Chapter 7
microRNAs and Prostate Cancer

Sajni Josson, Leland W.K. Chung, and Murali Gururajan

Abstract microRNAs are noncoding RNAs that are important for embryonic stem
cell development and epithelial to mesenchymal transition (EMT). Tumor cells
hijack EMT and stemness to grow and metastasize to distant organs including bone.
In the tumor microenvironment, tumor cells interact with the stromal fibroblasts at
the primary and metastatic sites and this interaction leads to tumor growth, EMT,
and bone metastasis. Tumor-stromal interactions are a dynamic process that involves
both cell-cell communications and extracellular vesicles and soluble factors.
Growing body of evidence suggests that microRNAs are part of the payload that
comprises the extracellular vesicles. microRNAs induce reactive stroma and thus
convert normal stroma into tumor-associated stroma to promote aggressive tumori-
genicity in vitro and in vivo. Landmark published studies demonstrate that expres-
sion of specific microRNAs of DLK1-DIO3 stem cell cluster correlates with patient
survival in metastatic prostate cancer. Thus, microRNAs mediate tumor growth,
EMT, and metastasis through cell intrinsic mechanisms and extracellular communi-
cations and could be novel biomarkers and therapeutic targets in bone metastatic
prostate cancer.
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Introduction

Cancer cells metastasize to distant organs by hijacking of embryonic processes such
as EMT and through intercellular communication via secretomes. The role of non-
coding RNAs in EMT and metastasis of cancer cells remains poorly understood.
Recent studies highlight the directive functions of noncoding RNAs including
microRNAs (miRNAs) and long noncoding RNAs (IncRNAs) in modulating cancer
cell growth, survival, EMT, and metastasis [1-5]. In contrast to IncRNAs, miRNAs
are small (~20-23 nucleotides) noncoding ribonucleic acid (RNA) molecules that
bind to complementary sites in the messenger RNAs (mRNAs) of their target genes,
thereby inducing the posttranscriptional silencing of genes [6]. It is predicted that
miRNAs might regulate up to one-third of all genes. The presumed number of
unidentified miRNAs is large. Currently, about 1881 miRNAs are annotated in
Homo sapiens (human) based on miRBase. MiRNAs are located throughout the
genome including intergenic regions and in the introns of both protein-coding and
noncoding genes. Intronic miRNAs are primarily expressed with their host gene
expression. The nonintronic miRNA encoding sequences are clustered at distinct
genomic positions and are often coexpressed as a single polycistronic transcript.

Role of miRNA in the Epigenetic Reprogramming of Prostate
Cancer Metastasis

DLK1-DIO3 cluster in prostate cancer bone metastasis: One of the largest miRNA
clusters in the genome is on human chromosome 14q32 [7]. The delta-like 1 homo-
log-deiodinase, iodothyronine 3 (DLK1-DIO3) contains about 10 % of the miRNAs
currently known in mouse and human. This cluster is located within a well-known
maternally imprinted region that is characterized by mono-allelic expression of the
encompassed genes [7].

Evidence suggests deregulated expression of DLKI1-DIO3 miRNAs and
IncRNAs in cancer progression and metastasis [8, 9]. Key miRNAs in this cluster
including miR-409-3p/-5p, miR-154%*, and miR-379 have been shown to be upregu-
lated in prostate cancer and play a critical role in bone metastasis [10—12]. The
DLK1-DIO3 miRNA members, known to affect embryonic development, were
shown to be expressed by clinical prostate cancer specimens and actively partici-
pated in tumor-stromal interactions in cell and animal models of prostate cancer
bone metastasis [8, 9, 13, 14].

The DLK1-DIO3 gene cluster was previously shown to be aberrantly silenced in
human- and mouse-induced pluripotent stem cells (iPSCs) but not in fully pluripo-
tent embryonic stem cells, indicating the importance in the generation of fully functional
iPSCs [13, 14]. In these studies, miR-409-3p and miR-379 were expressed in
embryonic cells and silenced in iPSC, which were not functional. In other studies
compared mouse germline competent and incompetent cells and showed elevated
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levels of miR-379 and miR-409-5p in the germline competent cells compared to
incompetent cells [13]. This suggests that these miRNAs are involved in embryo-
genesis and totipotency. The DLK1-DIO3 members appear to be activated during
the metastatic process of cancer development. Several transgenic mouse models of
prostate, liver and lung cancer also exhibit deregulated levels of DLK1-DIO3 clus-
ter miRNA members [15-19]. Interestingly, miRNA members of the DLK1-DIO3
cluster have been shown to be upregulated in the serum of cancer patients. Members
of this cluster, miR-379, miR-154*, and miR-409-3p, show increased levels in the
circulating exosomes of patients with prostate cancer [20], breast cancers [21], and
lung adenocarcinomas [22].

