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miR-15/miR-16 loss, miR-21 upregulation, or deregulation of their target genes
predicts poor prognosis in prostate cancer patients
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ABSTRACT
It is clear that several prostate cancers remain indolent whereas others develop into advanced forms. There
is a need to improve patient management by identifying biomarkers for personalized treatment. We
demonstrated that miR-15/miR-16 loss, miR-21 upregulation, and deregulation of their target genes
represent a promising predictive signature of poor patient prognosis. KEYWORDS

Metastases; miRNA; Prostate
cancer

The era of high-resolution whole genome and transcriptome
sequencing technologies has revealed at least 90% of the
genome is actively transcribed in non-coding RNAs whereas
protein coding genes represent less than 2% of total sequences.1

Non-coding RNAs are extremely stable in tissues and biological
fluids and are emerging as new causative players in diseases,
including cancers. Because of their abundance and stability,
they represent a new source for discovering novel therapeutic
approaches and biomarkers for improving tumor diagnosis and
patient management. Non-coding RNAs may be roughly
grouped into 2 major classes based on transcript size: small
(18–200 nt) and long (200 nt to > 100 kb) RNAs.1 Small
RNAs include the well-documented microRNA (miRNA or
miR) gene family. These molecules are involved in the specific
regulation of both protein-coding and non-coding genes by
transcriptional and post-transcriptional silencing; in particular,
several lines of evidence show that they are sophisticated regu-
lators of oncogenes and tumor suppressor genes. Prostate can-
cer is the most frequent tumor in men; however, over the last
decade clinical reports have shown that a high percentage of
these tumors remain indolent while a constant fraction progress
to advanced therapy-resistant forms. During the last few years
the prostate specific antigen (PSA) test has improved tumor
diagnosis but it has also resulted in overtreatment and has not
reduced patient death. Mutations, amplifications, deletions and
fusions of genes such as epidermal growth factor receptor
(EGFR), phosphatase and tensin homolog (PTEN), V-Ki-ras2
Kirsten rat sarcoma viral oncogene homolog (K-RAS), anaplas-
tic lymphoma kinase (ALK), mesenchymal-epithelial transition
factor (MET), BCR-ABL, progressive multifocal leukoencephal-
opathy (PML), and retinoic acid receptor a (RARa) are con-
ventionally used to drive the therapeutic approach for several
types of cancer.2 In stark contrast, the management of prostate
cancer patients still lacks molecular indicators. Therefore, this
field can hugely benefit from the discovery of biomarkers.

Several years ago, we demonstrated that the cluster miR-15a/
miR-16 is a tumor suppressor in prostate cancer.3 This cluster
resides at the 13q14.3 genomic region that is frequently deleted
in high-stage tumors. We hypothesized that during cancer pro-
gression the cluster may be aberrantly silenced or deleted and
demonstrated that its downregulation per se caused cancer
development and progression. In the following years, many
articles have highlighted the tumor suppressing role of these 2
miRNAs in different types of cancer.4 In the paper by Bonci
et al. (Oncogene June 2015), we investigated the effect of miR-
15 and miR-16 loss on prostate cancer metastatic spread. We
forced miR-15 and miR-16 downregulation in RWPE-2 cells, a
cell line representative of early tumors that is unable to form
metastases in murine models. Surprisingly, these tumor cells
acquired a metastatic phenotype, selectively invading bones.
Since RWPE-2 cells were transformed by K-RAS, we induced
that loss of miR-15/miR-16 might synergize with RAS activa-
tion to promote bone colonization with subsequent osteosclero-
sis and osteolysis thus recapitulating the bone lesions of human
patients in immunocompromised mice. miR-21 overexpression
resembles RAS aberrant activity,5 and we demonstrated that
RAS increases miR-21 expression in prostate cancer cells. Non-
transformed prostate cells engineered to express high levels of
miR-21 and low levels of miR-15/miR-16 acquired invasion
properties and produced bone metastases, demonstrating that
such aberrant miRNA expression per se is sufficient to induce
an aggressive phenotype. We observed a consistent increase of
miR-21 in primary cells isolated from patients with loss of
miR-15/miR-16. Such concomitant alterations of miRNA levels
may have detrimental effects in patients who do not undergo
rapid tumor debulking, as suggested by the striking correlation
between this miRNA pattern and prostate cancer progression
in in silico analysis of a gene set array by Taylor et al.6

