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Abstract

Background: A miRNA precursor generally gives rise to one major miRNA species derived from
the 5’ arm, and are called miRNA-5p. However, more recent studies have shown co-expression of
miRNA-5p and -3p, albeit in different concentrations, in cancer cells targeting different sets of
transcripts. Co-expression and regulation of the -5p and -3p miRNA species in stem cells,
particularly in the reprogramming process, have not been studied.

Methods: In this work, we investigated co-expression and regulation of miRNA-5p and -3p
species in human induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs) and
embryonic stem cells (ESC) using a nanoliter-scale real-time PCR microarray platform that
included 1,036 miRNAs.

Results: In comparing iPSC and ESC, only 32 miRNAs were found to be differentially expressed,
in agreement of the ESC-like nature of iPSC. In the analysis of reprogramming process in iPSCs,
261 miRNAs were found to be differentially expressed compared with the parental MSC and
pre-adipose tissue, indicating significant miRNA alternations in the reprogramming process. In
iPSC reprogrammed from MSC, there were 88 miRNAs (33.7%), or 44 co-expressed 5p/3p pairs,
clearly indicating frequent co-expression of both miRNA species on reprogramming. Of these, 40
pairs were either co-up- or co-downregulated indicating concerted 5p/3p regulation. The 5p/3p
species of only 4 pairs were regulated in reverse directions. Furthermore, some 5p/3p species of
the same miRNAs were found to target the same transcript and the same miRNA may cross-target
different transcripts of proteins of the G1/S transition of the cell cycle; 5p/3p co-targeting was
confirmed in stem-loop RT-PCR.

Conclusion: The observed cross- and co-regulation by paired miRNA species suggests a
fail-proof scheme of miRNA regulation in iPSC, which may be important to iPSC pluripotency.

Key words: Induced pluripotent stem cells, reprogramming, miRNA-5p/3p species, cell cycle
control
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Introduction

Human embryonic stem cells (ESC) are a unique
cell type which derived from human blastocysts. ESC
cell has an ability to undergo indefinite self-renewal
and exhibited a full developmental potential to form
various lineages [1]. These types of cells have been
known as pluripotent cells and are utmost important
in cell-based therapies and regenerative medicine.
However, the issue of immune rejection stemming
from incompatibility between the patient and donor
cells has called for alternative approaches in
generating pluripotent stem cells. In recent years,
Takahashi and Yamanaka (2006) [2] demonstrated
that retrovirus-mediated transfection with a
combination of four transcription factors, Oct4, Sox2,
Klf4 and c-Myc, was able to ‘reprogram’ mouse
fibroblast and human somatic cells to undifferentiated
pluripotent stem cells. Besides high similarity to ESC,
these induced pluripotent stem cells (iPSCs) also offer
invaluable therapeutic implications to human in term
of in vitro disease modeling, pharmaceutical screening
and cellular replacement therapies. Immune rejection
issue can be easily overcome since iPSCs are derived
from the same patient.

microRNAs (miRNAs) play an important role in
gene regulation during pluripotency, self-renewal
and differentiation of ESCs and iPSCs. miRNAs can
be divided into two subgroups: pluripotent miRNAs
and pro-differentiation miRNAs. Pluripotent miRNAs
have been found to be involved in maintaining
self-renewal and pluripotency of ESC. This class of
miRNAs, including miR-137, miR-184, miR-200,
miR-290, miR-302, and miR-9, was exclusively
expressed in the pluripotent state and rapidly
decreased upon differentiation stimuli [3]. Previous
studies revealed that Dicer and Dgcr8-deficient ESC
markedly delayed cell cycle progression [4,5]. By
contrast, pro-differentiation miRNAs, such as let-7,
miR-296, miR-134 and miR-470, have been found to
regulate the differentiation processes in pluripotent
cells [6,7]. These miRNAs were found to be
upregulated during differentiation in ESC and
inhibited the expression of pluripotency factors,
including Nanog, Lin28, Sox2 and Klf4 [7,8].

In the miRNA biogenesis pathway, long primary
transcript (pri-miRNA) is transcribed and then
processed into a structure of 60 to 110 nt hairpin
precursor miRNA (pre-miRNA) by cellular RNase
enzyme III, Drosha, and double stranded
RNA-binding domain protein, DGCR8 [9]. This
pre-miRNA is then cleaved by another RNase III
enzyme, Dicer, to generate ~22 nt miRNA: miRNA*
duplex [10]. One strand of the duplex, complementary
to the target, has been known as a functional guide
strand (miRNA), whereas the other strand, which

usually will be degraded, has been considered as a
passenger strand (miRNA*) [11]. However, recent
studies indicated that some miRNA* sequences were
abundantly expressed as mature functional miRNAs
[12-14]. In some cases, two mature miRNAs excised
from the 5- and 3’- arms of the same stem-loop
pre-miRNA have been reported to be functional and
target on different mRNAs [15,16]. To avoid
confusion, human miRNA/miRNA* nomenclature
has been retired. Instead, the miRNA-5p and -3p
nomenclature is now being applied widely according
to 5’- or 3’-arms derivation of the miRNA species.

