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Abstract
MicroRNAs (miRNAs) have emerged as critical regulators of gene expression through
translational inhibition and RNA decay, and have been implicated in the regulation of cellular
differentiation, proliferation, angiogenesis, and apoptosis. In this study, we use global
bioinformatics analysis of miRNA and mRNA microarrays to predict novel miRNA-mRNA
interactions in human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs).
In particular, we demonstrate a regulatory feedback loop between the miR-302 cluster and two
transcription factors, NR2F2 and OCT4. Our data show high expression of miR-302 and OCT4 in
pluripotent cells, while NR2F2 is expressed exclusively in differentiated cells. Target analysis
predicts that NR2F2 is a direct target of the miR-302, which we experimentally confirm by
reporter luciferase assays and real-time PCR. We also demonstrate that NR2F2 directly inhibits
the activity of the OCT4 promoter and thus diminishes the positive feedback loop between OCT4
and the miR-302. Importantly, higher reprogramming efficiencies were obtained when we
reprogrammed human adipose-derived stem cells (hASCs) into iPSCs using four factors (KLF4,
C-MYC, OCT4, and SOX2) plus miR-302 (this reprogramming cocktail is hereafter referred to as
“KMOS3”) when compared to using four factors (“KMOS”). Furthermore, shRNA knockdown of
NR2F2 mimics the over-expression of miR-302 by also enhancing reprogramming efficiency.
Interestingly, we were unable to generate iPSCs from miR-302a/b/c/d alone, which is in contrast
to previous publications that have reported that miR-302 by itself can reprogram human skin
cancer cells and human hair follicle cells. Taken together, these findings demonstrate that
miR-302 inhibits NR2F2 and promotes pluripotency through indirect positive regulation of OCT4.
This feedback loop represents an important new mechanism for understanding and inducing
pluripotency in somatic cells.
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INTRODUCTION
Embryonic stem cells (ESCs) are derived from the inner cell mass of mammalian blastocyst
stage embryos and are characterized by two main properties: self-renewal and pluripotency.
Self-renewal confers indefinite ESC proliferation in vitro, while pluripotency provides
nearly unlimited differentiation potential. Induced pluripotent stem cells (iPSCs) provide a
revolutionary method for deriving pluripotent cells artificially, and are generated from
somatic cells by forced over-expression of defined combinations of transcription factors that
include OCT4, SOX2, KLF4, and C-MYC 1-3, or OCT4, SOX2, NANOG, and LIN28 4, 5.
iPSCs are a promising cell source for regenerative biology, and appear to be similar to ESCs
in terms of proliferation and differentiation capacity 1, 4. iPSCs therefore hold great promise
for not only basic stem cell biology but also regenerative medicine, which aims to
differentiate patient-specific iPSC lines into any cell lineage (e.g., neurons, cardiomyocytes,
etc.) for a wide range of therapeutic applications 6-10.

A core set of transcription factors that includes OCT4, SOX2, and NANOG has previously
been shown to participate in the regulation of pluripotency and self-renewal in ESCs and
iPSCs 11. Rapidly being added to this list of factors are microRNAs (miRNAs), which are
post-transcriptional regulatory factors 12. For example, Dicer-/- embryos, which lack miRNA
processing, display early embryo lethality 13. Similarly, embryos deficient in Dgcr8 (another
essential protein for microRNA biogenesis) will arrest in early development, though this
phenotype appears to be less severely affected than the Dicer-/- embryos 14. Both Dicer-/-

and Dgcr8-/- mESCs show impairment in cell proliferation and differentiation 14, 15. More
specifically, a distinct set of miRNAs and miRNA clusters has been shown to be highly
expressed in ESCs, including let-7, miR-302/367 cluster, miR-17-92, and
miR-371-373 3, 16, 17. Some of these “embryonic” miRNAs are believed to regulate
differentiation directly by targeting key regulation factors 18. In mammals, the miR-302/367
cluster includes miR-302a/b/c/d and miR-367, which are located in the first intron of the
LARP7 gene on human chromosome 4. Various aspects of miR-302 have been investigated,
including its target genes and potential role in embryonic self-renewal and pluripotency, as
well as its reprogramming potency 19-23. However, the specific mechanism(s) by which
miR-302 regulates pluripotency remains to be elucidated.

