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The Role of microRNAs in Embryonic and Induced Pluripotency 

Embryo-Derived and Induced Pluripotent Stem Cells: 

Similarities and Differences  

 

The initial approach of isolating human pluripotent stem cells 

derived from the inner cell mass of blastocysts involved the 

destruction of a human embryos and raised severe ethical 

concerns. One could argue that cryo-conserved surplus of in vitro 

fertilization (IVF)-derived embryos will never have the actual 

chance to develop into a born human and, thus, may be used for 

the generation of human embryonic stem (ES) cells, if they were 

donated voluntarily and with prior consent. On the other hand, it 

is argued that one should address the full dignity to all human 

beings, which includes embryos that have the potential to develop 

into a born human being. More than 15 years after these issues 

were intensively debated amongst philosophers and natural 

scientists, it is interesting to see that the very first set of isolated 

human ES cell lines, such as H1 (male) ES cells and H9 (female) 

ES cells[1] are still used in the majority of labs that work with 

human embryonic stem cells and that not every lab attempted to 

generate their own stock of human ES cell lines. 

 
Induced pluripotent stem (iPS) cells are regarded as an alternative 

to ES cells to overcome those ethical problems. iPS cells like ES 

cells are pluripotent and can self renew and differentiate into all 

three primary germ layers and form teratomas and chimeric 

mice[2, 3]. The first human iPS cell line was generated by 

transduction of retroviral vectors encoding pluripotency 

associated factors of OCT4, SOX2, KLF4 and c-MYC (OSKM) 

into human adult dermal fibroblasts with an efficiency of 

reprogramming of about 0.02%[4] or by lentiviral transfection of 

OCT4, SOX2, NANOG, LIN28 (OSNL) with similar low 

efficiency[5].  
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 Abstract 

 

Research on stem cells is one of the fastest growing areas of regenerative medicine that paves the way for a comprehensive solution to cell 

therapy. Today, stem cells are precious assets for generating different types of cells derived from either natural embryonic stem (ES) cells or 

induced pluripotent stem (iPS) cells. The iPS technology can revolutionize the future of clinics by offering personalized medicine, which will 

provide the future treatment for curing untreatable diseases. Although iPS cell therapy is now at its infancy, promising research has motivated 

scientists to pursue this therapeutic approach. In this article, we provide information regarding similarities and differences between ES and iPS 

cells, and focus on the non-integrating methods of iPS generation via RNA molecules, especially microRNAs with an emphasis on the 

elucidation of their role and importance in pluripotency. 

In a study comparing transcriptional profiles of iPS and ES cell-

derived cardiomyocytes, the iPS-derived isolated beating clusters 

demonstrated that they only differ in 1.9% of transcriptional profiles 

compare to human cardiomyocytes derived from ES cells and 

showed the same functional and physiological efficiency. However, 

the iPS-derived beating clusters shared some genetic and epigenetic 

features with undifferentiated iPS cells[6]. In another study, neuronal 

cells derived from iPS and human ES cells were compared and the 

results showed high functional and transcriptional similarity; 

however, with lower efficiency and high variability compared to ES 

cell-derived neuronal cells[7]. It was shown that human hepatocytes 

derived from iPS cells which were generated from adult fibroblasts 

by OCT4, SOX2, KLF4 (OSK) plus Utf1 lentiviral transduction 

could generate efficient hepatocytes like that of human ES cell-

derived hepatocytes[8] and retrovirally OSKM generated iPS cell-

derived hepatocytes that were indistinguishable from human ES 

cells and iPS cells could efficiently differentiate into endoderm 

derived cells and provide a suitable way to study liver disease 

specific iPS cells[9].   