miRNA 5p/3p pairs are co-expressed differently
from tissue to tissue indicating tissue-dependent
regulatory roles for the 5p/3p miRNA species [12];
co-existing miRNA pairs have also been reported in
different cancer cells [16-20]. Besides cancer, the
co-expressed let-7 and the mir-126 families have been
demonstrated to play different roles in regulating ESC
self-renewal, pluripotency, and differentiation [21,22].

Despite reports on the involvement of specific
miRNAs in ESC and iPSC, genome-wide studies
focusing on the participation of miRNA-5p/3p pairs
in the cell cycle process are still lacking. This study
aimed to systematically investigate co-expression and
regulation of 5p/3p paired miRNA species in iPSC
self-renewal maintenance.

Materials and Methods
Cell lines and RNA preparation

The adipose stem cell (ASC) was obtained from
Invitrogen (Carlsbad, CA, USA). The human white
pre-adipocyte (HWP) and the human adipose-derived
MSC (MSC-AT) were obtained from PromoCell
(Heidelberg, Germany). Derivation of
characterization of the induced pluripotent stem cell
(iPSC) lines, HWP-derived iPCS (HWP-iPSC),
ASC-derived iPSC (ASC-iPSC) and MSC-PSC are
described by Sugii et al. [23,24] (Table 1).

miRNA Profiling

Total RNA (1 pg) extracted from each cell line
were analyzed using a nanoscale miRNA real-time
gRT-PCR array (SmartChip Human MicroRNA Panel
v3; WaferGen Biosystems, Fremont, CA, USA)
containing 1036 miRNA-specific reactions in
quadruplicate for a total of 5184 reactions per sample.
miRNA was first ligated to a pre-adenylated linker (3’
adapter) by RNA ligase 2 at 22 °C for 60 min. The
ligated RNA was subjected to one-step on-chip
real-time qRT-PCR reaction at 52 °C for 5 min, 95 °C
for 10 min, 95 °C for 1 min and 52 °C for 1 min,
followed by 39 cycles of PCR amplification at 95 °C for
1 min and 60 °C for 1 min to synthesize cDNA and to
amplify target on the SmartChip Cycler (Wafergen
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Biosystems). In this analysis, an additional 7
endogenous and 4 exogenous controls were included
for data quality control.

Selection Criteria for Differentially Expressed
miRNAs in Pairwise Comparison

The microarray data for iPSC were compared
with the data for parental cells. For calculations of
expression levels, the All-Mean normalization method
was employed, where mean C; of all expressed genes
were used [25,26]. To compute the expression level of
expressed miRNAs, the Css of each sample were
compared to its average Ct (All-Mean) to obtain the
AC; values. AAC; was then calculated by the two AC;
values between the iPSC and its parental cell type.
The log, (fold change) was log, {Fold change
(2"-[delta][delta]Ct)}. The selection criteria for
differentially expression of miRNA was the log, (fold
change) >1.5 or <-1.5 with p<0.05.

MicroRNA Quantitative Real-Time RT-PCR

Real-time qRT-PCR was performed using the
NCode SYBR GreenER miRNA gRT-PCR kit
(Invitrogen, Carlsbad, CA, USA) following the
supplier’s instructions in a Rotor-Gene Q real-time
PCR cycler (Qiagen). Following miRNA poly(A)
tailing, first-strand cDNA was synthesized using the
Superscript III RT/RNaseOUT enzyme mix provided
in the kit, followed by real-time RT-PCR using SYBR
select master mix (Applied Biosystems, USA) in
Rotor-Gene Q. Amplification was carried out for 40
cycles at 95 °C for 15 s and primer annealing at 60 °C
for 1 min. Experiments were performed in triplicates
and were normalized to the data of the small nuclear
RNA (snRNA) U6. Primers used for miRNA
quantification were as follows: forward primer
(miR-9-F)  5-TCTTTGGTTATCTAGCTGTATGA-3
and universal primer (provided in NCode SYBR
GreenER miRNA qRT-PCR kit) as reverse primer. The
U6 oligonucleotide 5'-CACCACGTTTATACGCCGG
TG-3' was used as the normalization control. Relative
miRNA levels were calculated using the comparative
AAC; method.

