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INTRODUCTION 

What are microRNAs? 

microRNAs (miRNAs) are evolutionary conserved short endogenous non-coding ribonucleic acids 

(ncRNAs) that inhibit the expression of target genes at the post-transcriptional level [1,2]. The history of 

miRNAs started two decades ago, when Ambros et al., discovered that the C. elegans lin-4 gene did not 

encode a protein, but instead a pair of small ribonucleic acids (RNAs) of approximately 61- and 22-

nucleotides (nt) in length [3]. The former was predicted to adopt a stem-loop structure and to give rise to 

the latter, which was found to target multiple sites in the 3’- untranslated region (UTR) of the lin-14 

messenger RNA (mRNA), resulting in inhibition of its translation without affecting its stability [3,4]. In 

year 2000, a second miRNA gene known as let-7 was identified in the same model organism, whose 

sequence was found to be evolutionary conserved across the animal kingdom [5,6]. Since this humble 

beginning, thousands of miRNA genes have been identified in all known animal genomes as well as plant 

genomes, and miRNAs have indisputably revolutionized our view of post-transcriptional regulation. 

miRNA genes can be tens of kilobases (kb) in length [7] and encode primary miRNA transcripts (pri-

miRNAs), which are first processed into shorter hairpin precursor miRNAs (pre-miRNAs), and then 

ultimately to functional mature miRNAs [8] (Figure 1). Furthermore, miRNAs have been estimated to 

regulate 30 – 60 % of human protein-coding genes [9,10]. This is made possible by the fact that a single 

miRNA can regulate hundreds of target genes. In addition, a particular target can be regulated by 

multiple miRNAs (reviewed in [11]). Thus, miRNAs are involved in a highly complex regulatory network. 

miRNAs are also typically expressed in a tissue-specific or development-specific manner, thereby 

reflecting and contributing to the cell type-specific expression of proteins. Finally, an increasing number 

of functional studies have shown that miRNAs participate in the regulation of a diverse range of 

biological processes, ranging from development and differentiation to metabolic pathways. Accordingly, 

changes in their expression can have profound impact on the pathogenesis of most, if not all human 

malignancies (reviewed in [12]).  

Genomics of miRNAs 

The elucidation of the genomic location and distribution of miRNAs is important in order to 

understand more about their biogenesis and function. To date, more than 1,872 human precursor 

miRNAs, giving rise to more than 2,578 mature miRNAs have been identified (mirbase.org). In mammals, 

genes encoding miRNAs are found throughout the genome on all chromosomes, except the Y 
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chromosome [13-15]. However, they appear to be non-randomly distributed and many miRNAs are 

organized in clusters (reviewed in [16]). One of the largest clusters, e.g. the mir-379/mir-656 cluster on 

chromosome region 14q32, spans approximately 55 kb and harbors more than 50 miRNAs [17]. 

Furthermore, miRNAs can be divided into two classes: intergenic or intragenic. The intergenic miRNAs 

are located between annotated genes and can be tens of kb in length [18], whereas the intragenic 

miRNAs are located within exons or introns and are referred to as exonic or intronic miRNAs, 

respectively [19,20]. Out of 939 human miRNAs analyzed by Sato et al. [21], 31 % were intergenic, 

whereas the remaining were overlapped by either protein or ncRNA transcripts in either sense (44 %), 

antisense (13 %) or both orientations (12 %). Thus, most of the intragenic miRNAs seem to reside within 

introns in the same orientation as their host gene, i.e. transcribed from the same genomic strand [19,20]. 

However, transcription and processing of the opposite genomic strand, i.e. antisense strand, of an 

annotated miRNA gene has been described in Drosophila [22-24]. Interestingly, evidence to support the 

existence of sense-antisense miRNA pairs also in mammals is emerging from high-throughput sequencing 

experiments [25,26].  

Figure 1. miRNA gene structure and organization. 5p, miRNA-5p; 3p, miRNA-3p. See text and Figure 2 
for more details about miRNA biogenesis. 

miRNA nomenclature 

After their discovery, the short lin-4 and let-7 RNAs were for several years referred to as small 

temporal RNAs (stRNAs), due to their roles in controlling the timing of transitions during development of 

C. elegans. As more and more short ncRNAs that did not fit well into this description were identified, the 

term miRNA was introduced to describe stRNAs as well as other RNAs of unknown function [6]. The 

miRBase database was established in 2002, and is a searchable database of miRNA sequences [27]. It is 

now the primary miRNA database and the latest version was available in June 2013 (release 20). An 

important function of miRBase is to assign unique names to distinct miRNAs, which is an absolute 
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necessity as the present version contains 24,521 precursors, giving rise to 30,424 mature miRNAs in 206 

species. To handle all this information, a special system of nomenclature has been adopted. First of all, 

any given miRNA gene and its corresponding mature transcript are referred to by the same name. 

However, the former is written “mir” in italic whereas the latter is written “miR” with a capital R to 

distinguish between the actual gene and its final mature RNA product. In addition, the italic form is also 

frequently used to refer to the primary transcript or precursor sequence. Furthermore, the prefix 

mir/miR is assigned a number that reflects when the miRNA was discovered, e.g. miR-21-5p was 

identified before miR-221-3p. If the sequences of two mature miRNAs are very similar, but differ at one 

or more nucleotides they are assigned a lower case letter, e.g. miR-27a-3p and miR-27b-3p. Two distinct 

miRNA genes at different loci can give rise to identical mature products, which is indicated by an 

additional number, e.g. miR-26a-1-3p and miR-26a-2-3p. The miRNA naming scheme is continuously 

being revised, which means that miRNA names frequently change after their original discovery. For 

instance, many miRNAs have been assigned additional lower case letters due to identification of 

additional miRNAs with similar sequences. Some miRNAs have even been completely renamed, such as 

miR-378a-3p which was previously known as miR-422b. As will be discussed later, a single precursor can 

generate two distinct mature miRNAs. For a long time, the general belief was that only the most highly 

expressed mature miRNA (i.e. dominant miRNA) was functionally active, whereas the less abundant form 

assigned an asterisk, i.e. miRNA* (pronounced miRNA “star”), was considered not to be functional. On 

the other hand, when both mature miRNAs were expressed at similar levels they were denoted with 5p 

or 3p suffixes, depending on their position in the precursor, i.e. 5’- or 3’- ends. More recent studies have 

shown that many miRNA* sequences are functionally active [28]. Consequently, the miRNA 

nomenclature that you meet in the literature from the last 10 years can be rather confusing and it can be 

a challenge to compare data between different studies, which we also experienced in Paper II. In light of 

this, the miR/miR* nomenclature was discontinued in August 2012 (release 19 of miRBase) in favor of 

the -5p/-3p nomenclature, which is also followed throughout the thesis. 

Biogenesis of miRNAs 

Over the last few years a remarkable progress in our understanding of miRNA biogenesis, which 

involves both nuclear and cytoplasmic processing, has been made (reviewed in [29]) (Figure 2). The 

canonical miRNA biogenesis pathway starts with the transcription and subsequent nuclear processing of 

pri-miRNAs by the ribonuclease III (RNase III) enzyme Drosha and its RNA-binding partner DiGeorge 

syndrome critical region gene 8 (DGCR8) [30], which are both parts of a large protein complex known as 
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- - overhangs 

flanking the stem-loop structure, whereas Drosha catalyzes their excisions. The resulting stem-loop pre-

miRNAs are typically 55-80 nt in length and are actively transported from the nucleus into the cytoplasm 

by Exportin-5 [31]. In the cytoplasm, the pre-miRNAs are subsequently cleaved and processed by the 

RNase III enzyme Dicer in concert with its co-factor trans-activation response RNA binding protein 

(TRBP). Dicer interacts directly with the 3’- end of the pre-miRNAs and cleaves them approximately two 

helical turns away [32], into approximately 22-nt imperfect miRNA duplexes with 2-nt 3’- protruding 

ends [33]. The resulting duplexes consist of two strands that are referred to as miRNA-5p and miRNA-3p, 

according to their original locations in the prior stem-loop pre-miRNA. Then, the endonuclease 

argonaute RISC catalytic component 2 (AGO2), which is a core component of the miRNA containing RNA-

induced silencing complex (miRISC), binds directly to the double-stranded miRNA duplex [34]. The 

thermodynamic stability on the ends of the duplex seems to determine which strand, the 5p or 3p, which 

will be incorporated into miRISC [35]. In most cases a preferred strand from the duplex is incorporated, 

becoming the mature miRNA (often referred to as the miRNA guide strand), whereas the remaining 

strand (often referred to as the miRNA passenger strand) is released and degraded (reviewed in [11]). As 

mentioned, two different mature miRNAs, i.e. both miRNA-5p and miRNA-3p, can be excised from a 

single precursor, which is the case for miR-142-5p and miR-142-3p discussed in Paper III. The relative 

expression levels of the two different strands also vary widely among tissues, suggesting that additional 

features of the precursor and regulatory factors are involved [36]. Finally, the mature miRNAs function 

by guiding miRISC to a partially complementary target transcript to either induce translational inhibition, 

and/or deadenylation and degradation (reviewed in [11]) (Figure 2).  

The majority of mature miRNAs seems to be generated through the canonical pathway, although a 

few noteworthy exceptions exist (Figure 2). The most studied alternative pathway involves a class of 

splicing-dependent intronic miRNAs encoded by short introns termed mirtrons [37] (Figure 2). The 

mirtrons bypass Drosha processing and are exported directly to the cytoplasm after being excised as 

intron lariats from the pri-miRNA by the spliceosome. Recently, hundreds of mirtrons have been 

discovered in mammals, suggesting that their regulatory function is more extensive than previously 

acknowledged [38]. A Dicer-independent pathway also exists, where AGO2 cleaves precursor miRNAs, 

e.g. pre-mir-451, into alternative processing intermediates referred to as AGO2-cleaved pre-miRNAs 

[39,40] (Figure 2). Another exciting discovery is the observation that multiple miRNA-like RNAs can be 

generated by sequential processing of precursor sequences in plants [41].  
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Figure 2. miRNA biogenesis. AAAA, polyadenylation tail; AGO2, argonaute RISC catalytic component 2; 
CAP, 7 methylguanosine triphosphate; DGCR8, DiGeorge critical region gene 8; miRISC, miRNA 
containing RNA-induced silencing complex; PABPC1, poly(A) binding protein cytoplasmic 1; pri- and pre-
miRNA, primary and precursor miRNA; RNAPII, RNA polymerase II; TNRC6, trinucleotide repeat 
containing 6; TRBP, trans-activation response RNA binding protein. See text for more details. Adapted by 
permission from Macmillan publishers Ltd: Nature Reviews Genetics [29], copyright 2010. 
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Regulation of miRNAs 

The expression of miRNAs is regulated by multiple mechanisms at the genetic, transcriptional, post-

transcriptional and epigenetic level (reviewed in [21,29,42]). The three former concepts will be 

introduced below, while epigenetic regulation is described later. 

Genetic dysregulation of miRNAs 

Many miRNAs are located in common breakpoint regions and genomic areas of amplification and 

loss of heterozygosity, which potentially has an impact on their expression [43]. For  instance, deletion of 

the chromosome region 13q14 in chronic lymphocytic leukaemia (CLL), results in downregulation of the 

encoded miR-15a-5p and miR-16-5p [44]. Similarly, amplification of the mir-17-92 cluster at chromosome 

region 13q31.3 in many cancer types is often followed by a concomitant overexpression of the encoded 

miRNAs [45,46]. In addition, short nucleotide polymorphisms (SNPs) in miRNA genes have the potential 

to influence transcription of pri-miRNAs, processing of pre-miRNAs, as well as their target interactions 

[47]. 

Transcriptional regulation of miRNAs 

Most miRNA genes are believed to be transcribed by RNA polymerase II (RNAPII) [18,48], although 

several exceptions where RNAPIII is involved are known [49,50]. The intergenic miRNAs encode capped 

and polyadenylated pri-miRNAs and function as independent transcription units with their own 

regulatory elements. On the other hand, the intragenic miRNAs may either function as independent units 

or be dependent on their host genes. The results of early cloning experiments suggested that 

approximately 25 % of human miRNA genes were located in introns of protein-coding genes [48]. In most 

cases both transcripts were orientated in the same direction, implying that these miRNAs could be 

processed from their host genes. Later, studies showed that intragenic miRNAs are frequently co-

expressed with their host genes, suggesting that they also share the same regulatory regions [51,52]. 

However, a few miRNAs were also found to be oriented in the opposite direction to the annotated host 

gene, indicating that they were independently transcribed [53]. Now, a view that many intragenic 

miRNAs have their own promoters and act as independent transcription units is emerging [50,54]. 

Furthermore, miRNAs organized in clusters can be transcribed either together or independently [55]. 

Despite the fact that a large number of miRNAs has been demonstrated to play a crucial role in 

various biological processes, very few primary transcripts have been experimentally characterized in 

great detail. Consequently, little is known about the transcription start sites (TSSs), associated promoter 
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regions, and transcriptional regulation of most miRNA genes. Some progress has emerged from large 

scale studies based on genomic analyses and integration of various high-throughput sequencing data 

[7,50,56-59], but most of the identified putative TSSs and promoter regions lack experimental 

verification. As a typical miRNA gene is transcribed by RNAPII, it is likely that they are regulated in a 

similar manner to that of protein-coding genes (reviewed in [60]). Thus, their promoters are believed to 

share many of the same general features [7] (Figure 3). The region around a classical promoter region of 

a gene transcribed by RNAPII is commonly divided into a short core region (approximately 100 base pairs 

(bp) long), encompassing the TSS with sequence motifs such as the TATA box. Furthermore, a larger 

proximal promoter (several hundred bp long) located immediately upstream of the core promoter region 

contains additional proximal transcription factor binding sites (TFBSs) and various promoter elements 

such as enhancer boxes (E-boxes). In addition, more distal regions including enhancers can provide 

secondary regulatory information [54].  

Figure 3. Regulation of transcription. TFBS, transcription factor binding site; TSS, transcription start site. 
See text for more details. Adapted by permission from Macmillan Publishers Ltd: Nature Reviews 
Genetics [60], copyright 2012. 
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Post-transcriptional regulation of miRNAs 

miRNAs are subject to extensive post-transcriptional regulation, observed as a lack of correlation 

between the levels of primary and mature miRNAs (reviewed in [61]). Post-transcriptional regulation can 

give rise to new miRNAs with changed targeting capabilities, or change the ratio between miRNA-5p and 

miRNA-3p in different tissues during development and differentiation [36]. 

The miRNA biogenesis is regulated at multiple steps in the nucleus and in the cytoplasm, and the 

activity of the core proteins Drosha and Dicer are under immense regulatory control (reviewed in [29]).  

In addition, their respective double-stranded RNA (dsRNA)-binding partners DGCR8 and TRBP, AGO2, and 

numerous associated co-factors are subject to regulation that positively or negatively affects the level of 

miRNAs. Studies using DGCR8 and Dicer null ESCs have demonstrated the importance of individual 

components of the miRNA processing machinery, as these cells lack all mature miRNAs [62,63]. It is also 

possible to affect the processing of specific subsets of miRNAs by regulating other components of the 

pathway. Inhibition of the DEAD box helicases DDX5 and DDX17 (formerly known as p68 and p72) in mice 

results in reduced levels of miR-16-5p, miR-21-5p, miR-145-5p and miR-199a-5p/b-5p, but not all miRNAs 

[64].  

One of the best described repressors of miRNA biogenesis is lin-28 homolog A (LIN28A), which is 

required for stem cells maintenance of ESCs and their differentiation [65]. LIN28A binds the primary 

transcripts and precursor forms of several miRNAs including members of the let-7 family [44,66]. In the 

nucleus, LIN28A binds to pri-let-7 and blocks its cleavage by Drosha [67]. It also interferes with miRNA 

processing in the cytoplasm by promoting 3’- uridylation of pre-let-7. The resulting uridylated precursor 

is resistant to cleavage by Dicer and undergoes degradation. Interestingly, let-7 also targets LIN28A, 

which increases the regulatory complexity even further. LIN28A also modulates maturation and activity 

of let-7 in cancer cells [65].  

High-throughput sequencing (small RNA-seq) has revealed that individual miRNAs encoded by a 

single locus can be heterogeneous in length and/or sequence (reviewed in [68]). For instance, let-7a-5p 

has been reported to have 78 different mature variants [61]. Before being recognized as bona fide 

variants of miRNAs, these so called isomiRs were typically dismissed as putative experimental errors [69]. 

Most importantly, the observed heterogeneity is not due to genetic mutation, but arises at the post-

transcriptional level due to imprecise cleavage by Drosha or Dicer, or by nucleotide extension or 

trimming. The sequence of isomiRs can vary by one or more nt at the 5’- or 3’- ends. Most isomiRs show 

variations at the 3’- end by the presence of additional adenines and/or uridines, believed to primarily 
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regulate miRNA stability [70]. In contrast, modifications at the 5’- end can have more severe 

consequences, as it may influence both the processing, stability, target specificity and strand selection of 

a given miRNA [71]. Several miRNAs are also subject to internal RNA editing by adenosine deaminases 

acting on RNAs (ADARs) [72], which gives rise to polymorphic isomiRs by deaminating adenosine to 

inosine. One example is provided by mir-142, where RNA editing of the primary transcript results in 

suppression of Drosha processing, followed by degradation and subsequent reduction of the mature 

transcripts [72]. IsomiRs have also been reported to be involved in cancer development [73].  

miRNAs have for a long time been considered to be an inherently stable family of RNAs. However, it 

is now becoming apparent that specific miRNAs, or miRNAs under certain circumstances, are prone to 

rapid degradation and that this represents an important aspect of miRNA regulation (reviewed in [74]). 

For instance, miR-503-5p is dynamically regulated during the cell cycle and its level is rapidly decreased 

after cell cycle re-entry [75]). This instability has been shown to be dependent of the seed region and 

nucleotides at the 3’- end. Furthermore, several proteins that promote degradation of miRNAs have 

been identified. For instance miR-221-3p/222-3p have been shown to be destabilized by exposure to 

interferon beta [76]. This process involves polyribonucleotide nucleotidyltransferase 1 (PNPT1), which 

specifically degrades the mature forms without any effect on the primary transcripts or precursors. 

One of the most exciting discoveries when it comes to post-transcriptional regulation of miRNAs are 

the competitive endogenous RNAs (ceRNAs) (reviewed in [77]). The ceRNAs are encoded by both 

protein- and non-coding genes, contains miRNA binding sites and repress the function of miRNAs by 

sequestering them from other specific target transcripts. One example is provided by the pseudogene 

phosphatase and tensin homolog pseudogene 1 (PTENP1) [78]. The interactions between ceRNAs and 

miRNAs have been proposed to give rise to a large-scale regulatory network across the transcriptome, 

which can have a profound impact on cellular phenotypes [79].  

Regulation by miRNAs 

The majority of mammalian miRNAs are assumed to guide miRISC to their partial complementary 

sites located in the 3’- UTR of a target gene, which is usually followed by protein repression through 

several mechanisms involving mRNA degradation and translational inhibition (reviewed in [11]) (Figure 

2). Specificity is believed to be largely mediated by continuous base-paring between nt 2 - 8 at the 5’- 

end of the miRNA (i.e. the seed region) and the target. However, perfectly matched seed regions are 

neither necessary nor sufficient for all interactions [80-82] and compensatory binding at the 3’- end, as 
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well as centered pairing between the miRNA and the target have been reported [81,83]. Most human 

mRNAs seem to have binding sites for miRNAs and a large number of protein-coding genes appear to be 

under selective pressure to maintain pairing to miRNAs [9]. Most of the predicted and characterized 

binding sites are located in the 3’- UTR. Although, new methods such as ultraviolet crosslinking and 

immunoprecipitation (CLIP), has revealed the existence of numerous miRNA binding sites in the 5’- UTR 

and protein-coding regions [84].  

A large number of proteins interacts with AGO2 and consequently regulate the ability of miRISC to 

repress a target (reviewed in [29]). For instance, AGO2 is subjected to ubiquitinylation and subsequent 

proteasome-mediated degradation [85]. Another example is provided by the trinucleotide repeat 

containing 6 (TNRC6, formerly known as GW182) family of proteins, which binds directly to AGO2 and 

are essential for miRNA-mediated gene silencing in animal cells (reviewed in [86]) (Figure 2). An 

important role of the TNRC6 proteins is probably to act as scaffolds for the assembly of miRISC 

components that are required for deadenylation, decapping and decay of mRNA targets. In addition, the 

miRISC, TNRC6, mature miRNAs and repressed mRNAs are enriched in processing bodies (P bodies), 

which are cytoplasmic structures thought to be involved in the storage or degradation of translationally 

repressed mRNAs [87].  

In general, miRNAs repress gene expression, but they can also stimulate translation under certain 

circumstances [88,89]. Several miRNAs including members of the let-7 family and miR-369-3p can switch 

from repression to activation during the cell cycle [88]. To add even more complexity, miRNAs have also 

been shown to exert their powers in the nucleus and some miRNAs can regulate the biogenesis of other 

ncRNAs including primary miRNA transcripts [90,91]. In addition, some miRNAs have been demonstrated 

to regulate gene expression at the transcriptional level through targeting the promoter regions of 

protein-coding genes [92,93]. For example, miR-10a-5p inhibits transcription of homeobox D4 (HOXD4) 

in human breast cancer cells [92].  

In plants, nearly full complementarity between the miRNA and its target is required, which makes 

target prediction relatively easy (reviewed in [94]). As mentioned above, most mammalian miRNAs 

identify their targets by imperfect binding to complementary sites, which makes target gene 

identification more challenging. Despite this, a large number of prominent prediction algorithms, such as 

TargetScanS (used in Paper I) has been developed (reviewed in [95]). Databases of experimentally 

verified miRNA targets exist, and the current version of miRTarBase (release 4.4) contains 20,970 

validated human miRNA-target interactions [96]. Various luciferase reporter assays are commonly used 
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to validate miRNA binding to a predicted target. Such experiments typically involve cloning of the 3’- UTR 

of the target gene downstream of the luciferase gene in a reporter construct. Reduced activity of the 

reporter after being exposed to the miRNA in question will then indicate an interaction between the 

miRNA and its binding site(s). In addition, several alternative methods to verify a target exist (reviewed in 

[97]).  

Epigenetics 

The term “epigenetics” literally means “besides genetics” and was introduced in the 1940s by 

Conrad Waddington [98]. The modern definition of an epigenetic mechanism includes all heritable 

phenotypes that are not related to changes in the underlying deoxyribonucleic acid (DNA) sequence 

(reviewed in [99]) (Figure 4). Epigenetic regulation has a major impact on transcription in the cell, and 

consequently in controlling expression of a large number of genes. In most cases epigenetic regulation 

involves DNA methylation (reviewed in [100]), and different histone variants and modifications 

(reviewed in [101]). In addition, RNA-based mechanisms involving the coordinated action of ncRNAs with 

DNA methylation and histone modifications, can regulate the transcriptional activity of genomic loci 

(reviewed in [102]). Together, these mechanisms contribute to cell identity and diversity. DNA 

methylation is the main focus of Paper III. 

Figure 4. Epigenetic regulation of gene expression. (1) DNA methylation refers to the addition of a 
methyl group to a cytosine. (2) The protruding tails of histones can be post-translationally modified 
(indicated by light and dark blue balls). (3) RNA-based mechanisms involving non-coding RNAs. See text 
for more details. Reproduced with permission from Yan et al. [103].  
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DNA methylation 

DNA methylation is a covalent modification of DNA, which involves the addition of a methyl group 

to a nucleotide such as cytosine. The transfer of a methyl group to the 5’- position of a cytosine followed 

by a guanine (CpG) is one of the most common epigenetic modification in eukaryotic genomes [104], and 

is intimately linked to silencing of gene expression (reviewed in [105]). DNA methyltransferases (DNMTs) 

are responsible for the establishment of methylation patterns at specific regions of the genome and their 

maintenance during cell division (reviewed in [106]). In mammals, three catalytically active DNMTs have 

been described. DNMT1 is the primary maintenance methyltransferase [107], whereas DNMT3A and 

DNMT3B are responsible for de novo DNA methylation during embryonic development [108]. DNA 

methylation plays a crucial role in various biological processes, including X-chromosome inactivation 

[109], mammalian embryogenesis [110], genomic imprinting [111], silencing of repetitive or parasitic 

elements [112], and cancer [113].  