Specifically, in prostate cancer, miR-409-3p has been shown to be upregulated in
the serum of high-risk prostate cancer patients compared to low-risk prostate cancer
patients [20]. Using MSKCC database it was demonstrated that miR-409-3p and
miR-379 expression is strongly associated with progression-free survival of prostate
cancer patients [10, 11]. It was also shown that miR-409-3p/-5p and miR-154* have
higher expression in human prostate cancer tissues with higher Gleason (>7) score
compared to benign prostatic hyperplasia using in situ hybridization and quantum
dot analysis. Interestingly, increased staining of miR-409-3p/-5p and miR-154*
expression was observed in prostate cancer bone metastatic tissue specimens.
miR-379 expression was elevated in the tissues of metastatic prostate cancer com-
pared to localized prostate cancer [10, 11]. These studies demonstrate that some
of the members of the DLK1-DIO3 cluster are elevated in both localized prostate
cancer tissues, and metastatic prostate cancer tissues and in the serum of prostate
cancer patients, and could be potential biomarkers for predicting the transition of
indolent to aggressive form of prostate cancer.

miR-409-3p/-5p: miR-409-3p/-5p were shown to be elevated in prostate cancer
tissues [11]. Previous studies demonstrated that miR-409 is tumorigenic in mouse
models of prostate cancer. miR-409 was oncogenic when delivered orthotopically
into intact mouse prostate gland using lentiviral miR-409 expressing plasmids.
Overexpression of miR-409 led to transformation of normal mouse epithelial cells
and prostatic hyperplasia and adenocarcinoma [11]. Thus, remarkably a single
miRNA was shown to induce prostate cancer in mouse models. In prostate cancer
cell models, overexpression of miR-409 led to decrease in expression of several
tumor suppressor genes (Fig. 7.1).

Interestingly, miR-409-3p and miR-409-5p have distinct and shared target genes.
Both miR-409-3p and miR-409-5p target Ras suppressor protein 1 (RSU1). RSU1
protein blocks the oncogenic RassMAPK pathway and integrin-linked kinase (ILK)
pathway in prostate cancer [23-25]. miR-409-5p also targets stromal antigen 2
(STAG2). In the tumor cells, STAG?2 is part of the cohesion complex. In cancer cells
STAG?2 is decreased and results in the deregulation of the cohesion complex, which
is thought to cause aneuploidy, cancer initiation, and progression [26, 27]. miR-
409-3p also targets key proteins such as polyhometic complex 3 (PHC3) and Von-
Hippel-Lindau protein (VHL). PHC3 is part of the polycomb group complexes,
involved in epigenetic reprogramming [28, 29]. Through analysis of MSKCC data-
base, we observed that high miR-409-3p and low PHC3 expression correlated with
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Fig. 7.1 miRNA-mediated pathways in prostate cancer

disease-free survival of prostate cancer patients. Since PHC3 in the polycomb
repressive complex 1 (PRC1) maintains the transcriptional repressive state of many
genes and is critical for stem cell renewal, inhibition of PHC3 through miR-409-3p
resulted in the reactivation of genes that promote cellular reprogramming and
induce cancer stemness [28, 30].