miRNA Stem-Loop RT-PCR

Primers for detection of mature miRNAs were
designed according to Chen et al. (2005) [27]. cDNAs
were synthesized according to the manufacturer’s
manual (Invitrogen). Briefly, the annealing program
for the stem-loop primers (Additional file 1:
Supplementary Table 1) was 5 min at 65 °C. Stem-loop
products were then added to an RT reaction using
Superscript III reverse transcriptase (Invitrogen)
containing 4 pL first-strand buffer, 2 pL 0.1 M DTT,
0.1 pL RNaseOUT, and 0.25 pL (50 units) SuperScript

III reverse transcriptase. The reaction was performed
with the following incubation conditions: 16 °C for 30
min, followed by 60 cycles of 30 °C for 30 s, 42 °C for
30 s, 50 °C for 1 s. The enzyme was inactivated by
incubation at 85 °C for 5 min. The cDNA was used at a
dilution of 1:10 in water in subsequent PCR reactions.
The PCR products were then detected by
electrophoresis on 4% agarose gels, and cDNA
loading controls were normalized with U6.

Bioinformatics

Putative miRNA target transcripts were
obtained from TargetScan, miRWalk (http://www.
umm.uni-heidelberg.de/apps/zmf/mirwalk/) and
DIANA-microT  v5.0  (http://diana.imis.athena-
innovation.gr/DianaTools/index.php?r=microT_CD
S/index) [28]. Only target transcripts predicted by at
least two different algorithms were selected.

Results and Discussion

Differential Expression of miRNAs in Different
Stem Cell Types

To identify differentially expressed miRNAs in
iPS cells relative to the parental cells from which they
are derived via reprogramming, a HWP cell line, two
human adipose-derived mesenchymal stem cell lines,
designated as ASC and hMSC-AT, and the three
induced pluripotent stem iPS cell lines derived from
them were used (Table 1). Two well-characterized
ESC lines, H6 and H9 were also included for
comparison. Total RNAs prepared from these eight
cell lines were subjected to quantitative miRNA
profiling using a nanolitre-scale real-time RT-PCR
microarray platform that included 1,036 miRNA
species. On obtaining the microarray data,
hierarchical clustering analysis of the miRNA profiles
was performed between the two MSC and the three
iPSC (Fig. 1). Since the HWP cells are unipotent and
not multipotent cells [29], HWP was omitted from the
two multipotent MSC cell lines in the hierarchical
clustering analysis. The clustergram showed that the
miRNAs were clustered into two major (I & II) and
one minor (III) clusters. Cluster I included miRNAs
that were expressed in high levels in the MSC lines
whereas cluster II included miRNAs highly expressed
in iPSC. In each of these two clusters, there were also
subclusters generated based on different miRNA
levels observed. The data clearly showed that
different miRNA signatures in the multipotent MSC
relative to the pluripotent iPSC. Furthermore,
miRNAs in cluster III were in high expression levels
specifically in the HWP-derived iPSC in various lower
expression levels in the other two MSC-derived iPSC
lines, indicating iPSC derived from various sources
are not entirely identical.
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Figure |. Hierarchical clustering analysis of miRNA profiles of MSC and iPSC. Level of gene expression is shown in the colour code shown at the bottom, ranging from minimal
expression levels in green, average or weak miRNA expression in black and maximal levels in red. The analysis was performed using miScript miRNA PCR Array Data Analysis

Web Portal.

Table I. Stem cell lines used in this work

Cell type Cell line Abbreviation

ESC HuES6 Heé
H9 H9

MsC Adipose Stem Cell ASC
Adipose-derived MSC hMSC-AT

Preadipocytes Human white preadipocytes HWP

iPSC ASC-derived ASC-iPSC
hMSC-AT-derived MSC-iPSC
HWP-derived HWP-iPSC

Pairwise comparisons between iPSC and ESC,
and iPSC and MSC were next performed by using the
cut-off threshold of logs (fold change) >1.5 or <-1.5,
and also the criteria that valid data were available for
all the cell lines under consideration with statistical
significance (p<0.05). Furthermore, it was defined by
the platform that a miRNA that had a threshold value
of Ci= 30 was considered undetectable in expression
level. Hence, in the iPSC-MSC comparison, a miRNA
was considered activated in iPSC when this miRNA
was in the detectable range in iPSC, but was
undetectable (C; > 30) in MSC. Likewise, a miRNA
was considered shutdown in iPSC when the miRNA
was detectable in MSC but was undetectable in iPSC.
On the other hand, up- or down-regulated expression
was used to describe increased or decreased
detectable miRNA levels in pairwise comparison.

