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Abstract

Although concerted efforts have been directed toward eradicating health disparities in the United

States, the disease and mortality rates for African American men still are among the highest in the

world. We focus here on the role of microRNAs (miRNAs) in the signaling pathways of androgen

receptors and growth factors that promote the progression of prostate cancer to more aggressive

disease. We explore also how differential expression of miRNAs contributes to aggressive prostate

cancer including that of African Americans.
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Prostate cancer (PCa) is the most common tumor among men in the United States.

Worldwide epidemiological studies have demonstrated that ethnic origin is an important

determinant of PCa risk, incidence and disease progression (DeLancey et al. 2008, Jemal et

al. 2010). It has been reported that African American men are more likely to develop PCa at

an earlier age, which translates to a 60% greater risk of developing PCa, twice the risk of

metastatic disease and greater than twice the PCa associated mortality of Caucasian

Americans (DeLancey et al. 2008, Wallner et al. 2009). Many factors, including dietary

differences, socio-economic environment, lifestyle and access to adequate medical care have

been implicated in the aggressiveness of PCa in African Americans (Sanderson et al. 2004,

Williams and Powell 2009); however, these variables do not explain the incidence,

aggressiveness and mortality associated with PCa among African Americans. It is Important

that differential gene expression and molecular features of PCas in African Americans as

contributing variables have not been investigated adequately. Over the past several years,

several reports have identified molecular factors that may contribute to the aggressiveness of

prostatic neoplastic lesions including those in African Americans.
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Altered expression of a host of genes is widely believed to underlie tumor development,

progression and metastasis. Although differences in genomic features have been identified,

the expression of proteins that ultimately causes tumors to develop and progress is regulated

at many levels. Furthermore, identification of molecular mechanisms that regulate critical

cellular processes, including cell signaling, cell communication, cell cycle control, cell

death, hormonal responses and tumor-cell invasion/metastasis, remain elusive. We focus

here on the role of multiple signaling pathways associated with the aggressiveness of PCas

that are understood to be influenced strongly by post-transcriptional regulation of prostatic

neoplasia by microRNAs (miRNAs).

MiRNAs are small non-coding RNAs that can regulate gene expression post-

transcriptionally (reviewed by McNally et al. 2013). Hundreds of miRNAs have been

identified as regulators of various molecular processes and each miRNA may regulate the

expression of many genes. Cancer type-specific miRNAs can function as oncogenes

(oncomiRNAs), tumor suppressor genes, and regulators of metastasis (mestastamiRNAs)

(Cho 2007, Esquela-Kerscher et al. 2006, Hurst et al. 2009). Few miRNAs have been

studied specifically in relation to PCa in African Americans; however, some of the miRNAs

and genes that are expressed differentially in PCas of Caucasian Americans likely are

important in PCas in African Americans. Also, their actions in African Americans likely are

similar to their actions in Caucasian Americans.

The literature concerning the expression of miRNAs in PCas is mixed; many reports do not

identify the same pattern of differential expression of miRNAs between PCas and prostate

tissues without cancer (Table 1). This likely is due to several factors that include the lack of

homogeneity of the malignant tissues and/or the tissues used as controls as well as the

choice of controls (Grizzle et al. 2013, McNally et al. 2013). For example, in many tissues,

both malignant and nonmalignant, extensive infiltration by inflammatory cells may occur.

Inflammatory cells can produce miRNAs and these may contribute to overall miRNA in the

tissues; this could result, for example, in the miRNAs from inflammatory cells being

incorrectly attributed to malignant cells, i.e., a false positive result. Uninvolved

nonmalignant prostatic glands and stroma also frequently contaminate samples of PCa, or

alternatively, neoplastic cells may contaminate control samples of the prostate if controls are

obtained from tumor-free regions of prostates with PCa; such factors decrease the clarity of

assessment or may cause false positive results. As demonstrated in Fig. 1, infiltrating cancer

cells may be mixed with the glands of BPH or PCa. Similarly, uninvolved glands may be

mixed with cancer and cancer may be mixed with uninvolved glands.

The results for some miRNAs may vary depending on the preparation of the tissue

specimens (e.g., frozen vs. paraffin embedded) or whether data are obtained and reported

using only cell lines. The literature indicates that miRNAs in PCa may vary depending on

subcategories of PCa, e.g., aggressive vs. non-aggressive, primary vs. metastatic lesions,

hormonally responsive PCa vs. hormonally resistant, variations among races and mixtures of

these categories (Porkka et al. 2007, Tong et al. 2009, Szczyrba et al. 2010, Watahiki et al.