 

The first study that investigated DNA methylation patterns in the 

whole genome of human iPS cells showed a high similarity in global 

patterns at CG context and non-CG DNA methylation levels and 

distribution to human ES cells; however, there were huge mega base 

size regions that had differences in CG methylation and histone 

modification with aberrant non-CG methylation regions close to 

centromeres and telomeres, showing high variability and incomplete 

reprogramming of iPS cells[10]. In another study, it was 

demonstrated that the method of reprogramming underlines a 

difference on genome wide methylation pattern, where it was shown 

that human “NT-ES” cells derived by somatic cell nuclear transfer 

(SCNT)  from  human   fetal   dermal   fibroblasts  and   IVF-derived   
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ES  cells, have similar methylation and transcription profiles. Also, 

genetically matched iPS cells and NT-ES cells have similar levels of 

de novo copy number variations as well. However, iPS cells generated 

from human fetal dermal fibroblasts with Yamanaka transcription 

factors via retrovirus/Sendai virus have partially inherited DNA 

methylation patterns inherited from their parental somatic fibroblasts, 

indicating incomplete epigenetic reprogramming[11]. On the contrary, 

more recent studies comparing syngeneic human ES- and iPS cell 

lines could not demonstrate significant differences at the global gene 

expression or methylation level[12, 13]. 

 

Although iPS cells are morphologically and functionally similar to ES 

cells, it has been discussed that they may harbor distinct differences in 

the expression of some genes and microRNAs that is mainly due to 

different strengths of promoter binding by reprogramming factors[14]. 

There are highly expressed microRNAs in ES or iPS cells, like miR-

302 cluster and miR-17-92 cluster and members of chromosome 19 

microRNA cluster (C19MC). Hierarchical clustering analyses of 

microRNA profiles of human and mouse ES and iPS cells showed 

highly similar expression patterns with minor microRNA expression 

profile differences. However, there are some microRNAs including 

members of C19MC that are expressed more in human iPS cells 

rather than ES cells, but both share a distinct microRNA profile of 

miR-187, 299-3p, 499-5p, 628-5p and miR-888 expression which 

specifically characterizes human ES and iPS cells from other cells. 

let-7 (let-7-b,e,f,g) and miR-30 (miR-30-a-e) families are expressed 

stronger in murine iPS cells compare to ES cells, but they share a 

distinct microRNA expression profile of miR-133b, 200a, 23a, and 

743b-5p, which distinguishes mouse ES and iPS from other cell 

types[15]. 

 

Involvement of microRNAs in the Generation of iPS Cells  

 

There are numerous approaches for generation of iPS cells, but here 

we focus on RNA molecules, which do not integrate into the host’s 

genome and may be considered as safer approach compared to other 

methods. Treatment of cells with synthetic mRNAs has many 

advantages including lack of genomic integration and easy delivery 

into the cells and quick translation, but its disadvantages include 

requirement to multiple rounds of transfection due to the short life 

span of mRNA and eliciting some immunogenic response, which 

could be reduced by phosphatase treatments. It has been demonstrated 

that electroporation of mRNAs encoding for five factors of Oct4, 

Sox2, c-Myc, Klf4 and SV40 large T antigen into human fibroblasts 

could induce endogenous Oct4, Nanog, Dnmt3b, Rex1 and Sall4 

expression comparable to human ES cells[16]. Delivery of synthetic 

mRNAs by cationic lipid vehicles into human fibroblasts encoding 

five factors of Klf4, c-Myc, Oct4, Sox2 and Lin28 shows an increased 

efficiency of reprogramming of at least 2% in media without Y27632 

ROCK inhibitor, generating RNA-induced pluripotent stem cells 

(RiPSCs) and rising up to 4.4 % in 5%O2 concentration with 

emerging colonies within about 2 weeks[17].  

 

Interestingly, LIN28 is strongly associated with stem cell pluripotency 

and binds to the let-7 microRNA transcript family of let-7 Pri-

microRNA, let-7 pre-microRNA and let-7 microRNA to promote 

stem cell self-renewal, indicating the importance of microRNAs in 

pluripotency[18]. Clearly, microRNAs as non-coding RNAs with 19-25 

nucleotides have an inevitable role in the network of pluripotency by 

modulating multiple targets and it was even speculated that 

microRNAs have the potential to generate iPS cells solely without the 

need for ectopic expression of pluripotency related factors though 

with low efficiency of reprogramming. It has been reported that 

retroviral delivery of pre-miR-302 cluster into human cancer cell lines 

could   reprogram   them  into  microRNA- induced  pluripotent  stem 

(mirPS) cells, exhibiting high similarity in genome-wide gene 

expression patterns to human H1 and H9 ES cells[19]. In a similar 

study, it was demonstrated that normal human hair follicles could be 

reprogramed into human iPS cells via electroporation of doxycycline 

inducible pTet-On-tTS vectors expressing pre-microRNA members 

of miR-302 cluster including pre-miR-302a, 302b, 302c and 302d. 

