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MicroRNAs (miRNAs) are a newly discovered endogenous class of small noncoding RNAs that play important 
posttranscriptional regulatory roles by targeting mRNAs for cleavage or translational repression. Accumulating 
evidence now supports the importance of miRNAs for human embryonic stem cell (hESC) self-renewal, pluripo-
tency, and differentiation. However, with respect to induced pluripotent stem cells (iPSC), in which embryonic-
like cells are reprogrammed from adult cells using defi ned factors, the role of miRNAs during reprogramming 
has not been well-characterized. Determining the miRNAs that are associated with reprogramming should yield 
signifi cant insight into the specifi c miRNA expression patterns that are required for pluripotency. To address 
this lack of knowledge, we use miRNA microarrays to compare the “microRNA-omes” of human iPSCs, hESCs, 
and fetal fi broblasts. We confi rm the presence of a signature group of miRNAs that is up-regulated in both 
iPSCs and hESCs, such as the miR-302 and 17–92 clusters. We also highlight differences between the two plurip-
otent cell types, as in expression of the miR-371/372/373 cluster. In addition to histone modifi cations, promoter 
methylation, transcription factors, and other regulatory control elements, we believe these miRNA signatures 
of pluripotent cells likely represent another layer of regulatory control over cell fate decisions, and should prove 
important for the cellular reprogramming fi eld.

Introduction

Human embryonic stem cells (hESCs) have gained 
popularity as a potentially ideal cell candidate for re-

generative medicine. First isolated by James Thomson and 
colleagues in 1998 [1], hESCs are derived from the inner cell 
mass of the human blastocyte and can be kept in an undif-
ferentiated, self-renewing state indefi nitely. In contrast to 
adult stem cells, hESCs have the advantage of being plurip-
otent, which endows them with the ability to differentiate 
into virtually every cell type in the human body. However, 
the use of human embryos is controversial in the United 
States, and potential tissue rejection following transplanta-
tion in patients remains problematic [2].

One way to circumvent these issues is to generate in-
duced pluripotent stem cells (iPSCs). Mouse and human 
cells can be reprogrammed to pluripotency through ectopic 
expression of defi ned transcription factors [3–11]. The fi rst 
successful reprogramming of human fi broblast cells into 
iPSCs was reported independently by Shinya Yamanaka 
(using OCT4, SOX2, KLF4, c-MYC) [8] and James Thomson 

(using OCT4, SOX2, NANOG, LIN28) [12]. The main advan-
tage of this approach is that it does not need human embryos 
or oocytes to generate patient-specifi c stem cells, and there-
fore can potentially bypass the ethical and political debates 
that have surrounded this fi eld for the past decade. Another 
important benefi t is that for the fi rst time, disease-specifi c 
stem cells can be created, which will help scientists under-
stand the molecular mechanisms of many common inher-
ited diseases [13].

For a number of reasons, these reprogramming methods 
have so far been gradual and slow, requiring weeks of cell 
culture with very low yield of iPSCs [4,11,14,15]. Ineffi cient 
delivery of factors to the cells is certainly one obstacle, and 
this challenge is being actively addressed by many groups. 
Another obstacle is the general lack of understanding of the 
molecular changes that underlie reprogramming [16,17]. 
Understanding the molecular circuitry of reprogramming 
will greatly benefi t the fi eld by providing new targets and 
pathways that could increase the yield of iPSCs. Efforts to 
better integrate the genomic and epigenomic networks that 
control reprogramming have been undertaken [18], but 
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overall the specifi c mechanisms required for more effi cient 
reprogramming remain elusive.