When the miRNA expression data of the two
iPSC lines were first compared pairwise with their
respective parental MSC lines, 441-445 (42.6-43.0%)
miRNAs were found to have altered in expression
levels as defined (Table 2). On reprogramming of the
monopotent HWP, 494 miRNAs (47.7%) were

differentially expressed (Table 2). If the data were
considered collectively under the criteria defined
above, 261 miRNAs (25.2%) were found to be
differentially expressed in the three iPSC relative to
the two MSC lines (Table 3 & Additional file 1:
Supplementary Table 2) clearly indicating extensive
changes in the miRNA profiles when MSC was
reprogrammed to iPSC. On the other hand, when the
miRNA expression data of the three iPSC lines were
collectively compared with those of the two ESC lines,
only 32 miRNAs (3.1%) were found to be
differentially expressed (Table 3 & Additional file 1:
Supplementary Table 3), consistent with ESC-like
characteristics of iPSC.

Table 2. miRNAs altered in expression levels in pairwise
comparison between MSC/HWP and the derived iPS cells

Stem cell line No. differentially expressed

iPSC MSC/HWP miRNA (% of miRNA analyzed)
hMSC-AT-iPSC vs hMSC-AT 441 (42.6%)
ASC-iPSC vs ASC 445 (43.0%)
HWP-iPSC vs HWP 494 (47.7%)

Table 3. Differentially expressed miRNAs in stem cells

iPSC vs ESC! iPSC vs MSC2
Activated 12 (37.5%) 66 (25.3%)
Up-regulated 13 (40.6%) 111 (42.5%)
Subtotal: 25 (78.1%) 177 (67.8%)
Shut-down 3(9.4%) 17 (6.5%)
Down-regulated 4 (12.5%) 67 (25.7%)
Subtotal: 7 (21.9%) 84 (32.2%)
Total 32 261

1Data based on comparing 3 iPSC vs 2 ESC. 2Data based on 3 iPSC vs 2 MSC; In both
columns, data were logy(fold change) >1.5 or <-1.5.
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In further iPSC-ESC pairwise comparison, 25
(78.1%) of the 32 differentially expressed miRNAs
were found to be activated/upregulated while 7
(21.9%) miRNAs were shutdown/downregulated
(Table 3). In MSC-iPSC comparison, 177 (67.8%) were
activated /upregulated and 83 (32.2%) miRNAs were
shutdown/downregulated (Table 3). The data
indicated that in pluripotency, two-fold more
miRNAs are activated/upregulated than
shutdown/downregulated. The data indicated that
on reprogramming to pluripotency, many more target
genes are shutdown or downregulated, which may be
a significant event in rendering pluripotent stem cells

the potential to differentiate into all cell types. The
observation is consistent with the pluripotency of
iPSC, and philosophically suggests that iPSC is life on
hold, waiting for appropriate signals to release
different sets of brakes to enter into differentiation
into different tissues and organs.

In silico validation of Differentially Expressed
miRNA in iPSC on Reprogramming

The array of differentially expressed miRNAs
when MSC/HWP was reprogrammed into iPSC was
cross-checked with what was available in the
literature (Table 4).

Table 4. In silico validation of WaferGen data on miRNAs that are differential expressed in iPSC relative to MSC/HWP

WaterGen data (iPSC vs MSC)

Reprogramming Reference
Factor / miRNA
Targeting miRNA Expression Log(fold change)
(I) miRNAS targeting known reprogramming factors
MYC, OCT-4, KLF4, SOX2 [30], [31] miR-145 Down-regulated -6.200
LIN28A/B [32] let-7 family (7 members) All down-regulated -9.539 t0 -7.492
miR-9 Activated 6.511
miR-30a Down-regulated -1.914
miR-125 n.d. -
(IT)Reprogramming miRNAs
miR-302 family [6] miR-302a, -302b Activated 12.773, 14.438
miR-367 [49] miR-302¢, -302d, -367 All up-regulated 9.900-13.049
miR-302* species This work miR-302a%*, -302b*, -302¢*  All activated 8.611-11.068
miR-106a cluster [50] miR-106a, -18b, -19b, 92a All up-regulated 3.286 - 7.711
miR-106b cluster miR-106b, -93, -25 or activated 1.855-2.711
miR-17~92 cluster miR-17, -18a, -19b, -92a 3.286 — 5.080
miR-106* species & This work 8 star species All up-regulated 1.876 -3.618
miR-17~92* species
miR-200c [51] miR-200¢ Activated 10.701
miR-369 miR-369 n.d. -
miR-302 cluster miR-302 cluster Up-regulated See above
(IIT) Reprogramming barrier miRNAs
miR-34 family [52] miR-34a, -34¢-5p Down-regulated -3.594 t0 -1.804
miR-34a* This work miR-34a* Down-regulated -2.267
let-7 family [53] let-7a, -7c, -7d, -7e, All down-regulated -9.539 t0-7.492
71, =71, -7
let-7d*, let-7f-2* This work let-7d* Shut-down -6.404
let-7{-2%* Down-regulated -5.640
miR-143& miR-145 [54] miR-143 Shut-down -9.474
miR-145 Down-regulated -6.200
miR-145% This work miR-145% Down-regulated -2.449
miR-134, -296, -470 [33] miR-134 n.d. --
miR-296-5P Up-regulated 3.081
miR-296-3P Activated 7.895
miR-470 n.d. --