In this study, we predict that the mRNA targets of miRNAs expressed in undifferentiated
pluripotent stem cells would be unique to hESCs and iPSCs, and focus on a regulatory loop
between miR-302 and Nuclear receptor subfamily 2, group F, member 2 (NR2F2) that
appears to affect OCT4 expression in human cells. Furthermore, we show increased
generation of bona fide iPSC lines when miR-302 is added to the standard reprogramming
factor cocktail, but this effect is diminished when NR2F2 is included in the cocktail. We
also show that shRNA against NR2F2 boosts the reprogramming efficiency in a manner
similar to miR-302 over-expression. These findings demonstrate that the interference of
NR2F2 expression by miR-302 (or shRNA) is an important new mechanism for increasing
the efficiency of deriving iPSCs.
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MATERIALS AND METHODS
Cell culture and maintenance of hESCs and iPSCs

IMR90 (ATCC), human adipose-derived stem cells (hASCs), adult primary fibroblast, and
HeLa (ATCC) were maintained with DMEM containing 10% FBS, Glutamax-I, 4.5 g/L
glucose, 110 mg/L sodium pyruvate, 50 U/mL penicillin, and 50 μg/mL streptomycin at 37
°C, 95% air, and 5% CO2 in a humidified incubator. HUVEC was maintained with EGM2
medium (LONZA). hESCs (H7) and hiPSCs were maintained on Matrigel-coated (BD
Biosciences) culture dishes with mTeSR-1 medium (STEMCELL Technologies).

Derivation of human adipose stem cells (hASCs)
hASCs were collected from adipose tissue of a female undergoing elective lipoaspiration, in
accordance with Stanford University human IRB guidelines. After washing the tissues in
serial dilutions of dilute Betadine and PBS, they were subsequently digested with an equal
volume of 0.075% type II collagenase in HBSS in 37°C water bath with agitation at 125 rpm
for 30 min. After inactivation of collagenase with serum, the stromal vascular fraction was
pelleted via centrifugation at 1200g for 5 min. The cell pellet was re-suspended and filtered
through a 100 μm cell strainer, and the collected cells were seeded on 10-cm dishes for
further expansion. Note that the phenotype and other characteristics of hASCs have been
previously described 24.

Reprogramming of hASCs to iPSCs
The cells were seeded in 6-well plates and transduced with individual lentiviruses carrying
human OCT4, SOX2, KLF4, or C-MYC, with or without the miR-302a/b/c/d (System
Biosciences). On day 5 after transduction, 50,000 cells were transferred onto mouse
embryonic fibroblast (MEF) feeder cells. On the next day, the culture medium was switched
from hASC growth medium to hESC cell growth medium containing DMEM/F12, 20%
knockout serum replacement, 0.1 mM nonessential amino acids, 2 mM l-glutamine, 0.1 mM
β-mercaptoethanol, and 4 ng/ml rhFGF-2. Typically, hESC-like colonies were observed
around day 12. At day 21, the hESC-like colonies were stained with TRA-1-60 and AKP for
calculation of reprogramming efficiency (100% × the number of triple positive colonies /
50,000), or placed onto Matrigel-coated plates with feeder-free maintenance conditions for
further analysis.

Microarray data analysis: (A) MicroRNA microarray normalization and data analysis
We used our previous data to determine the miRNA profiles of all three cell types: IMR90
fibroblast, iPSCs (derived from IMR90 fibroblast), and hESCs 3. Using Sanger miRBase
Version 10.0 miRNA expression microarrays (LC Sciences, Houston, TX), we analyzed 697
unique miRNAs across biological duplicates of each cell type. Data adjustment includes data
filtering, Log2 transformation, and gene centering, and normalization. Gene centering and
normalization transform the Log2 values using the mean and the standard deviation of
individual genes across all samples. miRNAs with fold change > = 2.0 are considered
significantly expressed in iPSCs and hESCs compared to those in IMR90 fibroblast. (B)

Gene expression data analysis
Gene expression data from IMR90 fibroblast, iPSCs (derived from IMR90 fibroblast), and
hESCs were obtained with the Agilent 4×44 K whole human genome microarray platform.
The adjusted data were subjected to analysis of variance (ANOVA), incorporating the
Benjamini Hochberg FDR multiple testing correction, with a significance level of P-value
<0.05 to get the differentially expressed genes between different groups. Probe sets were
further filtered on the basis of a fold-change cut off of 2.0.
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Bioinformatics analysi
MicroRNA target prediction was performed using TargetScan v6.2 25, Microcosm v5.0 26,
and miRanda 27, followed by expression correlation between miRNA-mRNA pairs.
Matinspector (http://www.genomatix.de) and GeneGo (http://www.genego.com/
metacore.php) were used for searching the transcription factor binding sites as well as
analyzing the miRNA-mRNA network, respectively. MatInspector is a software tool that
utilizes a large library of matrix descriptions for transcription factor binding sites (TFBS) to
locate matches in DNA sequences. By introducing a matrix family concept, optimized
thresholds, and comparative analysis, the program produces concise results that avoid
redundant and false-positive matches. It assigns a quality rating to matches and thus allows
quality-based filtering and selection of matches. GeneGo’s MetaCore™ is an integrated
“knowledge-based” platform for pathway analysis of OMICs data and gene lists.
MetaCore™ is based on a proprietary manually curated database of human protein-protein,
protein-DNA, and protein compound interactions, as well as metabolic and signaling
pathways for human, mouse, and rat, supported by proprietary ontologies and controlled
vocabulary.

