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A microRNA code for prostate cancer metastasis
D Bonci1,2, V Coppola1, M Patrizii1, A Addario1, A Cannistraci1, F Francescangeli1, R Pecci3, G Muto4,5, D Collura4, R Bedini3, A Zeuner1,

M Valtieri1, S Sentinelli2, MS Benassi6, M Gallucci2, P Carlini2, S Piccolo7 and R De Maria2

Although the development of bone metastasis is a major detrimental event in prostate cancer, the molecular mechanisms

responsible for bone homing and destruction remain largely unknown. Here we show that loss of miR-15 and miR-16 in

cooperation with increased miR-21 expression promote prostate cancer spreading and bone lesions. This combination of microRNA

endows bone-metastatic potential to prostate cancer cells. Concomitant loss of miR-15/miR-16 and gain of miR-21 aberrantly

activate TGF-β and Hedgehog signaling, that mediate local invasion, distant bone marrow colonization and osteolysis by prostate

cancer cells. These findings establish a new molecular circuitry for prostate cancer metastasis that was validated in patients' cohorts.

Our data indicate a network of biomarkers and druggable pathways to improve patient treatment.

Oncogene (2016) 35, 1180–1192; doi:10.1038/onc.2015.176; published online 15 June 2015

INTRODUCTION

Skeletal metastases occur in more than 80% of cases of advanced-
stage prostate cancer and are a major detrimental event for
patients.1 Tumor cell homing into the bone marrow promotes
dramatic alterations in osteoblast and osteoclast function and
bone remodeling, causing severe lesions. Metastatic prostate
cancer cells acquire a bone cell-like phenotype by a process, called
osteomimicry, which allows their survival and proliferation in the
bone marrow microenvironment. At the same time, osteoblasts
and osteoclasts aberrantly modify their proliferation and differ-
entiation programs during the metastatic process, thereby altering
bone density.2–4 Although the different steps that characterize the
development of prostate cancer metastases have been essentially
defined, the molecular events that trigger and fuel the bone
colonization and metastatic progression are still unknown.
Development of metastasis requires migratory and invasive

capacity of tumor propagating cells to distant sites. Migration
and invasion are features shared by undifferentiated tumor
cells showing traits of epithelial–mesenchymal transition (EMT),
a process driven by genetic and epigenetic signals greatly
influenced by the tumor microenvironment. In the bone marrow
microenvironment, stromal and metastatic prostate cancer cells
produce TGF-β,5 which is released in sera of advanced patients.6

The ability of TGF-β inhibitors to prevent the formation of bone
metastasis in preclinical models suggests that TGF-β may have a
considerable role in prostate cancer progression.7 Aberrant TGF-β
signaling can promote the expansion of tumor propagating cells
and the conversion of early epithelial tumors to invasive and
metastatic cancers through the induction of EMT.8 Another
relevant pathway in prostate cancer may be represented by Hh
signaling. Initial studies have shown that Hh targeting suppresses
the growth of prostate cancer cell lines and displays therapeutic
activity in prostate cancer xenografts.9,10 More recent data
indicate that IHH promotes the expansion of tumor propagating
cells through the direct transcriptional control of the polycomb

gene Bmi-1,11 which has a key role in prostate cancer initiation and
progression.12

Compelling evidence demonstrates microRNAs (miRNAs) have a
central role in controlling basic cell functions, including migration
and invasion.13,14 The expression of miRNAs is widely altered
in cancer,15 suggesting that miRNA deregulations are deeply
implicated in tumor development and progression.16,17 Several
articles demonstrate that miR-15 and miR-16 (miR-15/16) dereg-
ulation is associated with cancer progression by targeting several
oncogenes, such as BCL2, CCND1, CCNE1 and CDK4-6, which
promote cell proliferation and survival,18–21 induction of BMI-122

and EMT through the regulation of AP4.23 Moreover, other data
suggest that miR-15 and miR-16 control the expression of FGF-2,
FGFR1, VEGF and WNT signaling,24,25 which are able to promote
tumor angiogenesis and bone metastases.
miR-21 is one of the most commonly and highly upregulated

oncomir in many types of cancer.26 In prostate cancer, miR-21
promotes hormone-dependent and hormone-independent
growth.27 Importantly, RAS induces the upregulation of miR-2128

and significantly contribute to the aggressiveness of several tumor
types.29 Although not frequently mutated in prostate cancer, RAS
isoforms have a pivotal role in multiple pathways that have
been implicated in prostate tumorigenesis. Furthermore, RAS has
been shown to promote prostate cancer progression by working
synergistically with other pathways. In particular, a large body of
literature indicates cooperation between RAS and TGF-β, including
a prominent role of RAS signaling in the conversion from anti- to
pro-oncogenic TGF-β signaling.30 Interestingly, the TGF-β inhibitor
SMAD7 has been described as a target of the RAS downstream
effector miR-21.31

The complex molecular events that occur at the level of miRNA
and oncogene families during prostate metastasis formation are
still unclear. Herein, we reveal a central role of the combined
miR-21 upregulation and miR-15/miR-16 downregulation in the
spread of metastases and in bone lesion formation. We clarify how
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RAS, TGF-β and Hedgehog signaling cooperate in concert
with miR deregulation to promote cancer progression and bone
alteration in prostate cancer.

RESULTS

MiR-15 and MiR-16 Downregulation Promotes Tumor Growth and
Invasion

We previously demonstrated that loss of miR-15 and miR-16 in
epithelial prostate compartment has a pro-tumor effect in vitro
and in vivo.19 In order to define the putative role of miR-15/miR-16
in metastatic spreading, we forced their downregulation in the
early tumor cell line RWPE-2, which forms small subcutaneous
tumors without having a metastatic effect in the NOD-scid
IL2Rgamma-null (NSG) mouse model. For selectively sequestering
both miRNAs, we used the lentiviral sponge vector TW3ʹDecoy15-
16 (Decoy15-16) and TW3ʹ empty vector as relative control.19