CpG islands 

CpG islands (CGIs) are GC-rich regions with high relative densities of CpGs compared with the rest of 

the genome [114]. They co-localize with the TSS and promoter region of approximately 50 - 70% of 

annotated human protein-coding genes, i.e. promoter-associated CGIs [115]. Most of the CGIs are 

believed to be associated with promoter-regions of house-keeping- and tissue-specific genes [112]. The 

remaining CGIs located in intragenic- or intergenic regions, are classified as orphan [116]. One of the first 

generally accepted definitions of what constitutes a CGI was proposed more than 25 years ago by 

Gardiner-Garden & Frommer [114]. They defined a CGI as being a stretch of DNA > 200 bp with a GC 

content > 50% and a ratio of observed versus expected CpGs > 0.60. A more stringent algorithm based 

on in silico 

> 55% and a CpG ratio of 0.65 were more likely to be associated with the 5’- region of genes, and to 

eliminate a large fraction of false positives [117]. Most CGIs are unmethylated in normal somatic tissues, 

explained by the fact that methylated cytosines are mutational hotspots resulting from the spontaneous 

deamination of 5-methylcytosine to thymine [118]. The exception is CGIs of imprinted genes, X 

chromosome inactivated genes, germ-line specific genes and tissue-specific genes. However, it has 

recently been reported that 3 - 12 % of CGIs, also are methylated in a variety of somatic tissues [119-

121]. In addition, the majority of CpG-rich retroelements and repeated sequences are methylated in 

normal cells (reviewed in [122]). 
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Histone modifications 

Eukaryotic nuclear DNA is packaged into a chromatin structure, whose basic repeating unit is a 

nucleosome composed of an octamer of four core histones (Figure 4), i.e. H2A, H2B, H3 and H4, wrapped 

around 147 bp of DNA (reviewed in [123]). The structure of chromatin is highly dynamic and various 

post-translational modifications of histones, and the position of nucleosomes relative to DNA, regulate 

its function and expression potential. Altogether, these epigenetic mechanisms work coordinately with 

DNA methylation to control the accessibility of transcription factors to regulatory regions (reviewed in 

[124]). The best described modifications of histones are acetylation and methylation, directed by histone 

acetyltransferases (HATs) and lysine methyltransferases, respectively. Acetylation of the regulatory 

region of a gene, e.g. acetylation of lysine 27 on histone 3 (H3K27ac), is almost invariably associated with 

increased gene expression and is mediated by HATs such as the transcriptional co-activator E1A binding 

protein p300 (EP300). Removal of acetylation is mediated by histone deacetylases (HDACs) and is 

correlated with reduced expression of genes. In contrast, methylation is associated with either activation 

or repression of genes depending on which histone residue is being affected. Trimethylation of lysine 4 

on histone 3 (H3K4me3) and dimethylation of lysine 79 (H3K79me2) is typically associated with actively 

transcribed genes (reviewed in [125]). On the other hand, trimethylation of H3K9 (H3K9me3) and H3K27 

(H3K27me3) on histone 3 serve as docking sites for repressor complexes containing HDACs, and are 

associated with transcriptionally repressed genes. The H3K27me3 is mediated by enhancer of zeste 

homolog 2 (EZH2), which is part of the chromatin-modifying polycomb repressive complexes (reviewed 

in [126]). The relevant methyltransferases also interact directly with DNMTs, thus providing a link 

between histone modifications and DNA methylation [127,128]. 

DNA methylation and silencing of genes 

The relationship between DNA methylation and gene expression is complex. DNA methylation of 

CGIs often correlates with repression of transcription as a result of decreased affinity for transcription 

factors [129] and/or by facilitating the assembly of chromatin-modifying repressor complexes at the 

methylated regions (reviewed in [130]). DNA methylation of a single CpG site within cis-regulatory 

promoter elements has been demonstrated to be sufficient to block the binding of transcription factors 

to the DNA. For instance, E-boxes have been identified as important regulators of transcription and their 

methylation has been shown to significantly decrease the binding affinity of transcription factors such as 

upstream transcription factor 1 and 2 (USF1 and USF2) [131] and v-myc myelocytomatosis viral oncogene 

homolog (MYC) [132]. In addition, the methylation status of GC-boxes has been demonstrated to be 
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significantly associated with repressed expression [133]. Numerous methyl-CpG binding domain (MBD) 

proteins that selectively interact and bind methylated CpGs have been identified (reviewed in [130]). 

MBD proteins are believed to associate with various chromatin modifiers to establish a repressive 

chromatin environment. For instance, methyl CpG binding protein 2 (MECP2) has been demonstrated to 

recruit lysine methyltransferases as well as HDACs to methylated DNA, resulting in gene repression 

[134,135]. Thus, the MBD proteins represented by MECP2 connect a repressive DNA modification with 

repressive histone modifications. Furthermore, although the dinucleotide CpG is the predominant site of 

DNA methylation [104], non-CpG methylation is known to occur in the promoter region of several genes 

[136,137]. DNA methylation of such sites has been shown to repress promoter activity [136].  

DNA methylation and tissue-specific gene expression 

DNA methylation of CGIs is often considered to be a developmentally regulated event that control 

tissue-specific expression of genes. Despite this, the role of DNA methylation in tissue-specific gene 

expression is somewhat controversial. Several lines of evidence suggest that the majority of changes in 

DNA methylation occur early during lineage commitment, and that only a few are acquired during later 

stages of terminal differentiation [138,139]. Accordingly, differences in methylation status of CGIs 

between one somatic tissue and another are relatively rare. However, 7.1 % of CGIs in approximately 

2,500 conserved loci has been shown to be differentially methylated between dermal fibroblasts and 

cluster of differentiation 4 molecule positive (i.e. CD4 positive) lymphocytes [140]. Another genome-

wide study showed that 6 - 8 % of CGIs are methylated in blood, brain, muscle and spleen, and that CGIs 

showing tissue-specific DNA methylation were enriched at loci that are essential for development [119]. 

Interestingly, several studies have demonstrated that differential CGI methylation between somatic 

tissues and cell types preferably occurs at the orphan CGIs [116,138,141], many of which represent sites 

of tissue-specific transcriptional initiation [141,142].  

Epigenetics and miRNAs 

As most miRNAs are believed to be regulated by RNAPII, independent of whether they are 

intragenic or intergenic, it is not surprising that the genes encoding miRNAs undergo the same epigenetic 

processes as protein-coding genes (reviewed in [21,143]). Consistently, approximately 50 % of human 

miRNAs have been reported to be associated with CGIs [144], is similar to what is observed for protein-

coding genes [115].  
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Epigenetic regulation of miRNAs 

One of the first miRNAs identified as epigenetically regulated was the intergenic miR-127-3p [145]. 

This was achieved by treating T24 bladder cancer cells with the DNMT-inhibitor 5-aza-2’- deoxycytidine 

(5-Aza) and an HDAC inhibitor. Interestingly 17 out of 313 miRNAs including miR-127-3p were > 3-fold 

upregulated after treatment. mir-127 was found to be embedded in a CGI, which is a common theme 

among miRNAs demonstrated to be epigenetically regulated. Since then, numerous studies describing 

epigenetic regulation of miRNAs in both normal and cancer cells have been published (reviewed in 

[21,146]). DNA methylation is not the only epigenetic mechanism that can affect miRNA expression. In 

the breast cancer cell line SKBr3, inhibition of HDAC alone for five hours resulted in alteration in miRNA 

levels in 40 % of the 67 expressed miRNAs [147]. It was not determined whether this was caused by 

direct or indirect effects. In a more comprehensive study, 37 pri-miRNAs, encoding 47 miRNAs, were 

identified as putative targets for epigenetic inactivation [148]. This was achieved by comparison of 

miRNA expression and histone modifications, e.g. H3K4me3 and H3K27me3, before and after DNA 

demethylation. The promoter regions of 22 pri-miRNAs were associated with hypermethylated CGIs.  

Furthermore, miRNAs are typically expressed in a cell-specific, tissue-specific and development-

specific manner [149-155]. Increasing evidence support an important role of epigenetic mechanisms in 

these processes [144,156,157]. For instance, DNA methylation and histone modifications have been 

shown to play a major role in cell type-specific miRNA regulation associated with human mammary 

epithelial and fibroblast cells [157]. In this study, the expression pattern of almost 10 % of the identified 

miRNAs was associated with epigenetic regulation of their promoter regions. Furthermore, 38 % and 58 

% of these miRNAs were repressed by either DNA methylation or H3K27me3, respectively, whereas only 

21 %, e.g. miR-10a-5p and miR-10b-5p, were repressed by both mechanisms.  

A large fraction of miRNAs is regulated by imprinting, which is a complex developmentally regulated 

epigenetic phenomenon where genes are expressed from only one allele in a parent-of-origin-specific 

manner (reviewed in [158]). Many of them are organized in large clusters harboring more than 40 

miRNAs [159,160]. One example is provided by the chromosome 19 miRNA cluster, expressed from the 

paternally inherited allele, most likely from an upstream CpG-rich promoter region, displaying a 

maternal-specific DNA methylation imprint [160].  

miRNA regulation of epigenetic factors 

miRNAs referred to as epi-miRNAs target effectors of the epigenetic machinery, including DNMTs 

and HDACs. This may have major functional consequences on several pathways and processes (reviewed 
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in [156]). The first described epi-miRNAs were members of the mir-29 family, which targets DNMTs in 

lung cancer [161]. Another example is provided by miR-22-3p, which targets histone deacetylase 6 

(HDAC6) during differentiation of adult stem cells [162]. 

miRNAs in development 

lin-4 and let-7 are not only involved in developmental timing in C. elegans [3,5], but function as 

important regulators during embryogenesis also in higher organisms. This has been elucidated using 

Dicer knockout mice lacking functional miRNA biogenesis. Loss of Dicer is lethal to early embryonic 

development due to depletion of pluripotent stem cells, which strongly support a crucial role of miRNAs 

in embryogenesis and development [163]. Consistently, a unique set of miRNAs has been reported to be 

associated with mouse ESCs [62] as well as human ESCs [164], whose expression levels change during 

differentiation into specialized cell types (reviewed in [165]). It is now becoming evident that miRNAs are 

associated with most biological and cellular processes in the body (reviewed in [12]).  

miRNAs in disease 

A huge effort has been devoted to determine the biological functions of miRNAs and their relevance 

to human diseases. This has showed that consistent with their essential regulatory roles in controlling 

developmental processes, they are most likely implicated in the pathogenesis of most, if not all human 

malignancies (reviewed in [12]). Thus, comparisons of expression profiles in healthy and diseased tissues 

have revealed aberrantly expressed miRNAs in cardiac hypertrophy as well as in neurodegenerative 

disorders. Furthermore, aberrant expression of miRNAs have been observed in all studied cancer types 

(reviewed in [42]). miRNAs were identified as cancer genes more than 10 years ago, when it was 

discovered that the frequently deleted chromosome region 13q14 in CLL did not encode proteins, but 

two miRNAs known as miR-15a-5p and miR-16-5p  [44]. This suggested that mir-15a and mir-16 could 

function as tumor suppressor genes, and accordingly a few years later it was demonstrated that they can 

induce apoptosis by targeting the oncogene B-cell CLL/lymphoma 2 (BCL2) [166]. Other miRNAs with 

tumor suppressor roles are the various members of the let-7 family, which besides targeting the 

oncogene Kirsten rat sarcoma viral oncogene homolog (KRAS) [167], also target the high mobility group 

AT-hook 2 (HMGA2), which is aberrantly expressed in various cancers, including those of mesenchymal 

origin such as liposarcoma [168]. The first miRNA found to be overexpressed in cancer was miR-155-5p 

[169], which we identified as an important regulator of human adipocyte differentiation in Paper I. This 

miRNA has been shown to be overexpressed in a large variety of cancers such as B cell lymphomas, 
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leukemia, breast cancer and colon cancer (reviewed in [170]), as well as in liposarcoma where miR-155-

5p promotes cell proliferation [171].  

miRNAs are also implicated in a variety of metabolic diseases (reviewed in [172]). For instance, 

miRNAs have been shown to regulate metabolic processes associated with type 2 diabetes such as 

insulin signaling [173,174]. In another study, 50 miRNAs were reported to be differentially expressed in 

subcutaneous human adipose tissue (fat tissue) between lean and obese subjects [175]. Interestingly, 17 

of these were also associated with body mass index (BMI) and various metabolic parameters.  

Stem cells 

Stem cells are defined as undifferentiated cells that possess the capacity of self-renewal (i.e. they 

can undergo numerous cell divisions without losing their stem cell identity) and have the ability to 

differentiate into multiple mature cell types (reviewed in [176]). However, only totipotent stem cells, 

such as the newly fertilized egg have the potential to differentiate into all cellular phenotypes and give 

rise to an entire organism. After the blastocyst stage, the cells start to specialize, and are commonly 

referred to as pluripotent. An example of such cells is ESCs [104], which can generate tissues from the 

three primary germ layers: ectoderm, endoderm and mesoderm [104]. Numerous types of stem cells are 

also present in the majority of adult and fetal tissues. Despite the fact that these cells are able to self-

renew, they have a more limited differentiation potential than ESCs, and are usually referred to as 

multipotent stem cells. The hematopoietic stem cells (HSCs) identified more than 50 years ago [177], is 

probably the best characterized adult stem cell population (reviewed in [178]). These cells reside in the 

bone marrow and give rise to all blood cell components during hematopoiesis. Mesenchymal stem cells 

represent another type of multipotent adult stem cell population that also resides within the bone 

marrow [179]. The characteristics of these cells will be described in detail below.  

Mesenchymal stem cells 

The plastic adherent fibroblast-like cells, later known as mesenchymal stem cells [180], or 

multipotent mesenchymal stromal cells (MSCs) [181], were identified nearly 40 years ago as bone-

forming precursor cells in the bone marrow of rats [182]. MSCs are non-hematopoietic stromal cells able 

to self-renew and differentiate into multiple mesenchymal lineages [179] (Figure 5). Besides bone 

marrow, MSCs have been isolated from a variety of tissues and organs (Figure 5) such as adipose tissue 

[183], peripheral blood [184] synovial tissue [185], glomeruli [186], dental pulp [187], skeletal muscle 

[188], neural crest [189] and liver [190]. MSCs are not only found in adult tissues, but are present during 
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the first three months in the human embryo, in amniotic fluid [191], the placenta [192] and in umbilical 

cord blood [193]. In general, MSCs are present in very low quantities in tissues. For instance, MSCs 

comprise only 0.01 – 0.001 % of the total cell number in the bone marrow [194]. 

Figure 5. Multipotent mesenchymal stromal cells. See text for more details. Adapted by permission 
from Macmillan Publishers Ltd: Nature Reviews  Molecular Cell Biology [195], copyright  2011. 

Characterization of MSCs 

Most current methodologies used to isolate plastic adherent cells from the bone marrow give rise to 

a heterogeneous population of cells with various potential to proliferate and differentiate (reviewed in 

[195]). In addition, MSCs isolated from various tissues seem to have subtle, but still significant 

differences. Some of them probably reflect distinct functional properties of the cells due to their various 

origins [196], whereas others are simple due to the lack of defining surface markers to characterize 

MSCs. To address this lack of consensus and to allow for a better comparison of studies from different 

laboratories, the Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular 

Therapy has proposed a standard set of criteria to define MSCs [181]. First, the cell must adhere to 

plastic in vitro. Second, the cells must express a set of specific surface markers including integrin, beta 1 

(ITGB1, formerly known as CD29), 5'- nucleotidase ecto (NT5E, formerly known as CD73), Thy-1 cell 

surface antigen (THY1, formerly known as CD90) and endoglin (ENG, formerly known CD105). In addition, 

they must lack expression of hematopoietic markers, e.g. CD14 molecule (CD14), CD34 molecule (CD34) 
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and protein tyrosine phosphatase receptor type C (PTPRC, formerly known as CD45). Finally, the cells 

must have the capacity to differentiate to adipocytes (fat cells), osteoblasts (bone cells) and 

chondrocytes (cartilage) in vitro. 

Differentiation of MSCs 

MSCs can differentiate into a variety of mesenchymal lineages including adipocytes, osteoblasts, 

chondrocytes (Figure 5) and myocytes (muscle cells) in vitro [183]. Furthermore, after ectopic 

implantation, they give rise to bone and cartilage [197]. Although controversial, MSCs also seem capable 

of differentiation into cell types which are phenotypically unrelated to the cells in their tissue of origin 

[198,199] (Figure 5). In support of these observations, genes specific for multiple lineages has been 

reported to be accessible for transcription in undifferentiated MSCs [200].  

MSCs as therapeutics 

MSCs have been used in clinical trials since year 1995 and have emerged as a promising therapeutic 

approach of cell-based therapy (reviewed in [201]). The therapeutic potential of MSCs is based on 

several unique characteristics: (1) their capacity to differentiate into several cell lineages; (2) their 

immunomodulatory properties and lack of immunogenicity; (3) their ability to migrate to damaged 

tissues; (4) their ability to secrete a multitude of soluble growth factors and cytokines; (5) their lack of 

ethical controversy (in contrast to ESCs) and (6) their ex vivo expansion potential (reviewed in [201]). 

Consequently, MSCs are currently being clinically explored as treatment of a variety of human diseases, 

in tissue repair and as vehicles to deliver therapy to malignancies (reviewed in [201]). 

Senescence and immortalization of MSCs 

Despite the promising use of MSCs in a variety of therapeutic applications, these cells are hampered 

by certain disadvantages. In a similar manner as other adult stem cells, MSCs have a limited ex vivo 

lifespan [202]. Other important issues that compromise the benefit of MSCs in therapeutic applications 

as well as in basic research, is the fact that long-term cultured MSCs frequently show impaired 

proliferation and differentiation capacity [202]. 

 In contrast to what is observed in ESCs showing abundant telomerase expression [203], each cell 

division in cultured MSCs is associated with a progressive shortening of the telomeres, due to low or 

undetectable telomerase activity [202]. The telomeres are repetitive three-dimensional G-rich structures 

protecting the chromosome ends (reviewed in [204]). Of importance, their appropriate lengths are 

maintained by the telomerase ribonucleoprotein complex, consisting of an RNA subunit with the 
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template for telomere elongation, and a catalytic subunit known as telomerase reverse transcriptase 

(TERT) [205]. Thus, MSCs divide only a finite number of times in vitro before entering a permanent 

proliferation arrest known as replicative senescence [206]. This process is not only due to telomere 

shortening, but involves other mechanisms as well [207]. Senescent MSCs have a very characteristic 

phenotype as the cells become flat and enlarged with a reduced ability to adhere to plastic [159].  

Several strategies to overcome replicative senescence and to immortalize MSCs exist, such as the 

introduction of simian virus 40 large T (SV40T) antigen [208] or the human papillomavirus 16 E6/E7 gene 

to prevent cyclin-dependent kinase inhibitor 2A/retinoblastoma 1 (CDKN2A/RB1)-associated senescence 

[209]. However, the most common approach is to constitutively overexpress TERT, which can restore 

telomerase activity and elongate telomere length in normal cells, without inducing a malignant 

phenotype (reviewed in [210]). Ectopic expression of TERT extends the lifespan of MSCs derived from 

various sources [206,211,212]  as well as endothelial cells and fibroblasts [213]. Several studies have 

reported that the phenotype and differentiation potential of the immortalized human MSCs (hMSCs) is 

maintained [214-216]. The mechanistic and molecular basis underlying immortalization by TERT is not 

completely understood. Although, it is evident that TERT has additional functions, both dependent and 

independent of its catalytic activity (reviewed in [217]). 

MSCs in cancer 

MSCs are hypothesized to be the cell of origin for sarcoma, which is a heterogeneous group of soft 

tissue and bone cancers (reviewed in [218,219]). For instance, osteosarcoma arises in bones, whereas 

liposarcoma arises in adipose tissue. However, the knowledge regarding the molecular mechanisms 

behind transformation of MSCs is currently limited. One unanswered question is whether sarcoma 

originates from differentiated MSCs at various stages or if it originates from a multipotent and 

undifferentiated MSC. The first model assumes that sarcoma is a differentiation malignancy, caused by 

detrimental mutations that interfere with the tightly regulated process of terminal differentiation into 

mature cells. Evidence to support this is provided by the observation that a differentiated sarcoma is 

more similar to a differentiated MSC than an undifferentiated MSC at the genome-wide level [220,221]. 

As an example, different liposarcoma subtypes can be correctly classified according to specific time 

points during in vitro adipogenesis [220]. However, the observation that various sarcoma cells can 

differentiate into multiple lineages in vitro is not in favor of this model, and rather suggests that the cell 

of origin of sarcomas may be a more multipotent MSC [222]. One of the findings that support this is the 
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fact that murine MSCs, but also hMSCs, can spontaneously transform into malignant cells [223]. 

Furthermore, hMSCs can be genetically transformed into sarcoma-like cells [222]. 

The differentiation of MSCs into the various mesenchymal lineages requires strict regulation of gene 

activation and repression mediated by various signaling pathways. The understanding of MSC fate 

decisions is relatively limited compared with the knowledge regarding the downstream differentiation 

processes. However, a number of important factors has been identified and characterized, and factors 

that drive the cells towards one fate often suppress differentiation to alternative lineages  (Figure 6) 

(reviewed in [224]). For instance, bone morphogenetic proteins (BMPs) and transforming growth factor 

beta 1 (TGFB1), which belong to the transforming growth factor beta (TGFB) superfamily of growth 

factors, act as critical mediators of MSC cell fate (reviewed in [225]). Depending on the context, the 

BMPs have stimulatory effects on both adipocyte and osteoblast differentiation, while TGFB1 represses 

adipogenesis in vitro. Furthermore, peroxisome proliferator-activated receptor gamma (PPARG) which 

promotes adipocyte differentiation, inhibits osteoblast differentiation by repressing the transcription 

factor runt-related transcription factor 2 (RUNX2) [226]. Other important regulators of cell fate 

determination are the Wingless-type MMTV integration site family members (WNTs). Briefly, WNT-

signaling promotes osteogenesis, chondrogenesis and myogenesis, while at the same time inhibits 

adipogenesis (reviewed in [227]). Other factors such as the delta-like 1 homolog (DLK1, formerly known 

as PREF1) drive the MSCs towards a chondrocytic fate, but suppress the actual differentiation process. 

DLK1 also inhibits formation of adipocytes and osteoblasts (reviewed in [228]). As shown in Figure 8, 

factors that regulate the cell shape, composition and stiffness of the extracellular matrix, as well as 

cellular confluence, also have a role in specifying lineage commitment in hMSCs (reviewed in [229]).   

Some genes exhibit the same expression patterns during differentiation into several lineages. For 

instance, zinc finger and BTB domain containing 16 (ZBTB16) and FK506 binding protein 5 (FKBP5) were 

found to be upregulated during differentiation of hMSCs into adipocytes, osteoblasts and chondrocytes 

[230]. Interestingly, manipulation of the level of FKBP5 affected all three differentiation pathways, 

suggesting that it plays a crucial role in the general initiation of differentiation.  
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Figure 6. Regulators of MSC differentiation. BMP, bone morphogenetic protein; CEBP, CCAAT/enhancer 
binding protein; GLI3, GLI family zinc finger 3; KLF4, Kruppel-like factor 4; MSC, mesenchymal stem cell 
(i.e. mesenchymal stromal cells); MYF, myogenic factor; MYOD1, myogenic differentiation 1; NR3C1, 
nuclear receptor subfamily 3 group C member 1 (formerly known as GR); PPARG, peroxisome 
proliferator-activated receptor gamma; RUNX2, runt-related transcription factor 2; SHH, sonic hedgehog;  
SOX, sex determining region Y-box; SP7, Sp7 transcription factor (formerly known as osterix); WNT, 
Wingless-type MMTV integration site family members (through the canonical pathway); WWTR1, WW 
domain containing transcription regulator 1 (formerly known as TAZ). See text for more details. Adapted 
by permission from Macmillan Publishers Ltd: Nature Reviews Rheumatology [224], copyright  2009. 

Adipose tissue 

Adipose tissue may appear as subcutaneous or visceral depots and is vital for maintaining global 

energy and metabolic homeostasis through lipid synthesis and storage, secretion of hormones, growth 

factors and cytokines, and insulin responsiveness (reviewed in [229]). Adipose tissue can further be 

divided into white and brown adipose tissue (WAT and BAT, respectively). All adipocytes differentiate 

from multipotent MSCs (reviewed in [231]), but adipocytes residing in WAT and BAT do not develop from 

the same precursor as the latter share a common precursor with muscle cells [232]. WAT is the main 

type of adipose tissue in adult humans and is distributed throughout the body, whereas BAT has a more 

discrete distribution and is mostly involved in thermogenesis [233]. WAT contains not only mature 

adipocytes, but also precursor adipocytes, e.g. preadipocytes, and other cell types, such as the human 
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multipotent adipose tissue-derived MSCs (hMADS) cells, various stromal vascular cells, smooth muscle 

cells and macrophages [234]. The size of mature adipocytes in vivo varies greatly and approximately 90 % 

of the cell volume is typically represented by a single triglyceride lipid droplet [235]. In contrast, in vitro, 

mature adipocytes contain multiple lipid droplets. The droplets can be stained with fat soluble dyes such 

as Oil Red O and be visualized using standard light microscopy (Paper II, Figure 4A). 

Adipocyte differentiation 

Adipocyte differentiation, i.e. adipogenesis, is the processes by which MSCs become committed to 

the adipocyte lineage and differentiate into mature adipocytes (Figure 8) (reviewed in [225,229]). 

Adipogenesis is commonly divided into two main phases referred to as commitment (i.e. determination) 

and terminal differentiation. During the first phase, MSCs convert to committed preadipocytes that have 

lost the potential to differentiate into other cell types. Once the cells have committed, a transcriptional 

cascade is activated and the cells acquire the biochemical and morphological characteristics of mature 

adipocytes.  

Various model cell systems, such as the widely used immortalized mouse 3T3-L1 and 3T3-F442A 

preadipocyte cell lines, have served as faithful models to dissect the molecular and cellular events that 

occur during transition from undifferentiated fibroblast-like cells into mature adipocytes (reviewed in 

[225]) (Figure 8). Briefly, confluent and growth arrested 3T3-L1 cells start to differentiate if incubated 

with a standard adipocyte differentiation protocol using the three adipocyte-promoting reagents 

dexamethasone, isobutyl methylxanthine (IBMX) and insulin, which activates the differentiation 

program. After being induced, the cells synchronously reenter the cell cycle and undergo one to two 

rounds of cell division (referred to as mitotic clonal expansion) (reviewed in [225]). Subsequently, the 

cells start to terminally differentiate, lipid droplets start to accumulate and the cells acquire the mature 

adipocyte phenotype. Several multipotent cell lines and primary cultures of MSCs can also undergo 

adipogenesis using standard differentiation protocols, and have been used to validate many of the 

findings made with the preadipocyte cells. An example is the mouse CH310T1/2 stem cells that can be 

differentiated into adipocytes using bone morphogenetic protein 2 (BMP2) [236].  
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Figure 7. Cellular models to study adipogenesis. A large number of different cellular models 
representing most stages of development are available to study adipocyte differentiation. CEBPA, 
CCAAT/enhancer binding protein alpha; ESCs, embryonic stem cells; MEFs, mouse embryonic fibroblasts 
(isolated after disaggregation of embryos at embryonic day 12 – 14); PPARG, peroxisome proliferator-
activated receptor gamma. See text for more details. Adapted by permission from Macmillian Publishers 
Ltd: Nature Reviews Molecular Cell Biology [225], copyright 2006. 

