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SUMMARY

Ectopic expression of specific factors such as Oct4,
Sox2, and Klf4 (OSK) is sufficient to reprogram
somatic cells into induced pluripotent stem cells
(iPSCs). In this study, we examine the paths taken
by cells during the reprogramming process by
following the transcriptional activation of two plurip-
otent miRNA clusters (mir-290 and mir-302) in indi-
vidual cells in vivo and in vitro with knockin reporters.
During embryonic development and embryonic stem
cell differentiation, all cells sequentially expressed
mir-290 and mir-302. In contrast, during OSK-
induced reprogramming, cells activated the miRNA
loci in a stochastic, nonordered manner. However,
the addition of Sall4 to the OSK cocktail led to a
consistent reverse sequence of locus activation
(mir-302 thenmir-290) and increased reprogramming
efficiency. These results demonstrate that cells can
follow multiple paths during the late stages of
reprogramming, and that the trajectory of any indi-
vidual cell is strongly influenced by the combination
of factors introduced.

INTRODUCTION

Pluripotent stem cells have tremendous therapeutic potential

because of their remarkable ability to self-renew and generate

all of the cells of the adult organism. Indeed, reprogramming

of somatic or adult cells into pluripotent stem cells (iPSCs) has

already significantly impacted the study of disease and the dis-

covery of potential stem-cell-based therapies (Bellin et al.,

2012). Although iPSC production has become common, the

mechanisms by which reprogramming occurs are still poorly

understood. Reprogramming has been depicted as a backward

movement upWaddington’s epigenetic landscape along a linear

path that traverses intermediate stages of development in

reverse (Hochedlinger and Plath, 2009). Consistent with this

idea, a number of studies have demonstrated the progressive

downregulation of somatic markers and upregulation of pluripo-

tency markers over the course of reprogramming (Brambrink
et al., 2008; Stadtfeld et al., 2008; Polo et al., 2012; Chan

et al., 2009). Single-cell expression analyses for a number of

somatic and pluripotency genes suggest an early stochastic,

but late hierarchical, pattern of gene activation, arguing that,

after a certain point in the reprogramming process, cells

undergo an immutable set of cell-fate transitions that lead to

the iPSC state (Buganim et al., 2012; Golipour et al., 2012).

However, these studies focused only on genes that are ex-

pressed either in the starting fibroblast population or in the final

pluripotent population and not genes that are uniquely ex-

pressed in a stage of development that exists between those

two. Therefore, it remains unclear whether reprogramming cells

dedifferentiate along a path that includes transitions through

intervening stages of development on their way to naive plurip-

otency. During early murine development, embryonic cells tran-

sition from the inner cell mass (ICM) to the early epiblast and

then to the late epiblast before differentiating down somatic

cell lineages. Mouse embryonic stem cells (ESCs) and iPSCs

correspond to the ICM and early epiblast stage of development

and collectively represent the naive pluripotent state (Ying et al.,

2008; Evans and Kaufman, 1981; Martin, 1981). Therefore, if

iPSC formation represents a progression of development in

reverse, one would expect the activation of late epiblast markers

before that of naive markers.

MicroRNAs (miRNAs) are small noncoding RNAs that bind and

suppress hundreds of mRNAs simultaneously by destabilizing

transcripts and inhibiting their translation (Fabian and Sonen-

berg, 2012; Bartel, 2009). Like many coding transcripts, miRNA

expression is temporally and spatially controlled. In the genome,

miRNAs are often arranged in clusters and are expressed as a

single primary miRNA transcript that is typically processed by

the RNases Drosha and Dicer. Two miRNA clusters in mice,

mir-290 and mir-302 (mir-371 and mir-302 in humans, respec-

tively), are highly expressed in pluripotent stem cells (Suh

et al., 2004; Houbaviy et al., 2003; Jouneau et al., 2012; Stadler

et al., 2010). They have been implicated in the regulation of

pluripotent properties and differentiation potential, and they

possess the ability to promote dedifferentiation of somatic cells

to pluripotency (Melton et al., 2010; Judson et al., 2009; Wang

et al., 2007; Anokye-Danso et al., 2011; Liao et al., 2011; Subra-

manyam et al., 2011). Here, we developed reporters for the mir-

290 and mir-302 loci, which enabled us to follow individual cells

over the course of embryonic development, ESC differentiation,

and induced dedifferentiation to iPSCs.
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Figure 1. The mir-290 and mir-302 Clusters Define Three Transient and Distinct States of Pluripotency in Early Development

(A) Schematic of targeting strategy for introducing fluorescent reporters under the control of endogenous miRNA promoters.

(B) Fluorescent images of embryos after timedmatings showing the expression pattern ofmir-290 andmir-302 reporters from E3.5–E8.0 of mouse development.

Embryological structures from which pluripotent stem cells are derived are outlined in white dashed lines. (E3.5, ICM, ESCs; E5.5–E6.5, early epiblast, EpiSCs;

E7.5–8.5, late epiblast, EpiSCs). Fluorescent cells outside dashed lines represent extraembryonic tissue.

(C) Schematic summary of mir-290 and mir-302 expression during mouse embryonic development.

See also Figure S1.
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RESULTS

mir-290 and mir-302 Define Sequential Stages of
Pluripotency
To characterize the expression of mir-290 and mir-302 during

development and dedifferentiation at the single-cell level, both

clusters were targeted with homologous recombination in order

to introduce fluorescent reporters into the endogenous miRNA

loci, creating a dual-reporter system (Figure 1; Figure S1A avail-

able online). Constructs were designed such that the mir-290

cluster would be coexpressed with red fluorescent protein

(mCherry) and themir-302 cluster with green fluorescent protein
618 Cell Stem Cell 14, 617–631, May 1, 2014 ª2014 Elsevier Inc.
(eGFP). To determine the expression patterns of these miRNA

clusters during embryonic development, we examined dual-

reporter mouse embryos from embryonic day (E) 3.5 to E8.0,

the window of development during which pluripotent cells are

present and can be derived (Osorno et al., 2012). We found

that all cells of the embryo proper expressed the reporters in a

sequential and stereotypical fashion. The ICM cells of E3.5 em-

bryos uniquely expressed mir-290-mCherry (red), followed by

the expression of both reporters in the epiblast of E5.5 embryos

(yellow), and then specifically expressed mir-302-eGFP (green)

alone in the E7.5 gastrulating embryo (Figure 1B). miR-302-

eGFP remained broadly expressed through gastrulation until
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E9.5 (Figure S1D). These data show that mir-290 and mir-302

expression divides the pluripotent cells of the embryo into three

consecutive stages: naive (E3.5, mir-290-mCherry only), pre-

primed (E4.5–E6.5, mir-290-mCherry+/mir-302-eGFP+), and

primed (E7.5–E8.0, mir-302-eGFP only) (Figure 1C). Interest-

ingly, mir-290-mCherry was also expressed in the extraembry-

onic tissues during early development, whereas mir-302-eGFP

was limited to the epiblast (Figure 1B).