2011). The molecular features of uninvolved prostate glands also may be influenced by the

presence of adjacent tumor (Gaston et al. 2012). Specific molecular subtypes of prostatic

adenocarcinomas, e.g., PCas with mutations of p53 and/or with gene fusions such as
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TMPRESS2:ERG, may produce different patterns of expression of miRNAs. An example of

this is miRNA-21, which has been reported by some to be up-regulated in PCa (Volinia et

al. 2006, Szczyrba et al. 2010), but not reported by others to be expressed differentially in

PCa (Folini et al. 2010). This contradiction may be explained by the reported miRNA-21

suppression of the protein, reversion-inducing cysteine-rich protein with Kazal motifs

(RECK), in PCa. While Folini et al. (2010) and Reis et al. (2012) found miRNA-21 to be

decreased in the majority of cases of PCa, the latter investigators found that it was

selectively overexpressed and RECK, and under-expressed in higher stage (pT3) lesions,

especially in metastatic lesions (Watahiki et al. 2011). It is possible also that experimental

errors or incorrect interpretations contribute to variable results.

Our review emphasizes the miRNAs that may be subtype dependent, e.g., androgen

refractory PCa, as well as miRNAs that have been reported more than once to be involved in

PCa and/or to be relevant to PCas in African Americans. We emphasize miRNAs and genes

that contribute to aggressive PCa, especially in African Americans, and the role, or putative

role, of miRNAs in regulating genes that affect progression and metastasis of PCa.

MiRNAs considered to be regulated differentially in PCas

Several studies have reported that miRNAs are involved in the development and progression

of PCas. Specifically, miRNAs are known to be expressed differentially in PCas compared

to benign prostatic tissues (Table 2).

When PCa occurs, it is treated first using methods to reduce androgens or the effects of

androgens; however, most tumors ultimately become resistant to the withdrawal of

androgens. Several miRNAs have been associated with the effects of androgens or

modulation of androgen receptors. Examples of such miRNAs are listed in Table 3.

MiRNAs appear to play an important role in the progression of PCa to metastatic disease. In

a study of miRNAs expressed differentially in a metastatic PCa cell line developed using

xenografts, Watahiki et al. (2011) identified 23 miRNAs that were up-regulated more than

fivefold in the metastatic line compared to the matching non-metastatic cell line and 24

miRNAs that were down-regulated more than fivefold in the metastatic line. Of the down-

regulated miRNAs, miRNA-205, miRNA-503, miRNA-708 and miRNA-2115 that were

detected in the non-metastatic cell line, were undetected in the metastatic line. In the

metastatic cell line, miRNA-21 was expressed most strongly and miR-148 was expressed

most strongly in the non-metastatic cell line. Also, miRNAs from different DNA arms, e.g.,

5p and 3p, sometimes showed different expressions between metastatic and non-metastatic

subgroups as well as miRNAs with very small differences between their sequences. For

example, miRNA-126* was down-regulated in the metastatic cell line (3.4 fold change), but

miRNA-126 was increased in the metastatic cell line (14 fold change). Selected results from

the study of Watahiki et al. (2011) and other studies are included in Table 4.

Several of the miRNAs associated with differential expression in metastatic PCa have been

associated with genes involved in metastasis. For example, miRNA-205 reduces the protein

expression of ZEB1, which is involved in epithelial to mesenchymal transition (EMT), and

p63 acts by stimulating miRNA-205 to inhibit ZEB1 and therefore EMT (Tucci et al. 2012).
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Similarly, miRNA-203 targets and inhibits ZEB2 and other miRNAs involved in metastasis

including Runx2, a major participant in bone metastases, and survivin, poly-comb repressor,

Bmi and SMAD4 (Saini et al. 2011).