Luciferase assay
For luciferase reporter, the 3′-UTR segment of human NR2F2 was amplified by PCR from
human cDNA and inserted into the pGL3 control vector (Promega) immediately
downstream from the stop codon of Firefly luciferase. The mutant structures were generated
with QuikChange® Lightning Site-Directed Mutagenesis Kit (Stratagene) according to
manufacturer’s instruction. In 3’UTR assay, human HeLa cells (ATCC) were pre-plated in
24-well tissue culture plates at a concentration of 5 × 104 cells per well. On the next day, the
cells were transfected with 40 ng of pRL-TK and 200 ng of UTR reporters, as well as
miRNA precursors (Ambion), miR-302a/b/c/d plasmid or miR-367 plasmid. All the
transfections were performed with Lipofectamine 2000 (Invitrogen) in Opti-MEM
(Invitrogen). For promoter activity assay, the promoter segments of OCT4 and miR-302
cluster were amplified by PCR from human genome DNA and inserted into the pGL3 basic
vector (Promega). Electroporation on hESC was performed by Amaxa® Human Stem Cell
Nucleofector® Kit II according to manufacturer’s manual. Cell lysates were harvested at 24
and/or 48 hours post-transfection. The firefly and Renilla luciferase activities were measured
by using Dual-Luciferase Reporter System (Promega).

In vitro differentiation
Spontaneous differentiation of hASC-iPSCs by forming embryoid body (EB) suspensions
was performed in hESC medium without rhFGF-2. Cytokine-induced differentiation was
performed with Activin A and BMP4 (R&D Systems), which were added to cell cultures at
20 ng/ml/day in hESC medium without rhFGF-2 for 7 days. (A) For endothelial
differentiation, EBs were formed in hESC medium without rhFGF-2 on day 0. On day 1, the
medium was supplemented with 20 ng/ml Activin A and 20 ng/ml BMP4; on day 3, the
medium was supplemented with 10 ng/ml rhFGF-2 (R&D Systems), 20 ng/ml Activin A,
and 20 ng/ml BMP4; on day 5, the EBs were transferred onto Matrigel-coated dishes and the
medium was supplemented with 20 ng/ml BMP4, 10 ng/ml rhFGF-2, and 20 ng/ml VEGF-A
(R&D Systems); on day 8, the medium was supplemented with 10 ng/ml rhFGF-2 and 20
ng/ml VEGF-A. On day 15, the EBs were harvested by Accutase (Sigma) and sorted by
CD31 for purifying endothelial cells. (B) For cardiac differentiation, we employed
chemically defined differentiation methods modified from previous reports 28, 29. Briefly,
when the iPSC colonies reached the 95% confluence on day 0, the cells were supplemented
with a basal medium comprised of RPMI 1640 medium (Invitrogen), 2% B27 supplement
minus Insulin (Invitrogen) and 1% penicillin/streptomycin, as well as CHIR99021, a
selective inhibitor of glycogen synthase kinase 3β (GSK3β) which activates the canonical
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Wnt signaling pathway. On day 1, the medium was replaced with basal medium without
CHIR99021. On day 3, IWR-1, a Wnt antagonist, was added to basal medium for another 2
days. On day 5, the medium was replaced with basal medium. On day 7, the cells were
supplemented with the medium comprised of RPMI 1640 (Invitrogen), 2% B27 supplement,
and 1% penicillin/streptomycin. Afterwards, the medium was exchanged every 2 days. (C)
For neural stem cell differentiation, the EBs were formed in Neurobasal medium
(Invitrogen) supplemented with B-27 (minus vitamin A), 10 ng/ml EGF, and 10ng/ml
rhFGF-2 for 7 days. Afterwards, the EBs were dissociated into single cells for further
immunostaining.

Fluorescence-activated cell sorting (FACS)
FACS was carried out using a BD Aria II (BD Biosciences) at the Stanford Shared FACS
Facility, and data were analyzed by FlowJo software (Tree Star Inc). PE mouse anti-human
CD31 (BD Biosciences) was used for endothelial cell specific direct staining. The isotype-
matched antibodies were used for background fluorescence.

Bisulfite pyrosequencing
Genomic DNA was subjected to sodium bisulfite treatment using the EZ DNA Methylation-
Direct™ Kit according to the manufacturer’s instruction (Zymo Research, Orange, CA).
Approximately 25 ng bisulfite-treated DNA was amplified by PCR with NANOG specific
primers. The amplified product was cloned into pGEM-T Easy vector (Promega). For each
cell type, 10 clones were sequenced. The sequencing results were further analyzed by BiQ
analyzer software.

