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Summary 

Deregulation of epigenetic and microRNA (miRNA) pathways are emerging as key events in 

carcinogenesis. miRNA genes can be epigenetically regulated in cancer and miRNAs can 

themselves repress key enzymes that drive epigenetic remodeling. Epigenetic and miRNA 

functions are thus tightly interconnected and crucial for maintaining correct local and global 

genomic architecture and gene expression patterns, yet the underlying molecular mechanisms 

and their widespread effects remain poorly understood. Due to the tissue specificity, 

versatility and relative stability of miRNAs, these small non-coding RNAs are considered 

especially promising in clinical applications, and their biogenesis and function is a subject of 

active research. In this review, the current status of epigenetic miRNA regulation is 

summarized and future therapeutic prospects in the field are discussed with a focus on cancer.
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Introduction 

Epigenetics is defined as the processes that give rise to heritable changes in gene regulation 

not involving changes in DNA sequence. In mammals this includes methylation of CpG 

dinucleotides in DNA, modifications of histone tails, incorporation of alternative histone 

variants, changes in nucleosome positioning and expression of non-coding RNA (ncRNA). 

The aggregate of these processes can be referred to as the epigenetic architecture of the 

nucleus, which plays a fundamental role in the control of important biological processes such 

as proliferation, imprinting, X-chromosome inactivation and maintenance of cell identity [1, 

2]. Epigenetic deregulation, often involving hypermethylation of promoter-associated CpG-

islands and acquisition of repressive histone marks, can lead to silencing of tumour 

suppressor genes, and is a frequent event in carcinogenesis [2, 3]. Thus, epigenetic 

architecture adds an intricate new dimension to the dynamism of the genome, which was 

largely unanticipated before the era of the Human Genome Project. Decoding the human 

DNA sequence was expected to revolutionize medicine by unraveling disease causes, 

biomarkers and therapeutic targets. However, it is now clear that the complexity and 

regulation of the genome stretches far beyond the four-letter code, and the focus has therefore 

shifted to incorporate a comprehensive study of the human epigenome. A worldwide effort, 

The International Human Epigenome Consortium was recently initiated to make reference 

epigenetic maps in a variety of normal and cancer cell types to enhance our understanding of 

the alterations that commonly occur in disease states [4].  

 

DNA methylation, in particular, has emerged as a powerful marker of disease states as it 

correlates commonly with gene expression. Many tumor suppressor genes are silenced by 

aberrant hypermethylation of promoter associated CpG islands in cancer [3], and some 

oncogenes may also be activated by CpG demethylation [5]. The cancer genome is 
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characterized by an overall decrease in the level of methylated cytosine, but this 

hypomethylation largely encompasses intergenic and intronic regions of the DNA and not 

typically promoter CpG islands. Repeat sequences and transposable elements in particular are 

associated with a loss in CpG methylation, and this is believed to contribute to the 

chromosomal instability and increased mutation events observed in cancer [5, 6].  

 

CpG methylation can be analyzed with relatively good sensitivity by a variety of techniques, 

making it possible to identify aberrant methylation patterns in primary samples of limited 

quantity and quality [7]. Chromatin modifications, on the other hand, remain challenging to 

assess in clinical tissue samples due to the requirement for large amounts of pure cell 

populations. As a result, the role of nucleosome and histone architecture in disease is more 

obscure, although chromatin integrity appears to be broadly compromised [3]. Nonetheless, 

the question of whether alterations in the epigenetic landscape are a cause or consequence of 

gene deregulation still remains a matter of debate [8, 9], and decoding the underlying 

molecular mechanisms is the subject of on-going research.  

 

Regulatory ncRNAs 

A variety of ncRNAs are involved in heritable regulation of gene expression that occurs with 

somatic cell division and therefore included in the broad concept of epigenetics [3]. One class 

of growing importance is microRNA (miRNA). These are small ∼22nt ncRNAs that in 

association with the RNA induced silencing complex (RISC) post-transcriptionally repress 

genes with complementary target sequences [10]. Only in recent years has the widespread 

biological significance of miRNAs been fully appreciated, and it seems that miRNAs are at 

some level involved in most cellular processes [11]. Due to the imperfect pairing between 

miRNAs and their target sequences, any miRNA may regulate multiple mRNAs, and thus 
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mediate broad cellular effects. In fact, some reports suggest that any individual miRNA can 

target as many as 200 transcripts simultaneously [12], hence aberrant miRNA expression can 

have major biological consequences and is a key effector in disease development [13].  

 

Moreover, the expression of many miRNAs is highly tissue and cell type specific and plays 

important roles during development and differentiation by promoting and/or inhibiting 

particular lineage phenotypes [14, 15]. Therefore, deregulation of miRNA expression often 

induces cellular de-differentiation and lineage transitions, promoting carcinogenesis, tumor 

invasion and metastasis. The tissue and cell type specificity of miRNAs, apparent stability, 

and low number of miRNA genes compared to coding genes (ca. 940 vs. 20,000 [16]), give 

them good prediction value and make them promising as biomarkers and therapeutic targets 

in cancer and other diseases [14, 17-21]. 