The VHL protein is an ubiquitin ligase which ubiquitinates hypoxia-inducible
factor-1oe (HIF-1or) and marks it for proteasome degradation [31]. Thus, inhibition
of VHL by miR-409-3p leads to activation of HIF-1a pathway. Interestingly, The
DLK1-DIO3 cluster in embryogenesis is thought to be modulated by hypoxia [32].
The DLK1-DIO3 miRNA cluster is active in the early embryonic stages and is
silenced subsequently [32]. Xie et al., compared initial-passage embryonic stem
cells (ihESCs, <10 passages) and early passage ESC (ehESCs, 20-30 passages)
from diverse cell types and demonstrated that in most of the cells DLK1-DIO3
cluster is silenced in ehESCs but not in ihESCs. They concluded that silencing of
DLK1-DIO3 is triggered by high oxygen conditions (20 %) and this cluster is active
only under low (5 %) oxygen conditions [32]. Additionally, miR-409 overexpres-
sion in prostate cancer cells also increased mitochondrial superoxide production by
inhibition of mitochondrial manganese superoxide dismutase (Josson et al., unpub-
lished observations).

Since combined miR-409-3p/-5p promote aneuploidy, activate oncogenic Ras,
and hypoxia-induced signaling network through increased HIF-la and elevated
reactive oxygen species, this leads to the induction of EMT and cancer cell invasion
and metastasis [10]. Consistent with these observations, inhibition of miR-409-5p
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in a human prostate cancer ARCaP EMT model we observed a reversal of ARCaPy
to ARCaPg, or mesenchymal to epithelial transition (MET) and decreased cancer
cell growth, invasion, and metastasis [11]. We demonstrated whereas in immune-
deficient SCID mice, after inoculated with ARCaP,, cells, 100 % incidence of bone
metastasis was observed, mice inoculated with ARCaPy, cells with miR-409-5p
knockdown prevented both tumor formation and tumor metastasis [11]. These
results together suggest miR-409 plays a directive role conferring the development
of aggressive prostate cancer and bone metastasis.

miR-154* and miR-379: miR-154* is located adjacent to miR-409 within the long
noncoding RNA, MEG9. miR-379 lies upstream of miR-154* in the DLK1-DIO3
cluster. Interestingly, consistent with the expression pattern of miR-409, miR-379
and miR-154* was also found to be elevated in prostate cancer human tissues [10].
Expression levels of miR-379 correlated with prostate cancer patient progression-
free survival. miR-154* and miR-379 also promote EMT of prostate cancer cells.
miR-154* was elevated in several isogenic prostate cancer ARCaP and LNCaP lines
driving EMT and bone metastasis in mice. Additionally, miR-154* was elevated in
embryonic stem cells. Inhibition of miR-154* in aggressive ARCaP), prostate cancer
cells led to reversal of EMT with increased E-cadherin and decreased invasion
in vitro [10]. Consistently, miR-154* inhibition also lead to reduced bone metastasis
and increased survival in mice [10]. Mechanistically, miR-154* targets include
tumor suppressors such as STAG2 and SMAD7. Decrease in STAG2 has been shown
to induce aneuploidy in cancer cells [26, 27]. SMAD7 plays a critical role in inhibit-
ing TGF-f pathways [33] that lead to EMT [34]. miR-379 is also elevated in meta-
static prostate cancer patients when compared to patients with localized disease [35].

In summary, overexpression of all four miRNA members (miR-409-3p, miR-
409-5p, miR-154*, and miR-379) in nonmetastatic prostate cancer cells led to
induction of EMT whereas inhibition of these cluster members led to the reversal of
EMT in metastatic prostate cancer cells. Several targets such as STAG2 which is
repressed by miR-409-5p and miR-154* and RSUI, targeted by miR-409-3p and
miR-409-5p work synergistically to mediate the downstream effects. The oncogenic
pathways that are activated in response to expression of this mega-cluster in cancer
cells include, chromosomal aneuploidy, altered Ras-, HIF-1a-, TGF-g-, E2F-, Akt-,
and polycomb-mediated signaling pathways [10]. Thus, members of this mega-
cluster primarily function together to repress tumor suppressors and modulate the
expression of genes involved in oncogenesis, EMT, and stemness to mediate down-
stream convergent signal axes.

miR-145 and miR-143: Unlike the imprinted clusters of miRNAs, miR-145 and
miR-143 are significantly decreased in prostate cancer and in bone metastatic patients
compared to normal prostate tissues [36]. miR-145 plays a critical role in EMT by
targeting a master transcription regulator, ZEB2 [37]. Additionally, ZEB2 inhibits
miR-145 forming a negative-feedback loop [37]. Other studies demonstrate that miR-
145 targets mRNAs of ERG [38] and DNMT3b [39], whereas miR-143 targets ERKS
[40]. miR-145 is regulated through DNA methylation and p53 mutation pathways
[41]. Overexpression of miR-145 and -143 decreased invasion and migration, with
increased E-cadherin and decreased fibronectin. These cells underwent MET and had
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decreased prostate cancer bone metastasis [36]. Thus, downregulation of these miRNA
are critical for EMT and prostate cancer bone metastasis and strongly predict disease-
free survival [36, 37].