Statistical analysis
Unless otherwise noted, non–microarray data are presented as mean ± S.D. Data were
compared using standard or repeated measures, using ANOVA where appropriate. Pairwise
comparisons were performed using a two-tailed Student’s t-test. For all data, differences
were considered significant for P < 0.05.

RESULTS
Bioinformatic analysis of miRNA and mRNA interactions in pluripotent cells

Using miRNA array data from our previous publication 3 (results summarized in Table S1)
and also newly generated mRNA array data, we performed target prediction analysis (see
Experiment Procedures for TargetScan, miRanda and Microcosm methods) and miRNA-
mRNA gene expression correlation measurements in pluripotent cells vs. IMR90 fetal
fibroblasts. Our bioinformatic algorithm is shown in Figure S1. A set of differentially
expressed miRNAs was predicted to be significantly correlated (p<0.01) to 23 pluripotency-
related genes in both iPSCs and hESCs (Table S2). Several crucial stem cell transcriptional
factors are predicted to be miRNA targets in our analysis. For example, TBX3, a self-
renewal regulator in embryonic stem cells 30, appears to be a target of miR-106a, 106b, 17,
20a, 25, 92a, 92b, and 93. We were particularly interested in the interaction between the
miR-302 cluster, which is up-regulated in pluripotent cells, and NR2F2, which is up-
regulated in somatic cells (Figure 1A) and contains miR-302 binding sites in its 3’UTR.
Note that because miR-302a, b, c, and d share the same target genes, we selected miR-302b
as a surrogate for the miR-302 in the majority of our analyses and subsequent molecular
studies. Real-time PCR confirmed that miR-302b and OCT4 were highly expressed in
pluripotent cells, while NR2F2 was highly expressed in a variety of somatic cells (Figure
1B). We also measured NR2F2 expression during spontaneous differentiation (Figure 1C)
and during cytokine-induced differentiation (Figure 1D). In both differentiation conditions,
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the levels of both OCT4 and miR-302b decreased as hESCs began to differentiate;
conversely, the level of NR2F2 increased. Overall, these expression results demonstrate an
inverse correlation between OCT4/miR-302 and NR2F2.

MiR-302 directly suppresses the transcription factor NR2F2
To investigate whether NR2F2 can be directly targeted by miR-302, we constructed a firefly
luciferase reporter vector carrying the wild-type 3’UTR of NR2F2 (“T-WT”), which
contains two predicted wild-type binding sites for miR-302. For negative controls, we
created three mutant reporters: (1) T-MT1 reporter with the first 6-bp mismatched seed
region, (2) T-MT2 reporter with the second 6-bp mismatched seed region, and (3) T-MT1,2
reporter with both mismatched seed regions (Figure 2A and 2B). Similar luciferase reporter
systems have been successfully used by the authors to confirm miRNA-target gene
interactions 31-33. The luciferase reporter T-WT was co-transfected with the precursor mimic
miR-302b into HeLa cells. Compared to all three negative control luciferase vectors, the
wild-type T-WT luciferase activity showed the largest decrease in activity after introduction
of the miR-302b precursor mimic (Figure 2C). Mutations in either of the miR-302 binding
sites resulted in a modest reduction of luciferase activity, and mutations at both sites negated
the inhibition completely (Figure 2C). We did not observe significant differences between
T-MT1 and T-MT2, indicating that these two binding sites may play similar roles in the
binding activity between the miR-302 and its target. After replacing the miR-302b mimic
with a lentiviral vector expressing miR-302a/b/c/d (Lv-302), we obtained similar results as
with the miR-302b mimic (Figure S2A). Because miR-367 lies within the 302/367 cluster,
we also wondered whether miR-367 might also regulate NR2F2. We found no direct
relationship between miR-367 and NR2F2 based on our in silico predictions, which was
confirmed in vitro using a luciferase assay of miR-367 against T-WT (Figure S2B). We also
investigated whether the miR-302b mimic could inhibit endogenous NR2F2 expression in
HeLa cells. Compared to control, miR-302b inhibited endogenous NR2F2 mRNA
expression by almost 50% (Figure 2D).

To investigate whether endogenous miR-302 directly targets the NR2F2 3’UTR in hESCs,
the 3’UTR luciferase reporter constructs were transfected into H7 hESCs by electroporation
(blank luciferase reporter without 3’UTR was used as control). Note that we validated our
electroporation technique by transfecting a GFP reporter vector into H7 cells and achieved
more than 80% transfection efficiency (Figure S3). After 24 hours of transfection, we
observed a significant repression of the wild-type luciferase reporter (T-WT) in comparison
to control reporter (Figure 2E). Similar to our findings in HeLa cells, the two binding site
mutations (T-MT1 or T-MT2) resulted in reduced inhibitory activity, and the double
mutation (T-MT1,2) exhibited very little inhibitory activity by endogenous miR-302. The
effect persisted after 48 hours post-transfection (Figure 2E), suggesting that NR2F2 is
directly regulated by endogenous miR-302 repression.