n.d., not determined.
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In the first group of miRNAs targeting known
reprogramming factors, miR-145, which was shown to
modulate the Yamanaka factors, Myc, Oct-4, Klf4 and
Sox2 [30,31], would be predicted to be downregulated
in iPSC on reprogramming. A downregulated log>
(fold change) of -6.2 was discerned on our analysis.
Likewise, the let-7 family and miR-30A, which were
shown to target LIN28A/B [32], all 7 let-7 family
members and miR-30A were downregulated in our
analysis. However, miR-9 was found to be
upregulated by 6.511 fold, which appeared to be
inconsistent with the predicted downregulation. To
resolve the discrepancy, pairwise real-time RT-PCR
was performed between the MSC/HWP and the
derived iPSC lines (Table 5). In all the three pairs,
upregulated levels in iPSC were consistently obtained
with a statistically significant mean upregulated level
of 3.14-fold, confirming the microarray data. It
remains to be confirmed and investigated if miR-9
does modulate LIN28A /B to resolve the discrepancy.
In the category of known reprogramming miRNAs
(Table 4), all were found to be activated or
upregulated in our microarray dataset as would be
predicted, further supporting the validity of our
results. There are also a group of miRNAs known to
block reprogramming (Table 4, category III). With the
exceptions of miR-134, -296 and -470, which were all
suggested by Tay et al. (2008) [33] to target the coding
sequences of Oct4 and Sox2 transcripts, all other
known reprogramming barrier miRNAs were
downregulated or shutdown on reprogramming of
MSC/HWP to iPSC in this work.

Table 5. Validation of miR-9 up-regulation in iPSC relative to
MSC/MCS

MSC/HWP vs iPSC Log(fold change)

ASC vs ASC4PSC 273+034
hMSC-AT vs AT-iPSC 2.96+0.34
HWP vs HWP-iPSC 3.72+0.79
Mean 3.14 +0.52 (p<0.01)

Data were obtained by real-time PCR analysis in three independent experiments.

Recent miRNA studies are beginning to
document frequent co-expression of both the miRNA
and the miRNA* strands derived from the 5- and 3’
arms of the pre-miRNA duplex [16,19,21,22]. When
available in the microarray dataset in our analysis, the
miRNA* species were identified and are included in
this study (Additional file 1: Supplementary Table 2).
It is interesting to note that the identified miRNA*
species were co-up- or co-downregulated with their
sister strand despite the fact that the two miRNA

species carry different sequences and should be
targeting different transcripts. Possible involvement
of miRNA-miRNA* pairs is further investigated
below. In summary, our microarray data were largely
supported by published reports, supporting the
robustness of the microarray platform used.
Identification of co-expressed miRNA and miRNA*
species may deserve further attention.

Co-expression of miRNA-5p/3p Pairs in Stem
Cells

We next focused on co-expression of the miRNA
and miRNA* pairs in stem cells. miRBase has recently
retired the human miRNA/miRNA* nomenclature
but advised the wuse of miRNA-5p and -3p
nomenclature based on derivation from the 5- or
3’-arm of the pre-miRNA precursor. In the subsequent
sections in this paper, the 5p/3p nomenclature is
used, and the original miR-miR* names are also listed
alongside. Results of 5p/3p pairs included in the
microarray data with each of the pair showing log,
(fold change) >1.5 or <-1.5 and p<0.05 were extracted
from the dataset (Table 6).