These miR-302 family members target epigenetic regulators such as 

the lysine-specific histone demethylases of AOF and AOF2, or 

methyl-CpG binding proteins of MECP1-p66 and MECP2 and 

promote global demethylation during reprogramming of somatic 

cells into mirPS cells by decreasing DNA methyltransferase 1 

(DNMT1). Although in these two studies the efficiency of 

reprogramming was not reported, it underlines that microRNAs may 

independently generate iPS cells from human cells[20] or are at least 

important modulators of the complex reprogramming process          

(Figure 1). It has been described that four rounds of transfections in 

48 hours intervals comprising of miR-200c, the miR-302 family and 

the miR-369 family (miR-302b/c/a/d/367) into mouse adult adipose 

stromal cells, successfully generated microRNA induced iPS cells at 

a rather low efficiency (0.03%). When the same protocol was applied 

to human adipose stem cells and human dermal fibroblasts, iPS cell 

generation was described to occur at an efficiency of 0.002% within 

two weeks[21]. 

 

Importance of Pluripotency Related microRNAs  

 

Over 60% of human encoding genes are controlled by microRNAs[22] 

and, thus, one could clearly state that the identity of a cell is not only 

characterized by its gene expression signature but also by the 

abundance of specific microRNAs[23]. Initial reports estimated about 

250 mRNAs to be the target of the seed sequence “AAGUGC” of 

naturally  expressed  microRNAs[24]  showing  the  importance of this 
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Figure 1: Roles of microRNAs in reprogramming of somatic cells into iPS cells 

 

The main mechanism of reprogramming includes transition from the mesenchymal to 

epithelial state (MET) and global epigenetic remodelling. Thus, inhibition of genes that 

favour the mesenchymal state would enhance reprogramming. Also, de-repression of 

microRNAs that target reprogramming favouring genes supports the generation of iPS 

cells from somatic cells. 
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group of microRNAs which are known as ES cell-specific cell cycle-

regulating (ESCC) microRNAs[25]. Pluripotency related microRNAs 

can be divided into two groups of dominantly expressed endogenous 

microRNAs in stem cells with the above mentioned seed sequence 

and the second group of microRNAs which have an enhancing effect 

on stemness or reprogramming that may or may not contain that 

particular seed sequence and may or may not be expressed by stem 

cells naturally (Figure 2). Regarding all microRNAs which are 

expressed in embryonic stem cells, microRNAs with the seed 

sequence of “AAGUGC” on position 2-7 are the most abundant and 

important microRNAs related to pluripotency in human and mouse 

and include two microRNA families including the broadly conserved 

miR-302/367 cluster (miR-302a, miR-302b, miR-302c, miR-302d, 

miR-367) and a less conserved microRNA group, which in mouse is 

referred to as the miR-290-295 cluster (miR-290, miR-291a-3p, miR-

291b, miR-292, miR-294, miR-295, miR-293) and its corresponding 

clusters in humans as the miR-371-373 cluster (comprised of human 

miR-371, miR-372, miR-373)[26]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Likewise, the primate ES cell-specific microRNA, hsa-miR-519a also 

shares the “AAGUGC” seed sequence and the functionality with the 

ESCC microRNAs[27]. Besides the above-mentioned microRNA 

clusters, which comprise of the dominant microRNAs expressed in 

embryonic stem cells, other ES cell-enriched microRNAs also have 

the seed sequence of “AAGUGC” on position 3-8 (e.g. miR-106a, 

miR-106b, miR-20b, miR-93, miR-17, miR-20a, hsa-miR-519a). 