RWPE-2 Decoy15-16 cells showed higher migratory and invasive
capacity than control cells (Figure 1a). Such enhanced migration
and invasion correlated with increased activation of AKT and ERK
signaling19 and with overexpression of the prostate cancer marker
Alpha-methylacyl-CoA racemase (Supplementary Figure 1a), which
is associated with tumor expansion risk.32 The capacity of TW3’
and Decoy15-16 RWPE-2 cells to invade and colonize a tissue was
then tested in vivo by injecting these cells into a permissive
site, the subrenal capsule space of NSG mice. For tumor growth
monitoring, cells were co-infected with a lentiviral vector
encoding the luciferase reporter (TW-Luc) and analyzed in vivo
by luminescence imaging (Supplementary Figure 1b). Three weeks
after injection, RWPE-2 Decoy15-16 cells had doubled the
expansion of control cells (Figure 1b). More importantly, RWPE-2
Decoy15-16 cells showed a pronounced invasion of the renal
parenchyma coupled with new vessel formation, as indicated by
hematoxylin and eosin (H&E) staining and CD31 immunofluores-
cence (Figure 1b). It is worthy to note that 9 weeks after injection,
kidneys inoculated with TW3ʹ and Decoy15-16 RWPE-2 cells were
both invaded by large tumor masses (Supplementary Figure 1c),
but only Decoy15-16 cells were able to spread to distant organs,
as indicated by the presence of lung metastasis (Figures 1c and d).
Although the lung is an infrequent metastatic site for prostate
cancer, in the subrenal capsule model it is the first organ
colonisable by cells that enter the bloodstream. Thus, this assay
demonstrated the capability of Decoy15-16 cells to enter blood
flow and invade organs. Further, we orthotopically injected TW3’
and Decoy15-16 RWPE-2 cells into the anterior prostate of NSG
mice (Figure 1e). Both the stereomicroscopy and the biolumines-
cence analyses at 5 weeks showed that Decoy15-16 cells grew
extremely faster than the control population, suggesting that the
loss of miR-15/miR-16 has a considerable effect in the context of
the prostate microenvironment. Only Decoy15-16 cells were rarely
able to colonize the liver after 15 weeks (Figure 1f). Thus, miR-15/
miR-16 control organ-confined and distant invasion of prostate
cancer cells.

MiR-15 and MiR-16 downregulation causes bone colonization and
lesions

The ability of prostate cancer cells to grow and metastasize in the
bone suggests that these cells acquire an aberrant phenotype that
promotes their growth and survival in the new microenvironment.
To explore a potential difference in osteotropism, we injected
TW3ʹ and Decoy15-16 RWPE-2 cells into the left ventricle of
NSG mice to track their route by bioluminescence imaging. In
contrast to the control population, Decoy15-16 cells engrafted
with high frequency into mouse bones 3 weeks after injection,
suggesting a critical role of miR-15 and miR-16 downregulation for
bone marrow homing (Figure 2a). Moreover, to investigate
whether miR-15/miR-16 downregulation confers to prostate cells

the capability of growing in the bone microenvironment
independently of an enhanced homing, we injected TW3’ and
Decoy15-16 RWPE-2 cells co-infected with luciferase and β-
galactosidase reporter genes directly in NSG mouse tibiae.
Bioluminescence imaging and β-galactosidase staining 3 weeks
after injection showed that RWPE-2 Decoy15-16 consistently
engrafted in the bone, while RWPE-2 TW3ʹ control cells did not
(Figures 2b and c), thus confirming the involvement of miR-15 and
miR-16 loss in bone metastasis formation.
In order to evaluate the capability of RWPE-2 cells to influence

bone renewal in vitro, TW3ʹ and Decoy15-16 RWPE-2 were
co-cultivated with mesenchymal stem cells (MSCs)33,34 which are
the precursors of osteoblasts. Bone metastases in prostate cancer
are typically osteoblastic and in the course of the metastatic
process tumor stimuli induce MSCs to aberrantly differentiate,
thereby causing osteosclerosis. Staining of the osteoblast marker
alkaline phosphatase (ALP) was performed after 10 and 20 days of
co-culture. Both TW3’ and Decoy15-16 RWPE-2 cells were able to
induce differentiation of MSCs into osteoblasts in a medium for
MSCs cultivation (Figure 2d). However, Decoy15-16 cells displayed
a consistent proliferative advantage over control cells in co-culture
conditions, both in medium for MSCs and in medium for
osteoblast differentiation (Figures 2d and e), whereas MSC viability
and proliferation were not affected (data not shown). Consistently
with engraftment in mouse bones, radiographic and microtomo-
graphic analysis of mice injected with TW3’ or Decoy15-16 RWPE-2
cells showed that only Decoy15-16 RWPE-2 cells caused bone
alterations, as revealed by detecting increased bone density as
well as osteolysis (Figure 2f). The bone mineralization analysis
confirmed a mixed osteosclerotic and osteolytic alteration
(Figure 2g). H&E staining of tibiae injected with RWPE-2
Decoy15-16 confirmed the diffused mixed bone neo-formation
and osteolysis areas (Figures 2g and h). These data suggest that
miR-15/16 control the activity of prostate cancer key genes
required for bone homing and lesions.
In order to explore the prognostic significance of miR-15 and

miR-16 downregulation, we analyzed a publicly available data set for
miRNA expression by using bioinformatic tools (NCBI GEO accession
GSE21032).35 We included in the analysis 160 patients with
documented clinical data and disease follow-up. The results showed
that low expression of miR-15 and miR-16 is associated to bone
metastasis and faster progression (Figures 3a and b).

MiR-15 and MiR-16 Downregulation leads to hedgehog signaling
activation

Although several known targets of miR-15a and miR-16 are
involved in cancer homing and metastatic spreading, we searched
for additional putative targets that may contribute to the
development of prostate cancer metastasis. Using Targetscan
software analysis, we found among possible candidates IHH,
FGF-9, FGF18, PTHLH and CASR. Using the Taylor’s large gene data
set, we first evaluated the mRNA level of these genes in primary
and metastatic cancer tissues. All targets seemed to be expressed
in primary tumors, but only IHH and PTHLH were significantly
upregulated in bone metastases (Supplementary Figure 2a). When
we examined the relationship between the expression pattern of
these five genes and miR-15a/miR-16 levels, we found a significant
inverse correlation (Figure 4a and data not shown). We then
evaluated which of these genes were a direct target. Luciferase
assay showed that only IHH was a direct target of miR-15 and
miR-16 (Supplementary Figures 2b and c), while the others four
genes were either not directly regulated or not correlated with
metastasis formation, as from Taylor data set evaluation.
The analysis of IHH mRNA level in several prostate cell lines
showed that IHH is significantly upregulated in cell lines derived
from metastatic tumors (Figure 4b). Furthermore, RWPE-2 cells
dramatically increased IHH expression after lentiviral delivery of
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Decoy15-16 (Figures 4c and d), while the metastatic cell line PC3
considerably reduced IHH expression after miR-15 and miR-16
transduction (Figure 4c). Of note, BMI-1 is regulated by IHH at
transcriptional level and resulted as a direct target of miR-15 and
miR-16 in ovary cancer.22 Immunofluorescence analysis showed a
consistent upregulation of BMI-1 in RWPE-2 Decoy15-16 cells
(Supplementary Figure 2e), which could be mediated by both
direct derepression of miR-15/miR-16 and transcriptional activa-
tion by IHH. In order to demonstrate a functional role of IHH in
prostate cancer progression, we next silenced this gene using a
mix of specific short hairpin RNAs in RWPE-2 Decoy15-16 cells.
RWPE-2 Decoy15-16 cells transduced with specific short hairpin
RNAs showed reduced capacity of cross-talk with microenviron-
ment in vitro and in vivo as revealed by co-cultures with MSCs and
by impaired homing when injected into tibial shaft of mice
(Supplementary Figures 2e and f). By analyzing gene expression in
patient cohorts, IHH expression was associated to recurrence
and worse prognosis (Figures 4e and f and Supplementary
Figure 2g).