 

miRNA biogenesis and regulation 

The tissue specificity of miRNAs and their key role in gene regulation, suggest that miRNAs 

themselves must be tightly regulated. While it is well established that miRNA levels are 

broadly altered in cancer, the fundamental mechanisms regulating miRNA expression remain 

poorly defined [11, 22]. Most miRNA genes are transcribed by RNA polymerase II (polII) 

into primary transcripts (pri-miRNA), which are subsequently cleaved by Drosha into pre-

miRNAs in the nucleus and exported by Exportin 5 to the cytoplasm where they are processed 

to mature miRNA duplexes by Dicer (Fig. 1; reviewed in [10]). The levels of mature miRNAs 

can be regulated at all these levels (transcription, processing, nuclear export, degradation), 

and, like traditional coding genes, they are affected by epigenetic modifications, mutations 

and genomic instability [18, 21, 23]. MiRNA loci can be both intergenic and embedded 

within coding genes, usually in introns. Intergenic miRNA genes are presumably transcribed 
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from their own promoters, which can be several kb away [24], and intragenic miRNA genes 

can either be regulated with their host gene, or expressed as individual transcriptional units 

[25, 26]. Decoding the network regulating miRNA biogenesis and activity is crucial to our 

understanding of disease and development of novel therapeutic strategies. 

 

miRNA deregulation in cancer 

The implication of miRNA deregulation in cancer was initially predicted from the observation 

that about 50% of miRNA genes are located in unstable chromosomal regions associated with 

deletions, duplications, or translocations in cancer [27]. As for coding genes, miRNA 

biogenesis and activity is also affected by the presence single nucleotide polymorphisms 

(SNPs) in miRNA loci [28]. Moreover, the expression of certain miRNA genes is directed by 

cancer associated transcription factors such as Myc [29], ZEB1 (also known as TCF8) [30], 

Twist [31, 32] and p53 [33] (Table 1), which are master regulators of cell cycle, epithelial to 

mesenchymal transition (EMT), proliferation and stress response. Thus, miRNA expression is 

controlled at multiple levels, and most mechanisms traditionally associated with the 

deregulation of tumor suppressor and oncogenes in cancer also apply to miRNA expression.  

 

Carcinogenesis has been associated with both an overall loss and gain of mature miRNA 

expression [14, 18, 20, 28, 34]. In part, this can be attributed to transcriptional and epigenetic 

mechanisms, but it seems the main cause of a general loss of mature miRNAs is impaired pri- 

and pre-miRNA processing due to Drosha and Dicer repression, which is frequently observed 

in poor prognosis cancer [23, 34]. Interestingly, p53 has been shown to directly enhance 

miRNA processing under DNA damage induced conditions by boosting the Drosha activity, 

which consequently leads to increased levels of certain mature miRNAs during stress 

response, further linking miRNA processing to cancer [35] (for a recent review of 
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posttranscriptional regulation of miRNA biogenesis see [23]). Although a general decrease in 

mature miRNAs is attributable to defects in miRNA processing, individual miRNA genes are 

clearly specifically deregulated, and multiple mechanisms must therefore be involved in the 

overall perturbation of miRNA expression in cancer.  

 

Despite extensive research, the transcriptional regulation of miRNA genes has proven 

difficult to dissect [24]. MiRNA promoters and transcription start sites can be problematic to 

identify and validate as they may be distal to the mature miRNA sequence, and appear to be 

associated with lower polII activity and less prominent active histone hallmarks such as 

H3K4me3, H3K9ac and H3K36me3 compared to traditional active genes [24, 36, 37]. In 

addition, primary miRNA transcripts are processed and degraded co-transcriptionally, making 

them notoriously difficult to detect [38]. As such, expressed miRNA loci may have a lower 

propensity for active epigenetic marks and less polII accumulation compared to transcribed 

coding genes, and high mature miRNA levels could be a consequence of the relative stability 

of miRNAs when protected in the RISC complex rather than high transcription levels [23]. As 

a result, mapping promoters, transcription start sites (TSS) and other genetic regulatory 

elements controlling miRNA expression remain major challenges.  

 

Epigenetically regulated miRNAs 

A comprehensive bioinformatic analysis found that as many as 50% of miRNA genes are 

associated with CpG-islands [22], and a number of epigenetically regulated miRNAs have 

been identified (Table 1) [11, 34]. In 2006, Saito et al. reported that 17 out of 313 human 

miRNAs were upregulated, by as much as 49-fold for the top candidate miR-127, in T24 

bladder cells treated with a combination of the DNA demethylating agent 5-Aza-2’-

deoxycytidine (5-Aza-dC) and the chromatin-modifying drug 4-phenylbutyric acid (PBA) 
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[39]. Similarly, a study in colon cancer cells also identified a small number of epigenetically 

regulated miRNAs, with the strongest effect observed for miR-1 [40]. A more recent report 

demonstrated that 5-Aza-dC and PBA treatment of gastric cancer cells activated most 

members of a large miRNA cluster on chromosome 19q with concurrent chromatin 

remodeling and demethylation of local Alu-repeats [41]. Hence, a number of miRNAs are 

responsive to epigenetic drugs in a variety of cell types. 

 

A different strategy for depleting DNA methylation was used by Lujambio et al., which 

showed that 6% of 320 miRNAs analyzed were upregulated more than 3-fold in a DNA 

methyltransferase DNMT1 and DNMT3B knock out colon cancer cell line model [42]. 