Interestingly, another set of microRNAs contain the seed sequence of 

“AUUGCAC” of miR-367 on position 2-8 (miR-25, miR-32, miR-

92a-1, miR-92a-2, miR-92b, miR-363) and enhance the maintenance 

of pluripotency or get induced early during reprogramming[28, 29]. 

Some other microRNAs share the same seed sequence like of the 

miR-17-92 cluster, but they are also expressed in B cell lymphoma 

and lung cancer cells[30], or miR-520c and miR-373 which are 

expressed in human epithelial tumors[31]. The importance of 

microRNAs is exhibited as independent alternatives to 

reprogramming factors where it has been demonstrated that miR-302-

367 cluster can replace the Klf4 and c-Myc in the OSKM cocktail 

when administered as three plasmids of Oct4, Sox2, miR302-367 with 

cationized   Pleurotus   eryngii   polysaccharide  nanoparticles  during 

 

 

Figure 2: microRNAs involved in control of pluripotency and self-renewal 

 

Stemness related genes and microRNAs boost the network of pluripotency by targeting 

key cell cycle players and by supressing somatic cell- (e.g. fibroblast-) specific 

microRNAs. 

reprogramming human umbilical cord mesenchymal stem cells into 

iPS cells with higher efficiency (0.044%) and safety[32]. It has also 

been demonstrated that inclusion of miR-291-3p, miR-294, and miR-

295 to the OSK cocktail but not OSKM, could enhance the 

reprogramming of MEFs into iPS cells, suggesting that these 

microRNAs can functionally substitute c-Myc. Furthermore, it was 

reported that inclusion of miR-294 had the highest positive effect 

during iPS cell generation by raising the efficiency of 

reprogramming from 0.01-0.05% in OSK alone to 0.1-0.3%[33]. In 

another study higher reprogramming efficiencies were obtained when 

miR-302 was included in the OSKM cocktail during reprogramming 

human adipose-derived stem cells into iPS cells, demonstrating the 

repressing effect of miR-302 on nuclear receptor subfamily 2, group 

F, member 2 (NR2F2) which in turn directly inhibits the activity of 

the OCT4 promoter[34].  

 

Lentiviral transduction of OSKM along miR-302/367 cluster into 

mouse embryonic fibroblasts (MEFs) harboring an Oct4-GFP 

reporter cassette in the presence of HDAC Inhibitor valproic acid 

(VPA) could give rise to more than double the number of GFP 

positive colonies compared to OSKM alone, within 6-8 days post 

transduction. The same approach (lentiviral delivery of OSKM and 

miR302/367) was applied to human foreskin and dermal fibroblasts 

without VPA. Here, the number of observed colonies around days 

12-14 post transduction was doubled in comparison to OSKM alone, 

indicating the importance of this microRNA cluster in 

reprogramming human fibroblasts into iPS cells[35]. These data was 

further confirmed in a study screening a library of 379 pre-

microRNAs, which were transfected into MEFs during initial phase 

of reprogramming into iPS cells[29], where this microRNA family 

was amongst the candidates that strongly enhanced the 

reprogramming efficiency. 

 

Mechanism of Action 

 

It has been shown that reprogramming factors of Oct4 and Sox2 bind 

to promoter regions of the miR-302 cluster and are required for its 

expression in human embryonic stem cells and miR-302 members 

themselves target the cell cycle regulator Cyclin D1/Cdk4 in human 

embryonic stem cells and thus prevent the cells from passing from 

G1 phase to the S phase, which at least partly explains the short G1 

phase and prolonged S phase in ES cells compared to differentiated 

cells[36] , (Figure 2). In murine ES cells, the miR-290/295 cluster 

targets the Cyclin-dependent kinase inhibitor 1 (Cdkn1a or p21) 

acting as the inhibitor of Cyclin E/Cdk2 and, thus, promotes the cell 

cycle transition from G1 to S phase[25]. 