Downregulation of MiR-15 and MiR-16 Leads to Hedgehog
Signaling Activation through TGF-β enhanced activity

The biological effect of the loss of miR-15 and miR-16 is strictly
dependent on the transcriptional activation of the relevant target
genes, which should regain the expression and pre-existing
molecular circuitry upon derepression. Several lines of evidence
report that TGF-β is indispensable for bone maintenance and
formation; this activity is mediated by RUNX-2 and RANKL
genes.36–39 Furthermore, the direct control of RUNX2 on IHH
transcription and the feedback loop regulation of IHH on RUNX2
activity are well documented. We hypothesized a molecular
circuitry involving RUNX2 and IHH at mRNA level. Therefore, we
analyzed again the Taylor data set and found a direct correlation
between RUNX2 and IHH levels in prostate cancer (Supplementary
Figure 2e). Given the central role of TGF-β/ΙΗΗ axis in the
induction of bone metastases, we evaluated TGF-β signaling
activation by monitoring phosphorylation of its downstream
effector, the SMAD2/3 complex (pSMAD3). Western blotting
analysis showed a significant increase of SMAD3 phosphorylation
in RWPE-2 Decoy15-16 cells when compared with control
cells, while TGF-β stimulation further enhanced the activation of
SMAD signaling in Decoy15-16 cells (Supplementary Figure 3a).
The levels of SMAD4, which forms a complex with SMAD2/3 for
signal transduction to the nucleus, were also increased in
Decoy15-16 cells (Supplementary Figure 3b). We next sought to
determine how miR-15/16 control Smad4 level and Smad3
activity. Targetscan-driven bioinformatic analysis indicated USP9X
as a potential target gene of miR-15 and miR-16. USP9X is an
enzyme that has been reported to empower TGF-β signaling by
deubiquitinating SMAD4, thereby facilitating its association with
SMAD2/3.40,41 We validated by the luciferase assay a direct

binding of the two miRs to USP9X 3ʹUTR (Supplementary Figure
3c), thus confirming this gene as a new target of miR-15 and
miR-16. Interestingly, in Xenopus embryos miR-15 and miR-16
have been reported to target activin RIIA, a receptor that can be
triggered by activin A and Nodal, two ligands belonging to the
TGF-β superfamily.42,43 This targeting was confirmed in RWPE-2
Decoy15-16 cells (Supplementary Figure 3d). Thus, loss of miR-15
and miR-16 leads to derepression of TGF-β signaling by multiple
routes. To investigate the role of Smad signaling in metastasis
formation after miR-15/16 inactivation, we knocked down Smad4
in RWPE-2 Decoy15-16 cells. We first validated the interference
capacity of a pool of SMAD4 siRNAs (Supplementary Figure 3e)
and demonstrated by AnnexinV/7-AAD staining that this knock-
down did not affect the viability of RWPE-2 Decoy15-16 cells
in vitro (Supplementary Figure 3f). However, when injected into
the tibia, SMAD4 siRNAs-transfected cells demonstrated a reduced
engraftment as compared with scramble siRNA-transfected RWPE-
-2 Decoy15-16 (Supplementary Figure 3g), suggesting that in
these experimental conditions the loss of miR-15/miR-16 increases
TGF-β signaling and that this is causal for prostate cancer cell
survival in bone marrow through gene activation cascade
correlated and in synergy with IHH signaling. Consistently,
RWPE-2 Decoy15-16 cells showed an increase of RUNX2, RANKL
and additional genes associated with TGF-β signaling activation
such as CTGF, ET-1, IL-11, IL-6, CXCR4, FGF-2 and BMP-4 mRNA
(Supplementary Figure 3h).44 The TGF-β bone mediator gene,
RANKL resulted correlated with bone metastases in the Taylor data
set, and its expression was positively correlated with IHH level
(Supplementary Figures 3i and l).

RAS Cooperates with MiR-15 and MiR-16 Downregulation for
prostate cancer progression

We previously demonstrated that downregulation of miR-15 and
miR-16 in the non-transformed prostate cell line RWPE-1 (RWPE-1
Decoy15-16) enabled these cells to grow in immunodeficient mice
by enhancing their proliferation and invasion in vitro and in vivo.19

However, when injected in the left ventricle, luciferase-expressing
RWPE-1 Decoy15-16 cells did not show bone signals after 5 weeks,
while rare positive mice were countable 18 weeks after injection
(data not shown). Since RWPE-2 derive from RWPE-1 cells by stable
transformation with activated KRAS but are not per se metastatic,
we hypothesized that RAS activation in RWPE-2 cells might
synergize with miR-15 and miR-16 downregulation to promote
bone colonization and subsequent lesions. Phosphorylation of the
RAS effectors ERK1/2 in primary prostate tumor cells showed a
consistent activation of the pathway, as compared with normal
prostate cells (Supplementary Figure 4a). RAS aberrant activity has
been reported to induce miR-21 in rat thyroid cells.28,45 Moreover,
miR-21 has been reported to be a major actor in RAS-mediated
lung tumor progression since it sustains the signaling by
repressing RAS inhibitors.29 Additionally, miR-21 levels have been