Notably, only one of the upregulated miRNA genes, miR-124a, is embedded in a CpG-island, 

thereby indicating that miRNA expression may be directed by distal CpG-elements. Neuronal 

miRNA expression in mice deficient for the DNA methyl-CpG binding protein MeCP2 was 

also assessed in a recent study, and the expression of 7 of 218 miRNAs were significantly 

altered in this set-up [43]. Others have reported similar findings, suggesting CpG methylation 

dependent MeCP2 regulation of specific miRNA genes, including miR-132, miR-137 and 

miR-184 [43-45]. However, most of the above studies have relied on global disruption of 

parts of the epigenetic machinery, and therefore some of the observed effects may be a result 

of indirect effects.  

 

Several miRNAs that are aberrantly silenced in combination with hypermethylation of local 

CpG-islands have been identified in hematological, oral, lung, breast, ovarian, bladder, 

prostate and colon cancers. Some of these, including let-7a, miR-9, miR-34b-c, miR-124a, 

miR-127, miR-129, miR-137, miR-148a, miR-203, miR-205 and the miR-200 family, have 

been reported at least twice (Table 1) [22, 39, 42, 46-62]. In one of the more comprehensive 
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analyses to date, Lujambio et al. showed that miR-9, miR-34b-c and miR-148a are all 

frequently silenced and hypermethylated in aggressive cancers, and this was suggested as a 

possible DNA methylation signature for primary malignancy metastasis [59]. Conversely, 

cancer activated microRNAs (oncomiRs) could possibly be upregulated by aberrant CpG 

hypomethylation, as has been a suggested mechanism of oncogene activation [5], but a clear 

example of this has yet to be identified.  

 

Our group recently demonstrated concerted silencing of the miR-200 family and miR-205 

with concordant accumulation of repressive epigenetic marks in invasive bladder tumors and 

undifferentiated bladder cell lines [47]. Interestingly, the miR-200s and miR-205 have been 

implicated in cellular development and stemness, and epigenetic silencing of these miRNAs 

may be a key event during the formation of cancer stem cells that drive tumor invasion and 

metastasis [63, 64]. The apparent coordinated epigenetic repression of groups of miRNA loci, 

like for the miR-200 family and miR-205, suggests a non-random underlying mechanism 

specifically targeting certain combinations of miRNA genes for epigenetic remodeling. How 

this occurs remains an unanswered question, but it is possible that common transcriptional 

promoter elements may be involved in seeding of epigenetic marks, thus leading to 

subsequent silencing or activation of one or more loci. Examples of differential binding of 

transcriptional regulators triggering CpG island hypermethylation of specific genes include 

the cancer related transcription factors Myc, Pml-Rar and STAT3, which have been shown to 

directly interact with and guide DNMTs and possibly HDACs to target promoters [65-67]. 

Similarly, Fazi et al. demonstrated that the acute myeloid leukemia associated fusion protein 

Aml1/Eto directs heterochromatin formation and CpG hypermethylation of the miR-223 gene, 

probably by directly binding to and recruiting DNMTs, MeCP2 and HDAC1 to an Aml1 site 

in the miR-223 promoter [68]. Thus, putative transcriptional regulators of miR-200/miR-205 
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such as ZEB1 and Twist, which are also involved in development and differentiation, could 

conceivably be early determinants of the coordinated epigenetic fate of these miRNA loci [30, 

63, 64]. 

 

Technical hurdles in epigenetic miRNA profiling 

In some cases, concomitant chromatin marks have been associated with miRNA genes 

silenced by CpG hypermethylation [42, 58, 68], but the general interplay between chromatin 

remodeling, DNA methylation and miRNA expression has not been well studied. A recent 

extensive screen of miRNA expression and epigenetic remodeling during lymphopoiesis in 

mouse concluded that lymphocyte specific miRNAs tend to be tightly controlled by polycomb 

silencing through H3K27me3, maintaining miRNA loci in either repressed, active or semi-

active states poised for expression [36]. However, the relatively large amounts of starting 

material and purity of cell type currently required for the analysis of chromatin modifications 

by ChIP based methods, makes the histone code still difficult to study in primary human and 

other low quantity samples. Efforts to generate broad miRNA methylation signatures for 

diagnostic and prognostic purposes are underway, and some progress has been made [57, 59]. 

However, this has also been handicapped by technical shortcomings, and more data needs to 

be accumulated before clinically useful tests of miRNA CpG methylation signatures can be 

developed.  

 

A major drawback of screens for aberrantly DNA methylated miRNA genes to date is the 

reliance on globally disruptive epigenetic drugs or knockout models with defunct epigenetic 

machinery [42, 43, 57, 69]. Not only does this increase the risk of detecting false positives 

and negatives due to widespread secondary effects, it also requires tedious validation 

experiments to rule out these possibilities. This in turn means that only a limited number of 
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bona fide candidates can realistically be verified in any one study. CpG methylation levels are 

typically assessed by laborious clonal bisulphite sequencing techniques, which are excellent 

for studying DNA methylation of individual molecules in specific regions of interest, but not 

ideal for screening through numerous sequences in multiple samples. This is especially 

problematic for miRNA genes where promoters are difficult to identify, thus often requiring 

analysis of more and larger regions.  