 

The embryonic stem cell-specific cell cycle-regulating microRNAs 

(ESCC microRNAs) including miR-302b and miR-372 promote 

human somatic cell reprogramming by targeting TGF-β receptor 2 

and RhoC expression and inhibiting TGF-β-induced epithelial to 

mesenchymal transition (EMT)[37]. RhoC as a G protein would 

support the EMT by regulation of vascular endothelial growth factor 

(VEGF) and TGF-β1[38]. The microRNA cluster 302/367 targets 

TGF-β receptor 2, enhancing the mesenchymal to epithelial transition 

(MET) which is a mandatory step for reprogramming of fibroblasts 

into iPS cells. On the other hand TGF-β prevents MET[39] by binding 

to TGFβ receptor 2 and promotes epithelial to mesenchymal 

transition (EMT) through phosphorylation of TGFβ receptor 1 that 

activates the Snail pathway[40], where Snail acts as crucial 

transcription factor for activating EMT[41].  

 

It has been shown that miR-302 family members not only repress the 

cell cycle regulator Cyclin-dependent kinase inhibitor 1 (Cdkn1a / 

p21) but also the tumor suppressor retinoblastoma-like protein 2 

(Rbl2)[42]. miR-290 also silences Rbl2, which in turn transcriptionally 
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represses the epigenetic modulator DNA-methyltransferase (DNMT). 

This leads to a significant hypomethylation of the genome and results 

in enhanced telomere recombination and increased telomere 

length[43]. Members of the miR-302 cluster directly target the methyl-

DNA binding domain protein 2 (MBD2), an epigenetic suppressor 

that interferes with somatic reprogramming into iPS cells through 

direct binding to the Nanog promoter[44]. Other microRNAs like miR-

130/301/721[29] and miR-148, which target the homeobox 

transcription factor Meox2 (Mesenchyme Homeobox 2), act via p21 

and p16 on the G1/S cell cycle checkpoint[45]. The miR-200 family 

(miR-141, miR-200a, miR-200b, miR-200c, miR-429) and miR-205 

could enhance reprogramming of mouse embryonic fibroblasts, when 

a piggyBac transposon system expressing OSKM was used, 

triggering mesenchymal to epithelial transition (MET). These 

microRNAs repress the mesenchymal specific zinc finger 

transcription factors of Snail (Snai1), Slug (Snai2) and Zinc finger E-

box-binding homeobox pro-mesenchymal genes of Zeb1 and Zeb2. 

Thus, they enhance the initiation phase of OSKM reprogramming and 

act in synergy with some morphogenetic protein (BMP)     

pathways[46, 47]. 

 

Inhibition of microRNAs Against Pluripotency  

 

There are numerous microRNAs that act against pluripotency and 

repressing these microRNAs can support the induction or 

maintenance of pluripotency in cells (Figure 3). For example, miR-

145 directly targets the pluripotency factors Oct4, Sox2, and Klf4 and 

hinders hES cell self-renewal[48]. Inhibition of miR-145 promoted iPS 

reprogramming efficiency 2 times more than OSKM alone in human 

dermal skin fibroblasts, and resulted in elevated expression of 

pluripotency associated factors of Sox2, Klf4, c-Myc. Furthermore, 

miR-145 inhibition  repressed  let-7b,  which  would  act  as negative  

regulator on iPS cell generation[49]. Furthermore, miR-132 and miR-

212 strongly inhibit reprogramming of MEFs into iPS cells by 

targeting important epigenetic regulators such as the histone acetyl 

transferase p300 and the H3K4 demethylase Jarid1a (KDM5a), but 

inhibition of miR-132 and miR-212 could enhance overall efficiency 

of iPS generation[50].  

 

It has been shown that let-7a, miR-21, and miR-29a are expressed 

higher in MEFs compared to mouse ES cells and inhibiting them by 

appropriate microRNA inhibitors (antagomirs) together with 

retroviruses expressing OSKM could yield a higher reprogramming 

efficiency specially by inhibiting miR-29a and miR-21. 

Interestingly, it was further shown that miR-29 represses the active 

DNA demethylation enzymes TET and TDG during somatic cell 

reprogramming[51]. 