Epigenetic Silencing by EZH2 Regulate miRNA

Cao et al. demonstrated that several miRNAs were downregulated in prostate can-
cer, resulting in the activation of members of the polycomb group complexes [42].
The polycomb repressive complexes (PRC) include PRC1 and PRC2. These are
involved in silencing of genes through histone modification and compaction of
chromatin [43, 44]. The PRC2 complex methylates histones and allows for the bind-
ing of the PRC1 complex to the methylated site. PRC1 complex further ubiquinates
histones and leads to compaction of chromatin. This prevents RNA Pol II activity
and SWI-SNF accessibility to promoters leading to gene silencing [44].

miR-200 cluster: miR-200 cluster includes miR-200a, miR-200b, miR-200c,
miR-141, and miR-429. Several of these miRNA are shown to be downregulated in
human prostate cancer tissues compared to normal tissues [45, 46]. While the
steady-state levels of these miRNAs are upregulated in normal epithelial cells,
downregulation of miR-200 members has shown to induce EMT and cancer metas-
tasis in several cancer types [4, 47]. These miRNAs repress EMT master regulators
such as ZEB1 and ZEB2 [48]. MiR-200 cluster members target PRC1 members of
the epigenetic machinery [42]. Both, miR-200b and miR-200c repress RING2 of
PRC1 complex and miR-200a, b target BMII [42]. miR-200b and miR-200c are
also negatively regulated by PRC2 protein EZH?2 (a histone methyl transferase).
EZH?2 is elevated in human prostate cancer tissues [49]. EZH2 protein downregu-
lates miR-200b and miR-200c. Decreased miR-200 in turn derepresses PRC1 mem-
bers resulting in activation of PRC1 members and transcriptionally represses their
target genes [42]. Overexpression of these miRNA in prostate cancer cells lead to
decreased cell growth, invasion, decreased growth soft agar, and prostatosphere
formation [42].

miR-181a and miR-181b: Similar to miR-200b,c, these miRNAs are also signifi-
cantly downregulated in human prostate cancer tissue compared to normal [42].
These miRNA are also downregulated by EZH?2 leading to activation of PRC1
member (RING2) and transcription repression of genes. Overexpression of these
miRNA in prostate cancer cells blocked growth invasion and self-renewal capacity
of cancer cells [42].

miR-203: miR-203 expression is decreased in prostate cancer tissues compared
to normal prostate. Several studies demonstrate the role of miR-203 in EMT and
cancer metastasis [50, 51]. miR-203 target genes include, BMI1, Ras inhibitor
(Rap1A) [52], LIM and SH3 domain protein 1 (LASP1, involved in dynamic actin-
based cytoskeletal activities) [SO] and SNAI2 [53]. These proteins are regulators of
EMT and cancer metastasis. Overexpression of miR-203, as expected, suppressed
prostate cancer bone metastasis through inhibition of invasion and migration and
EMT. miR-203 was shown to downregulate pro-metastatic genes such as ZEB2,
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survivin, and Runx2, which are believed to be key master regulators of bone metas-
tasis [51]. LASP, a target of miR-203 has been linked to metastatic disease in breast,
colon, liver, and bladder cancer [50]. Negative-feedback action was shown between
miR-203 and EZH?2 [42]. Increased EZH2 in prostate cancer cells downregulated
miR-203, which could potentially drive the migratory, invasive, and metastatic pro-
grams in prostate cancer cells [42].

miR-101: miR-101 was shown to be significantly downregulated in human prostate
cancer tissues and serum compared to normal prostate [49, 54]. It has been shown
that one or two of the genomic loci encoding miR-101 is lost in one-third of the
localized prostate cancer cells and in two-third of the metastatic disease cells [49].
miR-101 targets EZH2, and downregulation of miR-101 lead to activation of EZH2
expression levels in prostate cancer tissues. miR-101 appears to be upstream of
miR-200b,c and miR-181a,b signaling [42, 55]. Several studies in different prostate
cancer cells demonstrated that overexpression of miR-101 decreased cell prolifera-
tion in vitro [42, 56, 57]. Prostate cancer cells expressing miR-101 also had
decreased tumor growth in xenograft mouse models [57, 58]. Upstream regulators
of miR-101 include androgen signaling and HIF1a signaling [56].