We next determined if the repression of NR2F2 by miR-302 is mitigated during hESC
differentiation. In this experiment, the ratio of the NR2F2 double mutant to wild-type
luciferase reporter indicates the degree of inhibition by endogenous miR-302 18. Upon
culturing hESCs in ultra-low attachment dishes in basic fibroblast growth factor (bFGF) free
medium, the inhibition decreased gradually as differentiation progressed from day 0 to day 7
(Figure 2F), which we attribute to decreasing expression of endogenous miR-302 during
differentiation (Figures 1C and 1D). Taken together, our results demonstrate that miR-302
does indeed inhibit NR2F2 expression through direct binding of the two regulatory sites
found in the 3’UTR of NR2F2, and that this regulatory relationship may directly affect
pluripotency and differentiation.
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The OCT4, NR2F2 and miR-302 circuit
Several groups have reported that OCT4 binds to the promoter of the miR-302 cluster and
increases its expression 22, 34, and that NR2F2 inhibits OCT4 through direct binding of its
promoter 35, 36. To study these regulatory relationships in the context of our new data
showing that miR-302 also targets NR2F2, we employed a pGL3-Basic plasmid to engineer
two new luciferase reporter constructs: pOCT4-Luc (partial promoter region of OCT4
driving firefly luciferase) and p302-Luc (partial promoter region of miR-302 cluster driving
firefly luciferase) (Figure 3A). pOCT4-Luc or control reporter (pGL3-Basic) were
transfected into HeLa cells along with a reference reporter (pRL-TK). Afterwards, the cells
were transduced by a lentivirus carrying miR-302a/b/c/d (Lv-302) or GFP (Lv-GFP) as
control. Compared to Lv-GFP, Lv-302 significantly increased the reporter activity of
pOCT4-Luc (Figure 3B). By contrast, the control reporter pGL3-Basic was not affected by
Lv-302 transduction.

To determine whether NR2F2 may be a key mediator in the regulatory loop between
miR-302 and OCT4, we next transduced HeLa cells with a lentivirus expressing shRNA
against NR2F2 (Lv-shNR2F2) in place of Lv-302. Note that transduction of the shRNA
construct against NR2F2 led to approximately 50% knockdown of endogenous NR2F2
(Figure S4). We found that Lv-shNR2F2 increased pOCT4-Luc reporter activity (Figure
3B), confirming previous studies showing that NR2F2 silences OCT4 by directly binding to
its promoter 35. We next transfected the promoter reporter (p302-Luc) into hESCs along
with a lentivirus expressing NR2F2 (Lv-NR2F2) or Lv-GFP (control). Compared to Lv-
GFP, Lv-NR2F2 significantly repressed the reporter activity of p302-Luc, whereas Lv-
NR2F2 did not affect reporter activity of pGL3-Basic (Figure 3C), indicating the inhibition
of OCT4 by NR2F2 led to the suppression of reporter activity of p302-Luc. Taken together,
these results suggest that there exists a regulatory circuit in which miR-302, NR2F2, and
OCT4 are the important players: (a) OCT4 upregulates miR-302, (b) miR-302 suppresses
NR2F2, and (c) NR2F2 suppresses OCT4.

MiR-302 enhances reprogramming by suppressing NR2F2
Because endogenous miR-302 promotes endogenous OCT4 expression, we asked whether
miR-302a/b/c/d could enhance reprogramming similar to recent studies 19, 37. We have
previously reported that human adipose stem cells (hASCs) can be efficiently reprogrammed
into bona fide iPSCs using OCT4, SOX2, KLF4, and C-MYC 38, and we therefore opted to
use hASCs in our experiments. Interestingly, we were unable to generate iPSCs from
miR-302a/b/c/d alone, which is in contrast to previous publications that have reported that
miR-302 by itself can reprogram human skin cancer cells and human hair follicle cells 21, 39.
Because we also could not successfully reprogram hASCs when OCT4 was removed from
the cocktail (KMS3), we believe that OCT4 is essential for reprogramming and that it cannot
be replaced by miR-302 (Figure 4A). Although we were unable to reprogram hASCs using
miR-302 alone, we did find that miR-302 improved the reprogramming efficiency by 4-fold
(0.143 ±0.017% vs 0.035±0.012%; p=0.007), when used in combination with the four
transcription factors (Figure 4A). All bona fide iPSC colonies were alkaline phosphatase
(AKP) and TRA-1-60 positive and displayed hESC-like morphology (Figure 4B and S6). Of
note, expression of GFP (a marker used in our vectors) was silenced during the
reprogramming process, which suggests that the reprogramming vectors were silenced and
endogenous pluripotency programs turned on (Figure 4B). Overall, our results demonstrate
that although miR-302 can improve the reprogramming efficiency, it cannot replace OCT4.