MiRNAs expressed differentially in African American prostate tumors

Calin and Croce (2006) reported that miRNA-1b-1, miRNA-26a and miRNA-30c-1,

miRNA-219, and miRNA-301 are expressed differentially in PCas from African Americans

compared to those from Caucasian Americans (Calin and Croce 2006). We extended this

study using cultures of the novel African American PCa cell lines, RC77N/E, RC77T/E and

MDA-2Pca-2b. The expression of miRNA-26a in these cell lines was compared to its

expression in the Caucasian American derived cell lines, PrEC, RC-92a and PC-3 (Theodore

et al. 2010a,b). Comparing African American to Caucasian American derived cell lines

derived from tumors of the same grade and stage, we found a 2.3 fold increase of

miRNA26a in nonmalignant cell lines, a 13.4 fold increase in malignant cell lines and 2.4

fold increase in metastatic cell lines. PCa cell lines from African Americans showed the

greatest expression of miRNA-26a among all cell lines tested. Our unpublished data indicate

that after only 10 min, miRNA-26a is responsive to EGF stimulation and depletion of

miRNA-26a induces G2/M arrest and subsequent activation of caspase 3/7. Thus, the

increased incidence of PCa associated with the African American race may be associated

with regulation of genes associated with apoptosis. For example, Bcl-2, an anti-apoptotic

protein and a miRNA-26a target, has altered expression in African American PCa (Guo et

al. 2000).

The expression of miRNA-151 in African American men after radical prostatectomy with

undetectable postoperative prostate specific antigen has been compared with miRNA-151

expression in African Americans who had radiation or androgen ablation therapy followed

by rising prostate specific antigen levels. MiR-151 was increased and the NKX3-1 gene,

which it regulates, decreased in 67% of African American patients with rising PSA who

were treated with radiation or androgen ablation compared to only 17% of African American

patients without increasing PSA who were treated with radical prostatectomy (Barnabas et

al. 2011). Similarly, miRNA151 expression has been reported to be correlated with the

aggressive characteristics of hepatocellular carcinoma cell lines (Ding et al. 2010). Thus,

miRNA-151 eventually might be useful for identifying aggressive PCa in African American

men.

MiRNAs, androgens, androgen receptors and race

PCa growth depends on testosterone and its active metabolite, 5α-dihydrotestosterone

(DHT). Levels of testosterone and DHT differ among different ethnic groups; both male and

female African Americans show greater levels of both hormones from birth through

adolescence than Caucasian Americans (Abdelrahaman et al. 2005, Joseph et al. 2002,

Winters et al. 2001).

The enzyme, 5-α-reductase type 2, which converts testosterone into DHT, may cause

elevated levels of DHT in African Americans, because the activity of the gene, SRD5A2,

which codes for this enzyme, is elevated in African Americans (Morissette et al. 1996,
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Litman et al. 2006, Thomas et al. 2008). Also, genetic variations of the SRD5A2 gene in

African American men, such as TA repeat alleles and mis-sense mutations (A49T variant),

cause increased activity of 5-α-reductase (Giwercman et al. 2005), which is correlated with

increased risk of PCa (Kubricht et al. 1999, Li et al. 2011). In addition, over-expression of 5-

α-reductase type 1 causes increased sensitivity to androgens in PCa cells (Thomas et al.

2009).

African American men have fewer G and GGC repeats in the androgen receptor gene than

Caucasian American men (Bennett et al. 2002, Irvine et al. 1995, Platz et al. 2000, Sartor et

al. 1999); this is correlated with a more active androgen receptor and increased sensitivity to

circulating androgens (Beilin et al. 2000, Chamberlain et al. 1994). Increased androgenic

activity has been demonstrated in both benign and malignant prostatic tissue in African

American men and may explain why African Americans with PCa have lower biochemical

failure rates after androgen deprivation therapy (androgen deprivation therapy) than

Caucasian Americans (Gaston et al. 2003). It is interesting that African Americans with

metastatic PCa whose tumors have become androgen resistant (characteristic of the

phenotype that develops under conditions of low androgen receptor levels) exhibit poorer

responses to chemotherapy, poorer therapeutic outcomes, and poorer quality of life than

comparable Caucasian American patients (Thatai et al. 2004).

As a transcription factor, androgen receptor regulates positively and negatively the

expression of hundreds of both coding and noncoding RNA targets, including miRNA-125b,

which is up-regulated by androgens. MiRNA-125b suppresses Bak1 and induces androgen-

independent growth of LNCaP and the subline, cda1 LNCaP (Shi et al. 2007). Similarly, it

has been reported that miRNAs are involved in the androgen receptor signaling pathway.

Ribas et al. (2009) demonstrated that androgen receptor binds to the promoter of miRNA-21,

which in turn can stimulate both hormone-dependent and -independent PCa growth. Forced

expression of miRNA-21 enhanced PCa growth in vivo and enabled androgen-dependent

cancer cell lines to overcome castration-mediated growth arrest (Ribas et al. 2009).