Figure 1. MiR-15 and MiR-16 vector-mediated sequestering promotes metastatic spreading. (a) Boyden chamber assay performed on TW3ʹ
and Decoy15-16 RWPE-2 cells using uncoated (left panel) or collagen-coated (right panel) membranes. Histograms report fold increase in
migration/invasion of Decoy15-16 over TW3ʹ cells. Values are mean± s.d. of three independent experiments. The scale bar represents 100 μm.
(b) TW3ʹ and Decoy15-16 RWPE-2 cells were injected in the subrenal capsule and evaluated by IVIS imaging system for luciferase detection
after 3 weeks. Histograms report relative photon emission of Decoy15-16 RWPE-2-injected mice over control cells-injected mice. Lower left
panels show transmitted light and EGFP images of TW3ʹ and Decoy15-16 RWPE-2-injected mice by stereomicroscopy. Lower right panels show
H&E and CD31/DAPI staining of kidney sections. Nine mice for each group were used. Values are mean± s.d. The scale bar represent 3mm.
(c) Histogram represents the percentage of TW3ʹ and Decoy15-16 RWPE-2 injected mice with lung metastases after 9 weeks. One IVIS
representative image of Decoy15-16 RWPE-2-injected mice was reported. Nine mice for each group were used. (d) Representative
stereomicroscopic images and H&E stainings of Decoy15-16 RWPE-2-generated lung metastasis. The scale bar represent 3mm. (e) TW3ʹ and
Decoy15-16 RWPE-2 cells were injected into the mouse anterior prostate and evaluated by stereomicroscopy and IVIS imaging system after
9 weeks. Histogram showing relative photon emission of RWPE-2 Decoy15-16-injected mice over control TW3ʹ group. Ten mice for each group
were used. Values are mean± s.d. The scale bar represents 3 mm. (f) Hepatic metastasis derived from Decoy15-16 RWPE-2 cells 15 weeks after
injection into the murine anterior prostate. Histogram demonstrating the percentage of mice with liver metastasis. The scale bar represent
1mm (Black) and 200 μm (white).
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associated with biochemical recurrence and metastatic hormone-
refractory prostate cancer.46 Consistently, ERK phosphorylation
correlated with miR-21 levels (Supplementary Figure 4b) and
RWPE-2 cells express miR-21 about fourfold more than RWPE-1
cells (Supplementary Figure 4c). To further demonstrate the direct
link between RAS and miR-21 in prostate cells, we interfered
with RAS mRNAs using siRNAs for ki-RAS, H-RAS and N-RAS
(Supplementary Figure 4d). All these siRNAs reduced miR-21 levels

in RWPE-2 cells (Supplementary Figure 4e). As recently reported,
miR-21 overexpression in non-tumorigenic RWPE-1 cells contri-
bute to cell transformation by inducing expression of luminal
markers and EMT.47 Although RWPE-1 miR-21 cells were unable to
grow subcutaneously, contrary to the empty vector-transduced
population, these cells engrafted and grew significantly when
injected in the anterior prostate of the mouse (Supplementary
Figure 5a), suggesting that miR-21 concurs in tumor development,
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but is insufficient to drive neoplastic transformation without other
major lesions. Notably, miR-21 expression and maturation is

enhanced by TGF-β signaling, while miR-21 itself has been

reported to sustain TGF-β signaling by repressing its inhibitor
SMAD7 in lung fibrosis.31 We confirmed and validated SMAD7 as a

target of miR-21 in prostate cells (Supplementary Figure 5b).
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Figure 2. MiR-15 and MiR-16 deregulation are associated with bone lesions in prostate cancer. (a) Histogram shows the percentage of mice
with bone bioluminescent signals 3 weeks after intracardiac injection with TW3ʹ and Decoy15-16 RWPE-2 cells. Representative images
obtained by bioluminescence imaging. Ten mice for each group were used. (b) Histogram shows the percentage of mice with bone
bioluminescent signals 3 weeks after injection of TW3ʹ and Decoy15-16 RWPE-2 cells into the tibial shaft. Representative images obtained by
bioluminescence imaging. Twenty mice for each group were used. (c) Hematoxilyn/β-galactosidase (β-gal) staining of tibial shaft sections
3 weeks after injection with TW3ʹ and Decoy15-16 RWPE-2 cells. (d) MSCs cocultured with TW3’ and Decoy15-16 RWPE-2 cells in presence of
mesenchymal stem cell medium, and evaluated for osteoblast differentiation by ALP staining. In the upper panels, ALP staining after 20 days
of culture. In the lower panels, EGFP positivity and ALP staining after 10 days of co-culture. The scale bar represent 100 μm. On the right,
histogram representing the percentage of EGFP positive cells in co-cultures, as determined by fluorescence activated cell sorting evaluation.
Values are mean± s.d. of three independent experiments. (e) Histogram illustrating the percentage of EGFP positive cells in co-culture with
osteoblasts (osteo) obtained by MSCs kept in osteoblast differentiation medium. Percentages were determined by fluorescence activated cell
sorting evaluation. Values are mean± s.d. of three independent experiments. (f) Computed tomography analysis of tibiae injected with TW3ʹ
and Decoy15-16 RWPE-2 cells 9 weeks after treatment. Single sections and radiographic images are reported. Ten mice for each group were
used. (g) Evaluation of osteolysis (upper graph) and osteosclerosis (lower graph) in mice reported in (f). Osteolysis is calculated as percentage of
empty spaces over total bone volume. Osteosclerosis is shown by relative increase in the bone volume of tibial shafts injected
with TW3’ and Decoy15-16 RWPE-2 cells. Both graphs were obtained through the elaboration of morphometric parameters.
(h) Representative H&E staining images of Decoy15-16 RWPE-2-injected tibiae after 9 weeks, revealing abnormal bone density and areas of lysis.

Figure 3. MiR-15 and MiR-16 Downregulation is correlated with metastasis and poor prognosis. The prognostic impact of miR-15a and miR-16
expression was evaluated by the analysis of Taylor data set, which contains data from 99 primary tumors and 9 visceral and 5 bone metastases of
prostate cancer patients. (a) Comparison of miR-15a and miR-16 expression in the 99 primary and 14 metastatic prostate tumors.
(b) Comparison of miR-15a and miR-16 expression in the 99 primary tumors, 9 visceral and 5 bone metastases. (c) Kaplan–Meier survival analysis of
disease-free survival of 35 patients with low miR-15a and miR-16 levels vs 62 patients without decreased miR-15 and miR-16 expression.
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Thus, we hypothesized that increase in miR-21 and loss of
miR-15/miR-16 might support each other in promoting TGF-β
signaling activation. Of note, we observed that about 60% of
primary prostate tumors with miR-15 and miR-16 downregulation
displayed miR-21 levels higher than 1.5 over reference, indicating
a frequent coexistence of these alterations (Supplementary Figure
5c). In order to demonstrate the specific role of miR-15 and miR-16
downregulation and miR-21 upregulation in promoting
tumor engraftment and growth in vivo, we blunted the effect of
aberrant expression of these miRNA in RWPE-2 Decoy15-16 cells
using a lentiviral vector over expressing miR-15/16 and a Decoy21.
RWPE-2 Decoy15-16 cells were infected with control vector
(Control), with the vector containing miR-15 and miR-16 genes
(miR-15/16) or Decoy21 (Decoy21). Cells were inoculated intrati-
bially in NSG mice, which were analyzed 3 weeks after injection. As
expected, control cells produced bone signals at high photon