 

The MassArray® platform, a MALDI-TOF mass spectrometry based system for detecting 

CpG methylation, allows for higher throughput screening of candidate regions [70]. However, 

this method still requires that the miRNA gene promoter region has been characterized, and 

has so far only been used in two published reports on epigenetic regulation of miRNAs [47, 

71]. There has been some success with custom array based analysis of methyl-DNA 

immunoprecipitation (meDIP) and capture of methylated DNA using methylated binding 

domain (MBD) proteins, but this may be insufficiently sensitive for profiling elusive miRNA 

promoters.  

 

Genome-wide methylation mapping using MeDIP.seq and MBD.seq, as well as pre-treating 

genomic DNA with methylation specific restriction enzymes prior to next generation 

sequencing, are currently being employed to map the epigenome, including miRNA genes. 

However, genome coverage and CpG sequence bias are challenges that still need to be 

addressed (Robinson et al, unpublished), and what is the most efficient, unbiased and reliable 

high throughput method for genome-wide DNA methylation mapping is a matter of debate 

(for a recent review on DNA methylation next generation sequencing strategies see [72]). 

Whole genome sequencing of bisulphite DNA has also recently been reported [73, 74], and 

this technique promises to be the most informative approach of all, but at this stage it is 
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expensive and still suffers from intrinsic mappability issues. Consequently, there are no 

comprehensive studies of the human miRNA DNA methylome available to date, but with the 

advent of more sophisticated second and third generation sequencing approaches this is likely 

to rapidly change.  

 

Epigenetic regulation by miRNAs 

miRNAs can also directly modulate the epigenetic machinery, with important downstream 

implications. Several miRNAs have been shown to target and destabilize the mRNAs of 

genes directly involved in the deposition of epigenetic marks via the canonical miRNA 

pathway (Table 1) [10]. In the first conclusive report on this topic, Fabbri et al. demonstrated 

that the miR-29 family targets DNMT3A and DNMT3B, thereby indirectly guiding genome 

wide de novo DNA methylation [75]. Later, it was confirmed that miR-29b induces global 

DNA hypomethylation in acute myeloid leukemia by directly downregulating DNMT3A and 

DNMT3B and indirectly repressing DNMT1 [76]. DNMT3A is also a target of miR-143 [77], 

and, interestingly, the epigenetically regulated miR-148a represses specific isoforms of 

DNMT3B via a coding sequence target [78]. In addition, DNMT1 is directly targeted by miR-

148a and miR-152 [79]. As such, epigenetically regulated miRNAs can directly affect the 

DNA methylation machinery, in what may provide an important feedback mechanism (Table 

1 & Fig. 1).  

 

Indeed, DNMT3A and DNMT3B are frequently upregulated in cancers with poor prognosis 

and, consistently, silencing of the miR-29 family, miR-143, mir-148a and miR-152 is often 

reported as repressed in miRNA profiling data sets from various forms of cancer [20, 75, 77, 

79-82]. Thus, aberrant miRNA expression may be an underlying cause of the extensive and 

often conflicting changes in DNA methylation patterns observed in cancer, resulting in both 
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hyper- and hypo-methylation of specific genes and/or regions of the genome. Interestingly, 

miRNA regulation of DNMTs is also required for de novo DNA methylation in mouse 

embryonic stem cells, with the miR-290 cluster being reported to indirectly activate 

DNMT3A, DNMT3B and DNMT3L, probably via silencing of the transcriptional repressor 

Rbl2 [83]. Hence, it seems that all DNMTs in mammals are directly or indirectly targeted by a 

subset of miRNAs all playing individual roles in fine tuning the expression levels of these 

important epigenetic regulators. 

 

Another miRNA with direct effects on the epigenetic machinery is miR-101. Two 

independent articles have demonstrated that miR-101 targets Enhancer of Zeste homologue 2 

(EZH2), the catalytic subunit of the polycomb repression complex 2 (PRC2), which deposits 

the repressive H3K27me3 mark [84, 85]. There is also evidence that miR-26a and miR-137 

targets EZH2 [43, 86]. Other direct epigenetic miRNA targets include HDAC1 and HDAC4 

[87, 88], and the list is likely to increase dramatically as methods for determining bona fide 

miRNA targets improve (for a recent review of the current status of experimental approaches 

to identifying miRNA targets see [89]). Nonetheless, it is evident that a growing subset of 

miRNAs are involved in the regulation of an increasing number of DNA and histone 

modifying enzymes, thus underscoring the importance of these small RNAs in establishing 

and maintaining epigenetic architecture.      

 

miRNAs and transcriptional gene silencing (TGS) 

Perhaps the most intriguing development in the field is the potential of miRNAs to direct 

transcriptional gene silencing (TGS) through RNA-RNA interactions in the nucleus. It is well 

established that endogenous double stranded RNA (dsRNA) directly mediates TGS and 

heterochromatin assembly in yeast and plants [90, 91], and accumulating evidence supports 
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the presence of similar mechanisms in several other eukaryotic species, including mammals 

(for a recent review see [92]). In 1994, Wassenegger et al. were the first to report that viral 

RNA could induce DNA methylation and subsequent transcriptional silencing of viroid 

sequences in the Arabidopsis thaliana genome [93]. RNA-directed DNA methylation has 

since been widely studied in plants, and it is clear that both exogenous and endogenous small 

interfering RNAs (siRNAs) targeted to genomic promoter regions triggers DNA methylation 

and TGS in A. thaliana [94-99]. Recently, endogenous miRNAs have also been directly 

implicated in seeding CpG methylation both in cis and in trans in moss and rice, indicating 

that there might be a role for the miRNA in pathway nuclear TGS [100, 101]. 

