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ABSTRACT
Although induced pluripotent stem cells (iPSCs) hold great promise for customized regenerative medicine, the molecular basis
of reprogramming is largely unknown. Overcoming barriers that maintain cell identities is a critical step in the reprogramming
of differentiated cells. Since microRNAs (miRNAs) modulate target genes tissue-specifically, we reasoned that distinct mouse
embryonic fibroblast (MEF)–enriched miRNAs post-transcriptionally modulate proteins that function as reprogramming
barriers. Inhibiting these miRNAs should influence cell signaling to lower those barriers. Here we show that depleting miR21 and miR-29a enhances reprogramming efficiency in MEFs. We also show that the p53 and ERK1/2 pathways are regulated by
miR-21 and miR-29a and function in reprogramming. In addition, we provide the first evidence that c-Myc enhances
reprogramming partly by repressing MEF-enriched miRNAs, such as miR-21 and miR-29a. Our results demonstrate the
significance of miRNA function in regulating multiple signaling networks involved in iPSC generation. These studies should
facilitate development of clinically applicable reprogramming strategies.
Keywords: miRNAs; miR-21, miR-29a; c-Myc–regulated miRs; iPS cells; p53; ERK1/2; miRNA-mediated reprogramming

INTRODUCTION
Embryonic stem (ES) cells can proliferate indefinitely and
differentiate into various somatic cells. Therefore, ES cells
are versatile tools for the study of early developmental
processes and provide a promising source of tissues or cells
useful for regenerative therapies. However, the derivation
of human ES cells from embryos has been an ethical
concern in the field. Recent breakthroughs in creating
induced pluripotent stem (iPS) cells provide an alternative
means to obtain ES-like cells without destroying embryos.
iPS cells were first established by introducing four reprogramming factors (Oct3/4, Sox2, Klf4, and c-Myc) into
mouse embryonic fibroblasts (MEFs) (Takahashi and
Yamanaka 2006) or human fibroblasts (Takahashi et al.
2007). iPS cells have also been created following expression
of Oct3/4, Sox2, Nanog, and Lin28 (Yu et al. 2007). Overall,
iPS cells exhibit morphology, a transcriptome, and pluripotency similar to that of ES cells (Okita et al. 2007; Yu
et al. 2007). However, retrovirus-mediated transgene expression and extremely low efficiency remain obstacles for
their therapeutic application (Geoghegan and Byrnes 2008;
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Seifinejad et al. 2010; Yoshida and Yamanaka 2010). Moreover, although the combinatorial functions (Geoghegan and
Byrnes 2008) and regulatory activity (Boyer et al. 2005; Chen
et al. 2008; Kim et al. 2008; Sridharan et al. 2009) of the
reprogramming factors have been established, the basic
molecular mechanisms of each factor during the reprogramming remain unknown.
c-Myc, one of the four reprogramming factors (4F; Oct3/
4, Sox2, Klf4, and c-Myc), plays crucial roles in cell
proliferation and tumor development (Pelengaris et al.
2002). c-Myc is a key regulator of cytostasis and apoptosis
through repression of the cyclin-dependent kinase (CDK)
inhibitor p21Cip1 (Seoane et al. 2002). By abrogating Miz-1
function and suppressing p15INK4b, c-Myc plays a critical
role in the immortalization of primary cells (Seoane et al.
2001). Many transcriptional functions of c-Myc require
cooperation with Max or Miz-1 (Wanzel et al. 2003). As
a proto-oncogene c-Myc greatly enhances reprogramming
efficiency, although it is dispensable for reprogramming
(Nakagawa et al. 2008; Sridharan et al. 2009). Therefore,
defining molecular pathways downstream from c-Myc
during reprogramming could enhance therapeutic application of iPS cells, without compromising reprogramming
efficiency.
c-Myc reportedly acts to maintain ES cell renewal in part
by regulating microRNA (miRNA) expression (Li et al.
2009; Smith et al. 2010). miRNAs are 22-nucleotide (nt)
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noncoding small RNAs, which are loaded into RNA-induced silencing complex (RISC) to exert a global genesilencing function (Chu and Rana 2007). Expression of
miR-141, miR-200, and miR-429 is induced by c-Myc in ES
cells to antagonize differentiation (Lin et al. 2009). c-Myc
also promotes tumorigenesis by up-regulating the miR-1792 miRNA cluster (Dews et al. 2006) or by repressing
known tumor suppressors, such as the let-7 family, miR15a/16-1, the miR-29 family, and miR-34a (Chang et al.
2008, 2009). Nonetheless, how c-Myc functions to initiate
reprogramming is still unclear.
Overcoming barriers securing somatic cell identity and
mediated by factors such as Ink4-Arf, p53, and p21 is
a rate-limiting step in reprogramming (Banito et al. 2009;
Hong et al. 2009; Judson et al. 2009; Kawamura et al. 2009;
Marion et al. 2009; Utikal et al. 2009). Since miRNAs
modulate target genes tissue-specifically (Farh et al. 2005;
Rana 2007), we reasoned that distinct MEF miRNAs (Mayr
and Bartel 2009) post-transcriptionally modulate proteins
that function as reprogramming regulators. Inhibiting these
miRNAs should influence cell signaling to lower those
barriers.
Here, we show that depleting the abundant miRNAs
miR-21 and miR-29a in MEFs enhances reprogramming
efficiency by about 2.4-fold to threefold. We also report
that c-Myc represses miRNAs miR-21 and miR-29a to
enhance reprogramming of MEFs. Finally we report that
miR-21 and miR-29a regulate p53 and ERK1/2 pathways by
indirectly down-regulating p53 levels and ERK1/2 phosphorylation during the reprogramming process.
RESULTS
Inhibition of miR-21 or miR-29a enhances
reprogramming efficiency
To determine whether inhibiting MEF-specific miRNAs lowers
reprogramming barriers, we first analyzed MEF-enriched
miRNAs and compared their levels with those seen in mouse
ES cells. As shown in Figure 1A, let-7a, miR-21, and miR-29a
were highly expressed in MEFs compared with ES cells. In
contrast, miR-291 was highly abundant in ES but absent in
MEFs (Fig. 1A). Next, we introduced miRNA inhibitors
against let-7a, miR-21, and miR-29a into Oct4-EGFP MEFs
(MEFs harboring Oct4-EGFP reporter) together with retroviruses expressing Oct3/4, Sox2, Klf4, and c-Myc (OSKM). At day
14 post-transduction, cells treated with miR-21 inhibitors
showed an about 2.4-fold increase in reprogramming efficiency compared with a nontargeting (NT) control (Fig. 1B).
Similarly, reprogramming efficiency increased significantly by
about threefold following inhibition of miR-29a (Fig. 1B).
Under similar antagomir treatments as used for miR-29a or
miR-21 inhibition, we observed a minor effect on OSKMreprogramming following let-7a inhibition (Fig. 1B). To
further test whether miRNA inhibition enhances reprogram1452
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FIGURE 1. The inhibition of MEF-enriched microRNAs, miR-21
and miR-29a, enhances reprogramming efficiency. (A) miR-29a, miR21, and let7a are highly expressed in MEFs. Total RNAs were isolated
from Oct4-EGFP MEFs and mouse ES cells and resolved by gel
electrophoresis. Specific radioactive-labeled probes against the indicated miRNAs were used to detect expression. U6 snRNA served as
a loading control. (B) miRNA inhibition enhances reprogramming
efficiency. Oct4-EGFP MEFs were transduced with OSKM as described in the Materials and Methods. GFP-positive colonies were
identified and counted by fluorescence microscopy at day 14 after
transduction. GFP+ colony number was normalized to the number of
anti-miR nontargeting control treatment and is reported as foldchange. Error bars, SD of three independent experiments. *P-value
<0.05; **P-value <0.005.