emission level in about 60% of mice, while restoring miR-15/16
levels essentially abolished the ability to engraft and grow
into the bone promoted by the decoy vector (Supplementary
Figure 5d). On the other hand, miR-21 suppression through
Decoy21 vector did not alter the engraftment potential of RWPE-2
Decoy15-16 cells, but impaired consistently tumor growth and
viability as showed by the reduction of photon emission
levels (Supplementary Figure 5d). Thus, both loss of miR-15/16
and increase in miR-21 appear directly involved in bone lesion
formation.
We then evaluated miR-21 level in tumors, correlating miR-21

levels with risk assessment parameters. The levels of miR-21
significantly increased in the higher Gleason scores (Figure 5a).
Interestingly, we found high miR-21 level in T2 tumors of patients
who showed recurrence (Figure 5b). Furthermore, we stratified
patients for miR-15, miR-16 and miR-21 levels and found poorer

Figure 4. Putative gene targets associated with metastases. (a) miR-16 expression level correlated with several putative gene targets and
evaluated in 138 tumor tissues by analyzing Taylor tissue data set. Similar results were obtained with miR-15 (data not shown). (b) IHH mRNA
level in non-neoplastic and prostate cancer cell lines and (c) in RWPE-2 UTR and Decoy15-16 and PC3 transduced with miR-15/16 and control
vector, TW (*Po0.05; **Po0.01; ***Po0.001). (d) IHH protein level in RWPE-2 UTR and Decoy15-16 and evaluated by ELISA assay.
(***Po0.001). (e) IHH mRNA relative expression in tissues of 104 patients free of recurrence (disease-free) and 27 showing recurrence by gene
data set and clinical information analysis. (f) Evaluation of disease-free survival in 100 patients showing high and low level of IHH expression
(50 patients for each group were analyzed).
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prognosis and RUNX2/RANKL overexpression in patients who
simultaneously showed miR-15/ miR-16 low and miR-21 high
levels (Figures 5c and d). To determine whether this miRNA
pattern correlates with advanced stages in prostate cancer
patients, we microdissected 15 formalin-fixed and paraffin
embedded prostate cancer tissues and 22 prostate tumor
metastases (20 bone and 2 lymph node metastases), and analyzed
miR-15/16 and miR-21 expression by real time PCR in purified
prostate cancer cells. As reference and internal control, we used
microdissected epithelial cells from a pool of three formalin-fixed
normal prostate tissues. Among 15 patients, seven have been

selected for 10 years negative follow-up monitoring and eight for
clinical evidence of bone metastasis progression. MiR-15/miR-16
and miR-21 resulted simultaneously deregulated in 37.5% of
primary tumors from patients with progression, in none of the
patients with negative follow-up, and in 40.9% of patients with
distant lesions (Supplementary Table S1), suggesting that this
miRNA pattern may be a negative prognostic marker for prostate
cancer. These results strongly support the hypothesis that miR-15
and miR-16 in cooperation with miR-21 may play a considerable
role in prostate cancer progression and may represent good
biomarkers for monitoring of cancer aggressiveness.

Figure 5. miR-21 cooperates in cancer progression. The prognostic impact of miR-21 expression was evaluated by the analysis of Taylor data
set. (a) miR-21 expression in prostate cancer tumors with different Gleason scores. (b) Evaluation of miR-21 levels in prostate cancer tumors
originally diagnosed T2 and selected for disease-free (N= 60) or recurrence (N= 9). (c) Evaluation of disease-free survival in patients showing
four different patterns based on the level of miR-21 and miR-15a/miR-16. (d) RANKL and RUNX2 mRNA expression analyzed in tumors with
different expression levels of miR-21 and miR-15a/miR-16.
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Figure 6. MiR-15/miR-16 downregulation and miR-21 upregulation are sufficient to cause bone lesions in murine models. (a) TW, miR-21,
Decoy15-16 and Decoy15-16/miR-21 RWPE-1 cells were intracardially injected in mice and evaluated by bioluminescence imaging. The
histogram illustrates the percentage of mice with bone bioluminescent signals 5 weeks after the injection. Twelve mice for each group were
used in three independent experiments. (b) Representative cytofluorimetric determination of EGFP positive cells among bone marrow cells
obtained by phosphate-buffered saline flushing of tibiae and femurs of mice described in (a). The histogram represents the percentage of
EGFP positive cells and is calculated as fold change over phosphate-buffered saline-injected mice (Ctr). Values are mean± s.d. of three
independent experiments. (c) Representative bioluminescent images of whole mouse and dissected hind limb 18 weeks after intracardiac
injection of RWPE-1 Decoy15-16/miR-21 cells. (d) Radiographic evaluation of whole mice intracardially injected with RWPE-1 Decoy15-16/
miR-21. Phosphate-buffered saline-injected mice were used as control. (e) Representative image of bone luminescent signal after intratibial
injection of RWPE-1 Decoy15-16 cells. Histogram represents the percentage of mice with bone bioluminescent signals 5 weeks after the
injection. (f) Single section images obtained by immunohistochemistry and computed tomography analysis of tibiae injected with RWPE-1
Decoy15-16/miR-21 cells after 8 weeks. Nine mice for each group were used in three independent experiments.
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In vitro synergistic activity of increase in MiR-21 and decrease in
MiR-15/MiR-16