One potential regulatory mechanism of reprogramming 
that has so far received little attention is microRNAs (miR-
NAs). These small, noncoding RNAs play important post-
transcriptional regulatory roles by targeting messenger 
RNAs (mRNAs) for cleavage or translational repression 
[19], and are key components of an evolutionarily conserved 
system of RNA-based gene regulation in eukaryotes [20]. 
Interestingly, hESCs are known to express miRNAs that are 
often undetectable in adult organs such as miR-371, miR-
372, miR-302a, miR-302b, miR-302c, and miR-302d [21–25], 
whereas Dicer-defi cient murine embryonic stem cells 
(ESCs), which cannot generate miRNAs, have been shown 
to be defective in differentiation [26,27]. These and other 
studies suggest that miRNAs likely play key roles in human 
and murine ESC gene regulation [24,28–32]. A recent study 
has attempted to incorporate miRNA gene regulation into 
a model of transcriptional regulatory circuitry of ESCs by 
generating genome-wide maps of binding sites for key ESC 
transcription factors such as Oct4, Sox2, and Nanog [33]. 
These ESC transcription factors were found to bind at many 
start sites of miRNA transcripts that have been detected in 
ESCs, such as the miR-302 cluster. Clearly, at least a subset 
of miRNAs seems to be involved in pluripotency, and these 
studies have contributed greatly to the understanding of 
miRNA networks in ESCs.

While signifi cant efforts are being applied to ESCs, no 
study has yet analyzed the miRNA profi le of human iPSCs. 
Determining the miRNAs that are associated with repro-
gramming may yield signifi cant insight into the specifi c 
miRNA expression patterns needed for pluripotency. In this 
report, we use miRNA microarrays to compare the “microR-
NA-omes” of human iPSCs, hESCs, and fetal fi broblasts. 
We confi rm the presence of a signature group of miRNAs 
that are up-regulated in both iPSCs and hESCs, such as the 
miR-302 and 17–92 clusters, as well as some subtle differ-
ences between the two pluripotent cell types, including the 
miR-371/372/373 cluster. We also note the broad changes in 
miRNA patterns between pluripotent cells and differenti-
ated fi broblasts. These miRNA profi les are an initial step to-
ward a better understanding of the regulatory networks that 
govern pluripotency and reprogramming.

Results

Characterization of fi broblasts, iPSCs, and hESCs

We obtained iPSCs from the James Thomson lab 
(University of Wisconsin-Madison), which were originally 
derived from IMR90 fetal fi broblasts (ATCC, Manassas, VA) 
using the reprogramming factors OCT4, SOX2, NANOG, 
and LIN28 [10]. hESCs (H7 from Wicell, Madison, WI) and 
iPSCs were maintained in the undifferentiated state using 
mTeSR™1 medium (StemCell Technologies, Vancouver, 
Canada). iPSC colonies exhibited an embryonic-like mor-
phology that was similar to hESCs (Fig. 1). In contrast to 
IMR90 fi broblasts, iPSCs and hESCs stained positive for a 
number of well-characterized embryonic markers. We also 
performed RT-PCR gene expression analysis of selected 
embryonic and germ layer genes (Fig. 2A). Confi rming our 
immunostaining results, iPSCs and hESCs expressed the 
same set of embryonic genes (OCT4, SOX2, REX1, DNMT3B, 

GDF3), but were negative for the differentiation markers 
Brachyury (T) (mesoderm), AFP (endoderm), and NCAM1 
(neuroectoderm). We further verifi ed the expression of 
OCT4, SOX2, and NANOG in iPSCs and hESCs using quan-
titative RT-PCR (Fig. 2B). The relative expression levels of 
these pluripotency genes were similar between the two plu-
ripotent cell types. Taken together, these fi ndings indicate 
that our iPSCs and hESCs were ostensibly free of spontane-
ously differentiated contaminants, and expressed appro-
priate levels of genes associated with pluripotency.

MiRNA profi ling

We next wanted to determine the miRNA profi les of all 
three cell types: IMR90 fi broblast, iPSCs, and hESCs. Using 
Sanger miRBase Version 10.0 miRNA expression microar-
rays (LC Sciences, Houston, TX), we analyzed 697 unique 
miRNAs across biological duplicates of each cell type (see 
Supplementary Table 1 (Supplementary Table is available 
online at http://www.liebertpub.com) for full normalized 
dataset and Supplementary Information for methods). We 
performed principal component analysis (PCA) on the 
miRNA profi les to assess the overall similarities and differ-
ences in miRNA expression between human iPSCs, hESCs, 
and fi broblasts. Of the six principal components (PC), the 
fi rst three explain 78%, 18%, and 2%, respectively, of the 
total variance in the data (Fig. 3A). All three cell types had 
similar weights along the fi rst PC, suggesting that this com-
ponent represents variation in miRNA levels due to factors 
that are independent of cell type (e.g., promoter strength, 
pre-miRNA stability) (Fig. 3B). The second and third PCs 
appear to account for the cell type-specifi c differences in 
miRNA expression. The second PC distinguishes fi broblasts 
from both iPSCs and hESCs, suggesting that it corresponds 
to the pluripotency state of the cell. Finally, iPSCs and hESCs 
were separated, though to a lesser degree, along the third 
PC, indicating that these two cell types are not identical in 
their miRNA expression profi les. Thus the fi rst three PC 
indicated that the miRNA expression profi le of iPSCs is 
more similar to that of hESCs than fi broblasts, but still dis-
tinct from either.