Out of 32 miRNAs that were differentially
expressed in iPSC relative to ESC, there were only
three 5p/3p pairs (Table 6). Of these, the 5p/3p pairs
of miR-199a and -181c were co-upregulated.
However, the 5p/3p pair of miR-855-5p was
shutdown in iPSC relative to ESC whilst miR-855-3p
counterpart was activated in iPSC. Of the 261miRNAs
that are differentially expressed in iPSC relative to
MSC, 88 miRNAs (44 pairs, 33.7%) were co-expressed
in 5p/3p pairs (Table 6). The alterations of the 44
5p/3p pairs observed in iPSC relative to MSC ranged
from significant up-regulation by 10.366-fold in
miR-200c-3p to down-regulation by -12.420-fold in
miR-10a-5p (Table 6). On further examination, the 26
(59.1%) 5p/3p miRNA pairs were
co-upregulated/co-activated and 14 (31.8%) pairs
were co-downregulated/co-shutdown. Four pairs
(9.1%), miR-139, -146b, -196b and -876, showed
reverse directions of 5p/3p co-expression (Table 6).
Taken together, the data showed frequent (33.7%)
co-expression of 5p/3p miRNAs in iPSC on
reprogramming, and that the majority (91.9%) of the
co-expressed 5p/3p pairs was co-up- or
co-down-regulated in the same direction strongly
suggesting concerted regulation of miRNA sister
pairs in the reprogramming process. Since miR-5p
and -3p species have different sequences which are
presumably targeting different target transcripts, the
biological significance of 5p/3p co-expression
deserves further attention.
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Table 6.miRNA families and expression levels of co-regulated 5p-3p pairs in iPSC relative to ESC and MSC

No miRNA Chromos'l site miRNA-5p Log2(FC) miRNA-3p Log2(FC)
family
iPSC vs ESC (n=3)
Al. Co-upregulated/-activated pairs (n=2)
1 mir-199 19p13.2 miR-199a-5p 3.29010.81 miR-199a-3P 2.913+0.93
2 mir-181 19q13.13 miR-181c 2.08210.38 miR-181c* 1.525+0.06
A2. Pairs with reverse regulation (n=1)
3 mir-885 3p25.3 miR-885-5p -3.38810.19 miR-885-3p 2.125%0.86
iPSC vs MSC (n=44)
B1. Co-upregulated/-activated pairs (n=26)
1 mir-8 12p13.31 miR-141-5p 2.110+0.35** miR-141-3p 6.567+0.35**
2 miR-200c-5p 1.583+1.16 miR-200c-3p 10.366+0.69**
3 mir-17 13q31.3 miR-18a-5p 5.823+1.29** miR-18a-3p 4.133+1.04**
4 miR-20a-5p 4.226+1.06** miR-20a-3p 4.096+1.30**
5 Xq26.2 miR-18b-5p 7.376+0.11** miR-18b-3p 2.453+1.05*
6 miR-20b-5p 7.561+4.23* miR-20b-3p 3.023+0.93**
7 miR-106a-5p 4.640+1.08** miR-106a-3p 2.871+1.49*
8 mir-25 1922 miR-92b-5p 2.920+0.46** miR-92b-3p 4.721+4.02
9 7q22.1 miR-25-5p 2.000+1.17* miR-25-3p 1.983+0.53**
10 13q31.3 miR-92a-1-5p 3.251+1.07** miR-92a-3p 2.923+0.57*
11 mir-126 9q34.3 miR-126-5p 2.133+1.10** miR-126-3p 3.186+0.55**
12 mir-130 11q12.1 miR-130a-5p 1.610+0.15 miR-130a-3p 3.770+1.84
13 mir-135 3p21.2 miR-135a-5p 9.107+0.77** miR-135a-3p 5.600+0.23
14 mir-148 7p15.2 miR-148a-5p 4.960+0.58** miR-148a-3p 1.650+1.27*
15 mir-290 19q13.42 miR-371a-5p 6.256+1.14** miR-371a-3p 4.1+0.06*
16 mir-296 20q13.32 miR-296-5p 3.083+0.44** miR-296-3p 7.560+0.85**
17 mir-335 7q32.2 miR-335-5p 4.416+1.65* miR-335-3p 5.066+2.11**
18 mir-339 7p22.3 miR-339-5p 2.690+0.72% miR-339-3p 5.825+0.14**
19 mir-340 5935.3 miR-340-5p 3.283+1.10** miR-340-3p 2.625+1.41**
20 mir-373 19q13.42 miR-373-5p 2.500+1.27* miR-373-3p 7.240+1.39**
21 mir-515 miR-515-5p 7.053+0.63** miR-515-3p 4.083+0.45**
22 mir-515 19q13.42 miR-518f-5p 3.901+0.51** miR-518-3p 6.971+0.59**
23 miR-519e-5p 3.320+0.44** miR-519e-3p 3.046+0.55**
24 mir-589 7p22.1 miR-589-5p 2.410+1.04** miR-589-3p 2.221+1.05*
25 mir-744 7p12 miR-744-5p 1.53610.27 miR-744-3p 3.393+1.03**
26 mir-3180 ? miR-3180-5p 4.471+3.73 miR-3180-3p 6.253+1.31**
B2. Co-downregulated/-shutdown pairs (n=14)
1* let-7 9q22.32 let-7d-5p -9.120+0.35** let-7d-3p -6.090+0.55**
2* mir-10 7q21.32 miR-10a-5p -12.420+0.40** miR-10a-3p -2.790+0.34
3 mir-22 17p13.3 miR-22-5p -7.880+0.04** miR-22-3p -4.230+1.84
4 mir-24 9q22.32 miR-24-1-5p -1.927+0.41 miR-24-3p -3.300+1.59
5 mir-29 7q32.3 miR-29a-5p -1.807+2.01 miR-29a-3p -5.980+0.73
6 7932.3 miR-29b-1-5p -5.503+1.55** miR-29b-3p -3.963+1.70
7 mir-31 9p21.3 miR-31-5p -4.536+0.70* miR-31-3p -4.447+0.71
8 mir-145 5q32 miR-145-5p -4.807+2.67 miR-145-3p -2.097+1.46
9 mir-193 17q11.2 miR-193a-5p -4.6307+0.66** miR-193a-3p -2.026+2.66
10 mir-199 19p13.2 miR-199a-5p -7.677+4.11* miR-199a-3P -8.274+2.58
11 mir-214 1q24.3 miR-214-5p -2.869+0.22* miR-214-3p -3.834+1.23
12 mir-218 5q34 miR-218-5p -3.257+0.52 miR-218-2-3p -1.540+0.68
13 mir-221 Xpl1.3 miR-221-5p -3.277+0.40** miR-221-3p -3.080+0.82*
14 mir-322 Xq26.3 miR-424-5p -3.650+0.18** miR-424-3p -3.934+0.98*
B3. Pairs with reverse regulation (n=4)
1 mir-139 11q13.4 miR-139-5p -9.810+0.61** miR-139-3p 1.943+0.87*
2 mir-146 10q24.32 miR-146b-5p -4.367+2.07 miR-146b-3p 1.500+0.31
3 mir-196 7p15.2 miR-196b-5p -5.587+0.86** miR-196b-3p 1.500+0.66**
4 mir-876 9p21.1 miR-876-5p -3.797+0.72* miR-876-3p 1.510+1.30**