 

In 2004, it was discovered that small ncRNAs were essential for heterochromatin and 

centromere assembly in the fission yeast Schizosaccharomyces pombe via its AGO1 

homologue [102]. The inheritance of chromatin structure through the cell cycle in S. pombe 

has since been an important focus area in epigenetic research, and it is now known to rely on 

centromeric transcripts that are processed into siRNAs, which in turn promote methylation of 

H3K9 and heterochromatin formation [91, 103, 104]. Although S. pombe and A. thaliana 

have emerged as the model organisms for studying RNAi directed TGS and chromatin 

assembly, similar pathways have been identified in other organisms, and all appear to require 

the general features of the RNAi machinery, including small dsRNAs, Dicer, and Argonaute 

proteins [91, 92, 99].  

 

RNAi directed TGS in mammalian cells 

Many molecular components involved in TGS in yeast and plants lack mammalian 

homologues, and whether small ncRNA mediated TGS also occurs endogenously in 

mammalian systems has been controversial [92, 105]. However, it now seems beyond doubt 
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that exogenous siRNAs targeted to promoter regions can induce TGS in cultured cells by 

promoting heterochromatin formation independently of DNA methylation (Fig. 2) [91, 105-

110]. One study reported that siRNAs targeted to the EF1A promoter region triggered TGS 

via CpG methylation in human cells, but this was later a subject of some debate and no 

subsequent reports have replicated this finding [111]. Mammalian dsRNA directed TGS has, 

on the other hand, consistently been associated with increased localization of Argonaute 

proteins to chromosomal DNA, but the underlying mechanisms are poorly understood [108, 

109, 112, 113]. Repression appears to be dependent on a putative transcriptional silencing 

complex composed of AGO1/AGO2, HDAC1, HMT, DNMT3A, and possibly EZH2 and 

SUV39H1, which is guided to the to the targeted promoter by the siRNA and mediates the 

deposition of the silent-state histone modifications H3K9me2 and H3K27me3 (Fig. 2) [108, 

112, 114, 115].   

 

TGS directed heterochromatin formation in human cells can be triggered by both perfectly- 

and imperfectly-matched small dsRNAs. Gonzalez et al. were the first to show that both 

siRNAs and bulged miRNA mimics targeted to sense sites in the two promoters of the 

divergently transcribed INK4b-ARF-INK4a locus could induce epigenetic remodeling and 

gene silencing [108]. Interestingly, they also showed that siRNA directed TGS was associated 

with chromatin bound AGO2, whereas the miRNA mimics appeared to recruit AGO1. This 

observation suggests that there are distinct differences in TGS mediated by different types of 

small dsRNAs and firmly points towards miRNAs being involved in nuclear gene silencing 

events [108, 113]. An endogenous role for miRNAs in TGS was further underpinned by 

observations that miR-17-5p and miR-20a cause H3K9me3 accumulation and transcriptional 

repression of both mRNA and sense promoter-associated RNAs (pRNA) of genes with 

miRNA seed-sequence matches within 1.5kb upstream of the transcription start site (TSS) 
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[108]. Although speculative, another study reported that miR-320, which is encoded proximal 

to the POLR3D TSS in the antisense direction, represses mRNA transcription through 

targeting its own complementary sequence in cis on a sense POLR3D pRNA, thereby 

inducing H3K27me3 accumulation and polycomb silencing [116].  

 

Whereas it seems evident that RNA directed TGS is mediated via interactions with local sense 

or antisense transcripts, the nature and regulation of these pRNAs remain elusive [92, 108, 

117, 118]. A multitude of divergent transcription occurs at all active promoters, which may be 

required to maintain a euchromatic state and keep promoters accessible for mRNA expression 

[119, 120]. Two of the examples discussed above also reported a requirement for extensive 

overlapping transcription at promoters to induce RNA-mediated chromatin remodeling [108, 

116]. One plausible scenario is that regulatory RNAs destabilize or degrade these divergent 

pRNA transcripts, which compromises the open euchromatic state and leads to recruitment of 

the putative TGS complex, heterochromatin formation and polII depletion.  

 

Other RNAi directed effects on gene expression 

In a surprising development, it was recently demonstrated that small dsRNAs targeted to 

promoter regions under certain circumstances also may activate gene expression [121-123]. 

Janowski et al. showed that siRNAs targeted to the PGR promoter can increase gene 

expression by apparently promoting an open chromatin conformation [123], and similar 

observations have been reported for p21 [122]. This phenomenon is referred to as RNA 

activation (RNAa), and has been further supported by findings that both exogenous siRNAs 

and endogenous miR-373, which has a predicted target site with high sequence 

complementarity in the CDH1 promoter, increase E-cadherin levels in human cells in culture 

[124].  
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As for TGS, the currently favored hypothesis is that RNAa is mediated via interactions 

between the small dsRNA and local pRNAs, but the molecular mechanisms are largely 

unknown [117, 125]. Remarkably, shifting the target site or siRNA sequence slightly, or 

merely altering the cell culture conditions, can completely sequester the effect or, in some 

cases, even substitute RNAa with TGS of the respective gene [117, 123, 125]. Subtle changes 

in circumstances can therefore completely alter the outcome from activation to repression or 

vice versa. This could be a consequence of instability in local bidirectional transcription, 

interference with transcription factors, RNA binding proteins or secondary RNA or DNA 

structures, and demonstrates that RNAi directed transcriptional gene regulation is highly 

complex and remains unpredictable with our current understanding. It could also explain how 

isomiRs (variant mature miRNAs arising from alternative 5’- and 3’-end processing [126]) 

may have different functions, thereby adding a whole new layer to the regulation and 

downstream effects of miRNA biogenesis. 