ming with three factors in the absence of c-Myc, cells were
transduced with the miRNA inhibitor together with Oct3/4,
Sox2, and Klf4 (abbreviated as OSK), which reprograms cells
at much lower efficiency than OSKM (Nakagawa et al. 2008).
The number of OSK-reprogrammed iPS cell colonies increased
in the presence of the miR-21 inhibitor relative to treatment
with OSK alone (Supplemental Fig. S1). These results demonstrate that the depletion of the MEF-enriched miRNAs miR21 and miR-29 enhances 4F-reprogramming significantly and
that blocking miR-21 moderately increases the efficiency of
OSK reprogramming.

c-Myc represses expression of miRNAs let-7a,
miR-16, miR-21, miR-29a, and miR-143
during reprogramming
Recent work indicates that the OSKM factors alter cell identity through both epigenetic and transcriptional mechanisms
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(Sridharan et al. 2009). Therefore, we hypothesized that the
OSKM reprogramming factors could down-regulate MEFenriched miRNAs. To evaluate the potential effect of each
reprogramming factor on miRNA expression, MEFs were
transduced with various combinations of the OSKM factors
and subjected to Northern blot analysis (Fig. 2A). Interestingly, Sox2 alone induced expression level of miR-21,
miR-29a, and let-7a by more than twofold, compared with