Using clustered heat maps of the miRNA datasets, we 
observed many miRNAs that were highly expressed in 
iPSCs and hESCs but not in fi broblasts (Fig. 4A); a smaller 
group of miRNAs that exhibited dissimilar expression 
in iPSCs and hESCs (Fig. 4B); and miRNAs that were up-
regulated in fi broblasts but down-regulated in both iPSCs 
and hESCs (Fig. 4C) (see Supplementary Fig. 1 for full heat 
maps) (Supplementary Figure is available online at http://
www.liebertpub.com) In addition to clustered heat maps, 
we have also included normalized intensity plots of selected 
miRNAs that have previously been associated with devel-
opmental or stem cell processes. These intensity plots give 
an indication of the absolute, rather than relative, miRNA 
expression across the three cell populations. Last, we con-
fi rmed the microarray expression patterns of selected miR-
NAs using quantitative RT-PCR, and also verifi ed that iPSCs 
could be differentiated into embryoid bodies that express 
similar patterns of pluripotency genes as hESCs (Fig. 5).

The “pluripotent” miRNAs identifi ed in Figure 4A are 
similar to results from previous studies of hESCs and em-
bryonic tissues [21–23,34]. miRNAs are frequently tran-
scribed together as polycistronic primary transcripts that 
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represent an important regulatory switch for the transition 
from embryonic to mature phenotypes in hESCs.

Also apparent from Figure 4A is the up-regulation of 
the miR-17–92 cluster and its paralogs in iPSCs and hESCs. 
These miRNAs are components of three paralogous clus-
ters including miR-17–92 at 13q31.3, miR-106a-92 at Xq26.2, 
and miR-106b-25 at 7q22 with extensive sequence homol-
ogies [38]. In the human genome, the miR-17–92 cluster is 
located within intron 3 of the C13orf25 gene, and encodes 
six miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, 
and miR-92–1) [39,40]. Both the sequences of these mature 
miRNAs and their organization are highly conserved in all 
vertebrates, and they have attracted attention due to their 
possible oncogenicity [40]. This cluster has also been impli-
cated in mammalian development, where loss-of-function of 
the miR-17–92 cluster resulted in mice that died shortly after 