 

To complicate things further, several other types of RNA have also been linked to chromatin 

remodeling and gene silencing. A long endogenous antisense RNA was shown to mediate 

TGS of the tumor suppressor p15 in human cancer cells independently of the RNAi 

machinery [127], and circumstantial evidence has associated piRNAs (piwi associated small 

RNAs) with hypermethylation and silencing of transposable elements in developing mouse 

testes [128]. Notably, it has also been suggested that siRNAs targeted to introns and 

intron/exon junctions may favor alternative splicing by modulating local chromatin structure 

and polII elongation [129]. Consequently, the only thing that can be said with certainty is that 

the molecular machinery controlling epigenetic architecture and transcriptional gene 
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regulation is astonishingly complex, and we are currently only beginning to unravel this 

complex puzzle. 

 

Therapeutic prospects of epigenetic miRNA regulation 

Frequent deregulation and the reversible nature of epigenetic and miRNA pathways in 

diseases such as cancer make them attractive novel biomarkers and therapeutic targets. 

Moreover, the versatility of small regulatory ncRNAs and their interplay with the epigenetic 

machinery opens up a wide range of potential clinical approaches. Sequence based nucleic 

acid therapeutics offer an attractive alternative to more traditional small molecule inhibitors 

by providing additional flexibility for drug design and specificity. As such, miRNA gene 

regulation is becoming an increasingly important focus area in clinical and pharmaceutical 

research. Recent advances include miRNA expression signatures that can discriminate acute 

lymphoblastic leukemia (ALL) from acute myeloid leukemia (AML), and predict outcome in 

hematological, colon, lung, breast, kidney, and bladder cancers [130-135]. Applications in 

treatment decisions, such as response to chemo- and radio-therapy, are also being actively 

pursued [136]. At the current pace, the comprehensiveness and precision of cancer miRNA 

profiles will rapidly increase, and will likely become important diagnostic and prognostic 

tools in the clinic over the next decade.  

 

Epigenetic miRNA cancer biomarkers 

As discussed, repression of several miRNAs has been associated with DNA hypermethylation 

in a variety of cancer types (e.g. let-7, miR-9, -34bc, -137, -148a, -200, -203, -205) (Table 1), 

but the present list of epigenetically regulated miRNAs is too sporadic to be clinically 

relevant. However, with scientific and technical progress more comprehensive maps of 

aberrantly methylated miRNAs in cancer will soon emerge. Unlike unstable mRNA, studies 
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have shown that miRNAs and DNA methylation signatures are present and stable in human 

plasma, serum and oral fluids, making them especially suitable for the development of clinical 

tests [17, 48, 137-140]. OncomiRs that can be detected in this way include miR-21, miR-17-

3p, miR-92 and miR-141 [17, 141]. Notably, Mitchell et al. showed that miRNAs from a 

human prostate cancer xenograft entered circulation in mouse, and could be readily detected 

in plasma and used to successfully discriminate xenograft mice from controls. This was 

extended to human samples as well, where high miR-141 plasma levels correctly 

differentiated between prostate cancer patients and healthy controls [17]. Furthermore, Lodes 

et al. were able to distinguish miRNA expression profiles of normal and cancer patient 

samples using less than 1ml of serum without any form of amplification [139], and circulating 

miRNAs may also be useful in tests for detecting prostate tumor progression [137]. Similarly, 

blood or sputum DNA methylation tests of epigenetically silenced tumor suppressor miRNAs, 

such as the miR-34 and miR-200 families, could provide plausible diagnostic and prognostic 

tools.  

 

miRNAs as direct therapeutic targets 

miRNAs are also promising as direct therapeutic targets. One approach is to use artificial 

miRNA mimics to replace aberrantly repressed tumor suppressor miRNAs [20, 34]. 

Conversely, efforts to sequester oncomiRs by using sequence specific miRNA inhibitors are 

widespread. This strategy has already been tested in nonhuman primates, where it was 

demonstrated that a systemically administrated LNA-based anti-miR-122 was functional and 

non-toxic in monkeys [142, 143]. However, as miRNAs tend to act in groups and networks, 

silencing or activating individual miRNAs may be insufficient. To overcome this problem, it 

has been attempted to simultaneously inhibit subsets of oncomiRs, and miR-21, miR-155 and 
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miR-17-5p have been successfully silenced in cell lines transfected with a multi-target anti-

miR [144].  