MiRNA-21 has been reported to be associated with high stage and metastatic PCas (Reis et

al. 2012, Li et al. 2012) and serum levels of miRNA-21 have been reported to be elevated in

patients with metastatic hormone-refractory PCa (Li et al. 2011, Zhang et al. 2011, Agaoglu

et al. 2011). Agaoglu et al. (2011) also reported higher levels of miRNA-221 in the blood of

patients with PCa. Although it has not been determined whether there is racially associated

expression of miRNA-21, this miRNA could provide valuable insight into the progression of

aggressive PCas.

Östling et al. (2011) reported that miRNA-9, miRNA-34a, miRNA-34c, miRNA-135b,

miRNA-185, miRNA-297, miRNA-299-3p, miRNA-371-3p, miRNA-421, miRNA-449a,

miRNA-449b, miRNA-634, and miRNA-654-5p can bind directly to the 6kB extended arm

of the 3′ UTR of androgen receptor. The majority of these miRNAs regulate androgen

receptor primarily through the extended arm region, and miRNA-34a and miRNA-34c

correlate negatively with androgen receptor expression levels in clinical cases of PCa

(Östling et al. 2011). MiRNA-34a also was demonstrated to be a key regulator of the CD44

positive putative stem cell population in PCas (Östling et al. 2011, Liu et al. 2011). Given
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the important role of cancer stem cells (CSC) in development of PCa, miRNA-34a could be

a novel therapeutic target for PCa (Fujita et al. 2008).

The expression and activity of androgen receptor plays not only a central role in

development of PCa, but also is important for the development of castration-resistant or

hormonally resistant PCa (HRPC). The let 7 family of miRNA's have been shown to play a

pivotal role in PCa. Let-7c is a key suppressor of androgen receptor expression by targeting

c-Myc. (Chang et al. 2009). Down-regulation of let-7c in PCa specimens is correlated

inversely with androgen receptor expression, while the expression of Lin-28, a repressor of

let-7, is correlated positively with androgen receptor expression. Furthermore, suppression

of androgen receptor by let-7c causes decreased proliferation of PCa cell lines (Nadiminty et

al. 2010) and miRNA-146a behaves similarly by targeting the androgen receptor directly

(Lin et al. 2008). The miRNAs that affect or are affected by androgens including let7c,

miRNA-34a, miRNA-34c, and miRNA-146a have not been evaluated directly in PCa of

African Americans, but given the clear contribution of androgen receptor signaling to

aggressive PCa in African American men, more investigation in this area is warranted.

Although once viewed as separate events in the development and progression of PCa, Sun et

al. (2012) found a relationship between epithelial to mesenchymal transition (EMT) and

androgen-deprivation therapy; this is discussed below.

MiRNAs and growth factor expression

The growth factors and their receptors that have been reported to be involved in PCa include

members of the epidermal growth factor (EGF), scatter factor/hepatocyte growth factor (SF/

HGF), transforming growth factor beta (TGFβ) and basic fibro-blast growth factor (bFGF)

families. These growth factors are responsible for modulating cellular differentiation,

migration, proliferation and cell death, e.g., apoptosis. EGFR has been implicated in

epithelial cell malignant transformation in most PCa cell lines in which androgen-

independent cells, e.g., DU145, express more EGFR than the androgen dependent cell lines

(De Miguel et al. 1999, Kim et al. 1999, Turner et al. 1996). Membrane-specific EGFR has

been reported to be over-expressed in prostate tumors from African Americans and to be

correlated with higher pre-treatment levels of prostate specific antigen and higher stage

tumors (Shuch et al. 2004, Douglas et al. 2006). Douglas et al. (2006) also reported four

novel mis-sense mutations in exons 19, 20 and 21 of the EGFR tyrosine kinase domain in

Koreans and Caucasian Americans, but none of these mutations was found in African

Americans (Douglas et al. 2006). It is interesting that in hormonally resistant PCa,

miRNA-146a, binds to the 3′-UTR of the mRNA of EGFR and inhibits its downstream

signaling, e.g., pERK1/2 and MMP2. The expression of miRNA-146a was decreased in

HRPC compared to androgen-dependent PCa (ADPC)(Li et al. 2008, Xu et al. 2012). This

correlates with increased expression of EGFR in DU145 cells. Similarly, miRNA-146a

down-regulates EGFR in pancreatic cancer (Li et al. 2010). MiRNA-132, which targets

heparin-binding epidermal growth factor and TALIN2, is thought to control cellular

adhesion and to play a role in suppressing metastases in PCa (Formosa et al. 2012).
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In PCa, autocrine signaling by EGFR leads to dysregulation of various signaling cascades

that have been shown to be dysregulated in PCa in African Americans. For example, over-

expression of EGFR associated Son of Sevenless homolog 1 (SOS1), activator of Ras/