To characterize the expression of these two miRNA clusters

in vitro, ESC and EpiSC lines were derived from dual-reporter

embryos. Consistent with their origin, and like targeted ESCs

(Figures S1B and S1C), ESCs derived from the ICM of E3.5

blastocysts expressed high levels of mir-290-mCherry under

standard mouse ESC culture conditions (fetal bovine serum

[FBS]+Lif), as determined by fluorescence-activated cell sorting

(FACS). However, a small fraction of cells expressed both re-

porters or eGFP alone (Figures 2A and 2B), suggestive of low

levels of differentiation and consistent with heterogeneity in Lif-

only conditions. Dual inhibition of GSK3b and ERK1/ERK2 with

small molecules (CHIR99021 and PD0325901, 2i) resulted in

greater homogeneity, as measured by a decrease in mir-302-

eGFP expression (Figure 2C) (Marks et al., 2012; Nichols et al.,

2009; Ying et al., 2008). In contrast to ESCs, embryonically-

derived epiblast SCs (EpiSCs) grown in fibroblast growth factor

[FGF]+Activin expressed high levels ofmir-302-eGFP and unde-

tectable levels of mir-290-mCherry (Figures 2A and 2B). This

expression differed from the E5.5 epiblasts from which they

were derived: specifically, during derivation, E5.5 epiblast cells

transitioned from expressing both markers to mir-302-eGFP

alone as they expanded in culture, suggesting that they had

transitioned to a more mature fate (Figure S2A). Similarly,

FGF+Activin treatment of naive mir-290-mCherry+ ESCs led to

differentiation, expansion, and long-term maintenance of mir-

302-eGFP+ EpiSC cultures (Figure S2B). To further characterize

reporter expression during in vitro differentiation, ESCs were

transferred to differentiation conditions (removal of Lif and 2i,

but no FGF+Activin) and analyzed by flow cytometry (Figures

2D and S2C). Upon differentiation, cells progressed from a naive

(mir-290-mCherry+/mir-302-eGFP�; red) to a preprimed (mir-

290-mCherry+/mir-302-eGFP+; yellow) and then a primed (mir-

290-mCherry�/mir-302-eGFP+; green) state before silencing

both loci, consistent with the transitions seen in vivo. These

changes in mir-290 and mir-302 reporter expression correlated

with the differences in gene expression, clonogenicity, and

mature miRNA levels observed in naive and primed pluripotent

cells during differentiation (Figures 2E–2G). Importantly, differen-

tiating ESCs showed a significant decrease in colony-forming

potential, and both mir-290-mCherry+/mir-302-eGFP+ (yellow)

and mir-290-mCherry�/mir-302-eGFP+ (green) cells showed

a significant reduction in clonogenicity relative to mir-290-

mCherry+/mir-302-eGFP� (red) cells. In summary, these data

demonstrate that the expression of the mir-290 and mir-302

loci can be used to define progressive stages of differentiation

through pluripotent states both in vivo and in vitro (Figure 2H).

mir-290 and mir-302 Are Stochastically Activated
during OSK Reprogramming
Having seen highly ordered sequential expression of the two

miRNA loci during early embryonic development and ESC differ-
entiation, we next asked whether a similar path is followed in

reverse during reprogramming of somatic cells to iPSCs (Fig-

ure 3A). We introduced Oct4, Sox2, and Klf4 (OSK) retroviruses

into dual-reporter mouse embryonic fibroblasts (MEFs) and fol-

lowed the reprogramming process in several commonly used

media conditions every other day for 16 days by fluorescence

time-lapse microscopy (Figure S3A). Notably, virtually all col-

onies that grew to a size detectable at low magnification were

mir-290-mCherry+/mir-302-eGFP� (red), indicative of naive plu-

ripotency (Figure S3A). Interestingly, time-lapse examination of

reprogramming wells at higher magnification revealed evidence

ofmultiple patterns of activation of themiRNA loci preceding col-

ony formation. Many patches of cells showed no activation of

mir-302-eGFP during colony formation, whereas some colonies

arose from patches expressingmir-302-eGFP, and others arose

from a heterogeneous mixture of mir-290-mCherry+/mir-

302-eGFP�, mir-290-mCherry+/mir-302-eGFP+, and mir-290-

mCherry�/mir-302-eGFP+ intermediates (Figure 3B). However,

by the time patches formed a compact growing colony, the cells

were predominantly mir-290-mCherry+/mir-302-eGFP� (red)

(Figure 3C). After 16 days, colonies were isolated, expanded,

and tested for pluripotency. Cells from these colonies were

mir-290-mCherry+/mir-302-eGFP� and stained positive for

other naive markers such as Nanog and SSEA1 (Figure S3B).

Furthermore, they demonstrated properties of fully reprog-

rammed naive iPSCs, including the silencing of the retroviruses,

activation of endogenous pluripotency genes, and production of

chimeras that went germline (Figures S3C–S3E).