 

Due to the reversible nature of DNA methylation and chromatin aberrations, RNAi therapies 

aimed at restoring epigenetic architecture are an attractive prospect. Certain compounds based 

on DNA demethylating agents or HDAC inhibitors, such as 5-Aza-C, 5-Aza-dC and 

suberoylanilide hydroxamic acid (SAHA), are FDA approved as chemotherapeutics and have 

shown some clinical success, but as these drugs alter genome wide epigenetic architecture 

there is a concern of inducing broad unintended side effects [3, 145]. To attain more specific 

and local epigenetic remodeling, individual or pools of siRNA or miRNA could be designed 

to trigger TGS or RNAa of subsets of oncogenes or tumor suppressors. Indeed, siRNAs 

targeting the HIV-1 promoter have already been successfully employed to induce TGS and 

suppress viral replication in a cultured T cell line [146]. In theory, such an approach to direct 

local epigenetic modulations and TGS could easily be tailored to suit individual patients, 

thereby achieving a therapeutic precision unmatched by traditional drugs, yet the molecular 

mechanisms in play must be better resolved before such treatments will become reality [147]. 

 

Future perspectives 

Without doubt, epigenetic and RNA-directed gene regulation provides some of the most 

exciting and promising current prospects for therapeutic research. This is highlighted by a 

strong increase in research output and also by the growing interest among life scientists in 

both academia and the biotech and pharmaceutical industries. Despite impressive advances in 

this young field, major hurdles in specificity and off-target effects remain before any miRNA-

based therapies will reach the clinic. The currently most formidable challenge is 

siRNA/miRNA delivery [147]. However, progress is being made in this area, and data from 
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the first successful phase I trials demonstrating RNAi in solid tumors using a nanoparticle 

siRNA delivery system was recently published, a remarkable feat given that RNAi was 

discovered hardly a decade ago [148].  

 

Apart from issues in therapeutic development, certain technical shortcomings are also holding 

back progress in epigenetic miRNA regulation research. Improved high throughput DNA 

methylation detection methods would facilitate the discovery of aberrantly methylated regions 

in disease. Similarly, more sensitive ChIP techniques from small amounts of starting material, 

preferably without the need for amplification steps, would allow detailed epigenetic 

architecture to be studied in more detail in primary samples, thereby improving our 

understanding of diseased epigenetic states. Technical solutions to overcome such problems 

will be pivotal to the progress of the field. Advances in second and third generation 

sequencing are especially promising and are rapidly getting better and more cost-effective, 

with current efforts directly aimed at solving issues relating to epigenetic profiling.  

 

Conclusion 

In summary, the tissue specificity, robust detection and impressive versatility of small RNAs 

make them ideal as therapeutics and drug targets and they will likely play a key role in the 

advent of personalized medicine. Indeed, miRNA signatures are already rapidly emerging as a 

reliable tool in cancer diagnosis and prognosis, and the epigenetic status of miRNA genes 

may soon follow. We furthermore anticipate that antimiRs and other sequence specific small 

RNA inhibitors will provide powerful tools once stability and delivery issues are resolved. 

The prospect of specifically directing TGS and RNAa of cancer related genes with siRNAs 

and miRNAs is also an intriguing concept, but with our current understanding of the 

underlying mechanisms the biological effects remain unpredictable, and clinical relevance is a 
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future promise that requires intense basic research support. As it stands, the relationship 

between epigenetic architecture and RNA in mammals remains largely unexplored, and we 

predict that ncRNA directed epigenetic remodeling will revolutionize our understanding of 

the dynamic genome and has the potential to shape the future of therapeutic research. 
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Executive summary  

• Epigenetic architecture is crucial for maintaining local and global genomic structure, as 

well as gene expression. 

• Widespread epigenetic alterations occur in disease and are a hallmark of cancer. 

• microRNAs (miRNA) are highly tissue and cell lineage specific gene regulatory ncRNAs 

that are frequently deregulated in cancer. 

• The tissue specificity, stability in blood and oral fluids and relatively low number of 

miRNA genes compared to coding genes make them promising as biomarkers and 

therapeutic targets. 

• miRNA expression can be regulated by epigenetic mechanisms, and, vice versa, miRNAs 

can directly target DNA methylation and histone modifying genes, thereby regulating 

epigenetic architecture.  

• An increasing number of miRNAs are confirmed as DNA hypermethylated and silenced 

in cancer. 

• DNA methylation and chromatin remodeling of specific miRNA genes may be directed 

by transcriptional regulators guiding DNMTs, HDACs and other epigenetic modifiers to 

miRNA promoters. 

• MeCP2, DNMTs, HDACs, HMTs and polycomb repression complex (PRC) components 

are all known direct targets of miRNAs. 

• Designed exogenous promoter targeting siRNAs can induce transcriptional gene 

silencing (TGS) by directing local chromatin remodeling in human cells, and there are 

indications that endogenous miRNAs are involved in similar mechanisms. 

• RNA directed TGS probably occurs via interactions between the siRNA, the putative 

TGS complex and bidirectional transcripts in the target promoter region. 
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• Promoter targeting siRNAs, and possibly endogenous miRNAs, can under certain 

circumstances also induce transcriptional activation (RNAa), but the mechanisms 

regulating these apparently opposing responses are not well understood.  

• Promoter targeting siRNAs could conceivably be designed as therapeutics to direct TGS 

and epigenetic remodeling of specific disease genes. 

• Therapeutics based on artificial miRNA mimics and inhibitory antimiRs are currently 

being developed. 

• Cancer specific miRNAs and associated CpG methylated DNA sequences can be 

detected in blood and sputum, which could be exploited to develop future diagnostic and 

prognostic tests.  

• Our current understanding of epigenetic miRNA regulation is limited, and the assembly 

of broad epigenetic miRNA maps is handicapped by technical limitations. 