In our 3’UTR luciferase data, we showed that miR-302 directly represses NR2F2. We
hypothesized that NR2F2 knockdown might improve the reprogramming efficiency in a
manner similar to miR-302 over-expression. After hASCs were transduced with a lentivirus
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expressing shRNA against NR2F2 (Lv-shNR2F2), we observed a significant improvement
in reprogramming efficiency compared to KMOS (Figure 4C). Next we tested whether the
converse is true, wherein over-expression of NR2F2 might impair reprogramming. Indeed,
the up-regulation of NR2F2 by lentivirus significantly inhibits the reprogramming efficiency
compared to KMOS (Figure 4D). Taken together, our data demonstrate that inhibition of
NR2F2 by miR-302 or shRNA knockdown is an important mechanism for reprogramming.

To demonstrate that NR2F2 is indeed an important target of miR-302 during the
reprogramming process, we added lentivirus expressing NR2F2 to our KMOS3 cocktail.
The addition of NR2F2 resulted in a partial loss of the increased reprogramming efficiency
that is caused by miR-302 (Figure 4D). However, NR2F2 did not completely inhibit the
increase in reprogramming that we have observed in our experiments with miR-302,
suggesting that miR-302 improves reprogramming via targeting other genes in addition to
NR2F2 21, 37, 40, 41.

Confirmation of pluripotency in KMOS3-derived iPSCs
While our iPSCs derived using KMOS and KMOS3 appeared morphologically identical, we
wanted to confirm that no genotypic or phenotypic changes occurred as a direct result of
adding miR-302 to the reprogramming cocktail. All iPSC lines were positive for pluripotent
markers (Figure 5A) and showed similar OCT4 protein expression by Western blot (Figure
5B). Whole genome expression microarrays, hierarchical clustering (Figure 5C) and
principal component analysis (Figure 5D) demonstrated that all iPSC lines were distinct
from hASCs but very similar to hESCs. Bisulfite gene sequencing revealed that the
promoter region of the pluripotency factor NANOG was demethylated at similar levels in
KMOS3-iPSC and hESC lines (Figure 5E). Karyotype analysis revealed no abnormalities
(Figure 5F), and a teratoma formation assay of KMOS3-iPSCs yielded all three germ layers
(Figure S7). We next differentiated KMOS- and KMOS3-iPSCs into endothelial cells,
cardiomyocytes, and neural stem cells using published protocols 23, 29. Endothelial cells
derived from both lines expressed similar levels of both CD31 and CD144 markers and
showed no obvious differences in tube-like formation and LDL uptake (Figure S8). After 14
days of cardiac differentiation, spontaneously contracting cell layers from both iPSC lines
were observed under light microscopy (Movie S1 and S2). Immunostaining of dissociated
cardiomyocytes showed that these cells expressed similar levels of the cardiac specific
markers TNNT2 and MEF2C (Figure S9). Finally, immunostaining of differentiated neural
stem cells showed similar levels of NESTIN and SOX2 in both iPSC lines (Figure S10),
which are known neural markers 42, 43. In conclusion, we detected no significant genotypic
or phenotypic differences between KMOS3- and KMOS-iPSCs.

DISCUSSION
Understanding the regulatory core circuitry of self-renewal and differentiation in ESCs and
iPSCs is critical to our understanding of pluripotency. Many transcription factors that take
part in the regulation of pluripotency have already been characterized, including OCT4,
SOX2, NANOG, TCF3, and many others 12, 44-46. Likewise, some miRNAs have been
discovered that may also play a role in pluripotency 47, including let-7 48, miR-302/367
cluster 22, miR-17-92 49, miR-371-373 16, miR-145 18, and others. Nucleotides 2-7 in the
mature forms of miRNAs represents the key region for target mRNA recognition, which
leads to miRNA-mRNA interactions within RISC and degradation and/or translational
inhibition. In general, these small molecules achieve their effects by binding the 3’UTR of
hundreds of target genes, resulting in diminished translation of entire gene programs. For
example, in human fibroblasts, miR-302b and miR-372 target several genes that are
involved in cell cycle, epithelial-mesenchymal transition, epigenetic regulation and vesicular
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transport, including TGFBR2 and RHOC 37. Target recognition is therefore critical for the
elucidation of miRNA function under physiological and pathological conditions 50-53.