Role of Stromal miRNA in Prostate Cancer Development

Aberrant tumor-stromal interactions in the tumor microenvironment could trigger can-
cer progression [59]. The stromal fibroblasts have been shown to drive cancer growth
and metastasis [60]. In prostate cancer, the cancer-associated “reactive” stromal fibro-
blasts obtained from prostate cancer patients at the primary site and bone metastatic
site (i.e., marrow stromal or osteosarcoma) accelerated prostate cancer growth, inva-
sion, and metastasis in a highly cell contact-dependent manner, readily demonstrable in
3-D in vitro coculture or in vivo tumor models [59]. Tumor-stromal interactions
resulted in the co-evolution of prostate cancer and stroma which occurred under 3-D
cocultured conditions. As a consequence of this co-evolution, the epithelium and
stroma express shared biomarkers, which offer predictive value for prostate cancer
invasion and metastasis [59, 61]. Several stroma-derived miRNA have been described
to promote prostate tumor growth, EMT, stemness, and bone metastasis [12, 62, 63].

miRNA from the DLK1-DIO3 cluster: Interestingly, members of the DLK1-DIO3
cluster were highly expressed in cancer-associated stromal (CAS) fibroblasts derived
from human prostate cancer patients. These miRNAs include miR-409-3p/-5p, miR-
379, and miR-154* [12] (Fig. 7.2).

miR-409 was highly elevated in the CAS from both the prostate and the bone.
MiR-409-3p and miR-409-5p expression analysis was performed using in situ hybrid-
ization and quantum dots multiplex labeling by employing human prostate cancer and
normal prostate tissues [12]. Results of these studies demonstrated that miR-409-3p
was significantly elevated in the stroma of patients with high Gleason score (>7) com-
pared to low Gleason (<7). miR-409 was transduced and overexpressed in normal
prostatic stromal cells. Interestingly, these stromal cells had morphologic features of
myofibroblasts and became highly secretory [12].
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Fig. 7.2 Stromal miRNA-mediated pathways in prostate cancer

The secretory microvesicles had elevated levels of miR-409-3p and miR-409-5p.
miR-409-3p was significantly more abundant than miR-409-5p. Cancer cells, main-
tained in conditioned media collected from normal and miR-409 expressing pros-
tate stromal cells, underwent EMT with an increase in miR-409-3p and miR-409-5p.
These miRNA were taken up by the cancer cells, and downregulated miR-409-3p
and miR-409-5p target genes such as STAG2, RSU1, and PHC3 in the cancer cells;
decreased function of these tumor suppressors could be the underlying molecular
basis leading to activation of EMT and oncogenic pathways in the cancer cells [12].
When the stroma cells expressing miR-409 were co-inoculated with prostate cancer
cells (not expressing miR-409) in nude mice, they developed tumors with explosive
growths. Stromal miR-409 was shown to be secreted into the microenvironment,
taken up by the adjacent cancer cells, and directed cancer migration, invasion, and
spread through the tumor areas. miR-409 release through extracellular vesicles
resulted in tumor growth by inhibiting tumor suppressors such as RSU1 and STAG2
both in vitro and in vivo. Stromal miR-409 expression orchestrates secretion of
miR-409-3p/-5p and other soluble factors, such as f2-M which induces EMT and
increases metastatic ability of prostate cancer cells [12].

Since miR-409 is activated during embryogenesis, we observed some of the stem
cell markers (SOX2) upregulated in miR-409-expressing stromal cells. Stroma-
derived miR-409 is capable of promoting tumor growth and EMT of adjacent tumor
epithelia. Thus, miR-409 may be a new therapeutic target to break away the vicious
cycle between stromal-epithelial interaction leading to EMT and prostate cancer
bone and visceral organ metastases [12].