Factors involved in adipocyte differentiation 

Two families of proteins, the CCAAT/enhancer-binding proteins (CEBPs) and peroxisome 

proliferator–activated receptors (PPARs), act as the primary drivers of adipogenesis (reviewed in [225]). 

However, hundreds of genes are differentially expressed during this process, and some of the most 

important factors known to be involved in adipogenesis are described below (Figure 8).  
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Figure 8. Factors that influence adipocyte differentiation. Differentiation of mesenchymal stromal cells 
(MSCs) to mature adipocytes involves a complex integration of cytoarchitecture, signaling pathways, 
microRNAs and transcription factors. See text for more details. AKT1, v-akt murine thymoma viral 
oncogene homolog 1 (formerly known as RAC); ARHGAP5, Rho GTPase activating protein 5 (formerly 
known as p190BRHOGAP); ARHGEF25, Rho guanine nucleotide exchange factor 25 (formerly known as 
GEFT); ASXL, additional sex combs like; BMPs, bone morphogenetic protein; CREB1, cAMP responsive 
element binding protein 1 (formerly known as CREB); CCRN4L, CCR4 carbon catabolite repression 4-like 
(formerly known as nocturnin); CEBP, CCAAT/enhancer binding protein; ECM, extracellular matrix; EGR2, 
early growth response 2 (formerly known as KROX20); EZH2, enhancer of zeste homolog 2; GATA, GATA 
binding protein; HDAC9, histone deacetylase 9; HIVEP2, human immunodeficiency virus type I enhancer 
binding protein 2 (formerly known as SHN2); IBMX, isobutyl methylxanthine; JAK2, Janus kinase 2; 
KDM4C, lysine (K)-specific demethylase 4C (formerly known as jumonji domain containing 2C); KLF, 
Kruppel-like factor; KMT2C, lysine (K)-specific methyltransferase 2C (formerly known as MLL3); MMP14, 
matrix metallopeptidase 14; NR1D1, nuclear receptor subfamily 1 group D member 1 (formerly known as 
rev-erbA-alpha); PAXIP1, PAX interacting protein 1 (formerly known as PTIP); PPARG, peroxisome 
proliferator-activated receptor gamma; PRKACA, protein kinase cAMP-dependent catalytic alpha; NR3C1, 
nuclear receptor subfamily 3 group C member 1 (formerly known as GR); RAPGEF3, Rap guanine 
nucleotide exchange factor 3 (also known as EPAC); ROCK2, Rho-associated, coiled-coil containing 
protein kinase 2; RHOA, ras homolog family member A; SETD8, SET domain containing 8; SETDB1, SET 
domain bifurcated 1; SIRT, sirtuin; SMAD, SMAD family member; STAT, signal transducer and activator of 
transcription; TCF7L1, transcription factor 7-like 1; TGFB, transforming growth factor beta; TIMP3; TIMP 
metallopeptidase inhibitor 3; TLE3, transducin-like enhancer of split 3; WNT, wingless-type MMTV 
integration site family member; WWTR1, WW domain containing transcription regulator 1 (formerly 
known as TAZ); YAP1, Yes-associated protein 1 (formerly known as YAP); ZNF423, zinc finger protein 423 
(formerly known as ZFP423). Adapted by permission from Macmillian Publishers Ltd: Nature Reviews 
Molecular Cell Biology [229], copyright 2011. 
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The CCAAT/enhancer-binding family 

The CCAAT/enhancer-binding proteins is a family of six conserved transcription factors. Three of the 

members, CCAAT/enhancer-binding protein delta, beta and alpha (CEBPD, CEBPB and CEBPA, 

respectively) are sequentially activated during adipogenesis (Figure 8) [237]. The CEBPs, which form 

heterodimers with each other and have similar DNA-binding abilities, were among the first proteins to be 

implicated in adipogenesis [238,239].  

CCAAT/enhancer-binding protein beta and delta 

CEBPB and CEBPD are rapidly expressed during terminal differentiation, whereas CEBPA becomes 

active at a later stage (reviewed in [225]). Immediately after induction of adipogenesis, cyclic adenosine 

monophosphate responsive element binding protein 1 (CREB1) becomes phosphorylated, binds to the 

proximal promoter region of CEBPB and activates its transcription (Figure 8) [240]. In addition to CREB1, 

Kruppel-like factor 4 (KLF4) and the Janus kinase 2 (JAK2)/Signal transducer and activator of transcription 

3 (STAT3) pathway also promote adipogenesis during early terminal differentiation by transcriptional 

activation of CEBPB (Figure 8) [241]. In addition, DLK1, which is considered to be a marker of 

preadipocytes, acts through sex determining region Y-box 9 (SOX9) and binds to the CEBPB promoter 

region to inhibit its activity [242]. CEBPB is also regulated at the post-transcriptional level and sequential 

phosphorylation by mitogen-activated protein kinase (MAPK) and glycogen synthase kinase 3 beta 

(GSK3B) is required to acquire DNA-binding capabilities [243]. Less is known about CEBPD, but in a similar 

manner as CEBPB, it is regulated by DLK1 and SOX9. In addition, induction of CEBPD is known to be 

facilitated by CEBPB and glucocorticoids [238]. Subsequently, CEBPB and CEBPD trigger a cascade of 

transcriptional events including the induction of the master regulators CEBPA [238,244] and PPARG 

[245,246], through CEBP-regulatory elements in their proximal promoter regions.  

CCAAT/enhancer-binding protein alpha 

Following their induction, CEBPA and PPARG activate the transcription of a large number of genes 

required for the synthesis, uptake and storage of long chain fatty acids, which are hallmarks of the 

adipocyte phenotype (reviewed in [225]). CEBPA activates numerous downstream adipocyte-enriched 

genes directly, such as stearoyl CoA desaturase (SCD) [247], solute carrier family 2 member 4 (SLC2A4, 

formerly known as GLUT4) [248] and fatty acid binding protein 4 (FABP4), which is a key mediator of 

intracellular transport and metabolism of fatty acids [249]. CEBPA also regulates the adipocytokine 

ADIPOQ (formerly known as adiponectin) through an intronic enhancer [250]. ADIPOQ is exclusively 
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expressed in adipose tissue, and plays an important role in regulating energy homeostasis (reviewed in 

[251]). After its induction, the expression of CEBPA is maintained by autoactivation [252].  

Peroxisome proliferator-activated receptor gamma 

The master regulator of adipogenesis PPARG is transcribed from alternative promoter regions 

associated with the same gene, and may have one of two major protein isoforms [253]. Both isoform 1 

and 2 promote differentiation, although the second isoform is considered to be the major player 

involved in adipogenesis [254]. PPARG (isoform 2) activates target genes by binding to promoter regions 

as a heterodimer with retinoid X receptor (RXR). Numerous studies have shown that activation of PPARG 

is both necessary and sufficient for adipogenesis (reviewed in [255]), and PPARG plays an essential role 

in maintenance of the adipocyte phenotype both in vitro [256] and in vivo [257]. Ligand–mediated 

activation of PPARG appears to be required for its transcriptional activation, although a natural ligand 

remains to be identified [258]. PPARG is also regulated by phosphorylation, which inhibits its activity by 

several mechanisms (reviewed in [259]). In addition, transcription factors such as GATA binding protein 2 

and 3 (GATA2 and GATA3) inhibit activation of PPARG in committed preadipocytes (Figure 8) [260,261]. 

PPARG induces transcription of a variety of genes important for adipogenesis and adipocyte function, 

such as cell death-inducing DFFA-like effector c (CIDEC) [262], FABP4 [263], lipoprotein lipase (LPL) and 

phosphoenolpyruvate carboxykinase 2 (PCK2, formerly known as PEPCK) [264]. Furthermore, the 

regulatory regions of a large number of genes contain binding sites for both CEBPA and PPARG, which is 

underscored by the fact that genome-wide studies have showed that CEBPA binds to thousands of sites, 

frequently colocalized with PPARG [265,266]. CEBPA and PPARG also stimulate each other through an 

autoregulatory feed-back loop, which ensures that their expression is maintained in mature adipocytes 

(Figure 8) (reviewed in [225]). 

Sterol regulatory element binding transcription factor 1 

Sterol regulatory element binding transcription factor 1 (SREBF1) is another transcription factor that 

plays an important role in several aspects of adipocyte development (reviewed in [225]). CEBPB and 

CEBPA have been shown to play a critical role in both the early induction of SREBF1 and the maintenance 

of its expression in mature adipocytes [267]. SREBF1 enhance the transcriptional activation of PPARG 

and RXR [268]. In addition, it controls the expression of fatty acid metabolizing enzymes such as acetyl-

CoA carboxylase alpha (ACACA), acyl-CoA synthetase short-chain family member 2 (ACSS2) [269], fatty 

acid synthase (FASN) [270], LPL [268], SCD [271] and glycerol-3-phosphate acyltransferase (GPAM) [272]. 
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Furthermore, it regulates leptin (LEP) [273] and ADIPOQ [274,275]. SREBF1 has also been proposed to be 

implicated in the generation of the ligand required for activation of PPARG [276]. 

Kruppel-like factors 

KLFs consist of a large group of zinc-finger transcription factors involved in the regulation of 

proliferation, differentiation and apoptosis (reviewed in [277]). KLFs can act as both activators and 

repressors of adipogenesis, and evidence suggests that a cascade of KLFs function during this process 

(Figure 8). For instance, KLF5 is transcriptionally activated early during differentiation by CEBPB and 

CEBPD, which in turn activates the promoter of PPARG in concert with the CEBP-proteins [278]. In 

contrast, KLF2 is expressed in preadipocytes and acts as a negative regulator by suppressing the activity 

of the PPARG promoter region (Figure 8) [279]. 

WNT-signaling 

The members of the WNT family are secreted glycoproteins that influence cell fate and 

development (reviewed in [280]). As previously mentioned, WNT-signaling inhibits adipogenesis (Figure 

6) (reviewed in [225]). For instance, wingless-type MMTV integration site family member 10B (WNT10B)

acts by repressing CEBPA and PPARG, while wingless-type MMTV integration site family member 5A 

(WNT5A) function as a transcriptional repressor of PPARG (Figure 8) [281].  

Transforming growth factors beta superfamily signaling 

Transforming growth factors beta superfamily is a key regulator of a variety of biological processes 

and several of its members acts as either activators or repressors of adipogenesis (Figure 8) (reviewed in 

[229]). The best characterized member is TGFB1, which is a negative regulator of adipogenesis. The 

effects of other members, such as BMP2 depend on the cell type and culture conditions. BMP2 promotes 

adipogenesis of mesenchymal mouse C3H10T1/2 cells by activating SMAD family member 1 (SMAD1) 

and p38 MAPK-signaling, which subsequently upregulate PPARG, while at the same time inhibits 

adipocyte formation of hMSCs [282]. 

Cell cycle factors 

Cell cycle regulation is one of the fundamental mechanisms underlying adipocyte differentiation 

(reviewed in [225]). Mitotic clonal expansion is required for adipogenesis of preadipocyte 3T3-L1 cells 

[283] and mouse embryonic fibroblasts [284], whereas differentiation of mouse pluripotent C3H10T1/2 

cells and human preadipocytes seems to occur independent of this process [225]. Nevertheless, exit 

from the cell cycle is required for adipogenesis and both CEBPA and PPARG can induce growth arrest by 
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upregulation of CDK inhibitors [285,286]. On the other hand, checkpoint-control proteins seem to act as 

co-factors of PPARG (reviewed in [225]), and cyclin D3 and D1 promote and inhibit adipogenesis, 

respectively [287,288]. Furthermore, an increase of the cyclin-dependent inhibitor 1B (CDKN1B, formerly 

known as p27), which is a key negative regulator of the cell cycle, has been reported to be important for 

the early stages of adipogenesis of hMSCs [289].  

Factors used to induce adipocyte differentiation in vitro 

A typical differentiation medium is supplied with different combinations of agents promoting 

adipogenesis, e.g. dexamethasone, IBMX, insulin, indomethacin and rosiglitazone (Figure 5 and 8). Their 

exact mode of action is not known, but they seem to influence the activity of transcription factors such 

as CEBPB and PPARG. The glucocorticoid dexamethasone facilitate expression of CEBPD [238] and 

inhibits DLK1 transcription, thereby promoting adipogenesis [290]. The widely used IBMX has been 

shown to activate adenylate cyclase (ADCY), resulting in increased intracellular concentrations of cyclic 

AMP [291], which again induce LPL [292]. In addition, increased levels of cyclic adenosine 

monophosphate (cAMP) act through CREB1 to activate transcription of CEBPB [293]. The non-steroidal 

anti-inflammatory drug indomethacin binds to PPARG and act as a ligand to promote terminal 

differentiation [294]. However, it has recently been suggested that indomethacin increases expression of 

CEBPB and PPARG in a prostaglandin-independent fashion in MSCs [295]. Insulin induces SREBF1 which is 

involved in lipid biosynthesis [274], and counteracts the repression that GATA2 and GATA3 exert on 

PPARG [260,261]. Finally, the thiazolidinedione rosiglitazone is used to stimulate adipogenesis in a wide 

variety of cell cultures as it acts as a PPARG agonist [296]. 

Osteoblast differentiation 

In a similar manner as PPARG serves as a master regulator of adipogenesis (reviewed in [225]), the 

transcription factor RUNX2 has a crucial role in osteogenesis, by inducing differentiation at the early 

stage and by inhibiting it at the late stage [297]. RUNX2 transcriptionally activates a large number of 

genes, e.g. alkaline phosphatase (ALPL), secreted phosphoprotein 1 (SPP1, formerly known as 

osteopontin), transforming growth factor beta receptor 1 (TGFBR1) and the bone gamma-

carboxyglutamate protein (BGLAP, formerly known as osteocalcin) (reviewed in [298]). A large number of 

transcription factors and co-factors are known to interact with RUNX2 and positively or negatively 

regulate its function. One example is provided by the WW domain containing transcription regulator 1 

(WWTR1, formerly known as TAZ). This protein promotes osteogenesis by acting as a co-activator of 

RUNX2, while at the same time suppresses adipogenesis by binding to PPARG (Figure 6) [299]. An 
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especially important player acting downstream of RUNX2, is the transcription factor SP7 (formerly known 

as osterix) [300]. SP7 also regulates osteoblast genes, e.g. SPP1, BGLAP, integrin-binding sialoprotein 

(IBSP) and collagen type I alpha 1 (COL1A1). In addition, TGFB and BMP-signaling play major roles during 

osteogenesis and formation of bone (reviewed in [301]). 

Epigenetic regulation of mesenchymal differentiation 

How epigenetic regulation affects cell fate determination and subsequent differentiation has mainly 

focused on ESCs. However, it is becoming increasingly clear that epigenetic mechanisms, i.e. DNA 

methylation and histone modifications, are involved in differentiation of MSCs (Figure 8) (reviewed in 

[302]). For instance, both HATs and HDACs influence the activity of transcription factors that are 

important for adipogenesis [303]. One example is provided by KLF6 which represses DLK1 by binding to 

its promoter and recruiting histone deacetylase 3 (HDAC3) [304]. Methylation of histones is also 

implicated in the regulation of PPARG, as WNT5A inhibits its transcriptional activation through the 

histone methyltransferase known as SET domain bifurcated 1 (SETDB1) [281].  

miRNAs and MSCs 

Many studies have shown that miRNAs have important functions in MSCs. Most studies concerning 

miRNAs and MSCs have focused on their role in differentiation, as will be described in details later, and 

not on their functions per se in undifferentiated cells. However, the miRNA expression profile of MSCs 

seems to be different from that of ESCs, and it has been reported that miRNAs enriched in the latter 

cells, such as miR-200c-3p and miR-302a-3p/b-3p/c-3p/d-3p, known to be involved in stem cell 

maintenance are absent in MSCs [305,306].  

miRNAs as regulators of MSC fate determination and differentiation 

The finding that specific subsets of miRNAs are differentially expressed during differentiation of 

MSCs suggests that they are involved in this process. Knockdown of either Drosha or Dicer has clearly 

demonstrated that the miRNA machinery is essential for adipogenesis as well as osteogenesis of hMSCs 

[307]. Although the biological functions and regulatory impact of most miRNAs are still unknown, a 

critical role of miRNAs during fate determination and differentiation of mesenchymal cells is emerging. 

As discussed, TGFB-, WNT- and BMP-signaling pathways play a crucial role in the determination of MSC 

fate. miRNAs act as critical regulators of all these pathways, and many of them, including miR-17-5p and 

miR-106a-5p [308], miR-140-3p [172], miR-200c-3p/141-3p and miR-200b-3p/a-3p/429 [309], miR-22-3p 

[162] and miR-204-5p/211-5p [310] and miR-637 [311] have been shown to control the balance between 
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adipo- and osteogenesis. Two examples are provided by miR-17-5p and miR-106a-5p, recently shown to 

regulate determination of hMADs into adipocytes or osteoblasts as they directly targeted BMP2 [308]. 

miRNAs that promote adipogenesis have been shown to suppress RUNX2, whose induction is crucial for 

osteoblast differentiation [310,312]. For instance, overexpression of miR-204-5p/211-5p suppresses 

osteoblast differentiation and promotes adipocyte differentiation of  mouse ST2 MSCs and hMSCs, by 

repressing RUNX2 [310].  

miRNAs in adipocyte differentiation 

The first miRNA to be implicated in fat metabolism was identified in year 2003 in Drosophila, when 

miR-14 was shown to be required for normal fat metabolism [313]. The year after, the first human 

miRNA gene, mir-143, involved in adipocyte differentiation was identified by Esau et al. [314]. Their 

study showed that miR-143-3p promotes adipogenesis of human white preadipocytes by targeting 

MAPK7 ( formerly known as ERK5) [314]. Two years later, Kajimoto et al. studied adipogenesis of 3T3-L1 

cells using Northern blot analysis, and discovered that expression of 21 out of approximately 100 miRNAs 

changed dramatically during differentiation [315]. However, no impact on important adipocyte genes, 

i.e. PPARG, FABP4 and ADIPOQ, were observed after reducing the level of 14 of the upregulated miRNA 

using anti-miRs. In another study from year 2009 by Xie et al., miRNA microarrays was used to show that 

28 miRNAs were significantly changed during adipocyte differentiation of 3T3-L1 cells [316]. They also 

demonstrated that overexpression of two of the upregulated miRNAs, miR-103a-3p and miR-143-3p, 

promoted adipogenesis. Furthermore, Ortega et al. reported that 70 miRNAs were significantly up-or 

downregulated during adipogenesis of human adipocytes [175].  

These studies not only indicated that miRNAs act as crucial regulators of adipogenesis, but also that 

a large number of them seem to be involved in this process. Examples of such miRNAs are shown in 

Figure 8. Several studies have also demonstrated that individual miRNAs exert an important role during 

adipogenesis, and that they act as either positive or negative regulators (reviewed in [172,317-319]). 

Inhibition of miRNAs that promote adipogenesis typically results in suppression of CEBPA and PPARG, 

followed by reduced accumulation of triglycerides. In a similar manner, ectopic expression of miRNAs 

that negatively regulate formation of adipocytes has the same effect (Paper I, Figure 4 and 5).  

39 



In vitro mouse models 

In 3T3-L1 cells, miRNAs encoded by mir-17-92 and let-7 have been shown to regulate mitotic clonal 

expansion, a prerequisite for terminal differentiation [320], by translational regulation of RBL2 and 

HMGA2, respectively [321,322]. Another miRNA that has been shown to promote adipocyte 

differentiation in this model system is miR-519d [323]. This miRNA regulates peroxisome proliferator 

activated receptor alpha (PPARA) and its overexpression or knockdown in primary human visceral 

preadipocytes promotes or suppresses adipogenesis, respectively. Several miRNAs also suppress 

adipogenesis of preadipocytes. For instance, both members of the miR-27 family are downregulated 

during adipocyte differentiation [324,325]. Ectopic expression of either inhibits PPARG and adipocyte 

formation [324,325], and miR-27a-3p has been demonstrated to directly target PPARG [324]. Moreover, 

miR-130a-3p/b-3p repress PPARG by targeting both its 3’- UTR and coding region [326]. Another inhibitor 

is miR-448, which by both gain and loss of function studies has been shown to regulate adipogenesis by 

targeting KLF5 [327]. 

In vitro human models 

An increasing number of miRNAs has been shown to be involved in adipogenesis of bone marrow- 

and adipose tissue-derived MSCs from mice, rats and humans. Increased expression of miR-21-5p has 

been shown to enhance adipocyte differentiation of hMADS by blocking TGFB-signaling [328]. In a similar 

manner, the recently discovered miR-642a-3p and members of the mir-30 family have been reported to 

be induced during adipogenesis of hMADS [312]. The function of the former is not known, but miR-30a-

5p/d-5p were found to target the transcription factor RUNX2 and thereby promote adipocyte formation 

[312]. In addition, miR-30c-5p has been reported to accelerate human adipogenesis by simultaneously 

targeting serpin peptidase inhibitor clade E member 1 (SERPINE1) and activin A receptor, type I (ACVR1) 

[329]. As observed in 3T3-L1 cells, the miR-27 family is downregulated during adipocyte differentiation of 

hMADS [330] and OP9 multipotent mesenchymal stem cells [325], and miR-27b-3p was shown to directly 

target PPARG in the former cells. miR-31-5p is downregulated during adipogenesis of rat MADS [331] and 

has been shown experimentally to regulate CEBPA in C3H10T1/2 cells [332]. Another miRNA that is 

downregulated during adipogenesis of hMADS is miR-138-5p, which inhibits differentiation through 

repression of EP300 interacting inhibitor of differentiation 1 (EID1) [333]. A recent study using hMSCs 

suggested that miR-369-5p is a negative regulator  of adipogenesis by inhibiting FABP4, although its 

expression level remained unchanged [327]. Moreover, miR-155-5p, miR-221-3p and miR-222-3p are 
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consistently downregulated during adipogenesis of primary- and immortalized hMSCs, and might act as 

negative regulators of differentiation by regulating CEBPB and CDKN1B, respectively (Paper I). Later, 

ectopic expression of miR-155-5p has been shown to partially inhibit adipogenesis of 3T3-L1 by directly 

blocking early transcription factors, e.g. CEBPB and CREB1 [401]. Recently, miR-155-5p was also shown to 

regulate brown adipocyte differentiation through a double negative feedback loop together with its 

primary target CEBPB [400]. 

Several miRNAs are implicated in cholesterol homeostasis, fatty acid metabolism and lipogenesis 

(reviewed in [334]). For instance, miR-378a-5p/3p, two miRNAs generated from the same precursor, 

promote de novo lipogenesis in mouse ST2 MSCs, without any noticeable effects on adipogenesis per se. 

miR-378a-5p/3p have also been shown to be upregulated during adipogenesis of hMADS [312]. 

miRNAs in osteoblast differentiation 

miRNAs are also differentially expressed during osteogenesis (reviewed in [335]). One of the first 

miRNAs to be functionally implicated in osteogenesis was miR-125b-5p, found to modulate 

differentiation of mouse ST2 MSCs through regulation of cell proliferation [336]. Subsequently, a large 

number of miRNAs has been demonstrated to act as critical regulators of osteoblast differentiation [337-

340]. For instance, miR-138-5p acts as a suppressor of osteogenesis in vitro and in vivo through inhibition 

of the focal adhesion kinase (FAK) signaling pathway [337]. Moreover, miR-133 and miR-135 inhibit 

osteogenesis of the pluripotent mesenchymal cell line C2C12 by targeting RUNX2 and SMAD family 

member 5 (SMAD5), which synergistically contribute to formation of bone [339]. As RUNX2 is a key 

regulator of osteogenesis, several other miRNAs have been shown to modulate its expression, such as 

miR-204-5p and its homolog miR-211-5p in mesenchymal progenitor cells as well as MSCs [338]. 

miRNAs in chondrocyte differentiation 

The knowledge regarding the involvement of miRNAs in chondrogenesis is less extensive, compared 

to what is known about their roles in adipo- and osteogenesis. However, several examples of miRNAs 

that promote or inhibit differentiation are known (reviewed in [335]). One of the best described is miR-

140-3p, which acts as a positive regulator by repressing several inhibitors of chondrogenesis, such as 

histone deacetylase 4 (HDAC4) [341].  
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AIMS OF THE THESIS 

The work presented in this thesis has focused on the identification and characterization of miRNAs in 

mesenchymal biology.  

 The aims were: 

I. To develop a platform for profiling of miRNAs using microarrays, and to apply this technology to 

identify miRNAs involved in human adipogenesis, using immortalized mesenchymal bone marrow-

derived stromal cells as a model system. 

II. To develop a telomerase-immortalized and non-tumorigenic human multipotent bone marrow-

derived stromal cell line, to have a system for investigation of candidate genes and their role in

differentiation or oncogenic transformation, as well as basic studies of mesenchymal biology.

III. To increase the knowledge about miRNA regulation by characterizing the mir-142 locus in

mesenchymal cells, and identify mechanisms responsible for the observed repression of its

encoded transcripts.
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SUMMARY OF PAPERS 

Paper I. “Adipocyte Differentiation of Human Bone Marrow-Derived Stromal Cells is Modulated by 

MicroRNA-155, MicroRNA-221, and MicroRNA-222”. 