are then processed into multiple individual mature miRNAs. 
The genomic organization of these miRNA clusters is often 
highly conserved, suggesting an important role for coordi-
nated regulation and function. The most dramatic fl uctua-
tion in miRNA expression occurred in the miR-302 cluster, 
which has been consistently associated with ESCs in nu-
merous miRNA profi ling and sequencing studies [21–24,35]. 
Quantitative RT-PCR of miR-302b, one of the miR-302 cluster 
members, shows that it is similarly down-regulated in both 
iPSCs and hESCs upon differentiation to day 14 embryoid 
bodies (Fig. 5d). This group of eight miRNAs, which includes 
miR-367, is an evolutionarily conserved cluster located in 
the antisense intron of the protein-coding gene LARP7, a 
member of the La ribonucleoprotein domain family that is 
involved in RNA metabolism [36,37]. This poorly under-
stood cluster of miRNAs, along with the LARP7 gene, may 
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FIG. 1. Morphology and pluripotent marker staining of 
human fi broblasts, iPSCs, and hESCs. (A) Fibroblasts exhibit 
typical morphology of these cells, do not grow in colonies, 
and do not stain for common markers of embryonic cells. 
(B) iPSCs exhibit colony formation and show robust staining 
for embryonic markers. Note that mouse embryonic fi bro-
blasts (MEFs) were co-cultured with iPSCs to maintain them 
in an undifferentiated state. MEFs stain positive for DAPI, 
as can be seen in the image panel where they surround the 
iPSC colony, but are negative for all embryonic markers. (C) 
Similar to iPSCs, hESCs grow in colonies and stain positive 
for the same group of embryonic markers.
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We were very interested to fi nd any differences in miRNA 
expression between iPSCs and hESCs, and in Figure 4B we 
highlight a small group of miRNAs that exhibit dissimi-
lar expression between the two pluripotent cell types. We 
observed a group of miRNAs that were expressed more highly 
in hESCs than in iPSCs (top panel), and a single miRNA, miR-
886–5p, that was expressed more highly in iPSCs than in 
hESCs (bottom panel). To confi rm these microarray results, 
we used quantitative RT-PCR to measure the levels of miR-
886–5p, miR-372, and miR-373 (Fig. 5A,B); our results con-
fi rm that these miRNAs are expressed differently in iPSCs 
and hESCs. As a follow-up experiment, we also assessed the 
expression of selected miRNAs after differentiation to day 14 
embryoid bodies (Fig. 5E,F). In both pluripotent cell types, the 
expression patterns of these miRNAs were similar upon dif-
ferentiation, though we observed two miRNAs, miR-17 and 
miR-92a, that exhibited signifi cantly higher expression in 
hESCs after differentiation relative to iPSCs (Supplementary 
Fig. 2) (Supplementary Figure is available online at http://
www.liebertpub.com) Given the lack of annotation of these 
miRNAs, it is diffi cult to ascertain their biological signifi -
cance for reprogramming and pluripotency at present.

Interestingly, except for two miRNAs, miR-629 and 
miR-96, all of the miRNAs that exhibited higher expression 
in hESCs relative to iPSCs (listed in the top panel of Fig. 4B) 
are located together within a 130-kb intergenic region of 
chromosome 19 (Supplementary Fig. 3) (Supplementary Fig-
ure is available online at http://www.liebertpub.com) This 
enormous meta-region of clustered miRNAs includes the 
miR-371/372/373 cluster, which has previously been shown 
to be up-regulated in hESCs [21–24], as well as a larger 54 
miRNA cluster spanning 96 kb [42], much of which has also 
been shown to be up-regulated in hESCs [25]. We were there-
fore surprised to fi nd that these same chromosome 19 clusters 
were not expressed at similar levels in iPSCs. Based on this 
observation, one could hypothesize that robust expression of 
these clustered miRNAs may not be critical for pluripotency, 
in contrast to a cluster such as miR-290 (found in mouse) that 
controls de novo DNA methylation, and is thus critical for cel-
lular pluripotency [31]. In making this hypothesis, however, 
it is important to note that the normalized signal intensities, 
a measure of absolute rather than relative expression, show 
that the overall change in expression among these miR-
NAs is small. As comparison, the signal intensities for the 
miR-302 cluster show a much more dramatic fl uctuation in 
expression levels (Fig. 4A). Therefore, though these changes 
are statistically signifi cant, whether they are biologically sig-
nifi cant remains to be determined. It is safe to say that dif-
ferences, albeit small, do exist between the miRNA profi les 
of iPSCs and hESCs, and that some of these differences may 
help defi ne the specifi c miRNAs required for induction and 
maintenance of pluripotency.