the MEF control (Fig. 2B, left). Klf4 also induced miR-29a
and let-7a by about 1.5-fold and 1.8-fold, respectively (Fig.
2B, left). With Oct3/4 overexpression only, miRNAs did
not change expression level (Fig. 2B, left). In contrast to
Oct4, Sox2, and Klf4, the single factor c-Myc downregulated expression of miR-21 and miR-29a, the most
abundant miRNAs in MEFs, by z70% of the MEF control
(Fig. 2A,B, left).
Furthermore, among various combinations of two factors (2F) shown in
Figure 2B (middle), inclusion of c-Myc
enhanced decreases in all three miRNAs,
including miR-21, miR-29a, and let-7a,
by about 25%–80% (Fig. 2B, middle).
Similar to the single-factor effect on
miRNA expression, Sox2 and Oct3/4 together increased miR-21 and miR-29a by
1.5-fold and 2.3-fold of the MEF control,
respectively, while OK and SK had no
obvious effects on miRNA expression
(Fig. 2B, middle). Moreover, among
various three-factor (3F) combinations,
the expression of miRNA-21 decreased
by about 70% and 78% in SKM and
OKM cells, respectively, relative to the
expression seen in MEFs (Fig. 2B, right).
Similarly, miR-29a expression decreased
by about 48%–70% in 3F combinations
containing c-Myc (Fig. 2B, right). Inclusion of c-Myc in 3F combinations
also slightly decreased let-7a levels (Fig.
2B, right). OSK without c-Myc had little
effect on miRNA expression (Fig. 2B,
right). Therefore, these results strongly
suggest that c-Myc plays an important
role in regulating miRNA expression
during the reprogramming.
To further confirm that c-Myc is the
primary factor antagonizing miRNA
expression, cells were transduced with
OSK with or without c-Myc, and
miRNA expression was examined by
FIGURE 2. c-Myc is the primary repressor of MEF-enriched miRNAs during reprogramming.
(A) Northern analysis of selected miRNAs at day 5 after reprogramming. Oct4-EGFP MEFs real-time quantitative reverse transcripwere transduced with a single factor or various combinations of reprogramming factors, as tion polymerase chain reaction (RTindicated. 1F indicates one factor; 2F, two factors; 3F, three factors. OSKM indicates Oct3/4, qPCR) at various time points postSox2, Klf4, and c-Myc. U6 is used as a loading control RNA. Total RNA from embryonic stem
(ES) cells serve as negative control to MEF and transduced cells. Various probes were used to transduction. In contrast to OSK, OSKM
detect specific miRNAs as indicated on the right side. miR-291 blotting is a positive control for transduction greatly decreased expression
ES RNA. (B) Quantitative representation of miRNA expression in the presence of various of let-7a, miR-16, miR-21, miR-29a, and
reprogramming factors. Signal intensity was normalized to intensity of U6 snRNA. The
miR-143 during reprogramming (Fig.
expression ratio is calculated as the percentage of expression of each miRNA relative to
expression in MEFs, which was arbitrarily set to 100%. Various miRNAs were quantified (from 2C), indicating that c-Myc plays a prepanel A) and indicated on the right side. (C) Real-time RT-PCR analysis of selected miRNAs in dominant role in regulating expression
Oct4-EGFP MEFs at various time points following OSK- or OSKM-reprogramming. RNA was of MEF-enriched miRNAs, including the
isolated at the indicated day (D) after transduction for real time RT-PCR analysis. Signals were
normalized to U6 and are shown as a percentage of miRNAs expressed in MEFs, which was most abundant ones, let-7a, miR-21, and
arbitrarily set to 100. Error bars, SD of two independent experiments.
miR-29a. These data also suggest that
www.rnajournal.org
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c-Myc boosts reprogramming, in part, through miRNA
down-regulation.
c-Myc regulates miRNA expression at transcriptional
level during reprogramming
c-Myc has been shown to influence miRNA expression in
multiple human and mouse cancer models (Chang et al.
2008, 2009), and Lin28b is one of the key intermediate
modulators to post-transcriptionally regulate let-7 biogenesis (Chang et al. 2009). Therefore, we examined whether
Lin28b-mediated regulation of miRNA expression plays
a role during reprogramming. To address this question, we
collected reprogrammed cells at various time intervals from
days 3–15 after transduction of reprogramming factors.
RT-qPCR analysis showed that mRNA expression of Lin28a
and Lin28b were undetectable in MEF and during the
reprogramming process, while ES cells exhibited a high
level of Lin28a and Lin28b expression (Supplemental Fig.
S3A,B). Control marker gene expression analysis established the successful progression of reprogramming process
where the levels of Thy1 and Fibrillin-2 were downregulated and Nanog and Fbox15 were up-regulated (Supplemental Fig. S3C). These findings strongly suggest that
c-Myc regulation of miRNAs is Lin28-independent.
Next, to determine whether the c-Myc effect on MEFenriched miRNAs is post-transcriptional, we examined
miRNA biogenesis by Northern blotting and quantified
the amounts of pre-miRNAs and mature miRNAs. Our
analysis showed that the ratio between pre-miRNA and
mature miRNA in the presence of OSKM (Supplemental
Fig. S4) was not changed, suggesting that the miRNA
maturation process of miR-21 and miR-29a was not
compromised by c-Myc during reprogramming. Altogether, these data show that the c-Myc–mediated downregulation of miR-21 and miR-29a is Lin28a/b-independent and occurs at the transcriptional level.