MAPK and downstream MMP proteins, have been linked with PCa in African Americans

(Hatcher et al. 2009, Shuch et al. 2004, Timofeeva et al. 2009). Recently, we demonstrated

that Kaiso, a BTB-POZ methylation binding protein, is up-regulated in late stage prostate

tumors, and this is the result of EGFR signaling (Jones et al. 2012). In addition to EGFR,

TGFα, HER2 and HER3 also are expressed in PCa (Myers et al. 1994, 1995).

MiRNA-331-3p binds to the 3′ UTR of the mRNA for HER2, inhibits the expression of

HER2 and indirectly reduces androgen receptor signaling by decreasing HER2 (Epis et al.

2009).

Androgen deprivation therapy has been shown to enhance EMT in LnCaP cells and to

promote chemoresistance by ZEB1, which mediates androgen deprivation-induced EMT by

a bi-directional, negative feedback loop including miRNA-200. Expression of ZEB1 and

ZEB2, which facilitate development of EMT, are regulated negatively by five members of

the miRNA-200 family (miRNA-141, miRNA-200a, miRNA-200b, miRNA-200c, and

miRNA-429), which are highly homologous. These miRNAs have been reported to bind

directly to the 3′ UTR of ZEB1 and to cause degradation of its mRNA, which results in up-

regulation of E-cadherin in cell lines of several cancers (Burk et al. 2008, Wellner et al.

2009, Gregory et al. 2011).

Several reports have shown that EGFR and platelet-derived growth factor receptor (PDGF-

R) influence the expression of the miRNA-200 family. By their regulation of the EMT

process, the miRNA-200 family affects sensitivity to therapy focused on EGFR and its

signal transduction pathway in cell lines of several cancers including those of the bladder,

breast, lung and pancreas. In general, there are both autocrine and paracrine signaling

networks that involve TGFβ and the miRNA-200 family; a ZEB/MiR-200 balance shifts

cells between epithelial and mesenchymal phenotypes (Gregory et al. 2011). The re-

expression of miRNA-200s is sufficient to reverse the mesenchymal phenotype to an

epithelial profile (Korpal et al. 2008) and to re-establish EGFR dependency in several cell

lines of various cancers. ZEB1 also represses the epithelial phenotype in PCa cells and

therefore facilitates cellular transendothelial migration (Drake et al. 2009).

Platelet-derived growth factor-D (PDGF-D) has been shown to induce EMT in PC-3 cells

and to decrease the expression of members of the miRNA-200 family. Specifically, PDGF-

D induces EMT by up-regulation of ZEB1, ZEB2 and Snail by down-regulation of

miRNA-200a, miRNA-200b and miRNA-200c. TGFβ increases the expression of ZEBs and

DNA methylation of miRNA-200s, while miRNA-200s inhibit ZEBs (Gregory et al. 2011).

When miRNA-200b was re-expressed in PC-3 cells, ZEB1, ZEB2, and Snail decreased and

this decrease caused a reversal of EMT; EMT has been associated with decreased cellular

migration and invasion as well as changes in cancer stem-like cells (Kong et al. 2008, 2009,

2010). In breast cancer, miRNA-221/222 opposes the actions of the miRNA-200s (Howe et

al. 2012), so the effects of the miRNA-200s in PCa might be reversed by miRNA-221/222.

Confirmation of this in PCa would be useful for understanding how the actions of specific

miRNAs can be generalized. The interactions between the miRNA-200 family and ZEB1,
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ZEB2 and Snail have been reported for several types of tumors, so this seems to be a general

feature of EMT regulation of several types of cancer. MiRNA-203 and miRNA-205 also are

likely to regulate EMT (Tucci et al. 2012, Vandenabeele et al. 2012, Saini et al. 2011).