In this study we developed a miRNA microarray platform and used it to identify miRNAs involved in 

human adipocyte differentiation. A total of 66 miRNAs were found to be expressed in the telomerase-

immortalized hMSC model hMSC-Tert20. We used quantitative real-time polymerase chain reaction 

(qPCR) to validate 20 miRNAs, and found that 12 of these were differentially expressed during adipocyte 

differentiation. To determine whether the observed changes in miRNA expression were important in 

formation of mature adipocytes from undifferentiated hMSCs, we focused on the downregulated miR-

155-5p, miR-221-3p and miR-222-3p (the latter two miRNAs have the same seed region and will be 

referred to as miR-221-3p/222-3p). Their time-dependent decrease during adipogenesis indicated that 

they act as negative regulators of this process by targeting genes whose upregulation promote 

differentiation. miR-155-5p and miR-221-3p/miR-222-3p were predicted to have 281 and 306 conserved 

targets, respectively. Two interesting candidates were the transcription factor CEBPB and the cyclin-

dependent kinase inhibitor CDKN1B, of which increased expression levels are known to be important 

during adipogenesis. Thus, we hypothesized that miR-155-5p and miR-221-3p/222-3p acted as negative 

regulators of adipogenesis by targeting CEBPB and CDKN1B, respectively. To elucidate their roles, we 

developed an adenovirus-mediated expression system that efficiently generated mature miRNAs. Cells 

with overexpression of either miR-155-5p or miR-221-3p/222-3p showed a significant reduction in 

triglyceride accumulation during adipocyte differentiation. In addition, the levels of PPARG and CEPBA, 

the main regulators of adipogenesis, and the expression of late markers such as ADIPOQ, SCD and 

complement factor D (CFD, formerly known as adipsin), were significantly decreased. Most importantly, 

induction of CEBPB and CDKN1B was attenuated, suggesting that they were regulated by miR-155-5p and 

miR-221-3p/222-3p, respectively. To validate these results we transfected primary hMSCs with miR-155-

5p and miR-222-3p (representing both miR-221-3p and miR-222-3p) mimics. Although some differences 

were observed, the phenotypic effect on adipogenesis was similar to what was observed using the 

immortalized hMSC-Tert20 cells. This work provided the first experimental evidence that miR-155-5p and 

miR-221-3p/222-3p have an important function in human adipogenesis, possibly by facilitating the 

increase of their proposed targets CEBPB and CDKN1B. Furthermore, it demonstrated the use of 

immortalized hMSCs as a tool to identify miRNAs that are involved in human adipogenesis. 
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Paper II. “Generation and Characterization of an Immortalized Human Mesenchymal Stromal Cell Line”. 

In this study we generated, and extensively characterized a novel immortalized non-tumorigenic 

bone marrow-derived hMSC cell line (iMSC#3). The immortalization was achieved by retroviral 

transduction of the catalytic telomerase subunit TERT. The resulting transduced cells maintained a 

fibroblast-like phenotype comparable to early passages of primary hMSCs, and showed no major 

differences from hMSCs regarding surface marker expression. iMSC#3 had a normal karyotype, and high-

resolution array comparative genomic hybridization confirmed that the cells in general had normal copy 

number. Most importantly, the capacity of hMSCs to differentiate into adipocytes and osteoblasts was 

maintained after immortalization. A detailed characterization of the mRNA and microRNA 

transcriptomes during adipocyte differentiation showed that the iMSC#3 cells recapitulate this process at 

the molecular level. To identify possible genome-wide effects of ectopic expression of TERT and long-

term culturing of the iMSC#3 cells, we performed comparative gene expression and DNA methylation 

profiling of iMSC#3 and primary hMSCs. Their expression profiles were in general very similar, while the 

corresponding methylation profiles were more diverse. A pathway analysis of differentially expressed 

genes indicated that the top molecular and cellular functions affected were cellular growth and 

proliferation, cellular movement and development, cell death and survival, as well as cell-to-cell signaling 

and interactions. Despite this, the proliferation rate of iMSC#3 remained largely the same with a 

doubling time of approximately 100 hours compared to the 120 hours of the parental primary stromal 

cells. Most importantly, injection of iMSC#3 cells into immune-deficient mice did not generate tumors. 

The iMSC#3 cells also provide a flexible model system to study candidate genes as they can be 

transfected with synthetic RNAs, e.g. miRNA mimics, or transduced using lentiviruses. Thus, the 

immortalized cell line iMSC#3 has a reproducible and consistent phenotype, while maintaining important 

properties of primary hMSCs. The iMSC#3 cells represent a valuable model system that can be used for 

studies of candidate genes and their role in differentiation or oncogenic transformation, as well as basic 

studies of mesenchymal biology.  
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Paper III. “Epigenetic Regulation and Functional Characterization of MicroRNA-142 in Mesenchymal 

Cells”. 

In this study the objective was to characterize the mir-142 locus and identify the mechanisms 

responsible for the observed repression of miR-142-5p and miR-142-3p in cells of mesenchymal origin. 

Treatment with the demethylating agent 5-Aza resulted in a concomitant increase of primary mir-142 

and mature miR-142-5p/3p transcripts, while treatment with a histone deacetylase inhibitor did not 

result in increased transcription. This indicates that mir-142 is epigenetically repressed by DNA 

methylation in mesenchymal cells. We showed that the TSS and proximal polyadenylation site of mir-142 

are located 1,205 bp upstream and 344 bp downstream of the precursor, respectively, suggesting that 

the primary transcript has a length of 1,636 nucleotides. The TSS was located within an uncharacterized 

short CGI, while a second CGI was found to overlap with pre-mir-142. The presence of a TATA box, 

several promoter-proximal elements and enrichment of transcription factor binding sites within the first 

100 bp upstream of the TSS, suggested that the mir-142 promoter region overlaps with the upstream 

CGI. This was supported by significant transcriptional activity in mesenchymal cells from a reporter 

construct containing the putative promoter region and flanking sequences. In mesenchymal cells, having 

low levels of miR-142-5p/3p, both CGIs were hypermethylated as assessed by MSP and bisulfite 

sequencing. In contrast, they were found to be unmethylated in hematopoietic cells having abundant 

expression of both miRNAs. Besides induced miRNA expression, treatment with 5-Aza also resulted in a 

significant reduction in DNA methylation of the CGI overlapping the TSS, demonstrating that there is an 

inverse correlation between methylation of the putative promoter region and transcription of mir-142. 

Furthermore, we used a luciferase reporter construct to show that in vitro methylation of the upstream 

region with the promoter-associated CGI significantly repressed its transcriptional activity. We also 

investigated the effect of overexpression of miR-142-5p/3p in mesenchymal MG-63 cells with epigenetic 

inactivation of mir-142, and found a significant inhibition of proliferation only by miR-142-3p. In addition, 

miR-142-5p/3p might stimulate migration and repress the colony forming ability of mesenchymal cells. 

We also discovered that mir-142 was located in an intron of the non-coding gene for benzodiazapine 

receptor associated protein 1 antisense RNA 1 (BZRAP1-AS1), but in the antisense orientation. The 

antisense strand of mir-142 was predicted to adopt a hairpin structure typical for precursor miRNAs, and 

transfection experiments indicated that it might give rise to mature, functional miRNAs. This work 

provides the first experimental evidence that epigenetic mechanisms are responsible for the repression 

of mir-142 in mesenchymal cells. Thus, the study expands our current knowledge of the regulation and 

function of miR-142-5p/3p, and adds novel insight into the rapidly increasing field of miRNA regulation.  
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EXPERIMENTAL CONSIDERATIONS 

Isolation of small ncRNAs 

miRNAs can be extracted from various biological sources including cultured cells, fresh and formalin-

fixed tissues, as well as body fluids, e.g. plasma, serum and urine (reviewed in [342]). In order to obtain 

reproducible results robust methods for RNA isolation is essential (reviewed in [343]). In this thesis, 

three different methods have been used to isolate RNA.  

When this work was started only a few commercial kits to isolate miRNAs were available. 

Unfortunately, total RNA isolated by kits using silica-based filters, e.g. the RNeasy Mini Kit (Qiagen, 

Hilden, Germany), excludes miRNAs. Actually, it is misleading to refer to these RNA samples as total RNA, 

as in addition to miRNAs, they exclude 5S and 5.8S ribosomal RNAs as well as transfer RNAs, which 

together typically comprise up to 20 % of total RNA. The ability to bind small RNAs (< 200 nt) could be 

restored by increasing the concentration of ethanol when applying the aqueous phase to the filter, after 

an initial extraction using e.g. Trizol (Life Technologies, Carlsbad, USA) and QIAzol (Qiagen). This originally 

user-developed protocol has been rebranded into the miRNeasy Mini Kit (Qiagen), routinely used to 

isolate high quality total RNA including miRNAs. miRNAs can also be isolated by standard chemical 

extraction without downstream purification using silica-based filters. This approach requires certain 

technical skills to obtain high quality RNA without any contaminants, e.g. organic solvents. Moreover, it 

is possible to isolate either total RNA or a size fraction enriched in miRNAs (i.e. small RNAs < 200 nt), 

from the same sample, by two sequential filtrations with different ethanol concentrations. An example 

of a kit that offers this possibility is the mirVana microRNA Isolation Kit (Life Technologies).  

If even more enrichment is required, which was the case for the miRNA microarray experiments 

performed in Paper I, the flashPAGE Fractionator can be used (Life Technologies). This is a miniaturized 

polyacrylamide-based electrophoresis instrument that can be used to isolate small RNAs < 40 nt. In this 

system, total RNA is mixed with a gel loading buffer containing a blue dye that migrates alongside RNA 

with sizes of 40 nt. Gel electrophoreses is performed until the dye starts to exit the gel and enters a 

buffer in a small chamber. This buffer will then contain small RNAs < 40 nt, which can be further purified. 

Finally, it is possible to isolate small RNAs in the 18 - 24 nt range by gel purification from traditional 

polyacrylamide gels [6], although this approach is more laborious. 
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A comparison of the two silica-based kits mentioned above, as well as TRIzol, has shown that they in 

general give similar RNA concentrations and quality [344]. However, it is important to be aware of the 

fact that different methods may introduce systematic differences in relative miRNA levels [344].  

The quality of RNA is very important in downstream applications such as microarrays and qPCR 

(reviewed in [342]). The RNA concentration is commonly determined by measuring the absorbance at a 

wavelength of 260 nm (A260) using a spectrophotometer, e.g. the Nanodrop (Nanodrop Technologies, 

Delaware, USA). The purity of the sample can be assessed by calculating the A260/A280 and A260/A230 ratios, 

where RNA with a ratio of approximately 2.0 and between 2.0-2.2, respectively, is considered to be pure. 

Observed ratios that are either higher or lower than this indicate the presence of contaminants that may 

affect further downstream applications. Although the spectrophotometers allow a quick determination 

of the RNA concentration, this measurement does not distinguish between intact and degraded RNA. 

This can be assessed by lab-on-chip technology such as the Agilent 2100 Bioanalyzer (Agilent 

technologies), which is commonly used to estimate the quantity of RNA. Most importantly, the 

Bioanalyzer provides an RNA integrity number (RIN), which is a qualitative assessment of RNA integrity. 

The RIN-value ranges from 1-10, where 10 is the most intact RNA. A study of the relationship between 

total RNA degradation and miRNA profiles has shown that the RIN-value should exceed seven to give 

reliable results in microarray and qPCR experiments [345].  

Quantification of RNAs 

Compared with the quantification of traditional mRNAs, determining miRNA expression with high 

sensitivity and specificity is considered to be considerably more demanding. Mature miRNAs are short, 

and members within the same family may differ by only a single nucleotide, they have a heterogeneous 

GC content (which results in large range of melting temperatures), they lack a common sequence feature 

(which could have facilitated their selective isolation) and the target sequence is present in the mature 

miRNA, as well as in corresponding primary and precursor transcripts.  

The first methods used to detect and quantify miRNAs were typically based on cloning and/or 

Northern blots with radiolabelled probes [6]. Since then, a large range of methods has been developed 

to determine the presence and abundance of miRNAs (reviewed in [342]). In the present thesis three 

major techniques have been used, i.e. miRNA qPCR (Paper I, II and III), miRNA microarrays (Paper I) and 

small RNA-seq (Paper II). 
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miRNA microarrays 

Microarrays were among the first methods used for genome-wide profiling of miRNAs. Several 

platforms are commercially available, including different approaches for fluorescent labeling of miRNAs 

for hybridization to DNA based probes on the array (reviewed in [342]). A major advantage of 

microarrays is the ability to measure expression of thousands of genes in a single experiment. However, 

the small size and high sequence similarity of miRNAs, combined with the use of average, non-optimized 

hybridization conditions, represents a unique challenge for hybridization-based detection methods. 

In Paper I, we developed and used a small scale miRNA microarray to identify differentially 

expressed miRNAs during adipocyte differentiation (Figure 9). The Array900 miRNA Direct Kit 

(Genisphere), which is based on the addition of approximately 850 fluorescent dyes to each reverse 

transcribed miRNA, was used for labeling. Hybridization was performed to the mirVana Probe Set v1 

(Ambion, now Life Technologies), consisting of probes corresponding to 384 human, rat and mouse 

miRNAs, printed on a home-made microarray. The hybridization probes contained an 18-24 nt sequence 

that was complementary to a given miRNA, plus a spacer and attachment sequences to allow coupling to 

the surface of the array. Consequently, they most likely did not discriminate between highly similar 

miRNAs such as those in the let-7 family. As there were no adjustment for variable melting 

temperatures, it is obvious that one hybridization temperature was not optimal for all miRNAs. To 

increase the precision of the measurement, each probe was printed in triplicate. In addition, two sets of 

probes with increasing number of mismatched nucleotides with two corresponding spiked-in control 

oligos were used to evaluate the consistency of the hybridization temperature. A total of 66 miRNAs 

were detected, and the expression patterns for most of the 20 selected miRNAs with differential 

expression during adipogenesis were confirmed by qPCR, frequently used to validate microarray data. 

This indicated that the overall sensitivity and specificity of the microarrays was good (unpublished data). 

One of the main reasons why these arrays worked reasonably well was probably because we performed 

an initial column-based size-fractionation to enrich for miRNAs, as previously discussed. Compared with 

hybridization using total RNA, this was found to reduce background signal as well as any possible 

hybridization with primary and precursor transcripts. The cost was that approximately 30 μg of total RNA 

was required for each experiment.   
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Figure 9. miRNA expression profiling during adipocyte differentiation of hMSC-Tert20 using miRNA 
microarrays. The miRNA microarray shows differentially expressed miRNAs 21 days after induction of 
adipogenesis, compared with undifferentiated cells at day 0. Red, upregulated miRNAs (e.g. miR-34a-5p); 
green, downregulated miRNAs (e.g. miR-221-3p/miR-222-3p); yellow, unchanged miRNAs. Each probe is 
spotted in triplicate. The corresponding scatter plot shows the comparative intensities of miRNA 
expression for differentiated and undifferentiated cells with the intensities of the fluorescent dyes Cy3 
(green channel) and Cy5 (red channel) on the Y-axis and the X-axis, respectively. 

Quantitative real-time polymerase chain reaction 

qPCR allows sensitive detection and relative quantification of specific transcripts, and is based on 

detection of a fluorescent reporter whose signal intensity is proportional to the amount of DNA present 

(reviewed in [346]). Several fluorescent technologies to perform qPCR are available, including the 

intercalating dye SYBR Green or specific TaqMan probes (Life Technologies) and Universal Probes (Roche 

Applied Science, Indianapolis, USA). qPCR has been used extensively in all three papers included in the 

thesis, both to validate and quantify mature miRNAs, but also longer transcripts including mRNAs, pri-

miRNAs as well as long ncRNAs. 

miRNA qPCR is an established method with high specificity and sensitivity that requires only minute 

starting material (reviewed in [347]). Two of the most frequently used approaches to generate 

complementary DNA (cDNA) from miRNAs are based on reverse transcription of individual miRNAs using 

either specific linear primers [348], or stem-loop primers [349]. For the initial validation experiments of 

the miRNA microarray data in Paper I, we used the mirVana qRT-PCR Detection Kit from Ambion, which 

was based on linear primers and the intercalating dye SYBR Green. This system was discontinued in favor 
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of TaqMan MicroRNA Assays (Life Technologies), which is based on stem-loop primers and TaqMan 

probes. In our hands, a comparison of both types of assays for a selection of miRNAs did not show any 

major differences. However, stem-loop primers have been shown to be more sensitive and specific, as 

they discriminate better between mature miRNAs and the corresponding pri-miRNAs and pre-miRNAs, as 

well as between mature miRNAs with similar sequences, e.g. members of the let-7 family [349]. This is 

mainly due to their unique design (i.e. a short single-stranded region that is complementary to the 3’- 

end of the target miRNA, a double-stranded stem structure and a loop that contains the universal primer 

binding sites).  

In addition to miRNAs, we quantified the expression level of longer transcripts. The principles for 

detection of pri-miRNAs, long ncRNAs and mRNAs are more or less the same, as they have similar 

structures. In general, probes spanning an exon junction were chosen as they will not detect 

contaminating genomic DNA. If not possible, as in the case of the assays designed to detect the 

intronless pri-mir-142 in Paper III, the RNA was treated with standard DNase I. In most experiments we 

used premade TaqMan assays (Life Technologies). Although, in Paper III we designed several Universal 

ProbeLibrary Assays to quantify the expression of BZRAP1-AS1 and to map the unknown structure of the 

primary mir-142 transcript. This system is based on only 165 short fluorescently labeled probes that due 

to their short lengths bind multiple sites. As defined by the chosen primers only one specific transcript 

will be detected in a given qPCR assay. Thus, each assay consists of a set of user-designed primers and an 

optimal corresponding Universal probe. Assays to detect primary miRNAs are commercially available 

from companies such as Life Technologies. Although, due to the limited annotation of pri-miRNAs, 

typically only a single assay exists that binds near the precursor sequence. 

Normalization of the results is probably the major obstacle with any qPCR, as the use of reference 

genes is required when determining the relative expression values in different samples. The purpose of 

the reference is to correct for variations among samples, due to for instance different RNA 

concentrations and RNA quality, to ensure reliability, reproducibility and correct interpretation of the 

data. Therefore, a reliable reference gene should be stably expressed across a broad range of tissues, cell 

types and experimental conditions. For conventional qPCR, various housekeeping genes, e.g. beta-2 

microglobulin (B2M), hypoxanthine phosphoribosyltransferase 1 (HPRT1), TATA box binding protein 

(TBP) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), involved in cell maintenance, have been 

assumed to fulfill these criteria. This practice is questionable as some of these genes have been shown to 

vary considerably in certain biological samples [350]. Therefore, several candidate reference genes 
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should be tested in any experiment to identify the ones with the least variation in expression. For miRNA 

qPCR, no typical housekeeping miRNA has been identified. Instead, small nuclear and nucleolar RNAs are 

commonly used. These small RNAs are typically shorter than 200 bp and are, like mature miRNAs, not 

polyadenylated. Many of them are ubiquitously expressed, but they are associated with the same 

problems as the traditional housekeeping genes discussed above. Thus, the same considerations must be 

taken into account. 

In Paper I, the average of either TBP and GAPDH or TBP and ribosomal protein large P0 (RPLP0) was 

used for normalization of mRNA expression during adipocyte differentiation (Paper I, Figure 4). Although 

the quantity of the three individual genes varied considerably, their expression levels were found to be 

relatively stable given the experimental conditions. The same trend was observed for RNA U6 small 

nuclear 2 (RNU6-2, formerly known as RNU6B) and small nucleolar RNA C/D box 24 (SNORD24, formerly 

known as RNU24), whose average expression levels were used to normalize the miRNA qPCR. In general, 

two reference genes were tested in most of the experiments in the thesis. As they were frequently 

observed to exhibit the same expression patterns, only one gene was subsequently used.  

Most qPCR protocols use purified total RNA as input for the reverse transcription. Using the Taqman 

Gene Expression or MicroRNA Cells-To-CT Kits (Life Technologies), it is possible to perform expression 

analysis directly from cultured cells without RNA purification. Impressively, using this kit it takes less than 

10 minutes to generate lysates that are ready for reverse transcription. This approach was used in Paper 

I to quantify mature miRNAs in hMSCs and to study the effect of overexpression of miR-155-5p and miR-

222-3p mimics during adipogenesis (Figure 5C). In addition, it was used in a similar experiment in Paper 

II. Not surprisingly, the price per analyzed sample is high. However, as it allows experiments to be

performed in 48- and 96-well plates from as little as 10 - 100,000 cells, the costs of additional expensive 

reagents such as miRNA mimics, are reduced to a minimum. According to Life Technologies, the 

sensitivity of the kit is equivalent to that obtained with purified RNA. In our hands, the sensitivity was 

also high, although the obtained CT-values were typically lower than what we observed in comparable 

experiments using purified total RNA. This method also appeared to be less robust, and the variation 

between technical replicates was frequently relatively high.  

High-throughput sequencing 

The development of RNA-Seq has changed our view of the extent and complexity of eukaryotic 

transcriptomes. Due to their short lengths (typically only 20 - 24 nt) miRNAs are very suitable as 

candidates for being characterized by high-throughput sequencing technologies (i.e. small RNA-seq). The 
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general approach starts with the preparation of a cDNA library by ligation of adapters to the small RNAs, 

followed by reverse transcription and subsequent sequencing of millions of individual cDNA molecules. 

The resulting sequence reads are then mapped to the genome, and the relative abundance of a given 

miRNA is then quantified by calculating its number of sequence reads relative to the total number of 

sequence reads in a sample (reviewed in [342]).  

One of the major advantages of small RNA-Seq is the ability to detect novel and previously 

uncharacterized miRNAs, which is impossible with qPCR and microarray-based approaches. Thus, small 

RNA-seq provides a more complete and extensive view of the miRNA transcriptome. It is also possible to 

discriminate discrete, but closely related miRNAs at a single nucleotide resolution. Another benefit is 

that small RNA-seq, in contrast to qPCR and microarray platforms, is not dependent on the availability 

and accuracy of annotated miRNAs in miRBase [27]. Quantification of miRNA abundance using small 

RNA-seq also presents several challenges. Mapping short-sequence reads to the genome is difficult as 

many of them maps to multiple locations. In addition, sequence-specific biases introduced during cDNA 

library preparations have been reported. RNA-seq also requires a certain computational infrastructure 

for analysis and interpretation of the large amount of data that is generated.  

In Paper II, we used small RNA-seq to determine the miRNA transcriptome of undifferentiated 

iMSC#3 cells, and during adipocyte differentiation of the same cells. We did not search for novel 

candidate miRNAs, but The 10 most 

abundant miRNAs accounted for 68 % of the total reads, consistent with other comparable studies 

[25,26]. The importance of the remaining low abundance miRNAs has been questioned. Although, their 

low expression levels per se do not rule out their possible biological relevance. We validated the 

expression of three miRNAs by qPCR, and observed consistent expression patterns during adipogenesis 

(Paper II, Figure 5). We did not perform any technical replicates, so the overall reproducibility of the 

overall small RNA-seq data is not known. However, this issue was recently addressed in another study 

and appear to be good [351]. 

As discussed above, the mapping of the small reads to the genome can be challenging. In Paper II, 

reads that mapped uniquely within a mature miRNA sequence with a maximum of one mismatch were 

considered as hits. This means that it is not possible to distinguish among members of several miRNA 

families. Thus, allowing mapping of mismatches reduces accuracy of quantifying the miRNA abundance. 

In addition, this mapping strategy does not readily allow identification of isomiRs, one of the most 

striking and unexpected discoveries made possible by small RNA-seq (reviewed in [68]). For instance, 
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isomiRs of miR-155-5p and miR-222-3p, which were shown to repress adipogenesis in Paper I, were 

found to be differentially expressed in a leukemia model [73]. As isomiRs have been implicated in lipid 

homeostasis (reviewed in [352]), it would be very interesting to investigate the role of isomiRs during 

adipogenesis. 

Impact of isomiRs on quantification of miRNAs 

Increasing evidence shows that the majority of pre-miRNAs give rise to isomiRs with heterogeneous 

sequences due to post-transcriptional modifications of the ends [353]. Many of these are conserved 

across species and are often found to be differentially expressed according to the tissue or 

developmental stage. Consequently, a large number of potentially functional miRNA sequences vary 

from their canonical versions annotated in miRBase [27]. As the canonical sequences are used as 

templates to design primers and probes, this may have a major impact on the results obtained by the 

various platforms used to quantify miRNA expression. miRNA microarrays will capture signals from both 

canonical miRNAs and isomiRs. In contrast, the TaqMan miRNA assays that we used, rely heavily on the 

integrity of 3’- end of the sequence, and are consequently highly specific for canonical miRNAs. Thus, 

isomiRs are either undetected, or detected at reduced efficiency. Furthermore, different platforms have 

different degrees of sensitivity toward sequence alterations at the miRNA ends [353]. Thus, it is 

important to recognize that not all miRNA forms will be detected with equal efficiency. 

Manipulation of miRNA expression levels 

To study the functions of miRNAs, several strategies for gain- and loss of function experiments have 

been developed. Overexpression of miRNAs can be achieved by transfection with what is commonly 

referred to as miRNA mimics, or by cloning the miRNA gene of interest into an expression construct. 

miRNA mimics are chemically modified dsRNA molecules intended to “mimic” the miRNA-duplexes that 

are loaded into miRISC. One of the strengths of the mimics is that they, due to their small sizes, can be 

efficiently delivered into a large range of cell types by various straightforward transfection reagents. 

Thus, they are frequently used to study the effect of miRNAs on processes such as proliferation and 

differentiation. Furthermore, miRNA mimics can be carefully designed and modified to specifically give 

rise to either the miRNA-5p or miRNA-3 species, which is usually not possible with miRNA expression 

constructs. As the mimics do not integrate into the genome, their effect is only transient. Therefore, in 

long term studies when stable expression are needed, vector-based miRNA expression systems are used 

to ensure continuous production of mature miRNAs. Conveniently, the fact that most miRNAs are 
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transcribed by RNAPII, allows the use of standard vectors based on for instance the cytomegalovirus 

(CMV) promoter, used in all papers included in the thesis. 