To further characterize the activation of these loci over time,

we performed flow cytometry to determine the distribution of

mir-290-mCherry andmir-302-eGFP expression on a daily basis

from days 5–14 postinfection (Figures 3D and 3E). Fluorescence

was first detected starting around day 7. Surprisingly, there were

similar numbers of cells expressing either mir-290-mCherry or

mir-302-eGFP, suggesting stochastic activation of these two

loci. Two days later, a small number of cells were found to be

mir-290-mCherry+/mir-302-eGFP+ (yellow), presumably arising

from either mir-290-mCherry+/mir-302-eGFP� (red) or mir-

290-mCherry�/mir-302-eGFP+ (green) single-positive parents

(Figures 3D and 3E). Together, the microscopy and flow cytom-

etry results suggest that, in contrast to normal differentiation,

these miRNA loci are not activated in an ordered manner during

late stages of dedifferentiation.

The Number of ActivatedmiRNA Loci, Not Their Order of
Expression, Predicts iPSC Colony-Formation Potential
in OSK Reprogramming
Next, we asked whether mir-290 expression, which is uniquely

expressed in naive cells, could be used to prospectively identify

more fully reprogrammed cells. Cells were sorted at day 12, the

first time point at which there were enough cells expressing all

potential combinations of reporters to perform the analysis and

early enough that it was unlikely that individual cells had passed

through the expression of both markers. Sorted cells were plated

onto irradiated MEFs and evaluated for iPSC colony number

5–6 days later (Figure 4A). As expected, cells expressing neither

miRNA loci (black) formed colonies with the lowest efficiency

(0.03%).Surprisingly though,mir-290-mCherry+/mir-302-eGFP�
(red) andmir-290-mCherry�/mir-302-eGFP+ (green) sorted cells
Cell Stem Cell 14, 617–631, May 1, 2014 ª2014 Elsevier Inc. 619
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Figure 2. ESCs Differentiate through mir-302+ Intermediates, Recapitulating Transitions Seen In Vivo

(A) Representative images of ESCs grown in FBS+Lif+2i conditions (left column) and EpiSCs grown in N2B27 medium with FGF+Activin (right column).

(B) FACS plots showing the expression of mCherry or eGFP in dual-reporter ESCs, EpiSCs, and untargeted V6.5 ESCs (control).

(legend continued on next page)
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displayed a similar efficiency, 1.2% and 0.6%, respectively

(Figure 4B). The relatively rare (0.015% of all live cells) double-

positive (yellow) cells demonstrated by far the highest colony-

forming efficiency (12%), a 400-fold increase over black cells

(Figure 4B). Similar results were obtained when cells were sorted

at day 14 (Figure 4C). The fidelity of the FACS approach was

validated by resorting each sorted population prior to plating

(Figure S4A). We also performed mRNA profiling of mir-290-

mCherry�/mir-302-eGFP� (black), mir-290-mCherry+/mir-302-

eGFP� (red), mir-290-mCherry+/mir-302-eGFP+ (yellow), and

mir-290-mCherry�/mir-302-eGFP+ (green) cells during dediffer-

entiation in order to compare their overall molecular constitution.

Principal component analysis (PCA) and hierarchical clustering

showed that (1) the three replicate sorted cell populations were

most similar within each color group, (2) mir-290-mCherry+/mir-

302-eGFP� (red) andmir-290-mCherry�/mir-302-eGFP+ (green)

cells were more similar to each other than they were to mir-

290-mCherry+/mir-302-eGFP+ (yellow) cells, and (3) mir-290-

mCherry+/mir-302-eGFP+ (yellow) cells were the most similar to

iPSCs (Figures 4D and S4B). Therefore, the global profiles were

consistent with the relative potentials of the reprogramming

populations. Altogether, these findings show that, in OSK reprog-

ramming conditions, it is the number rather than order of the two

miRNA loci that predicts the extent of reprogramming, even

though one of these loci (mir-302) is not expressed in the final

naive state.

Sall4 Promotes Sequential Expression of mir-302 and
mir-290 in Reprogramming
Next, we asked whether the addition of other reprogramming

factors would influence the order of miRNA expression. We

focused on Sall4, given that it is highly expressed in naive

ESCs, a major regulator of the naive state, and a powerful

enhancer of reprogramming (Tsubooka et al., 2009; Sakaki-

Yumoto et al., 2006; Lim et al., 2008; Zhang et al., 2006; Elling

et al., 2006). In order to evaluate its effect on the expression of

the two miRNA loci, Sall4 was introduced along with OSK into

dual-reporter MEFs, and cells were sorted at days 6, 9, 12, 15,

and 18 for expression of mir-290-mCherry and mir-302-eGFP.

The addition of Sall4 increased the frequency and kinetics of

reporter activation (Figure 5A) and induced a minimal 10-fold

increase in iPSC colony number (Figures 5B and S5A). There

was also an approximately 80-fold increase in the number of

cells expressing both miRNA loci by day 12 (Figure 5C). Surpris-

ingly, in contrast to the stochastic activation of the two miRNA

loci observed under OSK-only conditions, the addition of Sall4

resulted in a strong bias toward early activation of the mir-302

locus relative to the mir-290 locus, as demonstrated by the in-

crease in mir-290-mCherry�/mir-302-eGFP+ cells captured by
(C) Flow cytometry evaluating the expression of eGFP in dual-reporter ESCs gro

(D) Flow cytometry of mCherry and eGFP expression in ESCs cultured in FBS w

(E) qRT-PCR of ESC and EpiSCmarkers in ESCs differentiated in FBSwithout Lif c

(black), mir-290 only (red), mir-302 only (green), or both loci (yellow; n = 3).

(F) qRT-PCR analysis ofmiRNAs in ESCs that were differentiated in FBSwithout Li

mir-290-mCherry�/mir-302-eGFP+ cells, respectively (green and red bars, respe

(G) Colony-forming efficiency of ESCs differentiated for 5 days and sorted as sh

(H) Schematic summary comparing reporter expression in vitro and in vivo. Erro

See also Figure S2 and Supplemental Experimental Procedures.
FACS (Figure 5D). Moreover, the small number of mir-290-

mCherry+/mir-302-eGFP� (red) cells arising from Sall4+OSK-

transduced MEFs showed a much higher colony-forming

efficiency than those transduced with OSK alone (Figure 5E).