In addition to EGFR and PDGF-R, activation of IGFR is involved in modulating EMT. High

serum levels of insulin-like growth factor-I (IGF-1) and lower levels of IGF binding

protein-3 (IGFBP-3) have been shown to be associated with increased risk of PCa (Chan et

al. 2000, Hernandez et al. 2007, Tricoli et al. 1999). In a cohort of 401 patients with PCa and

366 age, sex and ethnicity matched controls, it was found that variations in the 5′-

untranslated region of both the IGF-1 and IGFBP-3 genes may have increased IGF serum

levels and that the increased levels were correlated with PCa in African Americans

(Hernandez et al. 2007, Yates et al. 2005, 2007). As with EGFR, we and others have

demonstrated that activation of IGFR-1 is responsible for the loss of cell-cell adhesion,

which leads to EMT promotion of metastasis (Graham et al. 2008, Yates et al. 2007) by

increased Snail, ZEB1 and ZEB2 (Graham et al. 2008). Interestingly, in metastatic

pancreatic cancer cell lines, IGF-R1 is regulated positively by miRNA-100; both

miRNA-100 and IGF-R1 are increased in pancreatic cancer cell lines that have the potential

to metastasize, but not in pancreatic cancer cell lines that do not have the potential to

metastasize (Huang et al. 2013).

MiRNAs and regulation of oncogenes, suppressor genes and other genes

that affect PCa

Several miRNAs may affect the growth and progression of PCa by interactions with

oncogenes, suppressor genes and genes involved in progression and metastasis. For

example, miRNA-221 and miRNA-222 target the mRNA of the suppressor gene, androgen

receptor, ARHI (Chen et al. 2011); it is interesting that genistein down-regulates

miRNA-221 and miRNA-222 and by this pathway decreases androgen receptor, ARHI.

MiRNA-221 and miRNA-222 also down-regulate the androgen-sensitive cell cycle

inhibitor, p27kip-1 (Myers et al. 1999, Sun et al. 2009). Similarly, by analogy to breast

cancer, miRNA-221 and miRNA-222 might counter the effects of the miRNA-200 family on

EMT (Howe et al. 2012). The targets of the miRNA-200 family also include ERRFI-1,

which is a novel regulator of EGFR-independent growth. Similarly, the protein, high

motility group AT-hockgene 1(HMGA1), is a nuclear binding protein that has oncogenic

properties by facilitating chromosomal instability. HMGA1 is increased in high grade and

advanced stage PCa. The expression of HMGA1 is inhibited by miRNA-296, which acts

with HMGA1 to inhibit proliferation (Wei et al. 2011). It is noteworthy that the expressions

of miRNA-1 and miRNA-133a are decreased in PCa and that these inhibit purine nucleoside

phosphorylase (PNP), which facilitates proliferation, migration and invasion of the PC3 and

DU145 PCa cell lines. Thus, miRNA-1 and miRNA-133a act as suppressor genes.

MiRNA-616 induces androgen independent growth by targeting tissue factor pathway

inhibitor 2 (TFPI-2). MiRNA-101 may reduce the growth of PCa by inhibiting the

expression of Cox2 by targeting the 3′ untranslated region (3′-UTR) of the mRNA of Cox2

(Hao et al. 2011).
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MiRNAs and epigenetic control of PCa

Epigenetic control of PCa involves specific miRNAs that are targets, i.e., epigenetically

regulated (Table 5), and/or some miRNAs directly affect enzymes and other molecules

involved in epigenetic control (Paone et al. 2011). Examples of miRNAs that modulate

epigenetic control in PCa include miRNA-101, which inhibits the oncogenetic protein

enhancer of zeste homolog 2 (EZH2) and miRNA-449a, which down-regulates histone

deacetylase 1 (Varambally et. al. 2008, Cao et al. 2010, Noonan et al. 2009). Similarly,

miRNA-34b down-regulates DNA methyl transferases and histone deacetylases (Majid et al.

2012). Regulation of miRNAs by methylation of CpG islands in their promoters may be

quite variable in PCa. For example, only 42% of PCas, which had methylated promoters for

miRNA-132 were also correlated with both Gleason scores and stages of the tumors

(Formosa et al. 2012).

MiRNA therapy for PCa

Because of the involvement of miRNAs in regulating the androgen receptor, it would be

logical to expect that targeting selected miRNAs or up-regulation of specific miRNAs might

be important for androgen deprivation therapy. The development of “antagomiRNAs,”

which are small oligonucleotides chemically engineered to target small nucleotide regions of

specific miRNAs to selectively silence the targeted miRNA, should lead to approaches that

make androgen deprivation therapy more effective initially and that extend the response of

PCa to androgen deprivation therapy (Krützfeldt et al. 2005). Similarly, the involvement of

miRNAs in modulating responses to chemotherapeutic drugs could be important for

therapies for PCa.