The primary miRNA transcripts can be thousands of nucleotides long. However, a transcript 

generated from an expression construct, consisting of the pre-miRNA and approximately 40 – 125 nt of 

flanking sequences will be processed by Drosha [149]. This approach can be used to overexpress either a 

single miRNA or to generate several different miRNAs from a primary transcript with multiple precursors 

(Paper I, Figure 3A). The resulting miRNA expression constructs can be transfected directly and used in 

transient experiments (Paper III, Figure 5E), or if containing an antibiotic resistance gene, be used to 

generate stably transfected cells (Paper III, Figure 5F). By including a fluorescent reporter such as 

enhanced green fluorescent protein (EGFP), it is also possible to identify and purify the transfected cells. 

miRNA genes can be introduced into adenoviruses, or systems based on lenti- or retroviruses. The main 

difference between these systems is that the former viruses do not integrate in the genome, and only 

allow transient expression of a gene of interest. On the other hand, lenti- and retroviruses can be used 

for stable expression in a wide range of cells, including non-dividing cells and cells that are difficult to 

transfect.  

In the first Paper we used an adenovirus-based miRNA expression system to study the gain of 

function of miR-155-5p, miR-221-3p and miR-222-3p during adipogenesis of immortalized hMSC-Tert20 

cells. In order to achieve this we cloned the miRNA precursors with flanking sequences into a CMV-

driven expression construct. The miR-221-3p and miRNA-222-3p are most likely derived from a single 

primary transcript, as they are located less than 1,000 bp apart in the genome. Thus, we cloned an 

amplicon containing both miRNA precursors. The two constructs were transfected into HEK-293 cells 

followed by qPCR to determine if they were functional. Increased levels of mature miRNAs were 

observed, demonstrating that the cloned regions could function as precursors (Paper I, Supplementary 

Figure 1). The constructs were initially used to transiently transfect hMSC-Tert20 cells. These cells turned 

out to be very hard to transfect based on EGFP-expressing constructs (< 30 % transfection efficiency), 

although several transfection reagents were tested. To overcome this, the cloned fragments were used 

to generate recombinant adenoviruses, which in general allows more efficient gene transfer [354]. 

Consistently, high reproducible transfection efficiency was observed (almost 100 % based on EGFP-

expressing adenoviruses). Adenoviruses only allow transient expression, but we observed increased 

levels of all three miRNAs more than 14 days post-transduction, followed by a concomitant repression of 

adipocyte differentiation (Paper I, Figure 3A). In Paper II, the above amplicon with pre-mir-155 was used 
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to generate lentiviruses, transduced into iMSC#3 cells. The purpose of this experiment was to show that 

the cells could readily be used to study stable gene expression after antibiotic selection. When using 

EGFP-expressing lentiviruses it became apparent that high transduction efficiencies, matching that of 

adenoviruses, could be obtained. In Paper III, we transiently and stably overexpressed miRNAs using 

different expression systems. Here, we did not use viruses, but standard transfection protocols to study 

the effect of miR-142-5p/3p on proliferation, migration and invasion (Paper III, Supplementary Figure 3).  

In all the above experiments, the phenotypic effect of miRNA overexpression was compared to that 

of cells transduced or transfected with an empty construct, which appears to be the most common 

control in such studies. This control does not take into consideration the possible effect that high levels 

of ectopic miRNAs can have on the biogenesis pathway. Export of pre-miRNAs from the nucleus into the 

cytoplasm is a rate-limiting step in miRNA biogenesis and can be saturated [355]. We also addressed this. 

Briefly, expression levels of miR-155-5p, miR-221-3p/222-3p in HEK-293 cells were determined before 

and after overexpression of the unrelated miR-34a-5p. No differences were observed (unpublished 

data). Moreover, as the increased levels of miR-155-5p, miR-221-3p/222-3p also were relatively low 

when overexpressed, we do not believe that this is a problem (Paper I, Figure 3A). 

In addition, miRNA mimics obtained from Life Technologies were used in all Papers included in this 

thesis. They are dsRNAs despite the fact that they misleadingly are named Pre-miR miRNA precursors. 

Briefly, the mimics were used to transfect primary hMSCs in Paper I and immortalized iMSC#3 cells in 

Paper II, in order to validate the results obtained with adenoviruses and hMSC-Tert20 cells. For this 

purpose we used Lipofectamine 2000 (Life Technologies), previously shown to deliver siRNAs into hMSCs 

with high efficiency [230]. Accordingly, the transfection reagent should work well with miRNA mimics as 

they have comparable structures to siRNAs. In a similar manner as adenoviruses, miRNA mimics are only 

present within the cells for a limited period of time. Nevertheless, a single administration of mimics can 

exert long-term effects on biological processes such as adipogenesis (Paper I and II). In paper III we used 

different combinations of miR-142-5p and miR-142-3p mimics to investigate the consequences of 

epigenetic silencing of mir-142 in mesenchymal cells. First, the cells were simultaneously transfected 

with both mimics. As miR-142-5p and miR-142-3p have different targets, they were also transfected with 

the individual mimics. This revealed that only miR-142-3p and not miR-142-5p had a significant effect on 

proliferation (Paper III, Supplementary Figure 3). 
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Rapid amplification of cDNA ends 

RACE is a PCR based method that allows amplification of 5’- and 3’- sequences from cDNAs [356]. In 

Paper III, RACE was used to clone and identify both the TSS and polyadenylation (poly(A)) sites of the 

primary mir-142 transcript. To achieve this we used the SMARTer RACE cDNA Amplification Kit (Clontech, 

Mountain View, USA) [357]. This kit allows rapid and specific amplification of both 5’- and 3’- amplicons 

using the same universal primer mix in combination with distinct gene-specific primers. As 

recommended in the protocol, the Advantage 2 Polymerase Mix (Clontech) was used for the primary 2-

step touchdown PCR with a 5 minutes extension time to ensure amplification of long amplicons [358], 

using polyadenylated RNA as well as total RNA as input. Although, different gene-specific primers were 

used, visible amplicons were not observed in most cases. Thus, a nested PCR approach was used to 

increase specificity and to obtain amplicons with higher yields. For unknown reasons, the Advantage 

polymerase did not perform well in this setting. Therefore, the in-house produced “DNR Taq 

Polymerase” (kindly provided by Dave Warren at the Norwegian Radium Hospital) was tested. The 

standard Taq polymerase outperformed the Advantage polymerase and gave rise to strong specific 

amplicons. However, unspecific amplification of a 3’- RACE product was observed. In this case, mapping 

of the corresponding sequence to the genome revealed that the oligo(dT) primer had annealed to a 

continuous stretch of internal adenosines. This is a known phenomenon, and has previously been shown 

to generate a high frequency of truncated cDNAs during reverse transcription [359]. All RACE products 

were initially characterized by PCR before they were cloned, sequenced and mapped to the genome 

using the basic local alignment search tool (BLAST) [360].  

DNA methylation analyses 

DNA modification by sodium bisulfite treatment was first described in 1970 by Shapiro and Weisgras 

[361], and is now an established method that has become the standard for DNA methylation analyses. 

The main reason for this is that it can be implemented in several different DNA methylation analyses, 

which allows identification and quantification of DNA methylation at a single nucleotide resolution in a 

DNA sequence. The actual bisulfite modification is based on the different sensitivities of methylated and 

unmethylated cytosines to become deaminated. During this process, methylated cytosines are resistant 

to modification and remain as cytosines. However, unmethylated cytosines are deaminated into uracils, 

detected as thymines in downstream applications used to analyze DNA methylation patterns [362,363]. 

Thus, bisulfite modification gives rise to reduced DNA sequence complexity. Accordingly, a high 

efficiency of conversion is required to produce reliable data that allow for a correct interpretation of a 
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given DNA methylation status. It is imperative that the DNA is completely denatured as conversion only 

occurs on single-stranded DNA molecules. Denaturation can be impaired by several factors, e.g. 

contamination by DNA-binding proteins and stable secondary structures. 

 Most approaches to analyze DNA methylation are based on modification of DNA by sodium 

bisulfite, and these can be either global, such as genome-wide sequencing and DNA methylation arrays, 

or more region-specific, such as combined bisulfite restriction analysis, methylation-specific PCR (MSP), 

quantitative MSP and bisulfite sequencing. DNA methylation arrays, MSP and bisulfite sequencing were 

used in the current thesis and are discussed below. 

Methylation-specific PCR 

MSP was first described by Herman et al. in 1996 [364]. This rapid and highly sensitive PCR based 

method is probably the most widely used method to study DNA methylation. Following bisulfite 

modification, PCR is performed with two different primer sets designed to recognize and amplify either 

methylated or converted unmethylated fragments, taking advantage of the previously mentioned 

introduced sequence differences. Therefore, careful primer design is required to obtain specificity and 

only amplification from the intended targets. An aspect of MSP is the limited coverage of potential CpGs 

that can be simultaneously analyzed, as the primers only can cover a certain number of such sites. Thus, 

the region of interest for DNA methylation analysis has to be carefully selected. In addition, MSP is in 

most cases not considered to be a quantitative approach. In Paper III, the DNA methylation status of two 

separate regions at the mir-142 locus was assessed by MSP. As we wanted to investigate if transcription 

of mir-142 was associated with DNA methylation, the first set of primers was designed to bind directly 

upstream of the TSS (located 1,205 bp upstream of the precursor). Next, we wanted to evaluate the DNA 

methylation status of the more immediate flanking sequences of pre-mir-142, as this region also was 

predicted to be a CGI. Accordingly, the primers were designed to bind on opposite sides of the 87 bp 

long precursor. Both forward and reverse primers covered three and two successive CpGs, respectively, 

to ensure optimal discrimination between methylated and unmethylated sequences. The amplicons 

were designed to be shorter than 150 bp in length to ensure maximum yield. A temperature gradient 

PCR using either in vitro methylated or unmethylated bisulfite converted DNA, or unmodified DNA as 

template, was used to optimize the thermocycling conditions to ensure primer specificity. The resulting 

primers were highly specific for their respective templates, without any cross-reactivity or detection of 

unmodified DNA. 
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Bisulfite sequencing 

Bisulfite sequencing is by many considered to be the gold standard of DNA methylation analyzes. 

This method allows a positive identification and quantification of methylated cytosines at single 

nucleotide resolution, as unmethylated cytosines appear as thymines in the resulting sequence [362]. 

Another major advantage with bisulfite sequencing compared with MSP is that a large number of 

sequential CpGs can be simultaneously analyzed. In contrast to MSP primers, the bisulfite primers should 

not contain any CpGs to allow equal amplification of both methylated and unmethylated DNA, and the 

bisulphite sequencing primers used in Paper III were designed accordingly. 

Two different approaches can be used to sequence the resulting amplicons after bisulfite 

modification. In the first approach, they are sequenced directly, which allows for a semi-quantitative 

detection of the average methylation level. This can be problematic when analyzing samples from 

complex tissues, consisting of a heterogeneous pool of cells. In the second approach, the amplicons are 

cloned into a vector prior to sequencing analysis of single bacterial colonies. This method is considered 

to be quantita In addition, 

this method will reveal any heterogeneity within the sample as the individual clones might contain 

different levels of DNA methylation. One disadvantage with bisulfite sequencing followed by cloning is 

that it is rather time consuming, as the protocol involves several different and not necessarily straight 

forward molecular methods. Typically, large amplicons of bisulfite modified DNA, i.e. > 500 bp, do not 

amplify well in bisulfite PCR due to DNA fragmentation and/or degradation. In addition, the reduced 

sequence complexity that also frequently gives rise to homopolymer tracts of adenines and thymines, 

makes primer design relatively complicated. To increase sensitivity and specificity, nested PCR (i.e. 

primer set used in secondary PCR binds internally to the primary primer set) or “semi-nested” PCR (i.e. 

the same primer sets in both primary and secondary PCR) can be used. In Paper III, the latter approach 

was used to amplify the two approximately 350 bp long amplicons flanking the CpGs investigated by 

MSP. This approach was very sensitive and yielded a single specific amplicon. Cloning amplicons 

consisting of bisulfite modified DNA can be difficult as they frequently contain large stretches of 

adenines and thymines. Consistently, several cloning kits and plasmid purification methods were tested 

in order to establish an efficient and robust protocol. 

Genome-wide DNA methylation analyses 

DNA methylation analyses can also be performed at the genome-wide level by various high-

throughput sequencing approaches and DNA methylation arrays in combination with bisulfite 

58 



modification (reviewed in [365]). The Illumina Infinium HumanMethylation450 BeadChip allows analysis 

of > 485,000 CpGs at single nucleotide resolution across the genome with an average of 17 CpGs per 

Reference Sequence (RefSeq) gene, distributed across the promoter-associated CGI, first exon, gene 

body and both UTRs. In addition to protein-coding genes, ncRNAs (miRNAs and long ncRNAs) are also 

included. The arrays cover 96 % of CGIs with additional coverage in flanking regions (island shores and 

shelves) as well as non-CpG methylated sites. However, despite the extensive coverage, the CpGs 

flanking the TSS of mir-142 that we identified in Paper III are not included (Paper III, Figure 4B). In Paper 

II, this technology was used to perform a genome-wide comparison of DNA methylation in immortalized 

iMSC#3 and primary hMSCs.   

Global inhibition of DNA methylation 

In Paper III we used the DNA hypomethylating agent 5-Aza in combination with qPCR to investigate 

whether low expression of miR-142-5p/3p was caused by DNA methylation. 5-Aza is a chemical analog 

for the nucleoside cytidine which is incorporated into newly synthesized DNA of dividing cells, where it 

globally inhibits DNA methylation by forming an irreversible covalent complex with DNMT1 [366,367]. 

Despite the extensive use of 5-Aza, both clinically and in basic research, its exact mode of action has not 

been completely determined. However, one of the functions is to trigger rapid proteasomal degradation 

of DNMT1 [368], and 5-Aza has been shown to rapidly reverse chromatin structural changes [369]. 

Nonetheless, treated cells undergo passive demethylation after successive rounds of cellular replication, 

which are required to achieve a successful effect. This is consistent with our results from global 

hypomethylation of the slowly proliferating iMSC#3 cells, where five days of treatment with 5-Aza 

resulted in a relatively higher induction of mir-142, compared with only three days. For the relatively fast 

proliferating osteosarcoma cells, 72 hours was found sufficient to increase expression of mir-142 in 

seven out of eight cell lines (Paper III, Figure 1B). In addition, treatment should last long enough to 

demethylate all cells in a population. Technically, performing experiments with 5-Aza is very simple, as 

the drug can be administered directly to the cells in medium. Furthermore, the dose should be optimized 

as 5-Aza is cytotoxic to the cells. Accordingly, a pilot experiment with either 1 μM or 10 μM 

concentrations of 5-Aza were used. One μM was found to be at least as effective as the latter and was 

used in the final experiments performed in Paper III.  

In vitro DNA methylation 

To determine if a putative regulatory region of interest has intrinsic promoter activity, it can be 

cloned into a promoter-less reporter construct, which typically encodes a fluorescent or luminescent 
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protein (e.g. EGFP or luciferase, respectively). After being transfected into cells, the reporter gene comes 

under the control of the same regulatory elements as the gene originally associated with the test 

sequence. Thus, detection of reporter activity indicates that the cloned putative regulatory region can 

drive transcription. However, it is important to be aware that the reporter gene in many of the 

commonly used constructs actually shows basal transcription, although they are promoter-less. This is 

due to cryptic transcription factor binding sites in their backbone, and proper controls are therefore 

required to compensate for this. 

The CpG Methyltransferase (M.SssI) is one of the basic tools used in epigenetic studies. One 

application of M.SssI is to in vitro methylate genomic DNA, which can be used as a positive control for 

fully methylated DNA. As this methylation pattern mimics what is found at repressed promoter-

associated CGIs, M.SssI is also useful for functional studies of the effect of DNA methylation on 

expression. M.SssI exclusively methylates all cytosines present at CpGs using S-adenosylmethionine as a 

methyl donor [370]. In comparison, other methyltransferases such as HhaI and HpaII only partially 

methylates DNA. In Paper III, we investigated the effect of in vitro DNA methylation on the promoter 

activity of the 2 kb region upstream of pre-mir-142 (Paper III, Figure 4F). Commonly used reporter 

constructs such as the luciferase-based pGL-series from Promega, contains hundreds of CpG sites in the 

backbone. Consequently, the observed repression of reporter gene activity after treatment of such 

constructs with M.SssI is to a large extent caused by the methylation of CpGs present in the backbone, 

and not by the CpGs located in the cloned putative regulatory sequences [371]. It is possible to in vitro 

methylate a fragment, prior to cloning into an unmethylated construct, but this is far from an optimal 

solution [372]. To circumvent the potential issues discussed above, we used a completely CpG-free 

luciferase reporter construct termed pCpGL-basic [371], which was a gift from Michael Rehli at the 

Department of Hematology and Oncology, University Hospital, Regensburg, Germany. Thus, when the 2 

kb upstream region was cloned into this construct and subsequently subjected to in vitro methylation by 

M.SssI, only the introduced CpG sites were methylated, which is a major advantage compared with 

alternative systems. Furthermore, as determined by digestion with the methylation sensitive restriction 

enzyme HpaII, the efficiency of DNA methylation was very high (unpublished data). The pCpGL-basic is 

compatible with the Dual-Luciferase Reporter Assay System (Promega), allowing the sequential 

measurement of Firefly and Renilla luciferases in the same sample, where the latter is used to normalize 

transfection efficiency. 
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RESULTS AND DISCUSSION 

Different model systems for studying human adipocyte biology 

The first miRNA shown to be implicated in adipocyte biology, miR-14, was identified in Drosophila 

[313]. In contrast to yeast and C. elegans, Drosophila has adipose-like tissues and a lipid transport 

system. This suggests that it could be useful as a model to identify miRNAs with relevance to 

adipogenesis in higher organisms. In agreement with this, a later study showed that the mammalian 

homologues of miR-8, i.e. miR-200c-3p/141-3p and miR-200b-3p/200a-3p/429, can antagonize the 

ability of WNT-signaling to block adipogenesis in mouse ST2 MSCs [309].  

A large number of different model systems are available to study the role of miRNAs in adipocyte 

biology (Figure 7). These models can essentially be divided into two types. The models based on various 

multipotent cells that have not undergone adipocyte commitment, and the ones based on already 

committed preadipocytes. Both types are represented by mouse and human cells. Most of what is 

known about the underlying mechanisms of adipogenesis is based on studies using mouse preadipocyte 

cell lines, e.g. 3T3-L1 and 3T3-F442A cells, which can be induced to differentiate into adipocytes in vitro. 

These cells have also been used extensively to study the impact of miRNAs on adipogenesis (reviewed in 

[172,317-319]). Some of the miRNAs that have been identified using mouse cells are not necessarily 

regulated in the same manner in human cells, and it is doubtful that these models fully recapitulate 

human adipogenesis (reviewed in [317]). For instance, miRNAs encoded by mir-17-92 and let-7 have 

been shown to regulate mitotic clonal expansion in 3T3-L1 cells, a prerequisite for terminal 

differentiation of these cells [321,322]. As C3H10T1/2 cells and human preadipocytes apparently 

differentiate without post-confluence mitosis (reviewed in [225]), the general validity of these studies 

are not clear. To overcome some of these limitations, various primary human preadipocytes have been 

used. These cells represent a more challenging system compared with the mouse preadipocyte cell lines, 

but they are likely to provide a more relevant model to investigate human adipocyte differentiation. 

Despite this, these cells are also committed to the adipocyte lineage and are not well suited to elucidate 

the earliest events in differentiation. 

Multipotent MSCs can be differentiated into mature adipocytes in a similar manner as the 

preadipocytes. Consistent with the notion that they are in a more undifferentiated state, phenotypic 

changes, i.e. accumulation of lipid droplets, occur later than what is observed when differentiating 
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already committed preadipocytes. Thus, MSCs provide a valuable resource to study the earliest events in 

differentiation as they, in contrast to preadipocytes, are not yet committed to any specific lineage. 

hMSCs as model systems 

Primary hMSCs derived from bone marrow and other sources have gained popularity for basic 

research and clinical applications because of their therapeutic potential in treating a variety of diseases 

(reviewed in [373]). hMSCs can only be grown in culture for a limited number of population doublings 

before they cease proliferation and enter a permanent growth arrest, termed replicative senescence 

[206]. Furthermore, extensive propagation of hMSCs ex vivo is accompanied by the progressive loss of 

their differentiation potential [202]. Another complication of using primary hMSCs is that their 

differentiation capacity seems to be related to the age of the donor [374]. In addition, the heterogeneity 

among hMSCs from different donors can make experimental findings difficult to generalize. Therefore, 

typically two or more primary hMSC cultures are investigated in order to minimize donor specific 

variations, as will be discussed later. 

hMSCs that remained stable as they were expanded indefinitely in culture would be very valuable 

for experimental manipulations and for therapeutic applications. It seems like most of the pitfalls of 

primary hMSCs can be overcome by immortalization of the cells, which can be achieved by several 

methods. The most common approach to immortalize or extend the lifespan of MSCs is to constitutively 

overexpress TERT, which can restore telomerase activity and elongate telomeres, without cellular 

transformation and genomic instability (reviewed in [210]). As will be discussed later the mechanism and 

molecular basis underlying this approach is not completely understood. 

The goal of the immortalization is to provide hMSCs with a consistent phenotype that reduces the 

variability observed among primary cell cultures. Several studies have reported that the phenotype and 

differentiation potential of the immortalized hMSCs are maintained [214-216]. Another advantage is the 

elimination of the need of multiple donors to perform large scale experiments. Their prolonged lifespan 

also allows more extensive genetic manipulations, e.g. multiple viral transductions. In addition, 

overexpression of TERT has been shown to enhance osteogenesis of hMADS [212,375], as well as both 

adipo- and osteogenesis of bone marrow-derived hMSCs [216]. Based on this, immortalized hMCSs may 

be very useful as model systems for MSC biology- and differentiation studies involving miRNAs. 

An example of an TERT-immortalized hMSC cell line is the hMSC-Tert20 [206], used in Paper I. After 

approximately 300 population doublings the proliferation rate of these cells suddenly increased. This was 
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possibly due to a deletion of the CDKN2A locus and DNA methylation of the tumor suppressor gene 

deleted in bladder cancer 1 (DBC1, formerly known as DBCCR1), and the cells became transformed 

(capable of making tumors in mice) [376]. Despite this, the hMSC-Tert20 maintains the same surface 

marker profile and differentiation potential as primary hMSCs [377], which was why they were used to 

study the involvement of miRNAs in human adipogenesis in Paper I. In this project, the fact that the cells 

were transformed was actually an advantage, as they were easy to culture compared with primary 

hMSCs. Their increased proliferation rate and loss of contact inhibition made it possible to generate large 

amounts of RNA and proteins. For instance, the amount of RNA that was required for the miRNA array 

experiments would have been cumbersome and difficult to obtain from primary hMSCs, as will be 

discussed later. Most importantly, the fact that the initial findings were validated using primary hMSCs, 

suggests that immortalized hMSCs can be a valuable model system to study the role of miRNAs in basic 

mesenchymal biology. 

In Paper II, we established and characterized an immortalized non-tumorigenic hMSC cell line 

(iMSC#3), which maintained the multipotency of primary hMSCs without being tumorigenic. Similarly as 

for hMSC-Tert20, this was achieved by retroviral transduction of TERT, which is either lost or present at 

low levels in primary hMSCs [212,378]. Consistently, prior to transduction we were unable to detect 

TERT expression by qPCR. After transduction, the ectopic expression of TERT was maintained during 

long-term culturing, which is in agreement with other studies [206,216]. Expression of TERT is frequently 

observed to be positively correlated with telomerase activity (reviewed in [210]). This has not been 

experimentally verified in iMSC#3 cells and the lengths of the telomeres remain to be determined. 

The mechanism and molecular basis underlying immortalization by overexpression of TERT is not 

completely understood, although it is increasingly recognized that the importance and functions of 

telomerase seem to be more extensive than originally thought. In cells with endogenous telomerase 

activity, several lines of evidence suggest that besides its role in telomere maintenance, TERT also 

enhances cell viability by promoting DNA repair, cell proliferation, and by inhibition of apoptosis 

(reviewed in [217]). Interestingly, it seems like ectopic TERT has some of the same abilities, supported by 

findings using e.g. ESCs [379]. 

In agreement with this, an enrichment analysis of the differentially expressed genes in iMSC#3 

compared with two primary cultures of hMSCs suggested that the top molecular and cellular functions 

affected were cellular growth and proliferation, cellular movement and development, cell death and 

survival, as well as cell-to-cell signaling and interactions. This is consistent with a recent study where the 
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molecular basis of immortalized hMSCs was investigated. Here it was shown that immortalization was 

accompanied by increased expression of approximately 50 cell cycle regulation and DNA repair genes 

[216]. Most of these genes were also upregulated in iMSC#3 cells, which further suggests that the same 

mechanisms could be involved in their immortalization. 

A large number of cancer/testis antigens in the G- and melanoma antigens family (GAGE and MAGE, 

respectively) were among the most highly upregulated genes in iMSC#3. The transcripts encoded by 

these genes are predominantly expressed in testis or placenta, but absent in somatic tissues. In addition, 

they are often activated during malignant transformation where they in general are believed to enhance 

cell survival (reviewed in [380]). The melanoma antigen family C 2 (MAGEC2), upregulated 15-fold in 

iMSC#3, promotes cell proliferation and viability of mast cells [381]. Therefore, the above data suggest 

that cancer/testis antigens might contribute to maintenance of the proliferative capability and cell 

survival of iMSC#3 cells. The most common mechanism of reactivation of these genes in cancer cells is 

promoter demethylation [380]. Thus, the upregulation of some of the cancer/testis genes could be a 

consequence of the reduced methylation of iMSC#3 cells. In support of this, the upstream region of the 

upregulated MAGEC2 gene was found to be hypomethylated (unpublished data). It would be interesting 

to determine the methylation status of the remaining cancer/testis genes in future analysis. In addition, 

it would be of interest to investigate if any of these genes are upregulated in other immortalized cell 

models, to determine if it is a common mechanism. 

One of the major concerns using immortalized hMSC in a therapeutic setting is their potential 

tumorigenic potential. Independent of the underlying mechanisms, ectopic expression of TERT appears 

to be sufficient to immortalize iMSC#3, without leading to transformation. As previously discussed, the 

hMSC-Tert20 cells used in Paper I did not transform until after approximately 300 population doublings 

[376]. The iMSC#3 cells are typically passaged at split ratio 1:2, while the hMSC-Tert20 cells were 

passaged at split ratio 1:20, which might have selected for cells with high proliferative potential. 