iPS cells derived via miRNA depletion
attain pluripotency
To investigate whether blocking miR-21 or miR-29a
compromises iPS cell pluripotency, we derived iPS cells
treated with miR antagomirs and evaluated them for
pluripotency (Li et al. 2011). Since OSKM-derived iPS cells
were already well characterized in numerous studies, we
decided to thoroughly examine our OSKM/anti miR-29a
and OSKM/anti miR21 iPS cells, as well as OSK/anti miR21 clones. First, iPS cells were manually picked z2 wk after
reprogramming and were expanded to examine morphology and expression of ES-specific markers. Cells exhibited
an ES-like morphology and a highly expressed Oct4-EGFP
(Fig. 3A), indicating establishment of endogenous ES cell
signaling. In addition, anti-miR-derived iPS cells expressed
ES cell–specific markers, including Nanog and SSEA1, and
1454
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exhibited alkaline phosphatase activity (Fig. 3A). To test
whether those iPS cells showed pluripotent potential
comparable to that of ES cells, those iPS cells were induced
to form embryoid bodies (EBs) (Fig. 3B; Supplemental
Movie S1) or were injected into nude mice (Fig. 3C) and
allowed to differentiate into various tissues. After 2 wk of in
vitro differentiation, typical cell types derived from all three
germ layers were observed (Fig. 3B; Supplemental Movie
S1). Teratoma tumors, formed 3 wk after injection, were
subjected to histopathologic analysis. Various tissues originating from all three germ layers (Fig. 3C) were generated,
confirming that anti-miR-derived iPS cells obtained pluripotency. To use the most stringent test of pluripotency, iPS
cells were injected into embryonic day (E) 3.5 blastocysts to
create chimeric mice. Mouse derived from anti miR-29a
iPS cells showed a significant z15% black coat color
attributable to iPS cells (Fig. 3D). Since OSK in combination with miR-21 inhibitors resulted in high reprogramming efficiency (Supplemental Fig. S1), we also determined
the pluripotency of OSK/anti miR-21 iPS cells by chimera
analysis. Mouse generated from OSK/anti miR-21 iPS cells
showed z25% black coat color (Fig. 3D). These data show
that depleting miR-21 and miR-29a had no adverse effect
on pluripotency of derived iPS cells.
Inhibiting miR-29a down-regulates p53 through p85a
and CDC42 pathways
To understand mechanisms underlying miR-29a’s effect on
reprogramming, we first examined expression of p85a and
CDC42, which are reportedly direct targets of miR-29 in
HeLa cells (Park et al. 2009). To do so, we transfected
miRNA inhibitors into MEFs and analyzed p85a and
CDC42 protein expression by Western blot at day 5 after
transfection. As expected, p85a and CDC42 protein levels
increased slightly following the miR-29a block, whereas
a let-7a inhibitor had little effect (Fig. 4A,B). The transformation related protein 53 (Trp53 or p53) is also
reportedly a direct target of p85a and CDC42 (Park et al.
2009). Therefore, we asked whether p53 is indirectly
regulated by miR-29a in MEFs as well. To test that, MEFs
were transfected with miRNA inhibitors and harvested 5
d for immunoblotting to evaluate expression of p53. p53
protein levels decreased by z30% (Fig. 4A,B) following
miR-29a inhibition but were not altered by the NT control
or by let-7a inhibition. Significantly, depleting miR-21 also
released p85a and CDC42 protein repression, and consequently, the levels of p85a and CDC42 increased, which
resulted in down-regulation of p53 expression by z25%
(Fig. 4A,B).
To further confirm that p53 levels decrease with inhibition of miR-21 or miR-29a during reprogramming, we
examined p53 expression at reprogramming day 5 by
Western blot analysis. To initiate reprogramming we introduced miRNA inhibitors together with OSKM. Consistent
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Inhibition of miR-29a enhances
reprogramming efficiency through
p53 down-regulation
It was recently reported that p53 deficiency can greatly increase reprogramming efficiency (Banito et al. 2009;
Hong et al. 2009; Judson et al. 2009;
Kawamura et al. 2009; Marion et al.
2009; Utikal et al. 2009). Since depleting
miR-29a significantly decreased p53
levels and increased reprogramming
efficiency by about threefold (Fig. 1),
we asked whether the effect of miR-29a
knockdown is mediated primarily by
p53 down-regulation. To that end, we
transfected p53 siRNA and/or the miR29a inhibitor into Oct4-EGFP MEFs
together with OSKM to initiate reprogramming. Down-regulation (z80%) of
p53 by small interfering RNA (siRNA)
had a similar positive effect on reprogramming efficiency as did miR-29a inhibition (Fig. 4D). We did not observe
an increase in reprogramming efficiency
when miR inhibitors were added in the
presence of p53 siRNA (Fig. 4D). These
results suggest that inhibition of miR29a acts, in part (see below), through
down-regulation of p53 to increase
reprogramming efficiency.
FIGURE 3. Mouse iPS cells derived with miR-21 and miR-29a inhibitors are pluripotent. (A)
Staining with ES cell markers of OSKM/anti miR-29a or miR-21 iPS cells. GFP+ colonies
derived following OSKM and various miR inhibitor treatments were picked for further
analysis. Representative colonies expressing the embryonic stem cell markers Nanog and
SSEA1 are shown. Endogenous Oct3/4 was also activated, as indicated by the EGFP expression.
Strong alkaline phosphatase (AP) activity is shown as one of the ES markers. Anti-miR NT
(nontargeting) serves as miR inhibitor control. (B) In vitro differentiation of OSKM/anti miR29a or miR-21 iPS cells. Embryoid bodies were formed in vitro and cultured for 2 wk. Cells
were fixed and stained with anti-a fetoprotein (for mesoderm) and anti-b-tubulin III (for
ectoderm). Nuclei are shown as counter stain by Hoescht staining. (C) Teratoma formation
analysis of OSKM/anti miR-29a or miR-21 iPS cells. We injected 1.5 3 106 iPSCs
subcutaneously into athymic nude female mice. Tumor masses were collected at 3 wk after
injection and fixed for histopathologic analysis. Various tissues derived from three germ layers
were identified, including gut-like epithelium and pancreatic islet-like structure (endoderm);
adipose tissue, cartilage, and muscle (mesoderm); and neural tissue and epidermis (ectoderm).
(D) Chimera analysis of OSKM/anti miR-29a and OSK/anti miR-21 iPS cells. Eight to 14 iPS
cells were injected into E3.5 mouse blastocysts. iPS cell contribution to each chimera was
estimated by assessing black coat color and is shown as a percentage.

