasV12C40 pathways activated
brain metastasis formation, while RasV12G37 expression in-
duced bone metastasis. The DU145 cell line was initially iso-
lated from a brain metastasis, and therefore it was not unex-
pected that these cells displayed tropism for the brain (37). It
was somewhat more surprising that the overexpression of the
RalGEF effector pathway was able to redirect colonization to
the bone, the most common site of advanced prostate cancer
metastasis. These data directly demonstrate that the ability of
DU145 tumor cells to grow in distinct microenvironments is
supported by activation of different signaling pathways.

A role for the Ral pathway in prostate cancer growth in
bone is further supported by the loss of bone metastatic
activity in PC3 cells that have shRNA-mediated decreases in
RalA expression. The lack of effect of reduced RalA and
RalB levels upon the tumorigenic potential of PC3 cells
allowed us to evaluate the necessity of RalA and RalB for
metastasis-specific functions. Metastasis-specific functions
include homing, the initiation of clonal growth, and the
transition to expansive growth after the development of
micrometastases. The existence of weak and nonprogressing
bioluminescent signals for many bone sites containing PC3
RalA knockdown cells implies normal homing and coloni-
zation by these cells without expansion of initiated tumors.
Likewise, the regression of vertebral bioluminescent signals
in either RalA or RalB knockdown DU145RasV12G37 is con-
sistent with Ral activity contributing to expansive growth in
bone. In addition, we found no evidence upon direct obser-
vation of fluorescently labeled cells for homing differences
among the various Ras effector-transformed DU145 cell
lines.

The inhibition of growth in bone as a consequence of Ral
pathway inactivation did not result from a nonspecific effect
but instead appears to be cell line dependent. Neither RalA
nor RalB knockdown in MDA-MB-231, which contains a K-
Ras mutation, or colon cancer HT29 cells, which express wild-
type Ras, inhibited the development of bone metastases after
arterial inoculation (data not shown; see Fig. S6 in the supple-
mental material). The genetic background in which the Ral
pathway contributes to bone growth presumably depends upon
the variety of genomic alterations that drive tumorigenesis in
individual cancers. In this regard, a requirement for both RalA
and RalB in RasV12G37-mediated metastasis of DU145 cells
parallels a previous report showing the necessity for both ho-
mologues in a lung colonization assay of pancreatic cancers
(18). A total of 90% of pancreatic cancers harbor Ras muta-
tions. In contrast, PC3 cells required RalA, but not RalB, for
efficient growth in bone. PC3 cells are highly aggressive at
establishing bone metastases, and we hypothesize that other
pathways compensate for RalB in these cells.

Because cooperation with TGF-� is a function of Ras that is
relevant to cancer progression (1) and TGF-� is expressed at
high levels in bone matrix, we determined the sensitivity of the
various cell lines to TGF-�-mediated growth inhibition. Inter-
estingly, we found that DU145 parental cells were inhibited by
TGF-� and that expression of the RasV12S35 or RasV12G37

TABLE 2. PC3 metastasis development in various organs

Cell line
(no. of

mice tested)

Absolute no. of mice (%)a

Jaw
(wk 3)

Jaw
(wk 6)

Long
bones
(wk 6)

Spine
(wk 6)

Adrenal
glands
(wk 6)

PC3/EV (15) 12 (80) 9 (60) 5 (33) 2 (13) 0 (0)
PC3/A1 (9) 8 (89) 1 (13) 0 (0) 0 (0) 0 (0)
PC3/A2 (8) 7 (88) 5 (63) 2 (25) 0 (0) 2 (25)
PC3/B1 (8) 5 (63) 6 (75) 4 (50) 1 (13) 2 (25)
PC3/B2 (9) 5 (56) 5 (56) 3 (33) 3 (33) 2 (22)

a Shown are the absolute numbers and percentages of mice that developed
metastasis in the indicated organ at week 6. An animal with detectable biolumi-
nescent signal in the indicated organ for at least two consecutive weeks was
scored as positive, and thus the numbers in the table do not indicate metastatic
burden. Metastatic burden is indicated in Fig. 6B. Also shown are absolute
numbers and percentages of animals with jaw tumors visible at weeks 3 and 6.
Mice were euthanized at 7 weeks after tumor cell inoculation. Representative
organs displaying bioluminescence signals were analyzed histologically. Adrenal
gland and spine metastases were confirmed, as were the majority of jaw and long
bone metastases, although some organs were used to culture metastatic tumors.
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pathways relieved the TGF-� growth inhibition (results not
shown). Therefore, cooperation with TGF-� may play a role in
metastasis development by Ras effector pathway-transformed
DU145 cells, but such cooperation does not account for tissue
specific differences in the effector pathways. We are currently
investigating a role for Ral in TGF-� responsiveness with re-
gard to proteolytic activity and extracellular matrix degrada-
tion.

A function that is expected to stimulate tumor growth in
bone is the production of factors that increase the activation
and/or differentiation of osteoclasts, resulting in bone resorp-
tion and leading to the release of tumor-stimulating factors
(24). Due to the aggressive breakdown of cortical bone in
DU145RasV12G37 metastases, there may be increased oste-
oclastogenesis associated with such bone tumor formation rel-
ative to the other derivative cell lines. However, if this is the
case, it would appear that the mechanism of osteoclastogenic
stimulation is not attributable to DU145RasV12G37 cells alone,
as judged by the relatively similar production of osteoclasto-
genic factors (see Fig. S2 in the supplemental material) com-
pared to parental DU145. It is quite possible that the osteolytic
activity of DU145RasV12G37 cells is regulated by the bone
microenvironment, perhaps resulting from interaction with
matrix or cellular components that reside in the bone. Future
investigations will address RalGEF-dependent microenviron-
ment interactions.

At present, there are no robust mouse genetic models of
prostate cancer metastasis to bone, the most common site of
human prostate cancer metastasis. In addition, clinical speci-
mens of prostate cancer bone metastases are not readily avail-
able, especially in a form that is amenable to molecular pro-
filing or the direct measurement of enzymatic activity for most
proteins. We have described two complementary models show-
ing that the RalGEF/Ral pathway supports prostate cancer
bone metastasis. Xenograft models such as these that make use
of isogenic cell lines to address functional changes in the con-
text of bone provide a comparative tool for identifying poten-
tial targets that mediate organ-specific growth.
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