*p<0.05; **p<0.01
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Frequent co-expression of the miRNA-5p/3p
pairs in many cell types has only recently begun to be
reported [20,34-37]. In this study, out of the 261
miRNAs that were found to be differentially
expressed in iPSC on reprogramming from MSC, 88
miRNAs (33.7%) were 5p/3p pairs fitting our
stringent selection criteria (Table 6) indicating
frequent co-expression of miR-5p/3p pairs.
Furthermore, out of the 44 co-expressed pairs, 26 and
14  pairs were either co-upregulated or
co-down-regulated, respectively, making a total of 40
pairs (90.1%) co-regulated in the same direction (Table
6), consistent with coordinated selection of the 5’- and
3’-arm of the pre-miRNA precursors. Interestingly,
four pairs showed reversed directions of expression in
iPSC on reprogramming.

Selection of either or both the 5p or 3p miRNA
species has been reported to be dependent on tem-
poral, spatial and physiological and pathological
conditions [12,14,38,39]. Specific arm selection is
thought to be thermodynamically regulated [40,41].
Changes in strand selection in cancer cells and in dif-
ferent tissues and developmental stages are probably
associated with the presence of abundant spatial- and
temporal-specific signals [12,14,38,42,43]. In cancer
cells, minute changes in the steady-state levels of the
double-stranded RNA binding protein (dsRBP) and
other dsRBP-associating enzymes may have effects on
5p/3p strand selection of concurrent expression [44].
In summary, co-regulation of the 5p/3p miRNA spe-
cies in normal and pluripotent tissues and cells is
most likely to be complex, subjecting to subtle physi-
ological changes pre-miRNA processing enzymes and
signals.

Cross-regulation of Targets of Related
Biological Functions by miRNA-5p/3p Species

The 5p and 3p miRNA species of the same pre-
cursor have partial reverse complementary sequences
and should generally be targeting different tran-
scripts. The fact that about one-third of the miRNAs
that are differentially expressed in iPSC on repro-
gramming are paired 5p/3p species with different
sequences (Table 6), it may be predicted that different
sets of transcripts are regulated by the 5p/3p pair,
extending the biological significance of the paired
expression. Indeed, when the predicted targets of the
paired miRNAs are mined from the various data-
bases, a wide array of targets are found, albeit with
many targets falling into similar functional groups of
assorted signalling pathways and cell cycle control
(Additional file 1: Supplementary Table 4). To further
explore cross targeting, targeted cell cycle proteins
were further examined since one of the main features
of iPSC is continued self-renewal involving active
entry from the G1 phase into S phase of the cell cycle

(see Fig. 2A). Progression through the G1/S phase
check point of the cell cycle is essential to maintain the
undifferentiated state of the cells; differentiation oc-
curs when the G1 phase is stalled [45]. ESC has a short
cell cycle mode due to the absence of the G1/S re-
striction which enables cells to rapidly move through
the G1 phase and enter the S phase to ensure contin-
uous self-renewal, a defining feature of stem cells
[46,47].