with observations in MEFs alone, p53 protein levels decreased by z25% or z40% following miR-21 or miR-29a
depletion, respectively, during reprogramming, compared
with OSKM controls (Fig. 4C). In summary, our data
showed that blocking miR-29a reduced p53 protein levels
by about 30%–40% through p85a and CDC42 pathways
during reprogramming. In addition, depletion of miR-21
had a similar effect on both p85a and CDC42 and lowered
p53 protein levels by about 25% to about 30%.

Inhibition of miR-21 and miR-29a
decreases phosphorylation
of ERK1/2, but not GSK3b,
to enhance reprogramming

miR21 reportedly activates MAPK/ERK
through inhibition of the sprouty homolog 1 (Spry1) in cardiac fibroblasts
(Thum et al. 2008). Blocking MAPK/
ERK activity promotes reprogramming
of neural stem cells (Silva et al. 2008)
and secures the ground state of ESC
self-renewal (Nichols et al. 2009; Ying
et al. 2008). Therefore, we asked
whether miR-21 regulates the MAPK/ERK pathway during
reprogramming by evaluating ERK1/2 phosphorylation in
MEFs following the introduction of miRNA inhibitors. To
test that, MEFs were transfected with miRNA inhibitors
and then harvested for Western blot analysis to determine
the phosphorylated ERK1/2 level. Western blot analysis
showed that blocking miR-21 significantly decreased by
z45% the ERK1/2 phosphorylation relative to the NT
controls, while let-7a inhibitors had no effect (Fig. 5A).
www.rnajournal.org
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FIGURE 4. Inhibition of miR-21 or miR-29a enhances iPS cell reprogramming by decreasing
p53 protein levels and up-regulating p85a and CDC42 pathways. (A) Western analysis of
expression of p53, CDC42, and p85a following inhibition of various miRNAs. We transfected
1 3 105 Oct4-EGFP MEFs with the indicated miRNA inhibitors. Cells were harvested and
analyzed 5 d later. (B) Quantitative representation of protein expression in the presence of
indicated miR inhibitors. Signal intensity was normalized to GAPDH intensity and is shown as
a percentage relative to expression in control (NT) cells, which was set arbitrarily to 100. Error
bars, SD of at least three independent experiments. *P-value <0.05. (C) Immunoblot analysis
of p53, CDC42, and p85a expression following inhibition of various miRNAs and OSKM
transduction. We transfected 1 3 105 Oct4-EGFP MEFs with the indicated miRNA inhibitors.
Cells were harvested 5 d later and analyzed by immunoblot. Signal intensity was normalized as
described in B. Error bars, SD of at least three independent experiments.*P-value <0.05. (D)
Depleting miR-29a or p53 enhances reprogramming efficiency. We transfected 4 3 104 Oct4EGFP MEFs with the indicated siRNAs and miRNA inhibitors, as well as OSKM reprogramming factors. GFP-positive cells were counted at day 12 after transduction. Error bars, SD of at
least three independent experiments. *P-value <0.05.