Indeed, mir-290-mCherry+/mir-302-eGFP� (red) cells formed

colonies at a comparable efficiency as double-positive mir-

290-mCherry+/mir-302-eGFP+ (yellow) cells. We confirmed

that the mature miRNA levels corresponded with the color of

the sorted cells via quantitative RT-PCR (qRT-PCR) at both the

population (Figure S5B) and single-cell levels (Figures 5F and

S5C). miRNA and fluorescence levels were largely correlated.

Occasional detection of small amounts of mature miRNAs in

cells that did not express the corresponding fluorescent marker

were most likely due to differences in the maturation rates and

detection methods of miRNAs and fluorescent proteins. These

findings suggested that, in contrast to OSK reprogramming,

Sall4+OSK reprogramming followed a more ordered path of

activation of the two miRNA loci that was associated with a

higher efficiency in reprogramming.

A limitation of flow cytometry is that it cannot follow individual

cells over time. Thus, it remained possible that differences in the

order of miRNA expression under the two conditions were due to

heterogeneous timing of locus activation among cells rather than

within cells. To address this, we performed high-resolution time-

lapse microscopy in order to lineage trace individual cells every

2–4 hr over several days (Figure 6 and Movies S1–S6). Consis-

tent with our results from flow cytometry, lineage tracing showed

that, under OSK conditions, comparable numbers of cells went

directly from expressing neither marker (black) to expressing

eithermir-302-GFP (green) ormir-290-mCherry (red). In contrast

to OSK, Sall4+OSK-transduced cells mostly transitioned from

black to green and then yellow before settling into a final red

state. Only a small number of cells transitioned from black to

red and from red to yellow. These findings confirm that, within

developing iPSC colonies, cells take multiple paths to the naive

state under OSK conditions but take a more singular path under

Sall4+OSK conditions.

High iPSC Potential Is Associated with the Activation of
a Naive Cell-Expression Signature
Next, we asked whether the differences in iPSC potential be-

tween earlymir-290-mCherry+/mir-302-eGFP� (red) cells under

OSK versus Sall4+OSK could be correlated with a more global

transcriptional signature. In particular, we hypothesized that

the rare early mCherry+/mir-302-eGFP� (red) cells in Sall4+OSK

conditions, which presumably arose directly from mCherry�/

mir-302-eGFP� (black) cells but have a very high iPSC colony-

forming potential, would have a transcriptional profile more

similar to that of mir-290-mCherry+/mir-302-eGFP+ (yellow)
wn with or without 2i in FBS+Lif medium.

ithout Lif conditions for 1–8 days.

onditions for 5 days and sorted for cells expressing neithermir-290 normir-302

f conditions for 2 or 6 days and sorted formir-290-mCherry+/mir-302-eGFP� or

ctively; n = 3).

own in (D). Colony number was assessed after 7 days of culture (n = 3).

r bars represent SD. ND, not determined. *p < 0.05, **p < 0.005.
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cells than of mCherry�/mir-302-eGFP+ (green) cells. However,

both PCA and hierarchical clustering of mRNA profiles from

the day 9 Sall4+OSK cell populations showed similar results

to OSK (Figures 7A and 7B). That is, despite the dramatic

differences in iPSC potential, the overall mRNA profiles of mir-

290-mCherry+/mir-302-eGFP� (red) and mir-290-mCherry�/

mir-302-eGFP+ (green) cells remained most similar to each

other than to that of mir-290-mCherry+/mir-302-eGFP+ (yellow)

cells regardless of the reprogramming factors used. In both

conditions, mir-290-mCherry+/mir-302-eGFP+ (yellow) cells

continued to have a profile closest to that of iPSCs. Therefore,

we asked whether there was a signature common to cells with

the greatest iPSC potential (OSK yellow and Sall4+OSK red

and yellow) versus those with lower potential (OSK red and

green and Sall4+OSK green). Specifically, using a p value cutoff

of 0.01 and log2 fold change greater than 0.4, we identified differ-

entially expressed genes in Sall4+OSK red versus OSK red and

Sall4+OSK red and yellow versus green and OSK yellow versus

red and green, yielding a total of 312 differentially expressed

genes. Of these genes, 14 were found to overlap in these com-

parisons (Figures 7C and 7D). Next, we asked whether these

14 genes were enriched in the naive versus primed state by

profiling mRNA expression of dual-reporter cells during ESC dif-

ferentiation from red to yellow to green as well as derived green

EpiSCs. Indeed, the 14-gene signature was downregulated

during the naı̈ve-to-primed pluripotent transition (Figure 7E). In

contrast, the nonoverlapping genes showed little change.

Consistent with differential expression in cell populations with

the highest iPSC potential, a number of the genes in the list

have been previously identified as regulators of naive pluripo-

tency, including Dnmt3l, Dnmt3b, Esrrb, Dppa5, Dppa4, Ooep

(Moep19), and Rhox5 (Figure 7D) (Okano et al., 1999; Amano

et al., 2006; Madan et al., 2009; Tashiro et al., 2010; Festuccia

et al., 2012; Martello et al., 2012; Neri et al., 2013). Thus, these

profiling data identify a set of genes that are (1) coregulated

with themir-290, but not themir-302, locus during Sall4+OSK re-

programming, (2) are enriched in naive versus primed cells, and

(3) correlate with iPSC colony-forming potential.

DISCUSSION

miRNAs are evolutionarily conserved regulators of cellular iden-

tity (Christodoulou et al., 2010; Heimberg et al., 2008). Therefore,

changes inmiRNA expression can be used to follow the progres-

sion of development and differentiation. Our data show that
Figure 3. OSK Reprogramming Leads to Late-Stage Stochastic Activa

(A) Schematic overview of mir-290 and mir-302 expression during normal d

reprogramming (bottom).

(B) Representative images (103 magnification) of individual colonies followed th

activation in small patches of cells prior to the formation of naive mir-290-mChe

(C) Representative images (23 magnification) of reprogramming wells comparing

colony number over 16 days of reprogramming. miR-290-mCherry+ and mir-30

infection. Values represent the average of seven different OSK viral preps and 1

(D) Representative FACS plots and corresponding bar or pie graphs showing the

reprogramming. Black pie slices represent cells that have not activated either mi

represented by the bar graphs.