However, cells that were passaged at split ratio 1:4 also lost the CDKN2A locus, and later acquired an 

activating mutation in KRAS. Consequently, it may appear that overexpression of TERT favors 

tumorigenic events, although primary hMSCs can in rare cases spontaneously transform into malignant 

cells [223]. It is possible that the iMSC#3 cells will undergo similar events in the future and this should 

therefore be closely monitored.  
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The miRNA profile of MSCs 

miRNA expression profiles are often characteristic of specific cell types [153]. Most studies involving 

MSCs and miRNAs have focused on their functions in differentiation into more mature cells and not their 

role in the undifferentiated cells per se. In Paper II we used small RNA-seq to characterize the miRNA 

transcriptome of iMSC#3. As we did not sequence the two primary hMSC cultures, the expression profile 

was compared with those from two other studies [307,382]. In these studies, 55 and 202 miRNAs were 

reported to be present in primary bone marrow-derived hMSCS, respectively. Interestingly, 50 out of the 

278 miRNAs detected in iMSC#3, including the five most abundant ones, were common for all three 

studies, whereas 133 miRNAs were unique to iMSC#3. Some of these might be present in the hMSCs in 

the other studies as well, but might have been missed as they used microarrays and not small RNA-seq. 

Many of the unique 133 miRNAs corresponded to transcripts with relatively low read counts and their 

observed expression could represent limits of detection and not necessarily biological variability. Some 

might be specific to iMSC#3, either as result of immortalization or due to the general variation among 

cultures of hMSCs [305,383]. In agreement with the latter, 93 unique miRNAs was also observed in the 

primary hMSCs in the study by Bae et al. [382]. In the study by Oskowitz et al. [307], only one miRNA was 

found to be unique. The reason for this is probably because any donor variation had already been 

excluded, as three hMSC cultures were investigated, and miRNAs not present in all of them were 

discarded.  

The presence of a core set of 50 miRNAs in primary hMSC cultures from four donors, as well as in 

iMSC#3 cells, suggests that at least some of them could have a function in maintaining the 

undifferentiated state, or mesenchymal phenotype of hMSCs. In a study using hMSCs derived from ESCs, 

it was proposed that high expression of let-7 could be involved in self-renewal by targeting the 

endodermal differentiation marker hepatic nuclear factor 4 alpha (HNF4A) [384]. In support of this 

finding, eight members of the let-7 family were among the set of 50 miRNAs discussed above, suggesting 

that this mechanism may be intact in the immortalized cells as well as in other primary hMSC cultures. 

Two miRNAs of potential interest are the highly expressed miR-221-3p/222-3p, which are downregulated 

during adipogenesis (Paper I and II). High expression of these miRNAs has been linked to increased 

abundance of mesenchymal markers and an enhanced epithelial-mesenchymal transition (EMT) 

phenotype in breast cancer [385]. Interestingly, transfection of miR-221-3p/222-3p mimics into an 

immortalized and non-tumorigenic mammary cell line induced EMT-like characteristics, observed as 

enhanced invasion and migration, and increased levels of the mesenchymal marker vimentin (VIM) 

65 



[385]. Another interesting miRNA in this respect is the highly expressed miR-21-5p, shown to promote 

development of the mesenchymal phenotype of epicardial mesothelial cells [386]. It is not known if the 

same regulatory pathways are intact in hMCSs, but it would be interesting to knock down these miRNAs 

to observe if that could affect their mesenchymal properties.  

Among the criteria used to define MSCs is the capacity to differentiate in vitro into the three 

mesenchymal lineages [181]. In Paper II, we only performed adipogenesis and osteogenesis and did not 

address whether the iMSC#3 cells could undergo chondrogenesis. This has been investigated by others 

[387]. In this study, the chondrogenic potential of iMSC#3 was reported to be relatively low. Of interest, 

clonal expansion of primary hMSCs has shown that not every cell has the ability to differentiate into all 

three lineages [179,388]. This might provide an explanation for the impaired chondrogenesis of the 

iMSC#3 cell line, as it was established from a single cell which could already have had a restricted 

differentiation potential. Alternatively, the cells could have lost the ability during the extensive culturing 

in a similar manner as has been reported for primary hMSCs [202]. The latter aspect could be addressed 

by differentiating iMSC#3 cells from an earlier passage. It is also possible that a more detailed 

characterization of the transcriptome could provide insight into the molecular mechanisms underlying 

the reduced chondrogenic potential. 

As previously mentioned, ectopic expression of TERT can restore telomerase activity and elongate 

telomeres [206]. Whether overexpression of TERT alone is sufficient to immortalize MSCs is somewhat 

controversial, as the results from different studies are inconsistent. The ability of ectopically expressed 

TERT to extend the lifespan of various cells could be related to the integration site, the telomerase 

activity, as well as the presence of telomerase-associated proteins in a cell type-specific manner [212]. 

The observation that immortalization of MSCs might be dependent on more factors than telomerase 

expression alone was supported by our data, as 8 out of 9 established TERT-transduced clones ceased to 

grow after approximately 25 population doublings (unpublished data). We do not know why they 

senesced, as these clones were not further characterized. One possibility could be that the TERT gene 

was epigenetically silenced. Alternatively, the senescence observed in these clones might be related to 

the CDKN2A/RB1-pathway, acting independently of telomerase activity [389]. 
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Identification of miRNAs involved in adipocyte differentiation 

Adipogenesis is a complex process regulated in a coordinated manner by hundreds of differentially 

expressed genes, during the transition from a multipotent cell to a mature adipocyte (reviewed in [225]). 

Consistent with their important regulatory roles elsewhere, knockdown of Dicer has revealed that 

miRNAs are globally involved in adipocyte differentiation both in vitro and in vivo [307,390]. It is now 

evident that many miRNAs act as extensive regulators during adipogenesis, by targeting a steadily 

increasing list of mRNAs already known to be involved in this process (reviewed in [172,317-319]). The 

most efficient way for miRNAs to control adipogenesis would be to target crucial regulators, e.g. CEBPs 

and PPARG (reviewed in [225]). For instance, targeting PPARG by even a single miRNA would be 

expected to have a major impact, as its expression is both necessary and sufficient for adipocyte 

differentiation. Four different miRNAs, i.e. miR-27a-3p/b-3p and miR-130a-3p/b-3p, have so far been 

shown to directly target PPARG, in both mouse and human models [324,326,330]. Although a miRNA in 

theory could regulate only a single gene, it is more likely that they have multiple functions. Consistent 

with that notion, miR-30c-5p has been reported to promote human adipogenesis by simultaneously 

repressing SERPINE1 and ACVR1 [329]. Interestingly, expression of both genes had to be downregulated 

to observe an effect on differentiation.  

In order to shed more light on the roles of miRNAs during human adipocyte differentiation, we used 

the immortalized hMCS-Tert20 cell line as a model system (Paper I). To identify miRNAs with putative 

function during adipocyte differentiation, we performed an initial screening using microarray-based 

profiling and identified 66 miRNAs that were expressed in these cells. The expression of 12 miRNAs was 

found to be consistent in three biological experiments, suggesting that they might be functionally 

important for adipocyte formation. We focused on miR-155-5p, miR-221-3p and miR-222-3p.  

The intragenic mir-155 maps within and is processed from an exon of a ncRNA transcribed from the 

B-cell Integration Cluster (BIC) located on chromosome region 21q21.3. miR-155-5p is a typical 

multifunctional miRNA acting as an important regulator in a variety of biological processes, including 

normal immune function, haematopoiesis, inflammation, cardiovascular function as well as on viral 

infection, and is involved in neoplastic disease (reviewed in [170]). The intergenic miRNA genes encoding 

miR-221-3p and miR-222-3p are located approximately 600 bp apart in chromosome region Xp11.3, and 

67 



are two of the most dysregulated miRNAs in cancer. Consistent with our observations, miR-221-3p and 

miR-222-3p appear to be co-regulated, which is a common feature of clustered miRNAs [51].  

As the expression levels of miR-155-5p and miR-221-3p/miR-222-3p decreased during 

differentiation, they could potentially act as negative regulators by targeting mRNAs whose encoding 

proteins normally promote adipogenesis. Among these, CEBPB was of special interest as it 

transcriptionally activates the master regulators CEBPA and PPARG, as well as SREBF1 (reviewed in 

[225]). In addition, CEBPB had already been shown to be inhibited at the translational level by miR-155-

5p in studies unrelated to adipogenesis [391,392]. As their expression patterns also inversely correlated 

during adipogenesis, we hypothesized that the level of CEBPB could be modulated by miR-155-5p during 

adipocyte differentiation. A very interesting predicted target for miR-221-3p/222-3p was CDKN1B, whose 

increase had recently been shown to be important during the early stages of hMSC-adipogenesis [289]. 

Thus, after confirming that CDKN1B was upregulated during adipogenesis in our model system, we 

hypothesized that the observed induction could be facilitated by the decrease of miR-221-3p/222-3p. 

While our investigations were in progress, several studies demonstrated that CDKN1B was a bona fide 

target for miR-221-3p/222-3p in various cancers (reviewed in [393]).  

Adenoviral-mediated overexpression of either miR-155-5p or miR-221-3p/222-3p efficiently 

repressed adipogenesis of hMSC-Tert20 cells, observed as a decrease in triglyceride accumulation and 

reduced expression of adipocyte marker genes, e.g. CEBPA and PPARG (Paper I, Figure 4). Most 

importantly, induction of CEBPB and CDKN1B was attenuated, suggesting that they were regulated by 

miR-155-5p and miR-221-3p/222-3p, respectively. To verify these results we transfected primary hMSCs 

with synthetic miR-155-5p and miR-222-3p (representing both miR-221-3p/222-3p) mimics. Although 

some differences were observed, the phenotypic effect on adipogenesis was similar to what was 

observed using the immortalized hMSC-Tert20 cells. The inhibitory effect of miR-155-5p on adipocyte 

differentiation was also demonstrated using iMSC#3 cells in Paper II (Paper II, Supplementary Figure 6). 

As miRNAs potentially regulate hundreds of genes, it is reasonable to assume that the inhibitory 

effects exerted by miR-155-5p and miR-221-3p/222-3p most likely were due to targeting of additional 

genes besides the ones discussed above. Indeed, miR-155-5p was predicted to have 281 conserved 

targets, some of which were very relevant to the process of adipocyte differentiation. For instance, miR-

155-5p could be involved in the regulation of cell proliferation during adipogenesis. In Paper I, we 

identified WEE1 homolog (WEE1), a kinase that blocks cell-cycle progression, as a putative common 

target for both miR-155-5p and miR-221-3p/222-3p. Overexpression of miR-155-5p has been shown to 
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enhance cell proliferation of HCT 116 and MDA-MB-231 cells by targeting WEE1 [394]. This suggests that 

the downregulation of miR-155-5p during adipogenesis of hMSCs could have the opposite effect. 

Moreover, miR-155-5p has been demonstrated to target SMAD1 and SMAD5 in lung epithelial cells [395]. 

This is interesting as transcriptional activation of SMAD1 appear to be essential for downstream 

activation of PPARG in BMP2-induced adipocyte differentiation of CH10T1/2 cells [396]. Thus, reduced 

expression of miR-155-5p during adipogenesis could facilitate the observed increase of SMAD1, and 

thereby promote differentiation. 

Two later studies have confirmed our hypothesis that miR-155-5p is targeting CEBPB during 

adipogenesis [397,398]. In the first study, ectopic expression of miR-155-5p was shown to partially 

inhibit adipogenesis of 3T3-L1 by blocking early transcription factors, e.g. CEBPB and CREB1 [398]. Most 

importantly, miR-155-5p was demonstrated to repress expression of genes by directly targeting their 3’- 

UTRs. Interestingly, this shows that the inhibitory effect of miR-155-5p is due to regulation of several 

targets in the same pathway. In the second study, the expression level of miR-155-5p was found to 

decrease during formation of brown adipocytes [400]. Furthermore, overexpression of miR-155-5p 

significantly reduced CEBPB and accumulation of lipids. In addition, a CEBPB variant without the 3’- UTR 

rescued the effect of miR-155-5p, while inhibition of miR-155-5p resulted in higher abundance of CEBPB 

as well as CEBPA, PPARG and FABP4. It was also proposed that high levels of miR-155-5p suppress 

premature differentiation by inhibiting CEBPB. This is probably not the case in undifferentiated hMSCs, 

as the expression of miR-155-5p appears to be relatively low based on qPCR data (Paper I and II) and 

small RNA-seq (Paper II). 

As discussed above, ectopic expression of miR-221-3p/222-3p impaired adipogenesis of both 

immortalized and primary hMSCs, potentially by suppressing the expression level of CDKN1B. miR-221-

3p/222-3p have the same seed regions and appear to have the same target specificities. Overexpression 

of either miR-221-3p or miR-222-3p, individually or together, has been shown to have the same effect on 

CDKN1B [399,400] as well as cellular proliferation, which was reduced [400]. In agreement with this, we 

observed repression of CDKN1B independent of whether miR-221-3p and miR-222-3p were 

overexpressed together (using adenoviruses) or miR-222-3p alone (using mimics), and a similar inhibition 

of adipogenesis.  

As a follow up of the above observations, we wanted to determine whether inhibition of 

adipogenesis could be a consequence of reduced level of CDKN1B, which might lead to increased cellular 

proliferation. Unfortunately, we observed no proliferative advantage of hMSC-Tert20 cells with ectopic 
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expression of miR-221-3p/222-3p, compared with control cells. There are several possible explanations 

for this. For instance, as previously mentioned the hMSC-Tert20 cells are transformed [376]. With 

hampered cell cycle regulation and a doubling time of only 24 hours, it is possible that a moderate 

reduction of CDKN1B in these cells is not sufficient to further boost proliferation. A better approach 

would be to study this interaction in either primary hMSCs or the immortalized iMSC#3 cells with a 

population doubling time of approximately 100 hours. On the other hand, the above observation is 

consistent with data from another study of the involvement of miR-221-3p/222-3p in myogenesis [401]. 

Here, ectopic expression of the miRNAs during myoblast differentiation was found to repress CDKN1B 

and to induce a transient delay in cell cycle exit, without being sufficient to maintain proliferation. In 

addition, CDKN1B might have other functions besides its role in the cell cycle, or alternative targets, 

which has also been suggested by others [401].  

Consistent with the notion that miRNAs involved in adipogenesis are often inversely expressed in 

obese adipose tissue [316], both miR-155-5p and miR-222-3p have been shown to be upregulated in 

obese mice [316,402], and in subcutaneous fat from obese subjects [175]. The mechanisms of 

upregulation is not always clear, although some evidence suggests that it could be linked to enhanced 

level of the transcriptional activator tumor necrosis factor (TNF), as a result of chronic inflammation 

[316]. miR-155-5p has also been suggested to play a role in the link between dysfunction of adipose 

tissues and the development of obesity associated disorders such as type 2 diabetes [403], and has 

recently been shown to be associated with BMI in human subjects [404]. As previously mentioned, miR-

222-3p is associated with high blood glucose in diabetic rats as well as being induced by increased levels 

of intracellular glucose in 3T3-L1 cells [405]. In addition, miR-221-3p/222-3p have been found to be 

positively correlated with BMI in human adipose tissue [175], as well as in the Pima Indian population 

[406]. 

Regulation of mir-155 and mir-221/222 

A large number of miRNAs has been demonstrated to be differentially expressed during 

differentiation of MSCs (reviewed in [172,317-319]). The understanding of how these miRNAs is 

regulated is limited, but they could be regulated by multiple mechanisms at the transcriptional, post-

transcriptional or epigenetic level (reviewed in [21,29,42]). We did not address this in Paper I, but an 

interesting topic involves the mechanisms that regulate expression of miR-155-5p and miR-221-3p/222-

3p. Increased knowledge about these mechanisms is important in order to integrate the miRNAs in the 

cascade of regulatory events that drive adipogenesis.  
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TNF and TGFB1 are two well established inhibitors of adipogenesis (reviewed in [225,407]). TNF 

activates multiple signaling pathways and inhibits a number of adipocyte-abundant genes, e.g. CEBPA 

and PPARG [408], whereas TGFB1 acts by suppressing the transcriptional activation of PPARG [409]. 

Thus, the effect of TNF and TGFB1 on differentiation resembles what is observed when either miR-155-

5p or miR-221-3p/222-3p is overexpressed, as shown in Paper I.  

In the study where miR-155-5p was demonstrated to target CEBPB and CREB1, it was shown that 

TNF positively regulated miR-155-5p, potentially through binding of NFKB to a putative promoter region 

[398]. Moreover, mir-155 has been suggested to be regulated through a conserved jun proto-oncogene 

(JUN, formerly known as activator protein 1) element during activation of B cells [410]. Thus, as TNF 

activates JUN, this signaling pathway could also induce expression of miR-155-5p. As discussed above, 

ectopic expression of miR-155-5p in 3T3-L1 cells partly suppressed adipocyte differentiation. However, 

knocking down miR-155-5p after treatment with high levels of TNF, did not completely rescue the 

formation of adipocytes. This suggests that other factors, besides the upregulated miR-155-5p, are 

involved in the total inhibitory effect exerted by TNF. Intriguingly, miR-221-3p/222-3p have been shown 

to be induced by TNF [316]. Therefore, as we identified these miRNAs as negative regulators of 

adipogenesis in Paper II, it is possible that they together with miR-155-5p play important roles during 

TNF induced inhibition of adipocyte differentiation. miR-221-3p has recently been shown to be 

downregulated by LEP in human preadipocytes [406]. Consequently, as LEP is induced during adipocyte 

differentiation it could be involved in the observed decrease of miR-221-3p/222-3p also in our studies. 

Another interesting candidate that might be involved in regulation of miR-221-3p/222-3p is the 

transcription factor ZBTB16, which acts as their repressor in melanoma cells [411]. Thus, as ZBTB16 is 

upregulated during differentiation of hMSCs into adipocytes, osteoblasts and chondrocytes [230], it 

could mediate the decrease of miR-221-3p/222-3p during adipocyte formation of hMSCs as well (Paper 

I). Interestingly, ZBTB16 was one of the most highly induced genes during adipogenesis of iMSC#3 (Paper 

II). 

The exact function of TGFB1 during adipocyte differentiation is unclear. It is known that it signals 

through SMAD family member 3 (SMAD3) and SMAD family member 4 (SMAD4), which interact with 

CEBPB and CEBPD, and hampers the subsequent transcriptional activation of PPARG [409]. Recently, the 

expression level of miR-155-5p was found to decrease during adipogenesis of brown adipocytes [232]. 

Interestingly, TGFB1 was found to be regulated in a differentiation-dependent manner similar to miR-

155-5p. Accordingly, it was demonstrated that mir-155 was induced by treatment with TGFB1, and that 
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miR-155-5p is a downstream effector of TGFB-signaling in this context. It was also shown that CEBPB, as 

well as CEBPD and CEBPA, are all negative regulators of mir-155 by binding to CEBP-binding sites in the 

upstream regulatory region. Finally, it was shown that miR-155-5p and CEBPB constitute a double-

negative feedback loop. It is not known if some of these mechanisms are involved in regulation of CEBPB 

during adipogenesis of hMSCs. However, it is likely that miR-155-5p could be regulated by the CEBPs also 

here, as they all exhibit inverse expression patterns during differentiation (Paper I and II). 

miRNAs as regulators of MSC fate 
Adipogenesis is only one of several differentiation pathways that hMSCs can undergo. Important 

transcription factors, e.g. PPARG, that drive the cells towards one fate often inhibit differentiation into 

other lineages (reviewed in [224]) (Figure 6). Given their important regulatory roles in most biological 

processes, it is not surprising that many miRNAs, including miR-17-5p and miR-106a-5p [308], miR-140-

3p [172], miR-200c-3p/141-3p and miR-200b-3p/a-3p/429 [309], miR-22-3p [162], miR-204-5p/211-5p 

[310] and miR-637 [311], seem to be involved in controlling the balance between adipocyte and 

osteoblast differentiation. These miRNAs typically exhibit inverse expression patterns during 

differentiation into the two alternative lineages. As we only focused on adipocyte differentiation in 

Paper I, this issue was not addressed. However, we determined the expression level of miR-155-5p 

during both adipogenesis and osteogenesis of the iMSC#3 cells. In contrast to what was observed during 

adipogenesis, miR-155-5p increased approximately 7-fold during osteoblast differentiation (Figure 10A). 

Thus, this expression pattern fits well with the existing knowledge about miRNAs involved in the control 

of cell fate, e.g. miR-22-3p, which has been shown to promote osteogenesis and inhibit adipogenesis of 

hMADS [162].  

Based on this, it is tempting to speculate that miR-155-5p might not only be a negative regulator of 

adipogenesis, but that its upregulation during osteogenesis might favor differentiation into that lineage. 

This could be achieved by suppression of a crucial factor for adipogenesis, e.g. CEBPB, which might 

impair the adipocyte transcriptional cascade. Further experiments are required in order to determine 

whether this is the case, and the expression pattern of miR-155-5p during osteogenesis needs to be 

validated in other cell models. Interestingly, as discussed above, miR-155-5p has recently been shown to 

be induced by TGFB1 [400]. Consequently, the knowledge that TGFB-signaling promotes osteoblast 

differentiation and inhibits adipogenesis (reviewed in [225]) provides a plausible model for the 

upregulation of miR-155-5p during osteogenesis. 

72 



Cell growth arrest or differentiation specific regulation? 
In Paper I, the expression levels of the miRNAs at a given time point after induction of adipogenesis 

were calculated relative to subconfluent and undifferentiated cells at day 0. A potential problem with 

this approach is that any observed changes in expression might not be related to the differentiation 

process per se, but rather by factors such as increased cell to cell contact. Using the corresponding 

undifferentiated cells at each time point as a reference is not necessarily a better option, as these cells 

are likely to proliferate faster than the ones undergoing differentiation. For instance, the hMSC-Tert20 

cells used in Paper I proliferate extremely fast and for technical reasons it was not possible to culture 

them side by side with differentiating cells for 21 days. Ideally both types of experiments should be 

performed as they provide different type of information and thereby increase the chance of eliminating 

false positives. This is of course especially important if the assumed significance of a differentially 

expressed miRNA is not followed up by functional studies. 

Contact inhibition of different cell types has been shown to globally activate miRNA biogenesis, 

leading to significant upregulation of several miRNAs [412]. This is also valid during adipogenesis, which 

means that miRNAs that are increased during differentiation are not necessarily involved in the process 

per se. Interestingly, miR-143-3p, the first miRNA shown to positively regulate human adipogenesis 

[314], also increased upon contact inhibition without any differentiation stimuli in another study [412]. 

As this miRNA has been shown to have a function during formation of adipocytes, cell to cell contact 

could be part of its regulatory mechanism, while the increase of other uncharacterized miRNAs could be 

false positives. 

Although not included in Paper I, we did determine whether the time-dependent decrease of miR-

155-5p and miR-221-3p/222-3p was actually associated with differentiation. For this purpose we used 

the iMSC#3 cells to evaluate their expression in differentiating as well as undifferentiating cells (Figure 

10B). Consistent with the results obtained using hMSC-Tert20 and primary hMSCs, the miRNAs were 

downregulated in iMSC#3 cells undergoing adipogenesis. Their expression levels seemed to be 

unaffected in cells not subjected to differentiation, although the cells became confluent after 

approximately one week. Thus, this strengthened the concept that the decrease of miR-155-5p and miR-

221-3p/222-3p is linked to the differentiation per se and not some other unrelated cellular process. 
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Figure 10. Expression of miR-155-5p and miR-222-3p in differentiated and undifferentiated iMSC#3 
cells. (A) The expression level of miR-155-5p at various time points during osteoblast differentiation was 
determined by quantitative real-time PCR (qPCR), and compared with undifferentiated iMSC#3 cells at 
day 0. (B) The expression of miR-155-5p and miR-222-3p (representing both miR-221-3p and miR-222-
3p) during adipocyte differentiation and in corresponding undifferentiated cells was determined by 
qPCR, and compared with cells at day 0. RNU6-2 (formerly known as RNU6B) was used to normalize the 
data. 

Discrepancies among different studies 
A large number of miRNAs has been reported to be expressed and regulated during adipocyte 

differentiation (reviewed in [172,317-319]). Based on these experiments many miRNAs, e.g. miR-155-5p 

and miR-221-3p/222-3p, seem to have the same expression patterns in various model systems, also 

across species. However, discrepancies are also frequently being noted. The discrepancies could result 

from differences in the experimental models used, as well as being attributed to different 

methodological approaches, differing in sensitivity and specificity. 

The first human miRNA gene involved in adipocyte differentiation, i.e. mir-143, was identified by 

Esau et al. [314]. In the same study, 21 other miRNAs were found to be differentially expressed based on 

miRNA microarrays. Two years later, Northern blot analysis of mouse 3T3-L1 cells undergoing 

adipogenesis was used to identify 21 differentially expressed miRNAs [315]. Surprisingly, only a single 

miRNA, i.e. miR-143-3p, was common in these studies. It has later become evident that miR-143-3p is 

one of the most consistently expressed miRNAs during adipocyte differentiation. For instance, miR-143-

3p has so far been demonstrated to be upregulated during adipogenesis of both human white 

preadipocytes [314], mouse and human bone marrow-derived MSCs [307,402], immortalized hMSCs 

(Paper II), as well as mouse 3T3-L1 cells [316]. Despite this, miR-143-3p has been observed to be 

downregulated during differentiation of human subcutaneous preadipocytes [175]. In this study, it was 

suggested that the origin of fat cells could explain this discrepancy, as different adipose tissues appear to 

have unique miRNA expression profiles [403].  
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miRNAs are not only differentially expressed between organisms and tissue types, but also between 

different cultures of hMSCs. One example is provided by miR-21-5p which has been reported to promote 

adipocyte differentiation of hMADS by targeting TGFBR2 [328]. TGFBR2 is a factor involved in TGFB-

signaling that promotes osteoblast differentiation and inhibits adipogenesis (reviewed in [225]). In this 

study, the expression level of miR-21-5p was found to peak three days after induction of adipogenesis, 

correlating with a decrease in TGFBR2. Taken together, this suggested that miR-21-5p has an important 

role in adipogenesis of hMSCs through the modulation of TGFB-signaling. We observed an increase of 

miR-21-5p during differentiation of the immortalized hMSC-Tert20 cells in Paper I, as assessed by 

microarrays and qPCR (Paper I, Figure 1A). However, in Paper II, miR-21-5p was found to be 

downregulated during formation of adipocytes from the immortalized iMSC#3 cells. Finally, in a study by 

Oskowitz et al. [307], miR-21-5p did not even change during adipogenesis of primary hMSCs, but was in 

fact found to be upregulated during osteogenesis.  