In order to verify a possible synergism between miR-21 upregula-
tion and miR-15/miR-16 downregulation in TGF-β signaling
activation and prostate cancer progression, we transduced
Decoy15-16 RWPE-1 cells with miR-21 expressing vector, thus
generating Decoy15-16/miR-21 RWPE-1 cells. We compared the
phenotype and biological behavior of TW, miR-21, Decoy15-16
and Decoy15-16/miR-21 RWPE-1 cells. Phalloidin-mediated stain-
ing revealed a dramatic cytoskeleton remodeling in cells whose
miRs were deregulated, with a massive formation of filopodia and
lamellipodia and the acquisition of an elongated, fibroblast-like
phenotype which was mostly pronounced in Decoy15-16/miR-
-21 cells (Supplementary Figure 6a). Such a phenotype is
associated with EMT, a trans-differentiation process that antici-
pates metastatic spreading. As expected, miR-21, Decoy15-16 and
Decoy15-16/miR-21 RWPE-1 cells showed an increase in vimentin
and a decrease in E-cadherin expression, when compared with the
control population (Supplementary Figures 7a and b). Consis-
tently, miR-21 and Decoy15-16 RWPE-1 cells demonstrated
increased invasion in collagen as compared with the control
population, and again this feature was further enhanced in cells
expressing both lesions (Supplementary Figure 7c). In addition,
while RWPE-1 cells transduced with control vector were unable to
grow in anchorage-independent conditions and RWPE-1 miR-21
only formed small clusters, the capability of RWPE-1 Decoy15-16
cells to grow in soft agar was enhanced in Decoy15-16/
miR-21 cells, which were able to form very large colonies
(Supplementary Figure 7d). During cancer progression, tumor
cells gradually lose contact inhibition, programmed cell death
response, and the capacity to form organized structures. In tumors
deriving from acinar tissues, these aberrant features can be tested
in vitro by three-dimensional (3D) cultures.48 We maintained
TW, miR-21, Decoy15-16 and Decoy15-16/miR-21 RWPE-1 cells in
3D Matrigel cultures for about 1 week, then spheroids were plated
on slides, stained with DAPI, and evaluated by confocal
microscopy. In line with the normal developmental pathway,
RWPE-1 TW cells created acini with a hollow lumen that results
from the apoptosis of central cells. In contrast, miR-21 and
Decoy15-16 RWPE-1 cells formed completely filled spheroid
structures surrounded by spreading cells (Supplementary Figures
6b and c and Supplementary Video). Thus, miR-21 and Decoy15-
16 RWPE-1 cells display invasive capacity coupled with apoptosis
resistance and loss of polarity. Noteworthy, Decoy15-16/miR-21
RWPE-1 cells diffusely spread into the Matrigel and completely
failed to form acinar structures (Supplementary Figure 6b).
Interestingly, EMT has been associated with the cancer stem-like
cells.49–51 The so called cancer stem-like cells express embryonic
genes and are able to grow in serum-free and anchorage-
independent conditions.52 By seeding our transduced populations
in low-attachment culture plates using a medium optimized for
cancer stem cell cultivation,53 we observed that, while TW, miR-21
and Decoy-15-16 RWPE-1 cells adhered to the plate and grew in
areas with progressive larger size, Decoy15-16/miR-21 RWPE-1
cells formed foci and floating spheroidal structures
(Supplementary Figure 6d), which closely resembled cancer stem
cell cultures. Moreover, only the latter population was found
positive for the embryonic gene SOX2 (Supplementary Figure 7e).
Interestingly, SOX2 is under the transcriptional control of TGF-β,
and its expression has been correlated with a more aggressive
cancer phenotype.54 In a further effort to verify the synergism
between decrease in miR-15/miR-16 and increase in miR-21, we
demonstrated a considerable upregulation of the prostate cancer
marker Alpha-methylacyl-CoA racemase in cells with both
alterations (Supplementary Figure 6e) and, consistently with our
initial hypothesis, we observed a strong activation of the TGF-β
signaling in RWPE-1 Decoy15-16/miR-21 cells, as documented by

SMAD3 phosphorylation (Supplementary Figure 6f). The targeting
of USP9X was confirmed in RWPE-1 cells with miR-15/miR-16
downregulation (Supplementary Figure 6g). We then extended to
these populations the expression analysis of the genes previously
evaluated on RWPE-2 cells, which are associated with bone
homing, osteomimicry, osteolysis and osteosclerosis. We observed
a progressive increase of these mRNAs, with an overt over-
expression in RWPE-1 Decoy15-16/miR-21 cells (Supplementary
Figure 6h). Altogether, our data demonstrate that miR-15/miR-16
downregulation and miR-21 upregulation cooperate in TGF-β
signaling activation and prostate cancer progression.

Raise of miR-21 and decrease of miR-15/16 are synergic at
conferring metastatic properties

In order to test a putative synergistic effect of miR-15/miR-16
downregulation and miR-21 upregulation on organ-confined
tumor spreading, TW, miR-21, Decoy15-16 and Decoy15-16/
miR-21 RWPE-1 cells were injected under the renal capsule of
NSG mice. After 3 weeks, some mice were sacrificed and kidney
sections analyzed by immunofluorescence. Although TW and
miR-21 populations remained localized in the site of injection,
Decoy15-16 and especially Decoy15-16/miR-21 cells invaded the
renal parenchyma and formed large lobular structures
(Supplementary Figure 8a). Importantly, when analyzed 9 weeks
after injection, we found that Decoy15-16/miR-21 RWPE-1 cells
extravasated into the bloodstream and invaded lung lobes, where
small microlesions were visible at high frequency, as documented
by stereomicroscopic determination of EGFP positivity and by
anti-EGFP and anti-HLA staining (Supplementary Figures 8b and
e). Decoy15-16 RWPE-1 cells were rarely able to colonize the lung,
forming small tumoral foci, whereas TW and miR-21 cells did not
show any distant invasive capacity (Supplementary Figure 8c).
Furthermore, we injected luciferase-expressing TW, miR-21,
Decoy15-16 and Decoy15-16/miR-21 RWPE-1 cells in the left
ventricle of NSG mice. Mice injected with Decoy15-16/miR-
-21RWPE-1 cells showed high frequency of bone signal as
measured by luminescence imaging at 5 weeks post injection
(Figure 6a). Moreover, since EGFP evaluation by flow cytometry is
extremely sensitive, we evaluated the presence of EGFP positive
cells into the bone marrow. As expected, only Decoy15-16/miR-21
RWPE-1 injected mice retained EGFP positive cells in the bone
marrow (Figure 6b). Furthermore, an increasing number and
intensity of lesions caused by Decoy15-16/miR-21 RWPE-1 cells
was detected 18 weeks after injection (Figures 6c and d). Finally,
Decoy15-16/miR-21 RWPE-1 cells injected directly into the tibial
shaft revealed the capacity to engraft in a non-parental
microenvironment. Both the radiographic and microtomographic
analysis evaluation demonstrated osteosclerosis and osteolysis,
indicating that these cells can cause bone lesions similarly to
Decoy15-16 RWPE-2 cells (Figures 6e and f and Supplementary
Figure 9). Thus, the considerable enhancement of TGF-β signaling
induced by the modulation of miR-15/miR-16 and miR-21
promotes cancer progression and metastatic spreading.