Since miRNAs are reported to play a central role
in contributing to this unique abbreviated cell cycle
structure [5,48], 5p/3p paired miRNAs that were dif-
ferentially expressed in iPSC on reprogramming were
extracted from the dataset and the putative target
transcripts of the cell cycle control were identified
(Fig. 2). Four miRNA pairs, namely miR-24 and
miR-31 are predicted or validated to regulate the E2F
factors, miR-214 and miR-424 target CDK6 (Fig. 2B).
Importantly, both the 5p and 3p miRNA species are
predicted to be targeting at the same transcript de-
spite  different sequences. In CDK6, seven
miR-424-5p/3p and eight miR-214-5p/3p putative
targeting sites are mapped on the ~10 kb
3-untranslated region (3'UTR) of the CDK6 mRNA
(Fig. 2D, upper panel), clearly indicating cross and
co-regulation of CDK by both the 5p and 3p species of
two independent miRNAs. Down-regulated expres-
sion of both 5p and 3p species of miR-424 and -214
was confirmed in stem-loop RT-PCR (Fig. 2E, right
panel). Downregulation of miR-24, -31, -214 and -424
in iPSC on reprogramming would have resulted in the
upregulation of the E2F factors leading to entry into
the S phase in active replication, consistent with the
self-renewal characteristic of iPSC. Likewise, TGFf32,
p27 (CDKN1B), p21 (CDKN1A) and the pRB proteins
are predicted or validated to be cross-regulated by the
5p and/or 3p species of two or more miRNAs (Fig.
2C). Three miR-130a-5p/3p and two miR-141-3p sites
are mapped in the shorter 3’'UTR of the TGF2 mRNA
(Fig. 2D, bottom panel). Upregulation of both the 5p
and 3p species of miR-515 and -519e were also con-
firmed in stem-loop RT-PCR (Fig. 2E, left panel).

miRNA cross-regulation of targets of cell cycle
control proteins suggests a fail-proof mode of miRNA
regulation in iPSC to ensure that when any one of the
regulatory miRNAs is disabled by mutations or by
transcriptional or post-transcriptional suppression,
other miRNA species in the regulatory circuit are still
available to continue to exert the crucial biological
function. Co-participation of the 5p/3p species adds
further advantages to the fail-proof execution of
miRNA regulation. In cancer cells, experimentally
validated 5p/3p pairs that often suppress transcripts
in related pathogenesis pathways have been reported
[20,36,37].
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Figure 2. Cell cycle control by co-expressed miRNA pairs iPSC. (A) Simplified view of the G| to S phase of the cell cycle passing through the restricted (R) point. Factors that
are in colored boxes are those that are further investigated. (B) Targeting of the cell cycle factors, E2FI, 2 and 3 and CDKé by co-expressed miRNA pairs that were
down-regulated in iPSC. In E2F targeting, (), (2) and (3) indicate E2F |, E2F2 and E2F3, respectively. Solid and dashed lines indicate targeting by the 5p or 3p species, respectively.
Asterisks indicated validated miRNA targeting. (C) Cell cycle promotion by co-expressed miRNA pairs that were up-regulated in iPSC. See also legend to (C) above. (D)
Predicted miRNA targeting sites in the 3’'UTR sequences of CDK6 and TGF(2 as determined by DIANA-microT v5.0. Only 7-and 8-mericalignments between the miRNA seed
sequence and the target transcript are depicted. (E) Co-expression of miRNA pairs as determined by stem-loop RT-PCR. PCR products were analyzed in 4% agarose gels. The
U6 snRNA was used as an internal control. HWP, human white pre-adipocyte; HWP-iPSC, HWP-derived induced pluripotent stem cell; ASC, adipose stem cell, ASC-iPSC:
ASC-derived iPSC; MSC, mesenchymal stem cell from adipose tissue; MSC-iPSC, MSC-derived iPSC.

Conclusions

In this work, frequent co-expression and
concerted regulation of miRNA-5p/3p pairs is
demonstrated in iPSC. Some 5p and 3p species of the
same miRNAs were found to target the same
transcript and the same miRNA may cross-target
different transcripts of proteins of the G1/S phase
transition of the cell cycle in an apparent fail-proof
scheme of miRNA regulation. Our data suggest the
importance in further elucidation of possible clinical

significance of co-existing miRNA-5p/3p pairs in
stem cells to explain pluripotency.
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