(E) Quantification by flow cytometry showing the percentage of total fluorescent c

infection. Error bars represent the SD of three biological replicates.

See also Figure S3.
changes in mir-290 and mir-302 expression delineate the spe-

cific cell-fate transitions separating naive from primed pluripo-

tency during differentiation both in vivo and in vitro. Previous

work had shown enriched expression of mir-290 and mir-302

in ESC and EpiSC populations, respectively (Stadler et al.,

2010; Jouneau et al., 2012; Card et al., 2008), but it was unclear

how these expression patterns were reflected at the single-cell

level. Here, we show that pluripotent cells of the embryo transi-

tion through three states marked by mir-290 alone, mir-290 and

mir-302 concurrently, and mir-302 alone before silencing both

loci in most, if not all, somatic populations. These transitions

correlate with important developmental events, such as implan-

tation (activation ofmir-302) and gastrulation (downregulation of

mir-290).

Using the activation ofmir-290 andmir-302 as readouts of the

developmental status of individual cells, we found that dediffer-

entiation during OSK reprogramming does not require the acti-

vation of genes in a definite order but instead appears to take

varying paths to the naive state. Moreover, the ability of a reprog-

ramming cell to acquire naive pluripotency is best predicted by

the expression of both miRNA loci. Reprogramming cells that

have activated both mir-290 and mir-302 showed greater

molecular similarity to naive ESCs than either single-positive

population when using either OSK or Sall4+OSK. Functionally,

double-positive cells had the greatest ability to form naive col-

onies, which stands in contrast to normal differentiation, in which

double-positive cells showed reduced colony-forming ability

relative to mir-290-mCherry single-positive cells. Together, the

colony-forming assay and molecular profiling of intermediates

demonstrate that the activation of mir-290-mCherry alone does

not necessarily mark the completion of reprogramming. Instead,

although some of the mir-290-mCherry single-positive cells are

most likely fully reprogrammed iPSCs, others represent reprog-

ramming intermediates that fail to form colonies. However, the

addition of Sall4, an enhancer of reprogramming, biased the pro-

cess such that most cells activated mir-302 before mir-290.

Moreover, mir-290-mCherry single-positive cells showed a

higher colony-forming efficiency thanmir-302-eGFP single-pos-

itive cells, which is evidence that a larger fraction of Sall4+OSK-

treated mir-290-mCherry+ (red) cells are functionally closer to

the iPSC state than their OSK-treated counterparts. The ability

of Sall4 to activate mir-302 early cannot be explained simply

by the direct activation of the locus by this transcription factor

for two reasons. First, there remains a long delay from time of

introduction of factors and mir-302 activation. Second, Sall4 is
tion of mir-290 and mir-302

ifferentiation toward somatic tissues (top) and hypothetical reversal during

rough time with high-resolution microscopy showing multiple patterns of loci

rry+/mir-302-eGFP� colonies.

mir-290-mCherry and mir-302-eGFP expression in colonies. Quantification of

2-eGFP+ colonies were counted on days 6, 8, 10, 12, 14, and 16 after OSK

2 technical replicates for each OSK prep. Error bars represent SD.

distribution of cells expressing mir-290-mCherry and/or mir-302-eGFP during

r-290 or mir-302 (black). The distribution of fluorescent cells (gray pie slices) is

ells expressingmir-290-mCherry and/ormir-302-eGFP for days 6–14 after OSK

Cell Stem Cell 14, 617–631, May 1, 2014 ª2014 Elsevier Inc. 623



A C

B
D

Figure 4. mir-290-mCherry+/mir-302-eGFP+ Double-Positive Cells Show the Greatest Potential for Generating iPSC Colonies

(A) Schematic overview of the iPSC potential assay. Reprogrammingwells were sorted on either day 9 (Sall4+OSK) or 12 (OSK) of reprogramming and plated onto

irradiated MEFs in reprogramming medium. Sorted intermediates were imaged daily and counted 5–6 days after FACS in order to determine the efficiency of

colony formation.

(B) Representative images comparingmir-290-mCherry+ colony formation of different fluorescent cells sorted at day 14 (1,000 sorted cells per well) and imaged

5 days later.

(C) Colony-forming efficiency (number of colonies formed per number of cells plated) of different cellular populations sorted at day 12 of reprogramming.

*p < 0.01. N.S., not significant, as determined by a Student’s t test. Values represent the average of three OSK virus batches and two technical replicates for each

prep. Error bars represent the SD of the three OSK batches.

(D) PCA of Illumina bead array expression profiles from sorted day 12 OSK reprogramming cells expressing neither mir-290 nor mir-302 (black), mir-290 only

(red), mir-302 only (green), or both loci (yellow) along with the resulting iPSCs (n = 3). Percentages reflect the proportion of variance assigned to the principal

components.

See also Figure S4.
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more highly expressed in the naive (mir-302�) state than the

primed (mir-302+) state (Figure 2E). Interestingly, it was previ-

ously shown that Oct4 and Sox2 bind to the promoter of mir-

302 and are required for its expression, but clearly they are not

sufficient, given that Oct4 and Sox2 are also highly expressed

in the naive (mir-302�) state (Card et al., 2008; Marson et al.,

2008). Future studies aimed at understanding the transcriptional

network upstream of mir-302 should provide important insight

into the drivers of the primed state.

Altogether, our results show that the path taken by cells during

reprogramming is influenced by the combination of factors used.
624 Cell Stem Cell 14, 617–631, May 1, 2014 ª2014 Elsevier Inc.
Adding Sall4 promoted a defined trajectory, possibly by

reducing stochasticity in the later stages of reprogramming.

Two other recent papers have addressed the transcriptional

events during reprogramming at the single-cell level. By per-

forming single-cell qRT-PCR analysis and single-molecule fluo-

rescence in situ hybridization for various fibroblast and naive

pluripotency markers, Buganim et al. (2012) provided evidence

for early stochastic and late hierarchical events in reprogram-

ming. Similarly, using population and single-cell profiling

following the activation of OSK+Myc (OSKM), Polo et al. (2012)

found that reprogramming can occur in two phases: an early
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Figure 5. Sall4 Enhances Reprogramming with Bias toward Early mir-302 Activation

(A) Quantification by flow cytometry of the fraction of total fluorescent cells (mir-290+ and/or mir-302+) detected over multiple days during OSK or Sall4+OSK

reprogramming.