The cooperation between increased miR-21 and loss of miR-
15/miR-16 seems to particularly occur at the level of
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transforming growth factor b (TGF-b) signaling. Notably, from
in silico analysis several targets of miR-15, miR-16, and miR-21
are related to the TGF-b pathway. miR-15 and miR-16 can tar-
get ACTIVIN RIIA, morphogens belonging to the same family
that is triggered by ACTIVIN A and NODAL. The increased
expression of NODAL reported in prostate cancer may there-
fore contribute to enhanced SMAD signaling after loss of miR-
15 and miR-16. In addition, miR-21 controls SMAD-7, an
inhibitor of the TGF-b pathway. We present a new molecular
circuit that is driven by alterations in miR-15, miR-16, and
miR-21 and results in aberrant TGF-b signaling (Fig. 1). Several
bone metastasis-associated genes induced by TGF-b are indi-
rectly affected, such as receptor activator of nuclear factor
kappa-B ligand (RANKL), runt-related transcription factor 2
(RUNX2), C-X-C chemokine receptor type 4 (CXCR-4), con-
nective tissue growth factor (CTGF), and interleukin 11 (IL-
11). It has been reported that TGF-b can post-transcriptionally
regulate indian hedgehog (IHH) ligand,7 a key gene in bone
metastasis formation.8 We demonstrated that miR-15 and
miR-16 can directly control the IHH gene. The results showed
an aberrant pro-metastasis circuit involving TGF-b, IHH, and
miRNA alterations. Although considerable efforts have been
made to identify patients at high risk of recurrence, currently
available risk stratification models and predictive nomograms

lack adequate accuracy. The proposed changes in miRNA levels
correlate with poor prognosis but they do not significantly cor-
relate with higher Gleason scores or PSA levels, suggesting that
this signature may add further information to conventional
parameters. Administration of targeted or conventional thera-
pies requires accuracy of staging procedures and biomarkers
predictive of patient response.9 miR-15/miR16 and miR-21
control several gene pathways that are key targets of FDA-
approved drugs (such as denosumab or TGF-b and IHH inhib-
itors). A good candidate biomarker should be functionally cor-
related with pathology, retain several properties such as
stability and reliability, and be analyzable with a non-invasive,
reportable, and easy-to-handle technical approach. To address
all these requirements a signature of multiple elements seems
to be more appropriate. Much evidence shows that tissue- or
blood-based miRNA biomarkers that predict clinical behavior
and/or therapeutic response can be used as prognostic and pre-
dictive indicators. Moreover, targeting of disseminated tumori-
genic cells before formation of the protective metastatic niche
appears to be a promising novel therapeutic strategy in can-
cer.10 For the above reasons, our data suggest that miR-15 and
miR-16 downregulation combined with miR-21 upregulation
should be investigated further to verify whether these molecular
parameters increase the accuracy of current predictors.

Figure 1. Molecular mechanisms whereby alterations in miR-15, miR-16, and miR-21 result in aberrant TGF-b signaling. Hematoxylin and Eosin staining of patient tissues
is reported. BCL-2, B-cell lymphoma; CXCR-4, C-X-C chemokine receptor type 4; CYC D1, cyclin D1; IHH, Indian hedgehog; IL-11, Interleukin 11; RUNX-2, Runt-related tran-
scription factor 2; RANKL, Receptor activator of nuclear factor kappa-B ligand; TGF-b, Transforming growth factor b; WNT-3A, Wingless-Type MMTV Integration Site Family,
Member 3A.
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Furthermore, the multiple molecular abnormalities related to
deregulation of these RNA molecules suggest a role as predic-
tive biomarkers for optimal testing of innovative molecular tar-
geted agents and bone-acting compounds in patients. Our data
may offer a rationale for clinical trials of biomarker-based pre-
vention of bone metastasis. This information suggests a new
molecular signature for optimizing the management of prostate
cancer and may implicate new druggable pathways for the
treatment of bone metastases.
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