DISCUSSION

In this study we explored the molecular events causing bone
lesions in murine models obtained with progressively transformed
prostate cells. We demonstrated that miR-21 upregulation
and loss of miR-15/miR-16 cluster cooperate to promote bone
colonization and damage through the potentiation of TGF-β
signaling. Such miRNA deregulation in prostate cancer promotes a
plethora of effects mediated by the altered expression of their
multiple targets. Aberrant TGF-β signal cascade can synergize with
RAS, WNT, Hedgehog signaling, androgen receptor, FGF-2/FGFR1
axis, AKT and EGFR signaling in the context of an extremely
aggressive phenotype that promote bone lesions.
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Loss of MiR-15/MiR-16 cluster and upregulation of MiR-21 are
critical events in the development of prostate cancer metastasis

We previously showed that advanced prostate cancers reduce
miR-15/miR-16 cluster expression and that such a reduction was
sufficient to transform non-neoplastic immortalized prostate
cells.19 Since the loss of miR-15/miR-16 seems to be associated
to advanced prostate cancer, we speculated that such a loss may
be functionally correlated with bone metastases. Our data
demonstrated that forcing miR-15 and miR-16 downregulation
in RAS-transformed prostate cells considerably enhances both
local invasion and metastatic activity. These cells are able to
colonize and produce osteosclerosis and osteolysis into the bones
of immunocompromised mice, indicating that the loss of miR-15/
miR-16 in RAS-depending tumors is sufficient to cause bone
lesions. RAS activation promotes the expression of miR-21, which
in turn is associated in a positive feedback loop with RAS
signaling. Our results confirmed that RAS activation increases
miR-21 expression in prostate cancer cells. Furthermore, the
analysis of non-transformed prostate cells engineered to express
high levels of miR-21 and low levels of miR-15/miR-16 indicated
that miR-21 mediates key effects of RAS on the development of
bone metastasis. We observed a consistent increase in miR-21 in
primary cells from more than half of patients with loss of miR-15/
miR-16. Such concomitant alterations of miRNA levels may have
detrimental effects in patients not undergoing rapid tumor
debulking, as suggested by the striking correlation between this
miRNA pattern and prostate cancer progression.
A number of target genes for miR-15/miR-16 and miR-21 have

been discovered in solid tumors. These target genes control a
variety of oncogenic cell functions, such as cell cycle, survival,
migration and invasion.18,55 The main features of prostate cancer
cells with loss of miR-15/miR-16 and upregulation of miR-21 are
increased aggressiveness, dedifferentiation and acquisition of a
strong EMT phenotype, indicating that these alterations synergis-
tically cooperate to maximize the malignancy of prostate
cancer cells.

Enhancement of TGF-β signaling by deregulation of miR-15,
miR-16 and miR-21

The cooperation between increased miR-21 and loss of miR-15/
miR-16 in increasing prostate cancer malignancy seems to occur
particularly at the level of TGF-β signaling. Notably, several targets
of miR-15, miR-16 and miR-21 are related with the TGF-β pathway.
Interestingly, miR-15 and miR-16 can target activin RIIA42,43 a
receptor belonging to the TGF-β family triggered by activin A and
Nodal. The increased expression of Nodal reported in prostate
cancer42,56 may therefore contribute to enhance SMAD signaling
after loss of miR-15 and miR-16. In addition, miR-21 expression
and maturation is regulated by TGF-β family genes.31,57 Herein, we
show a new molecular circuitry driven by miR-15, miR-16 and
miR-21 alterations and resulting in aberrant TGF-β signaling. TGF-β
induces EMT, both in human non-neoplastic and tumor prostate
cells, promoting the metastasis spreading. Our data further
revealed a direct control of miR-15 and miR-16 on the SMAD4
deubiquitinase FAM (USP9X) and demonstrated that miR-21
targets SMAD7 in prostate cancer, thus contributing to enhance
TGF-β signaling. SMAD7 transcription is controlled by TGF-β
activation and can also inhibit activin and the bone morphoge-
netic proteins signaling,58 indicating a sophisticated feedback
control of TGF-β and miR-21 regulation.
Published array-based screenings show a tumor gene signature

associated with bone metastases.59,60 Some of these critical genes
are induced by TGF-β, which transactivates RANKL, RUNX2, CXCR-4,
CTGF and IL-11, while indirectly promoting the sensitivity to bFGF
cooperating in cancer progression.44 Furthermore TGF-β can post-
transcriptionally regulate IHH ligand, while miR-15/miR-16 down-
regulation cause direct aberrant activation of both signaling,

promoting aberrant bone remodeling and cancer progression.
Our data showed that, upon miR-15/miR-16 loss and miR-21

upregulation, both non-neoplastic and early tumor cell lines
acquired a bone-metastatic phenotype through the induction of
genes associated to bone lesions. Thus, a number of TGF-β-related
genes can be induced by deregulation of miR-15, miR-16 and

miR-21 in prostate cancer. Although the contribution of each
single gene remains to be identified, such pattern is consistent
with a clear pro-metastatic activity due to the cooperation

between TGF-β and these miRNA alterations (Supplementary
Figure 10).
TGF-β-enhanced activity is associated with dedifferentiation

and acquisition of a stem cell-like phenotype.61 A number of
studies have shown the ability of Myc exogenous expression and
embryonic genes to reprogram somatic cells.62 Interestingly, Myc

overexpression downregulates miR-15 and miR-16,63 while miR-21
promotes EMT in prostate cancer.47 Such pattern of miRNA
modulation is in line with our findings showing that miR-15 and
miR-16 downregulation together with miR-21 upregulation

induced a stem cell-like phenotype in prostate cancer, character-
ized by the capability to grow in anchorage-independent
conditions, high clonogenicity and expression of embryonic

genes such as SOX2. Interestingly, SOX2 has been described as a
TGF-β target gene. Thus, the considerable enhancement of TGF-β
signaling induced by the modulation of miR-15/miR-16 and
miR-21 promotes a stem cell-like phenotype with features of

EMT in prostate cancer cells and promotes cancer progression and
metastatic spreading.