(B) Quantification of iPSC colony formation in OSK or Sall4+OSK reprogramming. Colonies were counted at day 15 after viral transduction.

(A and B) Values represent the average of three different OSK viral preps and two technical replicates for each batch of OSK. Error bars represent the SD of the

three viral preps.

(C) Quantification of the number ofmir-290-mCherry+/mir-302-eGFP+ double-positive cells in OSK+Sall4-treated MEFs relative to OSK-treated MEFs at day 12

of reprogramming.

(legend continued on next page)
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phase driven by cMyc and Klf4 and a later phase driven by

Oct4, Sox2, and Klf4. Interestingly, using population-based

profiling for miRNAs during reprogramming, Polo et al. (2012)

showed early mir-290 and later mir-302 expression. How this

correlates with single-cell expression of the loci is unclear;

however, the population bias towardmir-290 early in reprogram-

ming contrasts our single-cell findings of either equal activation

using OSK or a bias toward early mir-302 when Sall4 was

included. Once again, this may reflect the combination of factors

used. Indeed, Myc has been shown to bind to the mir-290

promoter (Judson et al., 2009); therefore, its addition to the re-

programming cocktail could drive early mir-290 expression.

Importantly, our results demonstrate that any analysis of reprog-

ramming, including the path taken and the functional analysis of

genes involved, can be dependent upon the specific factors

used. For example, although mir-302 has been studied exten-

sively in the context of reprogramming, our results suggest

that its expression is not required during reprogramming to naive

pluripotency.

Both single-cell studies described above follow genes ex-

pressed in the initial fibroblast population and the terminal

naive pluripotent state. The mir-302 locus functions as a

unique marker because it is not expressed in either fibroblasts

or ESCs, and yet, as we show here, cells pass through a mir-

302+ intermediate during ESC differentiation and embryonic

development. Using two cell-surface markers to perform pop-

ulation-based profiling on cells enriched for reprogramming

potential, another group recently showed a transient upregula-

tion of a number of epidermis-related genes during reprogram-

ming (O’Malley et al., 2013). However, the expression of these

genes during embryonic development or ESC differentiation is

not well characterized. Therefore, it remains unclear whether

these markers represent intermediate developmental states.

In contrast, our studies show that mir-302 is an obligatory

intermediate stage during embryonic development but not

during reprogramming. Similar to Buganim et al. (2012) and

Polo et al. (2012), O’Malley et al. (2013) uses an inducible

OSKM secondary MEF system in which it is expected that

every cell will express the four factors at similar levels. Inter-

estingly, previous work has found that the relative expression

of each factor is affected by the order in which they are cloned

into the inducible cassette, influencing the final molecular state

of the iPSCs (Carey et al., 2011). In our study, we use a retro-

viral system, which is likely to lead to a degree of heterogeneity

in the relative expression of factors and, hence, timing of acti-

vation of downstream networks between cells. For this reason,

it was especially surprising to uncover the relative homo-

geneous transitions with the addition of Sall4. In summary, it
(D) Distribution ofmir-290 andmir-302 expressing cells from days 6–12 of reprogra

average of three OSK preps and two technical replicates for each prep.

(E) Quantification of colony-forming efficiency comparing different sorted populati

detected for all populations (day 9). Values represent the average of three OSK viru

SD of the three OSK batches. **p < 0.005. N.S., not significant, as determined b

(F) Expression of representativemir-290 andmir-302 loci miRNAs normalized to s

single-cell qRT-PCR. Cells were single-cell sorted at day 12 of Sall4+OSK repro

represents the mean expression value of that miRNA in a single cell. Horizontal ba

sno202 levels were considered. Samples with miR-294 or miR-302b Ct values too

of 0 in the calculation of the population mean.

See also Figure S5.
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is unlikely that any particular iPSC intermediate, either stable

or transient, marks a required common trajectory taken by

all cells that fully reprogram. Instead, there are most likely

multiple paths, and the choice of trajectory is influenced

by the combination of factors introduced and their relative

expression.

Functional roles for the mir-290 and mir-302 clusters have

been surmised through a number of in vitro approaches

in both mouse and human ESCs (Melton et al., 2010; Rosa

et al., 2009; Kim et al., 2011; Wang et al., 2008; Medeiros

et al., 2011; Sinkkonen et al., 2008; Benetti et al., 2008;

Qi et al., 2009). In particular, both clusters produce multiple

miRNAs that share a common seed sequence, forming a large

family of miRNAs called the ESC-specific cell-cycle-regulating

(ESCC) miRNAs (Wang et al., 2008). These miRNAs have been

shown to functionally regulate the cell cycle and suppress the

differentiation of mouse pluripotent stem cells (Wang et al.,

2008; Melton et al., 2010) and neural differentiation during

hESC differentiation (Kim et al., 2011). In most of these roles,

the various members of the ESCC family appear to act redun-

dantly. Quite remarkably, the forced expression of the mir-302

cluster alone has been shown to dedifferentiate somatic cells

to naive mouse iPSCs (Anokye-Danso et al., 2011), even though,

as we show here, the cluster itself is not expressed in fully

reprogrammed mouse iPSCs. The introduction of exogenous

mir-290 or mir-302 ESCC miRNAs along with OSK leads to

increased reprogramming efficiency (Judson et al., 2009). In

this context, it appears that mir-290 or mir-302 enhances the

mesenchymal-to-epithelial transition and leads to an overall

reduction in stochastic gene activation that typifies the early

phase of reprogramming (Subramanyam et al., 2011; Judson

et al., 2013).