Our 3’UTR luciferase experiments with miR-302, OCT4, and NR2F2 can be integrated into
previously described transcription factor interactions to create a broader pluripotency
network (Figure S11). To briefly summarize this network, the miR-302/367 cluster is
expressed at high levels in pluripotent cells 3, and its promoter is directly bound by many
ESC-specific transcription factors such as OCT4 that can increase transcription 22, 54.
Previous reports have demonstrated that miR-302 indirectly regulates a number of
downstream targets including the transcription factors B-MYB 55, 56 and E2F2 56, 57, which
are up-regulated in pluripotent cells. B-MYB regulates the expression of both OCT4 and
SOX2 and is a critical regulator of cell cycle progression, whereas E2F2 regulates B-MYB
to maintain the pluripotent state. REX1 and NANOG are direct targets of OCT4 56, and
NANOG itself is a transcriptional regulator of REX-1 in pluripotent cells 58. Previous
studies suggest that NR2F2 can silence the OCT4 promoter through direct binding 35, and
we now report that NR2F2 is post-transcriptionally repressed by miR-302.

NR2F2, also called Chicken Ovalbumin Upstream Promoter Transcription Factor II (COUP-
TFII), is an orphan member of the steroid/thyroid hormone receptor superfamily. NR2F2 is
involved in the control of development, cellular differentiation, angiogenesis, growth, and
metabolism 59, 60. In the human trophoblast, NR2F2 plays an important role by
transactivating TFAP2A expression 61. In the development of mouse right presomitic
mesoderm, NR2F2 controls asymmetric retinoic acid signaling, suggesting that it has a role
in controlling somatic symmetry 62. NR2F2 (as well as NR2F1) is transiently expressed in
the ventricular zone of the early embryonic central nervous system, temporally specifying
neural progenitor cells, which greatly contributes to the development and advancement of
the central nervous system 63. In mouse embryonic development and tumorigenesis in
adults, NR2F2 can modulate lymphatic vessel development through direct regulation of
neuropilin-2 64. NR2F2 also regulates PROX1 in lymphatic endothelial cells during
differentiation and maintenance of lymphatic vessels 65.

To these known roles in development, our data demonstrate that NR2F2 may also act as a
critical molecular switch for diminishing pluripotency and priming the cell for
differentiation. Specifically, NR2F2 appears to mediate the interaction between miR-302
and OCT4 by acting as a target of miR-302, which leads to reduced inhibition of OCT4.
Conversely, in differentiated cells, the low expression of the miR-302 does not suppress
NR2F2 protein production, thus allowing NR2F2 to bind to the promoter of OCT4 and
inhibit its transcription (Figure S12). Corroborating previous reports 22, 34, we also note that
OCT4 can promote the expression of miR-302 cluster by binding its promoter region.
Clearly, the overall picture of pluripotency and its core regulatory factors is only just
emerging, and future studies undoubtedly will identify even more novel interactions and
molecules that also play a role in this network. However, our current understanding of the
triumvirate of miR-302, NR2F2, and OCT4 already allows us to hypothesize how each
might affect the reprogramming of somatic cells into iPSCs, which we investigated next.

At present, iPSC reprogramming remains a highly inefficient process, and new strategies to
boost the efficiency of iPSCs generation are urgently needed. Recent papers have indicated
that the over-expression of the miR-302/367 cluster and addition of valproic acid (VPA) can
rapidly and efficiently reprogram mouse and human fibroblasts into iPSCs without
exogenous transcription factors 66. These authors claimed that miR-367 plays a critical role
in the process of miR-302/367-mediated reprogramming, and can activate the expression of
OCT4. A second study has demonstrated that an inducible miR-302 can reprogram human
hair follicle cells (hHFCs) to iPSCs 21. A third group has found that mature miRNAs,
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including miR-200c, the miR-302s, and miR-369, can also reprogram mouse and human
cells 19. In our study, we were unable to reprogram somatic cells using miR-302 alone,
which we attribute to differences in methodology (e.g., the absence of VPA), differences in
starting somatic cell type, and/or lack of other key miRNAs. In addition, anecdotal
experience from various independent labs suggests that the reprogramming efficiency of
iPSCs using miRNAs is not as high as previously reported. However, further studies are
needed to determine the cause(s) of this discrepancy.

Although our results show that miR-302 improves the reprogramming efficiency via
targeting NR2F2, we found that addition of NR2F2 to the KMOS3 cocktail did not
completely inhibit this boost in efficiency. Clearly the function of miRNAs are complex, and
a single miRNA can target hundreds of genes 67. Recent studies have shown that miR-302
also targets epigenetic regulators (AOF1/2, MECP1-p66, MECP2 and MBD2) 21, cell cycle
regulators (Cyclin D1/D2, CDK2, BMI-1, PTEN) 40, 68, 69, TGF-β regulators (Lefty1/2,
TGFBR2) 23, 37, 41, and BMP inhibitors (DAZAP2, SLAIN1, and TOB2) 40. Therefore,
NR2F2 is likely not the only gene that is targeted during the reprogramming process, and
these other target genes may play complementary roles during reprogramming. However,
our data does support the conclusion that NR2F2 is a critical target of miR-302 for
reprogramming, and is likely one of the key players in this complex process.