• Epigenetic miRNA regulation is a highly promising field likely to dominate future 

clinical research, but therapeutic success will depend on strong basic research to 

overcome current technical hurdles to detection, large scale profiling, bioinformatics and 

drug delivery.  
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Figure legends 

 

Figure 1. The epigenetic miRNA regulation cycle. (A) Enzymes with epigenetic functions, 

such as DNMTs, HDACs, HMTs and polycomb repression complex (PRC) components, 

modulate local epigenetic architecture. (B) DNA methylation and chromatin modifications 

affect polII transcription of miRNA genes. White and black lollipops indicate unmethylated 

and methylated CpG dinucleuotides, respectively. Colored flags represent histone 

modifications. (C) Primary miRNA transcripts (pri-miRNA) are processed into pre-miRNA 

short hairpins by Drosha and exported to the cytoplasm by Exportin 5 (XPO5), where the pre-

miRNAs are subsequently processed into mature miRNA duplexes by Dicer. Mature miRNA 

expression is regulated at all of these levels: transcription, pri-miRNA processing, nuclear 

export and cytoplasmic pre-miRNA processing. (D) Single stranded mature miRNAs 

associate with an Argonaute (AGO1-4), forming the core of the RISC complex. (E) The 

miRNA-loaded RISC binds to mRNAs harboring complementary miRNA target sites (usually 

in the 3’UTR) leading to mRNA destabilization and/or translational repression. (F) miRNA 

targets may be mRNAs of DNA methylation and chromatin modifying enzymes, as depicted 

in (A). Repression of such genes in turn directly affects epigenetic architecture, thereby 

completing the circle of epigenetic miRNA regulation.  

 

Figure 2. Putative model of transcriptional gene silencing (TGS) in mammalian cells. (A) 

Example of an actively transcribed gene. An open chromatin conformation with H3K9Ac and 

H3K4me3 marks enriched around the TSS. PolII is transcribing mRNA and is also active 

upstream of the TSS producing promoter associated RNAs (pRNA). (B) TGS is induced by a 

designed exogenous siRNA with a target site in the promoter. The Argonaute loaded siRNA 

(AGO1 or AGO2) binds its complementary target sequence in a pRNA, AGO1/2 associates 
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either with polII or directly with the local chromatin and HDAC1, DNMT3A, HMT, and 

probably EZH2 and SUV39H, are recruited. This putative TGS complex depletes H3K9Ac 

and catalyzes deposition of H3K9me2 and the H3K27me3 polycomb mark, leading to 

heterochromatin assembly and transcriptional silencing. Recent findings suggest that certain 

miRNAs may act in a similar endogenous mechanism.    
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Table 1. miRNAs that are epigenetically regulated and/or have epigenetic targets   

miRNA Epigenetic regulation 
Transcription factor 

regulation 
Activation/repression in 

cancer Target genes References 
miR-1 CpG hypermethylation   repression HDAC4 [40, 87] 
let-7 family CpG hypermethylation NF-κβ, LIN28, LIN28B activation/repression Myc, HMGA2 [51, 52, 149, 150]  
miR-9 family CpG hypermethylation   repression NF-κβ [50, 53, 56, 59, 151] 
miR-26a     activation EZH2, PTEN, SMAD1 [86, 152]  
miR-29 family   Myc repression DNMT3A/B, MCL1, TCL1 [75, 76]  

miR-34 family CpG hypermethylation 
(34bc) p53 repression Myc, CDK6, MET, E2F3 [33, 49, 57, 59, 62] 

miR-101     repression EZH2 [84, 85]  

miR-124a CpG hypermethylation 
heterochromatin  repression CDK6, FOXA2 [42, 56, 58, 61, 69] 

miR-127 CpG hypermethylation   repression BCL6  [39, 69]  
miR-129 CpG hypermethylation   repression   [53, 54]  
miR-132   CREB, MeCP2 activation p300, MeCP2?  [44] 
miR-137 CpG hypermethylation MeCP2 repression   [43, 53, 57] 
miR-143-145 
cluster not CpG methylation NF-κB1 repression DNMT3A, CBFB, PPP3CA, 

CLINT1 [77, 80, 153] 

miR-148a CpG hypermethylation TGFβ repression DNMT1, DNMT3B, TGIF2 [55, 56, 79, 154] 
miR-152     repression DNMT1 [79] [56] 
miR-181c CpG hypermethylation   repression NOTCH4, KRAS  [155] 
miR-184   MeCP2 activation AKT2, MeCP2?  [45] 

miR-200 family CpG hypermethylation 
heterochromatin ZEB1, Twist? activation/repression TGFβ, ZEB1, ZEB2, BMI1  [30, 47, 71, 156, 

157]  

miR-203 CpG hypermethylation  repression  [46, 57, 60] 

miR-205 CpG hypermethylation 
heterochromatin ZEB1? Twist? repression MED1, HER3, LRP1, VEGF-A [47, 60, 158-160] 

miR-223 CpG hypermethylation 
heterochromatin Aml1/Eto, E2F1 repression RhoB, E2F1  [68, 161, 162] 

miR-342 CpG hypermethylation expressed with host 
gene EVL repression  [163] 

miR-449a     repression HDAC1 [88] 
miR-512 CpG hypermethylation   repression MCL-1 [41] 
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