 

The reprogramming factor of c-Myc decreases the expression of the 

fibroblast specific microRNAs of miR-21 and miR-29a, explaining 

its enhancing effect in the reprogramming cocktail[52]. Inhibition of 

let-7 enhances efficiency and quality of human iPS cell 

reprogramming by de-repressing LIN-41 and subsequent 

downregulation of its direct target, Early Growth Response 1 (Egr1) 

as a pro-differentiation factor[53]. miR-34 represses Nanog, Sox2 and 

N-Myc by activating p53 which is a known barrier on the way of 

somatic reprogramming and p21 which in turn represses p53[54]. 

 

It was demonstrated that miR-199a-5p acts as a negative regulator 

during reprogramming of MEFs into iPS cells[50] and targets the 

transcription activator, Brg1[55], which is an important and essential 

subunit of the SWI/SNF chromatin remodeling complex[56]. 

Interestingly, shRNA-mediated knockdown of Brg1 and Baf155, 

which are other components of this complex, significantly represses 

iPS cell formation from liver progenitor cells[57]. miR-199a-5p also 

targets E-cadherin, which is a strong pro-epithelial marker[58] and 

inhibits iPS cell generation; however, transfection of miR-199a-5p 

inhibitor significantly enhanced lentiviral-based OSK 

reprogramming of MEFs into iPS cells demonstrated by more than 

two-fold increased Oct4-GFP positive colonies numbers compared 

to scramble microRNA transfected MEFs[50]. miR-199a-3p also 

inhibits reprogramming by targeting p21 activated kinase 4 

(PAK4)[59], which is associated with stemness maintenance through 

supporting the expression of Oct4, Sox2, KLF4 and Nanog[60]. 

Unfortunately, this fact is often neglected that anti-miR- or 

antagomir sequences are not necessarily complementary to the 

opposite strand of intended microRNA since the two microRNAs are 

not necessarily aligned opposite to each other in the secondary 

structure of the pre-microRNA. This might explain, why it has been 

demonstrated that inhibition of both miR-199a-3p and miR-199a-5p 

by transfection of corresponding inhibitors, enhances 

reprogramming of MEFs into iPS cells[50, 61] since according to 

Mirbase.org, miR-199a-3p mimic has a seed sequence of 

“CAGUAGU” and the miR-199a-3p inhibitor has a seed sequence of 

“AACCAAT” while, miR-199a-5p mimic has a seed sequence of 

“CCAGUGU” and the miR-199a-5p inhibitor has a seed sequence of 

“AACAGGT”, which are quite unrelated and exert their effect on 

gene regulation in different modes. 

 

Another addressed issue during analysis of the effect of microRNAs 

on pluripotency is the type of microRNA that is studied. Normally, 

the endogenous microRNAs go through processing to give rise to 

pre-microRNAs and eventually yield the mature microRNA, but 

many studies have used the mature microRNA directly and some 

used pre-microRNA and the results are not necessarily the same 

where in the case of mir-199a-5p the transfection of the mature form 

significantly inhibited iPS generation but the pre-microRNA could 

not have the same effect. 

 

 
Figure 3: microRNAs that support differentiation 

 

Overexpression of microRNAs targeting pluripotency factors leads to 

compromised stemness and self-renewal capacities and results in a cell 

state, which is more prone towards differentiation. 
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In conclusion, certain microRNAs present in somatic cells may block 

the process of mesenchymal to epithelial transition, or slow down 

proliferation by cell cycle-interference, or interfere with the induction 

of the pluripotency-related transcriptional network, and, thus, will 

affect the generation of iPS cells. Further research on these type of 

microRNAs is important because an impaired iPS generation setting 

may cause more genetic and epigenetic alterations. On the other hand, 

there are microRNAs, which enhance reprogramming by promoting 

the induction or maintenance of pluripotency, by promoting 

epigenetic remodeling, by promoting mesenchymal to epithelial 

transition, or by promoting an enhanced proliferation based on cell 

cycle acceleration. Finally, further studies on microRNAs along with 

inhibiting microRNAs in reprogramming may lead to a deeper 

understanding of the reprogramming mechanisms not only during iPS 

cell generation but also during direct transprogramming of cells from 

one lineage into derivatives of other lineages[62, 63]; a process that will 

be supported by a microRNA-based modulation of the epigenetic 

remodeling or the cell cycle regulation as well.  
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