Figure 4C shows the miRNAs that are up-regulated in 
fi broblasts with respect to iPSCs and hESCs. Many of these 
miRNAs have little annotation and so have poorly defi ned 
roles in development and pluripotency, though they can be 
assumed to be important for maintenance of the differen-
tiated or fetal fi broblast phenotype. The upper half of the 
magnifi ed heat map in Figure 4C shows miRNAs that are 
minimally down-regulated in iPSCs (shaded in black), but 
that are signifi cantly down-regulated in hESCs. A number of 
these miRNAs have previously been reported to be up-regu-
lated in differentiated cells relative to hESCs [21,23,25], and 
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FIG. 2. RT-PCR and quantitative RT-PCR analysis of 
selected genes. mRNA was isolated separately from biolog-
ical duplicates of IMR90 fetal fi broblasts, iPSCs, and hESCs. 
(A) As expected, the embryonic genes (OCT4, NANOG, SOX2, 
REX1, DNMT3B, GDF3) were detectable in iPSCs and hESCs, 
but not in fetal fi broblasts. To ensure that our cells were in 
an undifferentiated state and had no differentiated contami-
nants, we also analyzed markers of mesoderm (Brachyury, 
T), endoderm (AFP), and neuroectoderm (NCAM1), which 
were all negative. Human 18S was used as loading control. 
Primer sequences can be found in Supplementary Materials 
and Methods. (B) Quantitative RT-PCR analysis of the pluri-
potency genes OCT4, SOX2, and NANOG confi rms sim-
ilar expression levels of these genes in iPSCs and hESCs. 
Error bars represent one standard deviation from the mean 
(*P value < 0.05 vs. fi broblasts; NS = Not Signifi cant).

birth with lung hypoplasia and cardiac defects [41]. Together 
with the miR-302 cluster and other up-regulated miRNAs 
identifi ed in our profi les, the miR-17–92 cluster likely repre-
sents an important pluripotency regulatory element.
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control elements, these miRNA signatures likely represent 
another layer of regulatory control for cell fate decisions, 
and should prove signifi cant for the cellular reprogramming 
fi eld.

The idea that miRNAs may contribute to the induction 
and maintenance of pluripotency arises from their well-
established role in development and ESC biology. During 
development, miRNAs are known to interfere with the 
expression of mRNAs-encoding factors that control de-
velopmental timing, stem cell maintenance, and other devel-
opmental and physiological processes [20]. However, though 
over 450 human miRNA have been described [34], each of 
which is predicted to target tens if not hundreds of differ-
ent mRNAs, only a fraction of them have been annotated; 
the great majority of miRNAs have poorly defi ned roles in 
cell fate decisions. This limited annotation, combined with 
a lack of knowledge of the transcriptional start sites, pro-
moter regions, and downstream mRNA targets of miRNAs, 
has made it diffi cult to comprehensively integrate miRNAs 
into a broader understanding of molecular networks. Unlike 
other molecular mechanisms that have benefi ted from ex-
tensive research beginning in the latter half of the 20th cen-
tury, the relatively new fi eld of miRNAs, especially in the 
case of stem cells, has thus suffered from a lack of molecular 
context.

Given these issues, attempting to connect iPSC miRNA 
profi les to the molecular landscapes that underlie repro-
gramming will raise a number of basic questions. What reg-
ulates these small molecules, and what are their effects on 
downstream gene networks? If noncoding RNAs are regu-
lated similarly to transcription factors, what advantage(s) do 
they offer over transcription factors in terms of regulation 
of pluripotency? Could miRNAs, each potentially targeting 
hundreds of mRNAs, represent nodes of control that dictate a 
cell’s regulatory dynamics? These questions lead to a general 
observation regarding the fundamental difference between 
miRNA and mRNA activity. By inhibiting the translation of 
mRNAs within the cytoplasm, miRNAs directly affect the 

we have plotted the intensity values for a few of these miR-
NAs in Figure 4C. Though there is an obvious downward 
trend in miRNAs when transitioning from the fi broblast to 
iPSC state, the expression levels of many do not completely 
decrease to the levels observed in hESCs. One example is 
let-7a, which showed statistically signifi cant higher expres-
sion in iPSCs relative to hESCs as confi rmed by quantitative 
RT-PCR (Fig. 5b). These observations underscore our general 
fi ndings that there are subtle differences in the miRNA pro-
fi les between the two pluripotent cell types.