Recently, it was reported that breast cancer-associated exosomes contain pre-
miRNAs, along with Dicer, argonaute protein (AGO2), and TAR (HIV-1) RNA
Binding Protein (TRBP) [64, 65]. This process was mediated by CD43 that pro-
moted accumulation of Dicer specifically in cancer exosomes. Melo et al. demonstrated
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that cancer exosomes mediated an efficient and rapid silencing of mRNAs in the
target cells to reprogram the target cell transcriptome [64]. Exosomes derived from
cancer cells and serum of patients with breast cancer provoked nontumorigenic epi-
thelial cells to form tumors in a Dicer-dependent manner [64]. It will be interesting
to see if the miRNAs payload from exosomes can alter permanently the phenotype
of nontumorigenic or bystander tumor cells and whether these communications,
mediated by miRNAs, are targetable.

Musumeci et al., demonstrated that miR-15 and miR-16 are dowregulated in
CAS. Decreased miR-15 and miR-16 resulted in increased tumor growth and pro-
gression through repression of FGF2 and FGFR1 signaling known to mediate tumor-
stroma interaction in prostate cancer [66]. Stromal-derived miR-21 was shown to
predict biochemical recurrence in prostate cancer patients with Gleason grade 6 [67].

Pathophysiological Relevance of DLK1-DIO3 Cluster
microRNAs in Prostate Cancer and Its Implications
for Prostate Cancer Biology, Biomarker Studies, and Therapy

Since imprinted cluster of miRNAs are upregulated, the knockdown studies generally
reveal more pathophysiologic relevant information than the downregulated miRNAs
which has to be overexpressed to establish their role in cancer biology and metasta-
sis (Table 7.1). In this context, the recent findings on the oncogenic and metastatic
role for DLK1-DIO3 cluster miRNAs utilizing knockdown approaches establish the
functions of specific miRNAs in the pathphysiology of prostate cancer and thus
uncover potential biomarker and therapeutic targets for treating lethal bone meta-
static prostate cancer.

Recent studies suggest another class of noncoding RNAs called IncRNAs in can-
cer development and progression. LncRNAs are more than 200 nucleotides long
and regulate mRNAs by multiple mechanisms. However, unlike miRNAs, IncRNAs

Table 7.1 Summary of microRNAs with a mechanistic role in prostate cancer

microRNAs in prostate cancer Up/Downregulated References
miR-200a, b, ¢ Downregulated (tumor) [45, 46]
miR-181a,b Downregulated (tumor) [53]
miR-145 Downregulated (tumor) [38]
miR-143 Downregulated (tumor) [36]
miR-101 Downregulated (tumor) [56]
miR-203 Downregulated (tumor) [50]
miR-15, miR-16 Downregulated (tumor/stroma) [60]
miR-21 Upregulated (tumor/stroma) [57]
miR-409 Upregulated (tumor/stroma) [11, 12]
miR-379 Upregulated (tumor/stroma) [10, 12]

miR-154* Upregulated (tumor/stroma) [10, 12]
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are not processed by the Dicer machinery and hence are not generated at equal
lengths (unlike miRNAs which are 22 nucleotides in length) and have different
mechanisms of target repression. However, increasing evidence suggests miRNAs
and potentially IncRNAs helped pathologists diagnose and distinguish indolent
from aggressive cancer. In addition to its role in biomarker evaluation, therapeutic
targeting of miRNAs should sensitize prostate cancer cells to radiation therapy and
chemotherapy.

Conclusions

Accumulating evidence suggest oncogenic and metastatic role for specific miRNAs
of DLK1-DIO3 cluster in prostate cancer and that inhibition of cluster members led
to reversal of EMT and reduced bone metastasis of prostate cancer. More impor-
tantly, elevated levels of miR-409 and miR-379 predict progression-free survival of
patients, and thus promising potential biomarker for prostate cancer patients.
DLK1-DIO3 cluster miRNAs have prognostic value in other cancer types including
lung cancer. Future studies will need to explore large cohorts of patients for bio-
marker use of DLK1-DIO3 cluster miRNAs and small molecule approaches to tar-
get specific miRNAs of DLK1-DIO3 cluster to treat prostate cancer bone metastasis
utilizing preclinical animal or 3-D growth models.
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