When PCas fail androgen deprivation therapy, chemotherapy is used primarily for palliative

therapy and to extend survival. Thus, it would be interesting to determine whether

modulating specific miRNAs might make chemotherapeutic agents more effective and

reduce and/or retard the development of chemoresistance to specific drugs. In this regard,

the ectopic expression of miRNA-21 has been associated with resistance to docetaxel in PC3

cells (Shi et al. 2010). By contrast, ectopic expression of miRNA-34a decreases the

phenotypic expression of the protein, silent mating type information regulation 2/homolog 1

(S. conevisiae) (SIRT1) as well as Bcl-2 and HUR., These changes enhanced the

chemosensitivity of PC3 cells to camptothecin (Fajita et al. 2008) and PC3 paclitaxel

resistant cells (PC3PR) to paclitaxel (Kojima et al. 2010). Also, chemoresistance may be

induced by miRNA stimulation of specific pathways such as hedgehog (Singh et al. 2012).

In addition, miRNAs such as miRNA-210 modulate a stress response to therapeutic

approaches (Cui et al. 2012). These and similar studies suggest that miRNAs are involved in

both chemosensitivity and development of chemoresistance, hence their modulation may

improve therapy for PCa.

Several signaling pathways appear to be dysregulated at the post-transcriptional level in

PCa. The involvement of miRNAs in molecular regulation of genes and underlying tumor

biology could explain the aggressiveness observed in some PCa; however, more insight into

the post-transcriptional regulation of the genes involved in the development and progression
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of PCa is needed before miRNAs can be used for therapeutic targeting and as biomarkers.

There are a few reports that regulation of gene expression by miRNAs contributes to

aggressive disease in African American patients. More work is needed to explore miRNA

mediated gene regulation that affects the African American population disproportionally.
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Fig. 1.
Various mixtures of cell types. A) Benign prostate gland (green arrow) with adjacent PCa

(red arrow). B) PCa (red arrows) adjacent to benign prostate glands (green arrows). C)

Benign prostate glands (green arrows) with intermixed inflammatory cells, mostly

lymphocytes (black circle). D) PCa (red arrows) surrounded by inflammatory cells that

primarily are lymphocytes (black circle). Hematoxylin and eosin. x 200.
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Table 1

Examples of miRNAs reported to be inconsistently expressed differentially (different directions)

MiRNA References to reports of down-regulation of miRNA in
prostate adenocarcinomas (fold change if specified)

References to reports of up-regulation of miRNA in
prostate adenocarcinomas (fold change if specified)

Let-7c Nadiminty et al. 2012 Szczyrba et al. 2010 (2.7)

Ozen et al. 2008

Porkka et al. 2007

miRNA-26b
Porkka et al. 2007 

1 Szczyrba et al. 2010 (1.7)

miRNA-125b Szczyrba et al. 2010 (−1.5) Shi et al. 2007

Ozen et al. 2008

miRNA-126 Carlsson et al. Szczyrbra et al. 2010 (1.9)

miRNA-223 Szczyrba et al. 2010 Volinia et al. 2006

1
Only in hormone resistant cases
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Table 2

Examples of miRNAs reported more consistently to be expressed differentially in prostate adenocarcinomas

MiRNA References to consistent reports of down-regulation of miRNA in prostate
adenocarcinomas (fold change if specified)

References to consistent reports of up-
regulation of miRNA in prostate
adenocarcinomas (fold change if
specified)

miRNA-20a Szczyrba et al. 2010 (1.5)

Volinia et al. 2005

miRNA-23b Tong et al. 2008 (−1.2)

Porkka et al. 2007 
1

miRNA-25 Szczyrba et al. 2010 (1.8)

Volinia et al. 2006

Ambs et al. 2008

miRNA-26a Carlsson et al. 2011

Porkka et al. 2007

miRNA-27b Carlsson et al. 2011

Szczyrba et al. 2010

Porkka et al. 2007 
1

miRNA-29a Volinia et al. 2005

Porkka et al. 2007 
1

Szczyrba et al. 2010 (−2.4)

Ru et al. 2012

Porkka et al. 2007 
1

Steele et al. 2010

miRNA-32 Volinia et al. 2006

Ambs et al. 2008

miRNA-100 Tong et al. 2008 (−1.2)

Porkka et al. 2007 
1

miRNA-106a Szczyrba et al. 2010 (2.8)

Volinia et al. 2006

miRNA-106b Szczyrba et al. 2010 (2.3)

miRNA-143 Szczyrba et al. 2010 (−4)