Interestingly, depleting MEFs of miR-29a also significantly
reduced ERK1/2 phosphorylation by 60% relative to the
NT control (Fig. 5A). Next we determined whether miR-21
and miR-29a affected ERK1/2 phosphorylation by altering
Spry1 levels. We depleted miR-21 or miR-29a in MEFs by
transfecting various miRNA inhibitors, and quantified
Spry1 expression levels by immunoblotting. Our results
showed that inhibiting miR-21 and miR-29a enhanced
Spry1 expression levels (Fig. 5B). Therefore, our data
1456
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demonstrate that depleting miR-21
and miR-29a down-regulates phosphorylation of ERK1/2 by modulating Spry1
protein levels.
To address whether ERK1/2 downregulation enhances reprogramming efficiency, we introduced siRNAs targeting ERK1 or ERK2 into Oct4-EGFP
MEFs in the course of 4F-reprogramming. Depletion of either ERK1 or
ERK2 significantly enhanced the generation of mature iPS cells (Fig. 5C). As
expected, our data showed that miR-21
acts as an inducer of ERK1/2 activation
in MEFs, since blocking miR-21 reduced
ERK1/2 phosphorylation. Depleting miR29a also significantly diminished ERK1/2
phosphorylation. These results strongly
suggest that miR-21 and miR-29a regulate ERK1/2 activity to modulate reprogramming efficiency (Fig. 5A–C).
The GSK3b pathway also represses
ES self-renewal and reprogramming of
neural stem cells (Ying et al. 2008).
Depleting GSK3b with siRNA greatly
increased mature iPS cell generation
(Fig. 5C). Therefore, we asked whether
miRNA depletion regulated GSK3b activation. Immunoblotting showed that
blocking miRNAs in Oct4-EGFP MEFs
had no significant effect on GSK3b
activation (Fig. 5D). We then asked
whether miRNA depletion alters apoptosis or cell proliferation during reprogramming by using flow cytometry
to assess cell viability and replication
rate. Blocking miRNA-21, miRNA-29a,
or let-7 during reprogramming with
OSKM did not alter apoptosis or proliferation rates (Supplemental Fig. S2).
Overall, our results demonstrate that
miR-29a and miR-21 modulate p53
and ERK1/2 pathways to regulate iPS
cell reprogramming efficiency.