The existence of the two clusters appears to be unique to

placental mammals (Houbaviy et al., 2005). Our findings demon-

strate that the two clusters possess distinct temporal and spatial

expression patterns along with a partially redundant pattern in

the early epiblast. Genetic deletion of themir-290 cluster results

in a variable phenotype with incomplete embryonic lethality

(Medeiros et al., 2011), which could be partly explained by early

partial rescue from themir-302 cluster. However, such a conclu-

sion awaits the production of a mir-302 knockout model. Given

thatmir-290 is also expressed in extraembryonic structures dur-

ing early development, an ancestral mir-302-like cluster may

have duplicated and evolved to function in the extraembryonic

lineage that gave rise to the placenta. That is, the ability to inde-

pendently regulate ESCCmiRNA expression from two clusters in

embryonic versus extraembryonic lineages may have played a

role in placental evolution.
mming represented as described in Figure 3D. Pie and bar slices represent the

ons during Sall4+OSK reprogramming at the first time point when cells could be

s batches and two technical replicates per OSK batch. Error bars represent the

y a Student’s t test.

no202 in individual Sall4+OSK reprogramming intermediates as determined by

gramming, and qRT-PCR reactions were run in technical triplicates. Each dot

rs indicate the mean of the entire cell population. Only samples with detectable

high to be determined (not detected) were given a normalized expression value
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Figure 6. Sall4 Biases the Path Taken during Reprogramming

(A) Representative time-lapse images over 6 days during OSK or Sall4+OSK reprogramming showing the evolution of miRNA locus expression beginning with a

single cell (103 magnification). Right, representative images demonstrating how individual cells were scored. Arrows point to matching cells in either OSK or

Sall4+OSK conditions.

(legend continued on next page)

Cell Stem Cell

Paths to Induced Pluripotency

Cell Stem Cell 14, 617–631, May 1, 2014 ª2014 Elsevier Inc. 627



Cell Stem Cell

Paths to Induced Pluripotency
The finding that an enhancer of reprogramming leads to biased

activation of mir-302 before mir-290 in a manner that would be

expected for developmental reversal leaves open the possibility

that, although not required, a sequential unfolding of the differen-

tiation program in reverse increases the efficiency of iPSC gener-

ation. Such an idea is not unreasonable, considering the fact that

directed differentiation of therapeutic cell types from pluripotent

stem cells often involves a recapitulation of developmental

events. Indeed, the high-iPSC-potential-associated genes that

we identified are expressed differentially in naive and primed plu-

ripotency and are upregulated with increasing iPSC potential in

reprogramming intermediates in a manner consistent with a

reversal of normal differentiation. Recently, it was shown that

the removal of Mbd3, a NuRD complex member, allows OSKM

to drive reprogramming in a highly efficient and deterministic

manner (Rais et al., 2013). It will be interesting to see how the

timing of the expression of themir-290 andmir-302 loci are influ-

enced by the loss of Mbd3 in the context of different reprogram-

ming factors and means of introduction.

EXPERIMENTAL PROCEDURES

Targeting Strategy

miR-290-mCherry/mir-302-eGFP (dual-reporter) ESCs were generated by in-

serting coding regions for eGFP and mCherry downstream of the transcrip-

tional start sites of mir-302 and mir-290, respectively.

ESC and EpiSC Derivation

For ESCs, timed matings of dual-reporter mice were used to isolate blasto-

cysts at E3.5. Blastocyst outgrowths were trypsinized and passaged every

3–4 days until ESC lines were established. For EpiSCs, timed matings of

dual-reporter mice were used to isolate embryos between E5.5–E7.5.

Individual epiblasts were dissected and plated onto MEF feeder layers. The

undifferentiated portions of outgrowths were picked and passaged every

3–4 days until homogeneous cultures were obtained.

Reprogramming and Dedifferentiation

MEFs were treated with retroviruses expressing OSK and cultured in standard

reprogramming media. Retrovirus expressing Sall4 was added where indi-

cated. Colony formation was assessed with high-throughput imaging and

high-content analysis.

iPSC Colony-Formation Assay

Over the course of reprogramming, individual wells were trypsinized, sorted by

FACS, and plated in 96-well plates with reprogramming medium for daily

imaging after colony formation. IN Cell Developer (GE Healthcare) was used

to count the number of colonies and quantify the area of mir-290-mCherry

and mir-302-eGFP expression in each well. The ratio of colonies formed to

the number of cells plated was defined as the iPSC colony-forming potential.

mRNA Profiling

Expression analysis was performed on Illumina bead arrays. Total RNA was

isolated from sorted populations. Data were preprocessed, and quality control
(B) Quantification of transitions in reporter expression observed with time-lapse

quantified in single cells that went on to form colonies. The number of cells that cha

of the total number of single-positive or double-positive cells traced. In total, 30

to-green cells) and 467 single-positive cells in Sall4+OSK (45 black-to-red and 422

to-yellow and 68 red-to-yellow cells) and 236 double-positive cells in Sall4+OS

(black-to-yellow) transitions were not observed. Values represent the average of t

**p < 0.005. N.S., not significant, as determined by a Student’s t test.

(C) Schematic summary showing potential paths taken by reprogramming cells r

path taken during OSK or Sall4+OSK reprogramming. Dashed arrows represent

See Movies S1–S6.
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was performed with BeadArray software and the SampleNetwork R function

(Oldham et al., 2012). This analysis revealed no sample outliers among the

biological replicates. After quantile normalization, a batch effect correspond-

ing to the microarray ID was corrected with ComBat (Johnson et al., 2007).

Significant changes in gene expression between sets (p < 0.01, log2 fold

change > 0.4) were determined with Limma. For principal component analysis,

the prcomp command in R was used with the default S3 method. For nearest

neighbor analysis, hierarchical clustering with the hclust command in R was

performed with the ‘‘single’’ method.

qRT-PCR

mRNAs were reverse transcribed with oligo-dT primers (Invitrogen Super-

script Kit). Gene-specific primer sets (500 nM) and Power SYBR Green

PCR Master Mix (Life Technologies) were used for qPCR. Endogenous and

exogenous Oct4, Sox2, and Klf4 primers were previously described (Judson

et al., 2009). Population-level qRT-PCR for miRNAs was performed with the

polyA and SYBRGreen method as previously described (Shi and Chiang,

2005). Primer sequences are listed in the Supplemental Experimental

Procedures.