Porkka et al. 2007

Carlsson et al. 2011

Tong et al. 2008 (−1.3)

miRNA-145 Zaman et al. 2010

Porrka et al. 2007

Ozen et al. 2008

miRNA-205 Hulf et al. 2012

Porkka et al. 2007 
1

miRNA-221 Tong et al. 2008 (−1.3)

Porkka et al. 2007
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MiRNA References to consistent reports of down-regulation of miRNA in prostate
adenocarcinomas (fold change if specified)

References to consistent reports of up-
regulation of miRNA in prostate
adenocarcinomas (fold change if
specified)

miRNA-222 Tong et al. 2008 (−1.5)

Porkka et al. 2007

1
Only in hormone resistant cases.

Biotech Histochem. Author manuscript; available in PMC 2014 August 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Jones et al. Page 22

Table 3

MiRNAs associated with hormonally resistant prostate cancer

MiRNA Reference to down-regulation in hormonally resistant prostate cancer Reference to up-regulation in hormonally
resistant prostate cancer

miRNA-100 Porkka et al. 2007

miRNA-124 Shi et al. 2012

miRNA-125b
Shi et al. 2007 

1

Porkka et al. 2007 
2

miRNA-146a Xu et al. 2012

Li et al. 2008

miRNA-148a Porkka et al. 2007

miRNA-198 Porkka et al. 2007

miRNA-205 Porkka et al. 2007

miRNA-221 Sun et al. 2009

miRNA-222 Sun et al. 2009

miRNA-345 Porkka et al. 2007

miRNA-448

miRNA-616 Ma et al. 2011

1
Cell line

2
All PCa

Biotech Histochem. Author manuscript; available in PMC 2014 August 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Jones et al. Page 23

Table 4

Examples of miRNAs expressed differentially in metastatic prostate cancer and also identified by other studies

(based primarily on Volinia et al. 2006, Porkka et al. 2007, Tong et al. 2009, Szczyrba et al. 2010, Watahiki et

al. 2011, Carlsson et al. 2011)

MiRNA
Down-regulated in metastatic
cell line (fold change if
specified)

Previously reported to be
differentially expressed in prostate
cancer compared to benign prostatic
tissue (fold change if specified)

Previously
identified as
modulating

metastasis of
prostate cancer

Previously reported
as affecting metastasis
in a different cancer
(e.g., breast cancer)

miRNA-16 (−20) Down-regulated
2 Yes Yes

miRNA-24 (−8) (−1.5) Yes

miRNA-29a (−30) (−2)

miRNA-34a (−3) Down-regulated
2 Yes Yes

miRNA-126* (−3) Down-regulated
2

miRNA-145 (−3) (−4) Yes Yes

miRNA-195 (−5) Down-regulated
2

miRNA-203 (−1.5) Down-regulated
2 Yes Yes

miRNA-205 (NA)
1

Down-regulated
2 Yes Yes

miRNA-221 Down-regulated
2 (−1.3)(−2) Yes* **

miRNA-425 (−6) Down-regulated
2

miRNA
Up-regulated in
metastatic cell line (fold
change if specified)

Previously reported to be
differentially expressed in prostate
cancer compared to benign prostatic
tissue (fold change if specified)

Previously
identified as
modulating

metastasis of
prostate cancer

Previously reported as
affecting metastasis in a

different cancer (e.g.,
breast cancer)

Let7i (2) Up-regulated
2 Yes

miRNA-21 (1.7) Variable reports Yes

miRNA-106a (3.3) (2.8) Yes

1
Cannot be calculated because it was not detectible in metastatic tumors

2
Extent of differences in expression

*
Correlated with TMPRESS2:ERG fusion (Gordanpour et al. 2011)

**
Up-regulated in aggressive breast cancer and hepatocellular carcinoma (Shah and Calin 2011, Fu et al. 2010)
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Table 5

Actions of miRNA on oncogenes and suppressor genes in prostate cancer

MiRNA MiRNAs down-regulated by hypermethylation of their control elements MiRNAs with hypomethylated control
elements

miRNA-34a Kong et al. 2012

miRNA-145 Suh et al. 2011

miRNA-124 Lujambio et al. 2007

Shi et al. 2012

miRNA-196b Hulf et al. 2011

miRNA-126 Saito et al. 2009

miRNA-200c Vrba et al. 2010

miNAR-141 Vrba et al. 2010

miRNA-615 Hulf et al. 2011
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