In summary, we were able to achieve higher reprogramming efficiencies when using
miR-302 in conjunction with the standard cocktail of OCT4, SOX2, KLF4, and c-MYC. We
therefore believe that direct inhibition of NR2F2 by miR-302 is a new and important
mechanism for understanding pluripotency and for enhancing iPSC derivation. Future
studies should elucidate even more complex interactions and molecules that together govern
pluripotency. To this end, we believe that the interaction of miR-302 and NR2F2 will be a
major component within this broader network, and this interaction can be manipulated in
order to enhance the derivation of iPSCs.
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Figure 1. Differential expression of OCT4, miR-302, and NR2F2
(A) microarray data show that OCT4 and miR-302abcd are highly expressed in pluripotent
cells but not in IMR90 fibroblasts. The opposite pattern of expression is seen for NR2F2.
(B) Real-time PCR confirms that OCT4 and miR-302b are highly expressed in pluripotent
cells (H7 and iPSCs), whereas NR2F2 is highly expressed in differentiated cells such as
hASC, IMR90, primary fibroblast, 293T, HUVEC, and HeLa cells. During spontaneous
differentiation (C) and cytokine-induced differentiation (D), the expression of OCT4 and
miR-302b gradually decreased in hESCs. Conversely, the expression of NR2F2 increased.
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Figure 2. MiR-302 suppresses NR2F2
(A) Schematic diagram of the 3’UTR segment of NR2F2 used in the pGL3 control vector
(red bars = sites of mutated sequences). (B) miR-302b binding sites and mutant sequences.
(C) In HeLa cells, the T-WT luciferase activity was significantly decreased by the miR-302b
precursor. However, miR-302b precursor did not repress the vector with double mutations
(T-MT1,2), and showed diminished inhibition in vectors with single mutations (T-MT1 and
T-MT2). (D) miR-302b precursor inhibits the endogenous expression of NR2F2 in HeLa
cells. (E) The activity of T-WT reporter is inhibited in hESCs. Vectors with binding site
mutations relieve this suppression. Control = blank luciferase reporter without 3’UTR. (F)
During differentiation, the repression of reporters decreased gradually due to the decreasing
expression of miR-302.
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Figure 3. Luciferase assays of OCT4 and miR-302 promoter activity
(A) Schematic diagram for constructing promoter segments of OCT4 and miR-302 cluster
into pGL3 basic vectors. (B) MiR-302a/b/c/d (Lv-302) and shRNA against NR2F2 (Lv-
shNR2F2) increase the activity of OCT4 promoter reporter (pOCT4-Luc) compared to
control reporter (pGL3-Basic) in HeLa cells. GFP control (Lv-GFP) lentiviral transduction
did not cause increase in activity in either pOCT4-Luc or control, as expected. Scale bar=50
μm. (C) Exogenous expression of NR2F2 (Lv-NR2F2) inhibits the activity of miR-302
cluster promoter reporter in H7 cells relative to control Lv-GFP. “ns” represents non-
statistical significance.
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Figure 4. The miR-302 enhances reprogramming
(A) Reprogramming experiments using different combinations of factors and microRNAs.
‘+’ = successful reprogramming, ‘−’ = not successful. Scale bar=50 μm. (B) Bona fide iPSC
colonies showed AKP+, TRA-1-60+ and hESC-like morphology. Note that the GFP
expression was silenced during the reprogramming process. Scale bar=50 μm. (C) Improved
reprogramming efficiency with NR2F2 knockdown. Compared to standard KMOS
reprogramming, the addition of shRNA against NR2F2 increases the reprogramming
efficiency. Conversely, over-expression of NR2F2 inhibited reprogramming. (D) The ~4-
fold increase in reprogramming efficiency caused by miR-302 is partially reduced with the
addition of NR2F2 to the reprogramming factor cocktail. This finding confirms that NR2F2
is a key gene target in the reprogramming process.
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Figure 5. Characterization of iPSC lines
(A) Immunofluorescence staining shows that iPSC lines express pluripotent markers OCT4,
NANOG, TRA-1-60, and SSEA4. (B) Western blot shows that the protein levels of OCT4
are expressed at comparable levels in KMOS- and KMOS3-derived iPSCs. Scale bar=50
μm. (C) Hierarchical clustering of mRNA microarray data demonstrates that all iPSC lines
are distinct from hASCs but similar to hESCs. (D) Principal component analysis (PCA)
indicates that iPSCs and hESCs cluster together. (E) NANOG promoter methylation is
similar between KMOS3-iPSCs and hESCs. (F) Both iPSC lines have normal karyotypes.
KMOS = KLF4, cMYC, OCT4, and SOX2, and KMOS3 = all factors plus miR-302
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