DISCUSSION
To develop alternatives for transgenes currently used for
induced reprogramming, it is crucial to understand how
signaling pathways are regulated by these factors. This is the
first report to show that c-Myc represses MEF-enriched
miRNAs, such as miR-21, let-7a, and miR-29a, during
reprogramming (Fig. 1). Depleting miR-29a with inhibitors
decreased p53 protein levels most likely by releasing p85a
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antagonizes reprogramming (Banito et al.
2009; Hong et al. 2009; Judson et al. 2009;
Kawamura et al. 2009; Marion et al. 2009;
Silva et al. 2008; Utikal et al. 2009).
Blocking miR-21 and miR-29a or knockdown of p53 and ERK1/2 can enhance
reprogramming efficiency (Figs. 4, 5).
Thus, we propose that c-Myc facilitates
reprogramming in part by suppressing
the MEF-enriched miRNAs, miR-21 and
miR-29a, that act as reprogramming
barriers through induction of p53 protein
levels and ERK1/2 activation (Fig. 5E).
Forced expression of ES-specific
miRNAs of the miR-290 family can
replace c-Myc to promote reprogramming (Judson et al. 2009). c-Myc also
binds the promoter region of the miR290 cluster (Chen et al. 2008; Judson
et al. 2009). However, early expression
of the c-Myc transgene is effective to
initiate reprogramming but dispensable
at the transition stage or later in mature
iPS cells (Sridharan et al. 2009), where
miR-290 clusters start to express. Therefore, it is unlikely that c-Myc promotes
early stages of reprogramming through
activating the miR-290 family.
We also found that expression level
FIGURE 5. Depleting miR-21 and miR-29a promotes reprogramming efficiency by down- of MEF-enriched miRNAs, including
regulating the ERK1/2 pathway. (A) Western analysis of phosphorylated and total ERK1/2
miR-29a, miR-21, miR-143, and let-7a,
following inhibition of various miRNAs in MEFs. We transfected 1 3 105 Oct4-EGFP MEFs
with the indicated miRNA inhibitors, harvested 5 d later, and immunoblotted. Signal intensity decreases when c-Myc is introduced for
normalized to actin and shown as percentage relative to expression of anti-miR NT control. reprogramming. c-Myc has a profound
Error bars, SD of three independent experiments. *P-value <0.05; **P-value <0.005. (B) transcriptional effect (Wanzel et al.
Western blot analysis of Spry1 expression ratio shows that depleting miR-21 and miR-29a
increases Spry1 protein levels. MEFs were transfected with various miRNA inhibitors as 2003) on miRNAs in promoting tumorindicated. Cells were harvested at day 5 after transfection for Western blot analysis. Signal igenesis (Chang et al. 2008, 2009) or susintensity normalized to actin and shown as described in A. Error bars, SD of three independent taining the pluripotency ground state
experiments. *P-value <0.05; **P-value <0.005. (C) Fold-change in reprogramming efficiency (Lin et al. 2009; Smith et al. 2010).
following ERK1/2 or GSK3b knock-down. We transfected 4 3 104 Oct4-EGFP MEFs with the
indicated siRNAs, as well as OSKM. GFP-positive cells were counted 2 wk later. Transfection Therefore, c-Myc repression of miRNA
with siNT serves as control for the reprogramming efficiency. Error bars, SD of three expression is the likely mechanism unindependent experiments. *P-value <0.05; **P-value <0.005. (D) Western analysis of derlying reprogramming.
phosphorylated and total GSK-3b following inhibition of various miRNAs in MEFs. We
miR-21 acts as positive mediator to
transfected 1 3 105 Oct4-EGFP MEFs with the indicated miRNA inhibitors, harvested 5
enhance
fibrogenic activity through the
d later, and analyzed by immunoblot. Signal intensity normalized as described in A. Error bars,
SD of three independent experiments. (E) Schematic representation showing that c-Myc TGFb1 (Liu et al. 2010) and ERK1/2
enhances reprogramming by down-regulating the MEF-enriched miRNAs, miR-21 and miR- (Thum et al. 2008) pathways, both of
29a. The p53 and ERK1/2 pathways function as barriers to reprogramming, and miR-21 and
which have been shown to influence
miR-29a indirectly activate those pathways through down-regulating CDC42, p85a, and
Spry1. The cross-talk between miR-21/p53 and miR-29a/ERK1/2 pathways is also shown. reprogramming and the ES cell ground
c-Myc represses expression of these miRNAs and in turn compromises induction of ERK1/2 state (Ichida et al. 2009; Nichols et al.
and p53. The dotted lines indicate p53 and ERK1/2 effects on iPS generation.
2009; Ying et al. 2008). Notably, among
validated miR-29a targets, the protein
and CDC42 repression (Fig. 4). In addition, depleting miRlevel of p53 is indirectly induced by miR-29a (Park et al.
21 decreased ERK1/2 phosphorylation (Fig. 5). Interest2009). In addition, recent studies show that the Ink4-Arf/
ingly, we found that miR-21 inhibition reduced p53 protein
p53/p21 pathway compromises reprogramming and that
levels and that inhibiting miR-29a also reduced ERK1/2
p53 deficiency greatly enhances reprogramming efficiency
phosphorylation level. Both p53 and ERK1/2 signaling
(Banito et al. 2009; Hong et al. 2009; Judson et al. 2009;
www.rnajournal.org
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Kawamura et al. 2009; Marion et al. 2009; Utikal et al.
2009). Thus these signaling pathways are likely the primary
barriers to the reprogramming process.
Depleting the c-Myc–targeted miRNAs, miR-21 and
miR-29a, enhanced reprogramming efficiency about 2.4fold to about threefold (Fig. 1), suggesting that MEFenriched miRNAs also function as reprogramming barriers.
Let-7 inhibition has been recently reported to enhance
reprogramming (Melton et al. 2010); however, in several
attempts we observed a minor effect in reprogramming
when let-7 was inhibited by antagomirs (Fig. 1). Moreover,
our data showed that the induction of p53 during reprogramming was compromised by miR-29a inhibition, enhancing reprogramming efficiency. Similarly, reprogramming can be greatly promoted by depleting either miR-21
or ERK1/2. c-Myc is a major contributor to the early stage
of reprogramming and is not required to sustain the
process at transition and late stages (Sridharan et al.
2009), indicating that c-Myc–regulated miRNAs may be
employed to initiate high efficiency reprogramming.
c-Myc reportedly directly binds to and represses the
miR-29a promoter (Chang et al. 2008). However, further
studies are needed to understand how c-Myc regulates
miR-21 expression. Our data show that c-Myc can be only
partially replaced by depleting miR-21 and suggest that
c-Myc has other functions in reprogramming. Thus
the regulation of multiple pathways or wide repression of
MEF-enriched miRNAs may be required to replace c-Myc
function during reprogramming.
In summary, here we show that c-Myc reduces the
threshold for reprogramming by decreasing p53 levels
and antagonizing ERK1/2 activation through miR-21 and
miR-29a down-regulation. Additionally, factors downstream from c-Myc may serve as targets for manipulation
by siRNA, miRNA, or small molecules, to improve reprogramming. These approaches could be extended to replace all
four reprogramming factors.
MATERIALS AND METHODS

screened FBS, nonessential amino acids, L-glutamine, monothioglycerol, and 1000 U/mL LIF), and the media were changed
every other day. Reprogrammed pluripotent stem cells (defined
as EGFP+ iPSC colonies) were scored by fluorescence microscopy z2 wk after transduction, unless otherwise stated. To derive
iPSCs, EGFP+ colonies were manually picked under a stereo
microscope (Leica).