Single-Cell miRNA qRT-PCR

Single cells obtained from reprogramming dual-reporter MEFs at day 9

(Sall4+OSK) or day 12 (OSK) were sorted into 96-well PCR plates, and ampli-

fied cDNA was generated with a method modified from Moltzahn et al. (2011).

qPCR was performed with the TaqMan approach.

ESC Differentiation

ESCsweremaintained in FBS+Lif or FBS+Lif+2i conditions, and differentiation

was induced by removing Lif and 2i.

ESC Clonogenecity Assay

ESCs differentiating in FBS+Lif and 2i conditions were sorted for mCherry and

eGFP expression into standard embryonic stem cell medium and imaged over

several days in order to count the number of colonies that formed.

High-Resolution Time-Lapse Microscopy

OSK and Sall4+OSK reprogramming wells were imaged at 103 magnification

every 2–4 hr beginning at day 9 after retroviral transduction with a BioStation

CT (Nikon). CL-Quant (Nikon) was used to analyze the data and prepare

Movies S1–S6.

Animal Use

All animal experiments were approved by the Institutional Animal Care andUse

Committee of the University of California, San Francisco.

ACCESSION NUMBERS

Illumina bead array data have been deposited to the NCBI Gene Expression

Omnibus under accession number GSE54341.

SUPPLEMENTAL INFORMATION

Supplemental Information contains Supplemental Experimental Procedures,

five figures, and six movies and can be found with this article online at

http://dx.doi.org/10.1016/j.stem.2014.01.021.
imaging every 2–4 hr. Activation of mir-290-mCherry or mir-302-eGFP was

nged reporter expression before forming a colony is presented as a percentage

3 single-positive cells were followed in OSK (150 black-to-red and 153 black-

black-to-green cells). 114 double-positive cells were traced in OSK (46 green-

K (198 green-to-yellow and 38 red-to-yellow cells). Black-to-double-positive

hree different wells. Error bars represent the SD of cells traced over three wells.

elative to mir-290 and mir-302 reporters. Bold arrows represent the preferred

possible paths that were not quantified in our experiments.

http://dx.doi.org/10.1016/j.stem.2014.01.021
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Figure 7. Identification of Genes Enriched within Subsets of Cells with Greatest iPSC Potential

(A) PCA of Illumina bead array expression profiles from sorted day 9 Sall4+OSK reprogramming cells expressing neithermir-290 normir-302 (black),mir-290 only

(red), mir-302 only (green), or both loci (yellow) along with the resulting iPSCs (n = 3). Percentages reflect the proportion of variance assigned to the principal

components.

(B) Hierarchical clustering of Illumina bead array expression profiles from sorted day 12 OSK and day 9 Sall4+OSK reprogramming cells expressing neither

mir-290 nor mir-302 (B), mir-290 (R), mir-302 (G), or both loci (Y) along with the resulting iPSCs (n = 3).

(C) Venn diagram showing the overlap of genes that are differentially expressed between populations with high versus low iPSC potential. p < 0.01, and log2 fold

change > 0.4.

(D) List of 14 overlapping genes correlated with high iPSC potential.

(E) The average expression of all differentially expressed iPSC potential genes versus the 14 overlapping genes during ESC differentiation and in primed EpiSC

cultures.

Cell Stem Cell

Paths to Induced Pluripotency
AUTHOR CONTRIBUTIONS

R.J.P. contributed to Figures 1–7 and the Supplemental Information; J.Y.

contributed to Figures 4B, 4D, 5–7, S4, and S5; R.L.J. contributed to Figures

3, 4A, 4C, and S3A–S3D; M.F.L. contributed to Figures 2B, 2D–2F, and S2C;

R.K. contributed to Figures 4D, 7, and S4B; A.B. contributed to Figure S3E;

and M.C.O. contributed to Figure 7. R.J.P and R.B. wrote the manuscript.
ACKNOWLEDGMENTS

We would like to thank Nicole Moore for technical support, Grace Wei for

assistance with the BioStation CT, and Diana Laird for critical reading of the

manuscript. This work was supported by funds to R.H.B from the National

Institutes of Health (R01 GM101180), the Leona M. and Harry B. Helmsley

Charitable Trust (09PG-T1D002), and the California Institute of Regenerative
Cell Stem Cell 14, 617–631, May 1, 2014 ª2014 Elsevier Inc. 629



Cell Stem Cell

Paths to Induced Pluripotency
Medicine (New Faculty Award, RN2-00906-1). R.J.P. was supported by NIH

postdoctoral fellowships (T32 HD 007263-27 and F32 HD 070572 -01),

R.L.J. was supported by a UCSF Julius R. and Patricia A. Krevans Fellowship,

and R.K. was supported by an A.P. Giannini Foundation postdoctoral

fellowship.

Received: June 18, 2013

Revised: November 7, 2013

Accepted: January 30, 2014

Published: March 13, 2014

REFERENCES

Amano, H., Itakura, K., Maruyama, M., Ichisaka, T., Nakagawa, M., and

Yamanaka, S. (2006). Identification and targeted disruption of the mouse

gene encoding ESG1 (PH34/ECAT2/DPPA5). BMC Dev. Biol. 6, 11.

Anokye-Danso, F., Trivedi, C.M., Juhr, D., Gupta, M., Cui, Z., Tian, Y., Zhang,

Y., Yang, W., Gruber, P.J., Epstein, J.A., and Morrisey, E.E. (2011). Highly effi-

cient miRNA-mediated reprogramming of mouse and human somatic cells to

pluripotency. Cell Stem Cell 8, 376–388.

Bartel, D.P. (2009). MicroRNAs: target recognition and regulatory functions.

Cell 136, 215–233.

Bellin, M., Marchetto, M.C., Gage, F.H., and Mummery, C.L. (2012). Induced

pluripotent stem cells: the new patient? Nat. Rev. Mol. Cell Biol. 13, 713–726.

Benetti, R., Gonzalo, S., Jaco, I., Muñoz, P., Gonzalez, S., Schoeftner, S.,
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