Clinical considerations and conclusions

Administration of targeted or conventional therapies requires

accuracy of staging procedures and biomarkers predictive of
patients’ response. Thus, although considerable efforts have been
done in the attempt to identify patients at high risk of
biochemical/radiological recurrence, currently available risk strati-

fication models and predictive nomograms lack of the adequate
accuracy. The proposed miRNA signature does not significantly
correlate with higher Gleason scores or prostate specific antigen

levels (data not shown), suggesting that this signature may add
additional information over conventional analysis. The functional
roles of miRNAs in tumor biology is deeply investigated and
many evidences report that tissue or blood-based miRNA

biomarkers that predict clinical behavior and/or therapeutic
response can be used as prognostic and predictive
biomarkers.64,65 For the above reasons, our data suggest that
miR-15 and miR-16 downregulation together with miR-21

upregulation should be investigated in order to verify whether
these molecular parameters increase the accuracy of current
predictors and, given the multiple molecular abnormalities related

with their deregulation, as predictive biomarkers for optimal
testing of innovative molecular targeted agents and bone-acting
compounds. Furthermore, if validated in adequately powered
clinical trials, our results can allow to optimize patients selection in

clinical studies for bone metastasis prevention, which may
envision the use of bone-acting agents in non-metastatic prostate
cancer patients.66 Our results provide a rationale for biomarker-
based bone metastasis prevention clinical trials, and define new

ground for the development of novel therapies of advanced
prostate cancer. Although our data may suggest new druggable
pathways for bone metastases prevention and treatment, the

therapeutic use of miRNA modulation in prostate cancer appears
an extremely promising advancement toward more effective
treatments.
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MATERIALS AND METHODS

Animal models

Male 6–8-week-old NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (The
Jackson Laboratory, Bar Harbor, ME, USA) were used for in vivo
experiments. Luminescence-based whole animal imaging was obtained
by IVIS 100 Imaging System (Caliper Life Sciences, Hopkinton, MA, USA).
For the subrenal capsule model, injection of 3 × 105 cells in 15 μl of

Matrigel was administered with a 29G needle in the subcapsular space of
the left kidney under a stereomicroscope. For the orthotopic prostate
model, an injection of 3.5 × 105 cells in 15 μl of Matrigel was made in
the left anterior prostate using a 29G needle under a stereomicroscope. For
the intracardiac model, a percutaneous injection (1 × 105 cells in 50 μl of
DPBS) was made in the left ventricle using a 29G needle. For the intratibial
model, a small cavity was created in the tibial shaft of the right hind limb
through the drilling of a 23G needle, and then 2.5 × 105 cells in 10 μl of
Matrigel were inoculated using a 29G needle.

Cell culture and primary prostate cell isolation

RWPE-1 and RWPE-2 cells from ATCC were cultivated in supplemented
keratinocyte serum-free medium and transduced with lentiviral particles
produced by TW3′, TW3′Decoy15-16, TW, TW miR-21 vectors as previously
described.19,47 For RWPE-1 Decoy15-16/miR-21 generation, Decoy15-16
cells were infected with TW miR-21 and control vectors. TGF-β treatment
was performed with 10 ng/ml for 24 h.
MSCs were isolated from human bone marrow and were cultivated in

fresh alpha-medium (Invitrogen, Carlsbad, CA, USA) supplemented with
20% fetal calf serum (StemCell, Vancouver, BC, Canada). For osteogenic
differentiation, MSCs were seeded in Osteogenesis Induction Medium
(Cambrex, East Rutherford, NJ, USA) and cultured for 3 weeks. For co-
culture experiments, cells were plated in a 1:1 ratio.
For three-dimensional cultures, cells suspended in culture medium were

allowed to settle on Matrigel-coated multiwell plates; culture medium with
2% Matrigel was then added to each well. After 72 h microphotographs
were taken. After 8 days spheroids were collected, allowed to settle on
polylysine-coated coverslips, fixed, permeabilized and stained. Confocal
Z-stack images were captured with a confocal microscope (Olympus
FV1000, Tokyo, Japan) and used to generate three-dimensional reconstruc-
tions. Representative images of the equatorial (middle) plane were
selected. For culture in 'stem cell' conditions cells were seeded in low-
attachment plates in a medium optimized for cancer stem cell culture.
For prostate primary cells isolation, tissue samples were obtained from

radical prostatectomies; tumor specimens and benign tissue from the
prostate base were mechanically and enzymatically dissociated and the
homogenate was put in culture in collagen-coated plates with BRFF-HPC1
medium (AthenaES, Baltimore, MD, USA).19

Formalin fixed and paraffin embedded tissues (metastases and primary
tumors) were cut in 8 μm slides and arranged on laser-microdissection
RNAse free slides (Nikon, Tokyo, Japan). They were maintained at 70 °C for
20min, then treated with xilene for 20min. Tissues were re-hydrated with
scalar percentage of ethanol and distilled water and finally stained with
Harris hematoxylin. Tumoral tissues were microdissected with a UV-laser
microscope by Nikon. Laser cut samples were treated with TRIzol protocol
for RNA extraction. Megaplex A retrotrascription and amplification system
and miR-15/16, miR-21 and snU6RNA Taqman assay by Applied Biosystem
(Carlsbad, CA, USA) were used for miRNA levels evaluation following
recommended protocols.

Statistical analysis

Data are presented as the mean+s.d. of at least three or five experiments.
Statistical significance of in vivo results was calculated by the t-test analysis
and reported as ± s.e.m. The immunofluorescence, western blot and
fluorescence activated cell sorting results represent the three or five
experiments. The data concerning microdissected tissues (Supplementary
Table S1) were reported as mean of three independent experiments
performed in duplicated.

Data set elaboration

miRNA, mRNA array data and clinical information from Taylor data set
(NCBI GEO accession GSE21032) were accessed and explored through the
MSKCC Prostate Cancer Genomics Data Portal (http://cbio.mskcc.org/
prostate-portal/). Statistical analysis was performed by Student t-test or by
one-way analysis of variance with Tukey post test. mRNA data are available

for 29 normal prostates, 131 primary tumors (of which 27 with biochemical
recurrence) and 19 metastatic samples (of which six localized to bones or
spine). miRNA data are available for 28 normal prostates, 99 primary
tumors (of which 19 with biochemical recurrence) and 14 metastatic
samples (of which five localized to bones or spine). miR-15, miR-16 and
miR-21 levels were compared with the mean value in the tumor samples
group, which was set at 1. For miR-15/miR-16 Kaplan–Meier, only tumors
with both miR-15 and miR-16 lower than the mean value were compared
with all the others. For miR-15/miR-16/miR-21 Kaplan–Meier, tumors were
assigned to the miR-15/miR-16o1 subset if the average expression of the
two miRs was lower than 1. For IHH Kaplan–Meier, 50 patients with highest
expression of the mRNA were compared with 50 patients with lowest
expression. Kaplan–Meier survival curves were analyzed by Logrank P-test.
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