Some of the differences between primary hMSC cultures can be explained by variability among cells 

from different donors. Several studies have shown variability in miRNA expression between hMSCs 

derived from different donors, also reflected in differentiated cells [305,383]. miRNA expression even 

vary between different passages of cells from the same donor due to replicative senescence [413]. In 

addition, various culturing methods may be an additional source of the heterogeneous nature of hMSCs. 

This makes generalizations difficult, and it is evident that miRNA expression patterns cannot always be 

extrapolated from one study to another.  

Consequences of being a miRNA star 
Processing of miRNA precursors gives rise to dsRNA duplexes (Figure 2). Although both strands are 

by necessity produced in equal amounts by Dicer, their accumulation is frequently observed to be 

asymmetric [153]. For many years, the most abundant strands were regarded as the biologically active 

miRNAs, whereas the other less abundant strands were assumed to be inactive and rapidly degraded. To 

distinguish between the strands the standard nomenclature was to assign an asterisk to the less 

abundant strand (i.e. “miRNA*”) in the first identifying study, while the other strand was referred to as 

“miRNA”. After a while it became evident that a large number of miRNA*s are expressed in a tissue- and 

species dependent manner, and that many of these are functionally active [28].  

A consequence of the general concept that miRNA*s were not biologically active was that they were 

largely ignored for many years. Their investigation was also hampered by the unavailability of qPCR 
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assays developed to detect miRNA*s. In addition, few complementary probes to miRNA*s were included 

on early microarrays, which was also the case for the miRNA arrays used in Paper I. Consequently, what 

we detected was the miRNA strands (e.g. miR-155-5p and miR-221-3p/222-3p). 

To determine whether miR-155-5p or miR-221-3p/222-3p could affect adipocyte differentiation, the 

genomic precursor regions with flanking sequences were cloned into adenovirus-based expression 

constructs and used to transduce hMSC-Tert20 cells. In retrospect, a potential problem with this 

approach is that the constructs do not only give rise to the aforementioned three miRNAs, but also 

potentially their uncharacterized miRNA* counterparts. As we did not determine if the latter was 

produced by the adenoviruses one can speculate that both strands might have contributed to the 

observed inhibition of adipogenesis after transduction in Paper I.  

When a later study by Qu et al. showed that both miR-155-5p and miR-155-3p (formerly known as 

miR-155*) were functional in dendritic cells [414], we further investigated this using the immortalized 

iMSC#3 cells. To achieve this, synthetic miRNAs mimicking miR-155-5p or miRNA-155-3p were 

individually transfected into the cells prior to induction of adipogenesis. Ectopic expression of miR-155-

5p had a similar inhibitory effect on differentiation as using the adenoviral approach in Paper I. However, 

no effect on differentiation was observed after transfection with miR-155-3p (unpublished data). This 

suggested that miR-155-3p targets mRNAs that are not relevant for adipogenesis. Most importantly, is 

showed that even if miR-155-3p was produced by the adenoviruses in Paper I, it most likely had no 

relevant function. 

The small RNA-seq performed in Paper II revealed that not only miR-221-3p, identified as 

differentially expressed in Paper I, but also miR-221-5p (formerly known as miR-221*) was present in 

these cells. Interestingly, both were similarly downregulated during adipogenesis. This is a novel finding 

that to our knowledge has not been reported before. Interestingly, this suggests that also miR-221-5p 

could act as a negative regulator of adipocyte differentiation. This warrants further investigations, and as 

miR-221-5p has a different seed region it is likely that it also has other targets. On the other hand, miR-

222-5p, formerly known as miR-222*, was not detected, and is unlikely to have any function here.  
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Identification of epigenetically regulated miRNAs 
The knowledge regarding the regulation of most miRNAs is very limited. As previously mentioned, 

they are regulated by transcription factors such as TP53 and MYC, which drive transcription of miRNAs, 

e.g. the mir-34 family [415] and the mir-17-92 cluster [416]. In addition, evidence is emerging that similar 

to protein-coding genes, many miRNAs are regulated by epigenetic mechanisms, in both normal and 

malignant cells (reviewed in [21,143]). This is the main focus of the work performed in Paper III.  

The conserved mir-142 is a hematopoietic-enriched miRNA, whose expression has been shown to be 

virtually absent in a large number of different cell types and tissues [149,152,153,417]. In agreement 

with this, mir-142 is transcribed at variable but low levels in various cells of mesenchymal origin, 

whereas its mature products are abundantly expressed in hematopoietic cells. As the mir-142 locus was 

not deleted in mesenchymal cells (unpublished data), we hypothesized that low expression was a result 

of epigenetic silencing.  

The most common approach to identify epigenetically repressed miRNAs is by pharmacologic 

inhibition of DNMTs using a DNA hypomethylating agent, e.g. 5-Aza [366,367]. It is also possible to 

achieve this by using a genetic approach. An example of such a system is a variant of the HCT 116 cells 

with a knockdown of both DNMT1 and DNMT3B [418]. In addition, it has been shown that treatment 

with HDAC inhibitors can effectively change miRNA expression [50]. To investigate the possible 

involvement of epigenetic silencing of mir-142, we treated a number of mesenchymal cell lines with 5-

Aza, and showed that this resulted in a concomitant increase of both pri-mir-142 and mature miR-142-

5p/3p. The increase of both primary and mature transcripts showed that mir-142 was regulated at the 

transcriptional level and not by any other post-transcriptional mechanisms, such as increased processing. 

Furthermore, it suggested that transcription most likely originated from a promoter-associated and 

potentially DNA methylated CGI, which could explain why mir-142 was transcribed at low levels in 

mesenchymal cells.  

The lengths and structures of mammalian CGIs exhibit substantial variation, and what constitutes a 

functional CGI is not clear. It is apparent that the most commonly used criteria to define CGIs 

demonstrate a lack of biological interpretation and that many bona fide CGIs go unnoticed. The length 

parameter appears to be especially crucial. One example is provided by the human tissue-specific serpin 

peptidase inhibitor clade B member 5 gene (SERPINB5, formerly known as maspin) [419]. The promoter 
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of SERPINB5 is associated with a highly functional CGI, which fulfills the conventional criteria of being a 

CGI, except for the length. In paper III, two putative CGIs were identified at the mir-142 locus (Paper III, 

Figure 2). An upstream CGI located approximately 1,250 bp upstream of pre-mir-142 and an additional 

CGI embedding the precursor sequence. Although they were short (< 250 nt), both were defined as CGIs 

using the original criteria defined by Gardiner-Garden and Frommer [114]. However, they were not long 

enough to be recognized by algorithms based on the more strict criteria proposed by Takai and Jones 

[117], unless the default settings were modified. On the other hand, the upstream CGI was readily 

identified using the CpGcluster, which predicts statistically significant clusters of CpGs, independently of 

the ad hoc thresholds of length, GC content and observed versus expected CpGs [420].  

Identification of transcriptional start sites and promoter regions of miRNAs 
In order to study epigenetic regulation of miRNAs, it is important to have knowledge of the TSS and 

associated promoter region of the primary transcripts (reviewed in [421]). While it is rather 

straightforward to map the precursor sequences to the genome, determining the actual structure of the 

encoding primary transcripts, which can be tens of thousands nucleotides long, can be a daunting task. 

An example is provided by the more than 30 kb long pri-mir-34a. One approach to map the structure of 

pri-miRNAs is to integrate high-throughput sequencing and genomic data such as cap analysis of gene 

expression (CAGE), TSS Seq libraries and relevant chromatin signatures [56]. A huge amount of this 

information is available through the UCSC (University of California and Santa Cruz) Genome Browser 

[422]. For instance, the Encyclopedia of DNA Elements (ENCODE) consortium continuously adds genome-

wide data from a large panel of cell lines, making it possible to compare a variety of cell types and 

interrogate their differences. 

In Paper III, we used a combination of qPCR, RACE and the UCSC Genome Browser to show that 

transcription of mir-142 initiates from a single nucleotide position located exactly 1,205 bp upstream of 

pre-mir-142, within the upstream CGI. This finding strengthens the prediction of the CGI as they are 

known to co-localize with TSSs (reviewed in [138]). For instance, the proximity of CGIs to predicted TSSs 

was one of the features used to identify intronic promoters in a study by Monteys et al. [423]. 

The identification of the same TSS in both MG-63 osteosarcoma cells, K562 leukemia cells and 

peripheral blood progenitor cells (PBPCs) suggests that it is not heterogeneous (i.e transcription initiates 

within an approximately 100 bp region), as has been demonstrated for other miRNAs [424]. In addition, 

this finding indicates that these cells utilize the same promoter region, in contrast to for instance mir-21, 
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where different putative promoter regions have been defined in different tissues (reviewed in [421]). It is 

of course possible that alternative mir-142 TSSs are used in other cell types than the ones investigated 

here. 

Promoter regions contain characteristic features that can be used to distinguish them from other 

parts of the genome. For instance, regions located immediately upstream of TSSs are often highly 

conserved, due to the presence of various proximal cis-regulatory elements [59,425,426]. Consistently, 

we identified a highly conserved approximately 265 bp long region, overlapping with the CGI and TSS. 

This region contains several proximal promoter elements and showed an enrichment of conserved TFBS 

located directly upstream of the TSS. 

We also identified a TATA box, which is an A/T-rich sequence, interacting with numerous proteins, 

e.g. TBP, in many core promoter regions (reviewed in [427]). Notably, the mir-142 TATA box lacks the 

final adenine compared with the consensus sequence TAATAAA. Although a wide range of TATA boxes 

with one or more mismatches has been shown to be functional (reviewed in [427]). The TATA box directs 

transcriptional initiation at a position about 25 - 30 bp downstream of its location [428]. Thus, the 

location of the mir-142 TATA box within the first 30 bp upstream of the TSS supports its functionality. 

The location of the putative promoter region was also validated using the ENCODE ChIP-seq dataset on 

K562 cells, which showed that the conserved region was occupied by TBP and TATA box binding protein-

associated factor (TAF1), where the latter is the largest component and core scaffold of the basal 

transcription factor complex [429]. In addition, there was a clear enrichment of RNAPII occupancy at the 

TSS compared with the gene body, which is frequently observed in highly expressed mammalian genes 

(reviewed in [60]).  

In K562 cells, mir-142 has been demonstrated to be positively regulated by miR-223-3p in a pathway 

involving the transcriptional activator CEBPB and repressor LIM domain only 2 (LMO2) [430]. Ectopic 

expression of miR-223-3p in mesenchymal cells resulted in a 5-fold increase of pri-mir-142 (unpublished 

data), suggesting that the downstream effectors are present. However, this pathway is not responsible 

for the increase of miR-142-5p/3p after 5-Aza treatment, as the level of miR-223-3p was not affected 

(unpublished data). In an effort to identify transcription factors that may be involved in regulation of mir-

142, we used the ENCODE ChIP-seq dataset on K562 cells with high expression levels of miR-142-5p/3p, 

to search for experimental evidence of transcription factor binding in the 2 kb upstream region of pre-

mir-142. This analysis confirmed binding of USF1 and MYC, whose TFBSs were conserved, as well as 

binding of additional transcription factors, such as activating transcription factor 3 (ATF3), USF2, MYC 
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associated factor X (MAX), GATA1 and early growth response 1 (EGR1), to the 265 bp conserved region 

(unpublished data). Expression of neither of these transcription factors seems to be restricted to K562 

cells, as they are expressed at variable levels also in mesenchymal cells. The enrichment of MYC/MAX on 

the promoter of mir-142 in hematopoietic cells is interesting as mir-142 has been found as a fusion gene 

with MYC at the breakpoint junction of a t(8;17) translocation [431]. This places MYC under the control 

of the mir-142 promoter, leading to increased expression of MYC, and transformation of B cells [431]. 

Although this remains to be experimentally verified, MYC may promote oncogenesis through a positive 

feedback loop in these cells. 

Thus, a large body of evidence suggests that the 265 bp region overlapping the upstream CGI and 

TSS represents the core and proximal promoter regions of mir-142. This finding is supported by the 

CoreBoost_HM promoter prediction algorithm [54], which predicts the core promoter and TSS of mir-

142 to be located only 40 bp upstream of the TSS identified in the present study. This algorithm is based 

on DNA sequence features and histone modifications data from CD4 positive T cells with high expression 

of mir-142. On the other hand, two other studies based on either high-throughput RNAPII ChIP-chip data 

[7] or by combining nucleosome mapping with chromatin signatures [50], failed to identify the mir-142 

promoter region despite the fact that they successfully detected several other known miRNA TSSs. This 

could be attributed to the fact that the genes of interest have to be actively transcribed in order to be 

detected in these experiments. Thus, as none of the used cell lines were of hematopoietic origin, pri-mir-

142 might not have been expressed.  

Why is mir-142 not transcribed in mesenchymal cells? 
The aforementioned upstream CGI is relatively short compared with more traditional CGIs, which 

can be thousands of bp long. The latter CGIs, which are typically found upstream of ubiquitously 

expressed genes, tend to be associated with multiple TSSs and often lack TATA boxes (reviewed in [60]). 

In contrast, transcription of mir-142 was initiated from a single nucleotide position within the upstream 

CGI, located less than 30 bp downstream of a TATA box, which are characteristics mainly associated with 

tissue-specific genes with CpG-poor promoters. Of course, there are exceptions to this generalization 

and the promoter regions of some genes, e.g. myogenic differentiation 1 (MYOD1), has both a 3 kb CGI 

and a functional TATA box (reviewed in [138]). In addition, it is possible that the CGIs associated with 

intergenic miRNAs have different characteristics than the ones associated with the 5’- end of protein-

coding genes. For instance, the orphan CGIs have been reported to have a lower CpG density [116]. As a 

consequence of how they are defined, many of these could be associated with miRNA genes. It is also 
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noteworthy that differential CGI methylation between different somatic tissues preferably occur at 

orphan CGIs [116,138]. 

As assessed by MSP and bisulfite sequencing, both CGIs at the mir-142 locus were found to be 

heavily DNA methylated in mesenchymal cells with low expression of miR-142-5p/3p (Paper III, Figure 1A 

and 4C). In contrast, they were found to be unmethylated in hematopoietic cells with abundant 

expression of the two miRNAs. Treatment with 5-Aza resulted in an overall significant reduction in 

methylation of the upstream CGI overlapping the TSS, showing that there is an inverse correlation 

between DNA methylation of this region and mir-142 transcription. Further evidence in support of this 

was provided by in vitro DNA methylation experiments, which showed that DNA methylation of the 

upstream region of mir-142 directly could repress its transcriptional activity (Paper III, Figure 4F). Direct 

involvement of DNA methylation on the transcriptional activity of CpG-rich promoter regions with a 

similar structure as the one upstream of pre-mir-142 has also been shown by others [432].   

It is currently not known exactly how transcription of mir-142 is repressed in mesenchymal cells. In 

general, epigenetic repression of transcription is thought to be mediated by MBD proteins that recruit 

chromatin modifying complexes to the methylated CGIs to reduce the accessibility of the transcription 

machinery, and/or as a result of direct inhibition of transcription factors by DNA methylation of CpGs in 

their binding sites [129,135]. While chromatin condensation is probably most relevant for larger CGIs, 

evidence of direct blocking of transcription factors by DNA methylation has been linked to the activity of 

gene expression from non-CGI promoter regions. In support of the latter, a genome-wide correlation 

between the activity of transcription factors and the methylation status of their cis-regulatory elements 

has been demonstrated [433]. 

Several CpGs located in TFBSs where the cytosine may become methylated, were identified in the 

mir-142 promoter. For instance, methylation of E-boxes, as observed in Paper III, has been shown to 

significantly decrease their binding affinity for transcription factors, such as the aforementioned USF1 

[131] and MYC [132], which are expressed in mesenchymal cells. Treatment with 5-Aza only gave rise to 

a relatively weak overall demethylation. However, the CpG associated with the E-box was one of the 

most affected sites, indicating that it could be critical for expression. CpGs that appear to be especially 

prone to demethylation compared with flanking CpGs have also been observed in other studies [434]. 

Thus, although it requires further investigations, direct inhibition of transcription factor binding by DNA 

methylation might be an important mechanism in the epigenetic regulation of mir-142.  
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Gene expression is determined not only by promoter DNA methylation status but also by various 

histone modifications (reviewed in [435]). As previously mentioned, H3K4me3 and H3K79me2, and 

acetylation of multiple lysines on H3 (i.e. H3K9ac and H3K27ac) are examples of permissive histone 

marks, whereas known repressive marks include H3K9me2, H3K9me3 and H3K27me3. All of these marks 

have been correlated with expression of miRNAs. In paper III, we focused mainly on DNA methylation 

and did not measure either permissive or repressive chromatin marks. However, we used the 

ENCODE/Broad ChIP-seq data on K562 cells to characterize the mir-142 locus. Consistent with previous 

studies [148,157], the high expression of miR-142-5p/3p in K562 cells was associated with enrichment of 

the permissive histone marks H3K4me3, H3K79me2 and H3K27ac, while the repressive marks H3K9me3 

and H3K27me3 were absent. In contrast, in osteoblasts with low expression of miR-142-5p/3p and where 

the mir-142 CGIs were heavily methylated, the permissive as well as repressive marks were lacking. A 

large number of miRNAs whose silencing was associated with DNA methylation, has also been shown to 

be devoid of permissive marks [148,157]. Furthermore, the absence of H3K4me3 at the DNA methylated 

mir-142 locus is in agreement with their established inverse correlation [436], although several 

exceptions exist [437]. The promoters of many miRNAs are also associated with H3K79me3 alone, 

indicating that polycomb, and not DNA methylation, is responsible for their repression [157]. Therefore, 

the lack of H3K27me3 enrichment at the mir-142 locus indicated that repression of mir-142 is mediated 

by another mechanism, similar to what has been reported for the silenced mir-200c/141 cluster in 

human mammary fibroblasts [157,438]. In the latter case, cell type-specific methylation, as observed for 

mir-142, was correlated with the repressive H3K9me2 mark. Unfortunately, this mark is not included in 

the ENCODE/Broad ChIP-seq data, so whether it is present at the mir-142 locus is not known. H3K9m3 

has also been reported to be induced by DNA methylation (reviewed in [435]), although this is 

apparently not the case in our study, as it was absent at the mir-142 CGIs in the osteoblasts, despite their 

hypermethylated status. A lack of repressive histone marks has also been reported for protein-coding 

genes associated with methylated CpG-rich promoter regions (i.e. regions too short to be annotated as 

CGIs) [432]. It was therefore proposed that the acquisition of repressive histone marks might require a 

higher density of methylated CpGs. However, H3K9me2 and H3K27me3 have been found at the 

methylated CpG-rich promoter region of mir-205 [157]. Thus, the above findings seem to sustain the 

view that DNA methylation makes an important contribution to the observed repression of mir-142 in 

mesenchymal cells.  

The mature miRNAs derived from the conserved mir-142 locus are preferentially expressed in 

hematopoietic cells, and absent or present at low levels in a variety of different human cell types and 
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tissues [149,152,153,417]. Thus, mesenchymal cells are not the only cells with low abundance of miR-

142-5p/3p. In most cases, the mechanisms underlying the tissue- and cell type-specific regulation of 

miRNAs have not been extensively characterized. In a similar manner as for protein-coding genes, 

epigenetic mechanisms appear to play a crucial role [157]. 

In this context, the fact that the mir-142 locus is heavily DNA methylated in mesenchymal cells, 

while it is almost completely devoid of methylation in hematopoietic cells, is interesting. The finding that 

DNA methylation represses transcription of mir-142 suggests that it might play a role in controlling the 

tissue-enriched expression of miR-142-5p/3p. It would therefore be of interest to determine the 

methylation pattern in additional tissues where miR-142-5p/3p are expressed at low levels. Methylation 

of mir-142 in those tissues would be consistent with the important role of miR-142-5p/3p in cells of 

hematopoietic origin. Although a detailed analysis was beyond the scope of the present study, we 

addressed this issue using the ENCODE/HAIB genome-wide methylation data from 60 cell lines, 

representing a variety of different tissues. Unfortunately, none of the probes covered the CpGs in the 

upstream CGI, but instead they included the first eight CpGs upstream of pre-mir-142, as well as a 

downstream CpG. As shown in Paper III, these sites are methylated in immortalized and primary hMSC, 

and appear to be representative for the overall methylation status of the mir-142 locus. Eight out of nine 

CpGs were methylated in all non-hematopoietic cell types, and unmethylated in all hematopoietic cell 

types. In most cell types, hypermethylation of the mir-142 locus also seems to be a localized event, not 

necessarily shared by adjacent genes. If DNA methylation negatively correlates with transcription of mir-

142 in all these cases, it indicates that methylation of the mir-142 locus might be an important 

mechanism to safeguard against any inappropriate expression of the encoded transcript in non-

hematopoietic cells. 

The high abundance of miR-142-5p/3p in hematopoietic tissues suggests that mir-142 is crucial for 

the identity and function of these cells. mir-142 has been shown to be involved in regulating both normal 

and pathological immune cell functions and processes [149,439-444]. Interestingly, treatment of hMSCs 

with 5-Aza has been reported to drive the cells towards a partially hematopoietic phenotype with 

induction of specific surface markers such as PTPRC, which is one of the most abundant cell surface 

glycoproteins in hematopoietic cells [445,446]. An increase of PTPRC was also observed in several of our 

5-Aza-treated cell lines (unpublished data). The fact that miR-142-5p/3p exhibit a similar expression 

pattern supports the notion that these miRNAs are part of the hematopoietic expression signature. High 

transcription of mir-142 in mesenchymal cells may even be incompatible with the mesenchymal 
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phenotype. For instance, miR-142-3p is predicted by TargetScan to regulate the transcriptional 

repressors zinc finger E-box binding homeobox 1 and 2 (ZEB1 and ZEB2), key activators of EMT [447]. If 

these proteins are regulated by miR-142-3p, repression of mir-142 would allow for their high expression, 

which is associated with a mesenchymal phenotype.  

Annotation of primary mir-142 
An increasingly acknowledged process in eukaryotes is polyadenylation. This process involves 

endonucleolytic cleavage at the poly(A) site (located downstream of the poly(A) signal), followed by the 

untemplated addition of adenosines that make up the poly(A) tail (reviewed in [448]). The consensus 

sequence of the poly(A) signal is the hexamer AAUAAA, which is required for polyadenylation [449]. In a 

similar manner as protein-coding genes, miRNA genes are transcribed by RNAPII [18,48]. It is therefore 

reasonable to assume that polyadenylation is equally important during their biogenesis, as has been 

reported for pri-mir-21 [450] and pri-mir-34a [424]. However, 3’- ends of pri-miRNAs not associated with 

poly(A) signals seem to exist [55]. In Paper III, we used the Poly(A) Signal Miner [451] to search for 

poly(A) signals associated with mir-142. This software characterizes a 200 bp region overlapping with the 

candidate poly(A) signal and calculates a score ranging from 0 – 1, where a score > 0.6 is considered to 

be significant. Interestingly, a proximal poly(A) signal with a significant score (0.8) was located 327-332 

bp downstream of pre-mir-142. Moreover, a putative distal alternative poly(A) signal with a low score 

(0.02) located 978 - 983 bp downstream of pre-mir-142 was identified. To investigate if the poly(A) 

signals were functional we used RACE. The proximal poly(A) site was determined to be located 12 bp 

downstream of the accompanying proximal poly(A) signal in all three investigated cell types, which is 

consistent with the notion that the poly(A) signal usually is located between 10 to 35 nt upstream of the 

corresponding cleavage site (reviewed in [452]). The organization of the 3’- end of pri-mir-142 is  similar 

to what has been reported for pri-mir-34a, where the poly(A) site is located 22 bp downstream of the 

poly(A) signal [424]. The fact that the same poly(A) site was cloned from both MG-63, K562 and PBPCs, 

indicates that we have identified the bona fide mir-142 poly(A) signal, also supported by the high poly(A) 

Signal Miner score. 

We were also able to identify a putative cleavage site downstream of the distal poly(A) signal. In 

contrast to the proximal poly(A), this site was only cloned from the PBPCs.  This could reflect a sensitivity 

issue, as the PBPCs express mir-142 at much higher levels than the MG-63 and K562 cells. Another 

possibility is that the proximal poly(A) signal is not strong enough to properly terminate transcription, 

allowing the distal poly(A) signal to end the remaining transcripts, as discussed by Proudfoot et al. [448]. 
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This could explain why the distal poly(A) site was not cloned from the MG-63 and K562 cells. On the 

other hand, the fact that the distal poly(A) signal was assigned a low poly(A) Signal miner score and that 

the cleavage site was located more than 400 bp downstream of the distal poly(A) signal, suggests that it 

might not be functional. 