One group of miRNAs in Figure 4C that has been exten-
sively studied is the let-7 cluster. This cluster is known to 
be expressed sequentially at specifi c stages of development 
to help coordinate developmental timing [20,43]. One recent 
study has also shown that Lin28, one of the reprogramming 
factors used by the James Thomson lab to induce pluripo-
tency in fi broblasts, blocks an early transcript of let-7g that 
is preferentially expressed in adult cells [44]. Furthermore, 
the promoters of both let-7g and Lin28 are occupied by the 
embryonic transcription factors Oct4, Sox2, Nanog, and Tcf3 
in mice, suggesting that these factors promote the transcrip-
tion of both primary let-7g and Lin28, which then blocks the 
maturation of let-7g [33]. Taken together, these studies, along 
with our new fi ndings, suggest one possible mechanism for 
the induction of pluripotency in adult cells using ectopic 
transcription factor expression.

Conclusion

Here we present the fi rst profi ling study of the human 
iPSC miRNA-ome. Our profi les demonstrate a high degree 
of similarity between iPSCs and hESCs, though with some 
differences. Because they can regulate numerous genes, 
often in common pathways, miRNAs may be regulators of 
cellular processes, akin to transcription factors that control 
entire programs of cellular differentiation and organogene-
sis. Therefore, in addition to histone modifi cations, promoter 
methylation, transcription factors, and other regulatory 
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FIG. 4. Heat maps and signal intensity 
plots of miRNA expression across fi bro-
blasts, iPSCs, and hESCs. ANOVA analysis 
demonstrates statistically signifi cant differ-
ential miRNA regulation across the three 
samples. miRNAs with P values below 0.01 
were selected for cluster analysis. (A) miR-
NAs upregulated in both iPSCs and hESCs 
compared to fi broblasts. Highlighted are 
the normalized signal intensity plots for 
the miR-302 cluster and miR-17–92 clus-
ter, including its paralogs miR-106a-92 and 
miR-106b-25. (B) miRNAs exhibiting oppo-
site expression in iPSCs and hESCs. Note 
that the normalized signal intensities of 
the miRNAs are not dramatic, though are 
statistically signifi cant. In contrast to the 
group of miRNAs upregulated in hESCs 
but not in iPSCs (top panel), we observed 
only one miRNA (miR-886–5p) that was 
upregulated in iPSCs but not in hESCs 
(bottom panel). (C) miRNAs upregulated 
in fi broblasts but down-regulated in iPSCs 
and hESCs. Highlighted in the top and bot-
tom panels are selected miRNAs known 
to be important in ESC biology and/or 
organismal development, such as the let-7 
cluster that has a well-established role in 
late development timing. The clustering 
was done using hierarchical methods and 
was performed with average linkage and 
Euclidean distance metrices. The “thresh-
old” value denotes signal intensities <32, a 
cutoff used by the microarray service pro-
vider, below which quantitation of signal 
may be inaccurate. Full intensity data can 
be found in Supplementary Table S1.
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FIG. 5. Quantitative RT-PCR of selected miRNAs confi rms expression patterns seen in the microarray data, and also 
reveals miRNA expression during differentiation. (A) miR-17, miR-92a, and miR-302b show similarly high expression in 
both pluripotent cell types, but not in fi broblasts. In contrast, miR-372 and miR-373 are expressed at lower levels in iPSCs 
relative to hESCs, and at even lower levels in fi broblasts. (B) Also confi rming the microarray data, miR-886–5p is expressed 
at statistically signifi cant higher levels in fi broblasts and iPSCs compared to hESCs, and let-7a is more highly expressed in 
fi broblasts relative to both pluripotent cell types. However, expression of let-7a remains different between iPSCs and hESCs. 
(C) Differentiation of iPSCs and hESCs to Day 14 embryoid bodies reveals down-regulation of the pluripotency genes OCT4 
and NANOG, as expected. (D) miR-302b, part of the miR-302 cluster that is highly expressed in pluripotent cells, is down-
regulated in both iPSCs and hESCs at Day 14 of differentiation. (E) miR-372 and miR-373 are moderately up-regulated 
or unchanged, respectively, with differentiation. (F) miR-886–5p is down-regulated in both pluripotent cell types during 
differentiation. Error bars represent one standard deviation from the mean of biological duplicate experiments (#P value 
< 0.05 vs. fi broblasts; *P value < 0.01 vs. fi broblasts; NS = not signifi cant).
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existing transcriptome of the cell. That is, the pool of mRNA 
in the cytoplasm—the “old” mRNA pool—is the immedi-
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