miRNA inhibitor or siRNA transfection
Inhibitors of let-7a, miR-21, and miR-29a miRNAs were purchased from Dharmacon. We transfected 4 3 104 Oct4-EGFP
MEFs with lipofectamine and inhibitors according to manufacturer’s instruction (Invitrogen). Three to 5 hr later, the medium
was discarded and replaced with MEF complete medium; for
reprogramming, retrovirus encoding reprogramming factors
(Oct4, Sox2, Klf4, and c-Myc) was added and the medium was
changed to complete medium the next day. Inhibitors or siRNAs
were introduced again at day 5 after transfection/transduction,
unless otherwise stated.
For Northern analysis, 1 3 105 Oct4-EGFP MEFs were transfected and harvested 5 d later. Total RNA was isolated by TRIZOL
(Invitrogen) and z9 mg of total RNA was resolved on a 14%
denaturing polyacrylamide gel (National Diagnostics). RNAs were
transferred onto Hybond-XL membranes (GE healthcare), and
miRNAs were detected by isotopically labeled specific DNA
probes. Signal intensity was visualized by phospho-imager and
analyzed using Multi Gauge V3.0 (FUJIFILM). miRNA signal
intensity was normalized to that of U6 snRNA. Experiments were
performed in triplicate.
For Western analysis, 1 3 105 Oct4-EGFP MEFs were transfected and harvested 5 d later. Total proteins were prepared in
M-PER buffer (Pierce), and equal amounts of total protein were
separated on 10% SDS-PAGE gels. Proteins were transferred to
PVDF membranes, and bands were detected using the following
antibodies: GAPDH (Santa Cruz; catalog no. sc-20357), p53
(Santa Cruz; catalog no. sc-55476), PI3 kinase p85 (Cell Signaling;
catalog no. 4257), Cdc42 (Santa Cruz; catalog no. sc-8401),
p-ERK1/2 (Cell Signaling; catalog no. 9101), ERK1/2 (Cell Signaling; catalog no. 9102), p-GSK3b (Cell Signaling; catalog no. 9323),
GSK3b (Cell Signaling; catalog no. 9315), and b-actin (Thermo
Scientific; catalog no. MS-1295). Signal intensity was quantified by
Multi Gauge V3.0 (FUJIFILM) and normalized to GAPDH or
b-actin. Experiments were repeated three to five times.

MEF derivation
Oct4-EGFP MEFs were derived from the mouse strain B6;129S4Pou5f1tm2(EGFP)Jae/J (Jackson Laboratory; stock no. 008214) using
the protocol provided on the WiCell Research Institute website
(http://www.wicell.org/). Oct4-EGFP MEFs were maintained in
MEF complete medium (DMEM with 10% FBS, nonessential
amino acids, L-glutamine, but without sodium pyruvate).

Reprogramming using retrovirus
Reprogramming was conducted as described (Takahashi and
Yamanaka 2006). In brief, 4 3 104 Oct4-EGFP MEFs were
transduced with pMX retroviruses to overexpress Oct4, Sox2,
Klf4, and c-Myc (Addgene). Two days later, transduced Oct4EGFP MEFs were fed with ES medium (DMEM with 15% ES-
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In vitro differentiation and teratoma formation assay
For in vitro differentiation, iPSCs were dissociated by trypsin/
EDTA and resuspended in EB medium (DMEM with 15% FBS,
nonessential amino acid, L-glutamine) to a final concentration of
5 3 104 cells/mL. To induce EB formation, 1000 iPS cells in 20 mL
were cultured in hanging drops on inverted Petri dish lids. Three
to 5 d later, EBs were collected and transferred onto 0.1% gelatincoated six-well plates at about 10 EBs per well. Two weeks after
formation of EBs, beating cardiomyocytes (mesoderm) were
identified by microscopy, and cells derived from endoderm and
ectoderm were identified by a-fetoprotein (R&D; catalog no.
MAB1368) and neuron-specific bIII-tubulin (abcam; catalog no.
ab7751) antibodies, respectively.
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For teratoma assays, 1.5 3 106 iPSCs were trypsinized and
resuspended in 150 mL and then injected subcutaneously into the
dorsal hind limbs of athymic nude mice anesthetized with avertin.
Three weeks later, mice were killed to collect teratomas. Tumor
masses were fixed, dissected, and analyzed in the Cell ImagingHistology core facility at the Sanford-Burnham Institute.

Chimera analysis
iPSC media was changed 2 hr before harvest. Trypsinized iPSCs
were cultured on 0.1% gelatin-coated plates for 30 min to remove
feeder cells. iPSCs were injected into E3.5 C57BL/6-cBrd/cBrd
blastocysts and then transferred into pseudopregnant recipient
females. After birth, the contribution of iPSCs was evaluated by
pup coat color: black is from iPSCs.

Immunofluorescence and alkaline
phosphatase staining
iPSCs were seeded and cultured on 0.1% gelatin-coated six-well
plates. Four days later, cells were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences; catalog no. 15710-S). For immunofluorescence staining, fixed cells were permeablized with 0.1%
Trixton X-100 in PBS and blocked in 5% BSA/PBS. Antibodies
against SSEA-1 (R&D; catalog no. MAB2155) and Nanog (R&D;
catalog no. AF2729) served as ES markers. Nuclei were visualized
by Hoechst 33342 staining (Invitrogen). For alkaline phosphatase
(AP) staining, fixed cells were treated with AP substrate following
the manufacturer’s instruction (Vector Laboratories; catalog no.
SK-5100).

SUPPLEMENTAL MATERIAL
Supplemental material is available for this article.
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