Several other miRNAs have been predicted to have alternative poly(A) signals [59] and more than 50 

% of mammalian protein-coding genes contain poly(A) sites that give rise to isoforms with different 3’- 

sequences [453]. Alternative poly(A) signals are frequently observed among different cell types, which 

could explain why the distal poly(A) site was only cloned from the PBPCs. Furthermore, the length of the 

3’- sequence does not only affect the stability of the transcript, but its localization, transport and 

processing [448]. A switch towards more proximal poly(A) sites has been reported to be a way of 

escaping from miRNA control [454]. The relevance of the same mechanism for miRNA genes is not 

known, but it is noteworthy that it recently was reported that mature miRNAs can regulate other ncRNAs 

including primary transcripts in the nucleus [90,91]. 

In summary, the above findings suggest that the TSS and major polyadenylation site of mir-142 are 

located at 1,205 bp upstream and 344 bp downstream of the precursor in mesenchymal as well as 

hematopoietic cells. Thus, we suggest that pri-mir-142 has a length of 1,636 bp (Paper III, Figure 2C). 

Many primary transcripts are well conserved between human and mouse [50], which was also the case 

for pri-mir-142. In mouse, pri-mir-142 seems to be approximately 1,690 bp long based on analyses of 

ESTs and cloned cDNAs, and its boundaries are defined by the conserved 5’- region and poly(A) signal.  
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

Ever since the modern era of miRNA biology started, a tremendous effort has been made to 

determine their biological function in organisms ranging from flies to vertebrates, including humans. 

Recently, high-throughput sequencing technology has led to a huge increase in the number of 

experimentally determined miRNAs, and 24,521 precursors, giving rise to 30,424 mature miRNAs in 206 

species have been annotated. This equals approximately seven new mature miRNAs per day since the 

first release of miRBase in year 2002. In humans alone, 1,872 miRNA precursors, giving rise to 2,578 

mature miRNAs have been identified. The task at hand is to elucidate the regulation, nature and 

function of all these miRNAs.  

In paper I, we provided the first experimental evidence that miR-155-5p and miR-221-3p/222-3p are 

involved in human adipocyte differentiation. As their expression level decreased during adipogenesis, we 

hypothesized that they might act as negative regulators, by permitting the increase of their putative 

targets CEBPB and CDKN1B. Using immortalized hMSCs, we showed that adenovirus-mediated 

expression of either miR-155-5p or miR-221-3p/222-3p efficiently repressed adipogenesis. Most 

importantly, induction of CEBPB and CDKN1B proteins was attenuated, suggesting that they were 

regulated by miR-155-5p and miR-221-3p/222-3p. The fact that these findings were validated using 

primary hMSCs and miRNA mimics strengthened the validity of our data. In addition, it demonstrated 

that immortalized hMSCs can be a valuable model system to identify and assess the biological function of 

candidate miRNAs in human adipogenesis.  

In paper II, we established the novel telomerase-immortalized mesenchymal bone marrow-derived 

cell line, iMSC#3. The most significant quality of these cells is that they despite extensive culturing have a 

reproducible and consistent phenotype, while maintaining important properties of primary hMSCs. In 

addition, the comprehensive phenotypic and molecular characterization of the cells provides a great 

framework to increase current knowledge of mesenchymal biology. Especially in the context of adipocyte 

differentiation, as the cells appear to faithfully recapitulate this process. Their prolonged lifespan also 

allows extensive genetic manipulations, such as multiple viral transductions. Another advantage of these 

cells is that they do not form tumors in mice. Thus, they are well suited to study candidate genes and 

their role in differentiation or oncogenic transformation. Considering the importance of a better 

understanding of mesenchymal biology, we believe that this cell line model will be of great interest to 

the scientific community.  
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During the detailed characterization of the iMSC#3 cells, we made several observations that might 

be worthwhile to pursue in future studies. For instance, the core set of 50 miRNAs present in iMSC#3 

cells and multiple primary hMSC cultures [307,382] might be involved in maintaining their 

undifferentiated state, and phenotypic properties. Of special interest is the highly abundant miR-21-5p 

and miR-221-3p/222-3p, which have been shown to promote the development of the mesenchymal 

phenotype in other cell types [385,386]. Thus, it would be very interesting to manipulate the levels of 

these miRNAs in hMSCs and observe how that would affect their mesenchymal characteristics.  

Another interesting finding was the upregulation of the testis/cancer antigens. Due to their known 

properties (reviewed in [380]), it is tempting to suggest that they might be involved in maintaining the 

cell survival of iMSC#3. It is not known whether their increased levels are caused by ectopic expression of 

TERT, or if it is merely a result of in vitro expansion of the cells. This would clearly be of interest to 

determine, and a good starting point would be to investigate if any of the cancer/testis genes are 

upregulated in other immortalized cell models.  

In paper III, we performed a detailed in silico and in vitro characterization of the mir-142 locus and 

its encoded transcripts. This study is the first to identify the mechanisms responsible for repression of 

mir-142 in mesenchymal cells. Our findings provide several lines of evidence that epigenetic mechanisms 

are involved in the regulation of mir-142. We believe that transcription of the 1,636 nt primary transcript 

is repressed by extensive DNA methylation of an as yet uncharacterized upstream promoter-associated 

CGI. The repression could be mediated by inhibition of transcription factor binding, as several CpG-

containing regulatory elements were identified in the vicinity of the transcription start site. The encoded 

miRNA, miR-142-3p, seems to be involved in cellular behavior as its overexpression modulates the 

proliferation of mesenchymal cells with epigenetic repression of mir-142. Finally, the discovery that 

ectopic expression of the antisense strand of pre-miR-142 might give rise to functional miRNAs reinforces 

the concept of antisense transcription of annotated human miRNAs.  

We demonstrated that a 2 kb upstream region of pre-mir-142 had significant promoter activity in 

mesenchymal cells. As previously discussed, a region of approximately 265 bp, overlapping the upstream 

CGI and the TSS, most likely represents the mir-142 promoter region. A functional validation of this 

would require elaborate promoter deletion and mutagenesis studies, which was not feasible in the 

present study. Although, this should be addressed in future experiments, in a relevant cellular system.  
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In future studies, it will be important to determine exactly how the epigenetic repression of the mir-

142 locus is established and maintained in mesenchymal cells. Especially, the effect of histone 

modifications at the promoter regions requires more attention. For instance, the presence of H3K9me2 

has previously been correlated with cell-specific DNA methylation [157]. In addition it would be 

interesting to investigate if mir-142 is repressed by DNA methylation in other cell types, and determine 

whether this epigenetic mechanism is crucial in preserving the hematopoietic-specificity of mir-142.  

A significant, novel finding uncovered by our studies was that ectopic expression of the antisense 

strand of precursor mir-142 gave rise to distinct antisense miRNAs, as detected by qPCR with assays 

designed based on their predicted mature sequences. It is important to validate this finding using 

alternative methods, such as Northern blotting. We did not manage to detect endogenous expression of 

antisense miR-142-5p/3p in any of the investigated cell types, and further experiments are required in 

order to assess their biological significance.  

In the past decade, much attention has been paid to the role of miRNAs in development of various 

cancer types, including those of mesenchymal origin. For instance, miR-155-5p has been identified as an 

oncogene in liposarcoma [171]. In this context, the mir-142 gene is an interesting candidate, as its 

encoded mature transcripts have been reported to be downregulated in both lipo- and osteosarcoma 

[171,455]. It is important to be aware of the fact that a correct assessment of the transcript level of 

tissue-specific miRNAs in heterogeneous tissues, consisting of multiple cell types might be a difficult task. 

In the above studies, the presence of hematopoietic cells with high expression of miR-142-5p/3p is likely 

to significantly affect their overall abundance. This could either camouflage bona fide changes, or give 

rise to false positives.  

Understanding the intricacies of adipocyte differentiation is of major relevance to human health and 

disease. Increased knowledge of the mechanisms by which miRNAs control this process is likely to 

provide new insight on adipose tissue development. Of particular interest, miR-155-5p and miR-221-

3p/miR-222-3p have been shown to be upregulated in obese mouse models [316,402], in subcutaneous 

fat from obese subjects [175], and their expression was recently associated with BMI in human subjects 

[404,406]. These findings suggest that they could play critical roles in various metabolic disorders, and it 

will be crucial to identify all their target genes, as well as the factors controlling their expression under 

physiological and pathophysiological conditions. This could eventually lead to development of miRNA-

based diagnostics  as well as therapeutic agents in the future. We believe that well characterized human 
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model systems, such as the immortalized hMSCs that we generated in Paper II, should prove very useful 

as a resource to elucidate these mechanisms. 

There has been tremendous progress since the initial reports on miRNAs were published, two 

decades ago. The canonical functions of miRNAs and their biogenesis are well established, and it has 

been convincingly demonstrated that miRNAs play a critical role in animal development. Novel findings 

that extend and increase the complexity of the miRNA world, such as antisense transcription of miRNAs 

and isomiRs, are still being made. Intriguingly, recent studies have revealed that miRNAs are not only 

present in the cytoplasm, but can be transported into the nucleus where they control the biogenesis of 

other ncRNAs including their own species [90,91]. In light of this, I am confident that more intriguing 

discoveries are yet to be made, which will open new and exciting fields of miRNA research in the years to 

come. 
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GENE SYMBOLS 

ACACA Acetyl-CoA carboxylase alpha 
ACSS2 Acyl-CoA synthetase short-chain family member 2  
ACVR1 Activin A receptor type I  
ADCY Adenylate cyclase
ADIPOQ Adiponectin 
ALPL Alkaline phosphatase  
ATF3 Activating transcription factor 3  
B2M Beta-2 microglobulin  
BCL2 B-cell CLL/lymphoma 2 
BGLAP Bone gamma-carboxyglutamate protein (formerly known as osteocalcin) 
BIC B-cell integration cluster  
BMP2 bone morphogenetic protein 2 
BZRAP1-AS Benzodiazapine receptor associated protein 1 antisense RNA 1 
CD14 CD14 molecule 
CD34 CD34 molecule 
CDKN1B Cyclin-dependent kinase inhibitor 1B (formerly known as p27) 
CDKN2A Cyclin-dependent kinase inhibitor 2A 
CEBPA CCAAT/enhancer binding protein alpha 
CEBPB CCAAT/enhancer binding protein beta 
CEBPD CCAAT/enhancer binding protein delta 
CFD Complement factor D (formerly known as adipsin) 
CIDEC Cell death-inducing DFFA-like effector c 
COL1A1  Collagen type I alpha 1  
CREB1 cAMP responsive element binding protein 1  
DBC1 Deleted in bladder cancer 1 (formerly known as DBCCR1) 
DDX5 DEAD box helicase 5 (formerly known as p68) 
DDX17 DEAD box helicase 17 (formerly known as p72) 
DGCR8 DiGeorge critical region gene 8 
DLK1 Delta-like 1 homolog  
EGFP Enhanced green fluorescent protein 
EGR1 Early growth response 1  
EID1 EP300 interacting inhibitor of differentiation 1 
ENG Endoglin (formerly known as CD105) 
EP300 E1A binding protein p300  
EZH2 Enhancer of zeste homolog 2  
FABP4 Fatty acid binding protein 4 
FASN Fatty acid synthase 
FKBP5 FK506 binding protein 5  
GAPDH Glyceraldehyde 3-phosphate dehydrogenase 
GATA GATA binding protein   
GPAM Glycerol-3-phosphate acyltransferase mitochondrial  
GSK3B Glycogen synthase kinase 3 beta  
HMGA2  High mobility group AT-hook 2  
HNF4A Hepatic nuclear factor 4 alpha  
HPRT1 Hypoxanthine phosphoribosyltransferase 1  
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IBSP Integrin-binding sialoprotein  
JAK2 Janus kinase 2 
JUN Jun proto-oncogene (formerly known as activator protein 1) 
KLF Kruppel-like factor 
KRAS Kirsten rat sarcoma viral oncogene homolog 
LEP Leptin 
LIN28A Lin-28 homolog A 
LMO2 LIM domain only 2 
LPL Lipoprotein lipase 
MAGEC2 Melanoma antigen family C 2 
MAPK7 Mitogen-activated protein kinase 7 (formerly known as ERK1) 
MAX MYC associated factor X  
MECP2 Methyl CpG binding protein 2  
MED1 Mediator subunit 1 (formerly known as TRAP220)  
MYC V-myc myelocytomatosis viral oncogene homolog 
MYOD1  Myogenic differentiation 1  
NT5E 5'-nucleotidase ecto (formerly known as CD73) 
PCK2 Phosphoenolpyruvate carboxykinase 2 (formerly known as PEPCK) 
PNPT1 Polyribonucleotide nucleotidyltransferase 1  
PPARA Peroxisome proliferator activated receptor alpha  
PPARG Peroxisome proliferator-activated receptor gamma 
PTENP1  Phosphatase and tensin homolog pseudogene 1  
PTPRC Protein tyrosine phosphatase receptor type C (formerly known as CD45) 
RB1 Retinoblastoma 1 
RNU6-2  RNA U6 small nuclear 2 (formerly known as RNU6B)  
RPLP0 Ribosomal protein large P0 
RUNX2 Runt-related transcription factor 2 
RXRA Retinoid X receptor alpha  
SCD Stearoyl coenzyme A desaturase 1 
SERPINB5 Serpin peptidase inhibitor clade B member 5 gene (formerly known as maspin) 
SERPINE1 Serpin peptidase inhibitor clade E member 1  
SETDB1  SET domain bifurcated 1  
SLC2A4 Solute carrier family 2 member 4 (formerly known as GLUT4) 
SMAD SMAD family member   
SNORD24 Small nucleolar RNA C/D box 24 (formerly known as RNU24) 
SOX9 Sex determining region Y-box 9 
SP7 Sp7 transcription factor (formerly known as osterix) 
SPP1 Secreted phosphoprotein 1 (formerly known as osteopontin) 
SREBF1 Sterol regulatory element binding transcription factor 1 
STAT3 Signal transducer and activator of transcription 3  
TAF1 TATA box binding protein-associated factor 1 
TBP TATA box binding protein 
TERT Telomerase reverse transcriptase 
TGFB1 Transforming growth factor beta 1 
TGFBR1  Transforming growth factor beta receptor 1 
THY1 Thy-1 cell surface antigen (formerly known as CD90) 
TNF Tumor necrosis factor 
TNRC6 Trinucleotide repeat containing 6 (formerly known as GW182) 
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TRBP Trans-activation response RNA binding protein 
USF Upstream transcription factor  
WEE1 WEE1 homolog 
WNT Wingless-type MMTV integration site family member  
WWTR1 WW domain containing transcription regulator 1 (formerly known as TAZ) 
ZBTB16  Zinc finger and BTB domain containing 16 
ZEB Zinc finger E-box binding homeobox  
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ABBREVIATIONS 

A Adenine 
ADAR Adenosine deaminase acting on RNA 
AGO2 Argonaute RISC catalytic component 2  
5-Aza 5-Aza-2’-deoxycytidine 
BAT Brown adipose tissue 
BMI Body mass index 
bp Base pair 
C Cytosine 
cAMP Cyclic adenosine monophosphate 
CD Cluster of differentiation 
cDNA Complementary deoxyribonucleic acid 
C. elegans Caenorhabditis elegans 
ceRNA competitive endogenous ribonucleic acid 
CGI CpG island 
CLL Chronic lymphocytic leukaemia 
CMV Cytomegalovirus 
CpG Cytosine-phosphate-guanine 
DNA Deoxyribonucleic acid 
DNMT DNA methyltransferase  
Drosophila Drosophila melanogaster 
dsRNA Double-stranded ribonucleic acid 
E-box Enhancer box 
EMT Epithelial-mesenchymal transition 
ENCODE Encyclopedia of DNA Elements  
ESC Embryonic stem cell 
EST Expressed sequence tag  
G Guanine 
GAGE G antigen 
h Human  
H3K4me3 Trimethylation of lysine 4 on histone 3 
H3K9me2 Dimethylation of lysine 9 on histone 3 
H3K9me3 Trimethylation of lysine 9 on histone 3 
H3K27ac Acetylation of lysine 27 on histone 3 
H3K27me3 Trimethylation of lysine 27 on histone 3 
H3K79me2 Dimethylation of lysine 79 on histone 3 
HAT Histone acetyltransferase 
HDAC Histone deacetylase 
HSC Hematopoietic stem cell 
IBMX Isobutyl methylxanthine  
iMSC#3  Immortalized bone marrow-derived stromal cell line 
kb kilobases 
ncRNA Non-coding ribonucleic acid 
nt Nucleotide 
MADS Multipotent adipose tissue-derived MSC 
MAGE Melanoma antigen family 
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MBD Methyl-CpG binding domain 
miRISC miRNA containing RNA-induced silencing complex 
miR/miRNA Mature microRNA 
mirtrons miRNAs residing in short introns 
mRNA  Messenger ribonucleic acid 
MSC  Multipotent mesenchymal stromal cell 
MSP  Methylation-specific polymerase chain reaction 
P body  Processing body 
PBPC  Peripheral blood progenitor cell 
PCR  Polymerase chain reaction 
poly(A)    Polyadenylation 
pre-mir  Precursor sequence of a mature microRNA 
pre-miRNA Precursor sequence of a mature microRNA 
pri-mir  Primary transcript of a mature microRNA 
pri-miRNA Primary transcript of a mature microRNA 
qPCR  Quantitative real-time polymerase chain reaction 
RNA  Ribonucleic acid 
RNAP  RNA polymerase 
RNase III Ribonuclease III 
RNA-seq High-throughput sequencing 
siRNA  Short interfering ribonucleic acid 
SNP   Short nucleotide polymorphism  
stRNA   Small temporal ribonucleic acid  
SV40T   Simian virus 40 large T antigen 
T Thymine 
TFBS  Transcription factor binding site 
TSS Transcription start site 
UCSC   University of California and Santa Cruz 
UTR  Untranslated region 
WAT  White adipose tissue 
WNT  Wingless-type MMTV integration site family 
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Results 

mir-142 transcripts are expressed at low levels in mesenchymal cells 

We have previously shown that miR-142-3p is repressed in tumorigenic cell lines of mesenchymal 

origin [62]. To confirm and expand these data, the transcript levels of both pri-mir-142 and mature miR-

142-5p/3p were quantified in 8 osteosarcoma cell lines using qPCR. In addition, we determined their 

expression in various non-tumorigenic mesenchymal cell types, such as primary and immortalized hMSCs 

(iMSC#3) and primary osteoblasts. Finally, we quantified their levels in K562 leukemia- and peripheral 

blood progenitor cells (PBPCs), which are cells of hematopoietic origin. In all cells of mesenchymal origin 

we found low levels of pri-mir-142 and miR-142-5p/3p, whereas they were highly expressed in the 

hematopoietic cells (Figure 1A). 

Induction of mir-142 in mesenchymal cells by treatment with 5-Aza 

We suspected that mir-142 was repressed by an epigenetic mechanism in mesenchymal cells. To 

address this, we treated iMSC#3 and various tumorigenic cell lines of mesenchymal origin, and also the 

K562 leukemia cells, with the demethylating agent 5-Aza. After 72 hours, the levels of miR-142-5p/3p 

were determined using qPCR. Increased expressions of both mature miRNAs  2-fold) were observed in 

all of the mesenchymal cell lines, except IOR/OS14 (Figure 1B). In the K562 cells, already having high 

levels, 5-Aza treatment had no effect. To determine if the increased levels of miR-142-5p/3p were 

mediated by upregulation of transcription, we quantified the level of pri-mir-142, which was induced 

coordinately (Figure 1B). In addition, the MG-63 cells were treated with 5-Aza combined with the histone 

deacetylase inhibitor TSA, or TSA alone (Figure 1C). The effect of the combination treatment on 

induction of pri-mir-142 and miR-142-3p was reduced compared with that of 5-Aza alone, whereas 

treatment with only TSA had no impact on their expression. On the other hand, the expression of 

mesoderm specific transcript (MEST, i.e the host gene of mir-335), whose expression recently has been 

shown to be modified by TSA [63], showed the expected additive increase in cells treated with both 

epigenetic modifiers (approximately 150-fold), compared with an approximately 45-fold increase 

obtained using only 5-Aza. TSA alone did not affect the expression of MEST. 

In silico identification of putative CGIs associated with mir-142 

The concomitant increase of both primary and mature transcripts after inhibition of DNA 

methylation suggested that transcription was initiated from a promoter-associated CGI. To address this, 

we searched for putative CGIs within 5 kb up- and downstream of the pre-mir-142 sequence using 3 

different algorithms (Figure 2A). No CGIs were found using CpG Island Searcher and CpG Island Explorer 

9 



In press 

[47] at the default settings, whereas the CpGcluster predicted a 77 bp long CGI located -1,314 to -1,238, 

relative to the 5’- end of pre-mir-142. When using less stringent criteria, the CpG Island Explorer 

identified a putative 210 bp CGI which overlapped with the CGI identified by CpGcluster. A 244 bp CGI 

between -39 to +205 was also predicted, which was also identified by CpG Island Searcher when the 

length requirement was reduced to  200 bp. Accordingly, this suggested that also pre-mir-142 could be 

embedded in a CGI. 

Molecular characterization of the pri-mir-142 transcript 

Next, we wanted to determine if the transcription start of mir-142 was associated with the 

upstream CGI. First we mapped the 5’- end to a region 1 to 1.6 kb upstream of pre-mir-142, by 

comparing the transcript levels in MG-63 cells treated or not treated with 5-Aza using four different 

qPCR assays (Figure 2B and Table S1). We further identified the exact TSS using RACE. A cDNA fragment 

of approximately 350 bp was cloned and sequenced, which showed that pri-mir-142 started at -1,205 

within the upstream CGI (Figure 2B). Our data were not in agreement with the previously reported TSS at 

-308, identified using RACE with RNA from K562-derived cells [40]. To address this, we performed RACE 

also with RNA from the K562. We also included the PBPCs as they actively transcribe mir-142. However, 

we mapped the TSS to -1,205 also in these cells, indicating that mesenchymal and hematopoietic cells 

utilize the same promoter region.  

Furthermore, we identified 2 polyadenylation signals using the Poly(A) Signal Miner [53], located 

327-332 bp and 978-983 bp downstream of pre-mir-142 (Figure 2B). Using RACE, the proximal poly(A) 

site was determined to be located 12 bp downstream of the first poly(A) signal in both MG-63, K562 and 

PBPCs, which indicated that pri-mir-142 had a length of 1,636 nt in all cell types (Figure 2C). We 

performed an additional RACE to determine if the distal signal was functional. A corresponding amplicon 

of approximately 600 bp could only be detected in the PBPCs. This terminated 1,411 bp downstream of 

pre-mir-142, suggesting that this variant of pri-mir-142 had a length of 2,703 nt (Figure 2C and S2 for 

sequences).  

pre-mir-142 upstream region has promoter activity in mesenchymal cells when unmethylated 

The above findings suggested that transcription of mir-142 is blocked by DNA methylation of 

regulatory elements in cells with low levels of miR-142-5p/3p. To address this, the 2,031 bp region 

upstream of pre-mir-142 was cloned into the CpG-deficient luciferase reporter construct pCpGL-basic. 

The resulting pCpGL/2031 construct and the empty pCpGL-basic were transfected into mesenchymal U-2 

OS cells and luciferase activities were measured 48 hours after transfection. In cells transfected with 
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pCpGL/2031, a significant approximately 30-fold increase of luciferase activity compared with control 

cells was observed (P = 0.043, Wilcoxon signed rank test) (Figure 3A). This indicated that the upstream 

region had intrinsic promoter activity in mesenchymal cells and that the required TFs to promote 

transcription of mir-142 were present. 

Identification of the putative mir-142 promoter 

The colocalization of the TSS and upstream CGI suggested that this region might contain regulatory 

elements important for transcription of mir-142. To investigate this, we used the UCSC Genome Browser 

to search for conserved binding sites for TFs in the 2 kb upstream region of pre-mir-142. Interestingly, of 

the 9 TF-binding sites identified, 5 (v-myc myelocytomatosis viral related oncogene, neuroblastoma 

derived (MYCN); v-myc myelocytomatosis viral oncogene homolog (MYC); upstream transcription factor 

1 (USF1); aryl hydrocarbon receptor nuclear translocator (ARNT); v-myb myeloblastosis viral oncogene 

homolog (MYB)) were located within 100 bp upstream of the TSS in a highly conserved approximately 

265 bp region that encompassed both the TSS and CGI (Figure 3B). All TF-binding sites except that for 

MYB were associated with an E-box. In addition, we identified a TATA-box and several promoter-

proximal elements, including a CGCCC-box and 2 GC-boxes (Figure 3B). Next, we used the ENCODE ChIP-

seq dataset to search for enrichment of TF-binding upstream of pre-mir-142 (data not shown). Besides 

the aforementioned MYC and USF1, binding sites for activating transcription factor 3 (ATF3), upstream 

transcription factor 2 (USF2), MYC associated factor X [64], and early growth response 1 (EGR1), as well 

as TATA box binding protein (TBP) and TATA box binding protein-associated factor 1 (TAF1) were 

enriched in the conserved region. Thus, we believe that this region represents the core/proximal mir-142 

promoter.  

Methylation status of CGIs associated mir-142 inversely correlate with expression of miR-142-5p/3p 

upon treatment with 5-Aza and between mesenchymal and hematopoietic cells 

To further determine how DNA methylation controls mir-142 transcription, we used MSP and 

bisulfite sequencing. First MSP was used to assess the methylation status of a region directly upstream of 

the TSS in mesenchymal MG-63 cancer cells, which have low endogenous levels of miR-142-5p/3p 

(Figure 1A), and found that it was hypermethylated (Figure 4A and S1 for control reactions). Next, we 

investigated if the increased expression of miR-142-5p/3p upon 5-Aza treatment (Figure 1B) was 

associated with reduced methylation. MSP is not a quantitative method, but the result suggested a 

decrease and an increase in methylated and unmethylated DNA, respectively (Figure 4A). In addition, we 
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Ectopic expression of miR-142-5p/3p impairs proliferation and might affect colony formation and 

migration  

The antisense mir-142 strand is expressed in brain cells but not in mesenchymal and hematopoietic 

cells  



The antisense pre-mir-142 strand is predicted to adopt a miRNA precursor hairpin structure and might 

give rise to mature miRNAs 
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