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SUMMARY

Nanog facilitates embryonic stem cell self-renewal
and induced pluripotent stem cell generation during
the final stage of reprogramming. From a genome-
wide small interfering RNA screen using a Nanog-
GFP reporter line, we discovered opposing effects
of Snai1 and Snai2 depletion on Nanog promoter
activity. We further discovered mutually repressive
expression profiles and opposing functions of
Snai1 and Snai2 during Nanog-driven reprogram-
ming. We found that Snai1, but not Snai2, is both a
transcriptional target and protein partner of Nanog
in reprogramming. Ectopic expression of Snai1 or
depletion of Snai2 greatly facilitates Nanog-driven
reprogramming. Snai1 (but not Snai2) and Nanog co-
bind to and transcriptionally activate pluripotency-
associated genes including Lin28 and miR-290-295.
Ectopic expression of miR-290-295 cluster genes
partially rescues reprogramming inefficiency caused
by Snai1 depletion. Our study thus uncovers the
interplay between Nanog and mesenchymal factors
Snai1 and Snai2 in the transcriptional regulation of
pluripotency-associated genes and miRNAs during
the Nanog-driven reprogramming process.

INTRODUCTION

Embryonic stem cells (ESCs) or induced pluripotent stem cells

(iPSCs) have attracted great attention because of their potential

for the study and possible treatment of human diseases. So-

matic cells can acquire pluripotency through nuclear reprogram-

ming by ectopic expression of the transcription factors Oct4,

Sox2, Klf4, and c-Myc (Takahashi and Yamanaka, 2006). The

acquisition of induced pluripotency is a multistep process

requiring the interplay of many transcription factors, epigenetic
140 Molecular Cell 56, 140–152, October 2, 2014 ª2014 Elsevier Inc.
regulators, and the cell-signaling network. In particular, the

cellular changes during the final stage of reprogramming toward

a fully reprogrammed stem cell comprise the final hurdle for

achieving the pluripotent ground state. Nanog dependency of

the transition to the ground state has been well characterized

(Silva et al., 2009), although low-efficiency transitionmay happen

in its absence (Carter et al., 2014; Schwarz et al., 2014).While our

proteomic studies have identified the transcriptional repressor

Zfp281 as a reprogramming barrier (Fidalgo et al., 2012)

and DNA hydroxylases Tet1 and Tet2 as facilitators (Costa

et al., 2013) of Nanog function in establishing ground state plu-

ripotency, the full repertoire of pluripotency factors and epige-

netic regulators that contribute to this process remains to be

identified.

Several genome-wide RNAi studies have been performed with

Oct4 (Chia et al., 2010; Ding et al., 2009; Hu et al., 2009) andRex1

(Yang et al., 2012) reporter systems, leading to the identification

ofmany regulators of ESC identity. In contrast, studies that utilize

a Nanog reporter system have thus far only been performed with

small interfering RNA (siRNA) libraries of a limited scale targeting

chromatin regulators (e.g., Mbd3, SWI/SNF) (Rais et al., 2013;

Schaniel et al., 2009, 2010) or posttranslational modifiers

(e.g., ubiquitin-proteasome system) (Buckley et al., 2012). In

this study, we performed a genome-wide RNAi screen using a

Nanog-GFP reporter line (Schaniel et al., 2009) under mild differ-

entiation conditions for bidirectional alteration of GFP activity

(see Table S1 available online and Figure 1). We identified genes

that are required for maintaining (downregulation of Nanog-GFP

upon knockdown) or exiting (upregulation of Nanog-GFP upon

knockdown) the pluripotent state, providing a rich resource for

further dissection of the molecular mechanisms underlying plu-

ripotency and reprogramming.

We exploited the Nanog dependency of establishing the naive

ground state to test the functional significance of candidate

genes in positive or negative regulation of the reprogramming

process. In particular, we uncoveredmutually repressive expres-

sion and opposing roles of the mesenchymal transcription fac-

tors Snai1 (also known as Snail) and Snai2 (also known as

Slug) in the establishment of ground state pluripotency. We
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Figure 1. Genome-wide RNAi Screening

Strategy

(A) NG4 line vector. Bacterial artificial chromo-

some-based GFP reporter expression is driven by

the Nanog promoter.

(B) Nanog reporter fluorescence correlates with

Nanog protein levels during RA-mediated differ-

entiation. Nanog reporter cells were treated with

varying concentrations of RA as indicated and

stained for immunofluorescence. Mean fluores-

cence per cell was calculated. Error bars indicate

mean ± SD (n = 8 for eight individual wells treated

with each concentration of RA).

(C) Confocal fluorescence of reporter expression

following RA-mediated differentiation. Nuclei are

stained with Hoechst 33342 and are shown in

blue. Cytoplasmic GFP reflecting Nanog promoter

activity is in green.

(D) Screening conditions. NG4 cells are reverse

transfected and cultured for 3 days, with the last

2 days under mild RA-mediated differentiation

conditions. Cells are fixed, nuclei were stained,

and plates were imaged at cell-level resolution.

(E) Screen analysis pipeline. Candidates among

outlier genes from the primary screen are further

narrowed down by removing known pluripotency

regulators through literature mining and by a

secondary screen with individual siRNAs.

(F) Comparison of our RNAi screen data set with

published RNAi screen data sets.

(G) List of the final candidate genes with jmedian Z

scoresj > 2 validated in the secondary screen.

(H) Nanog-GFP mean fluorescence intensity for

hits from RNAi screen. NG4 cells were infected

with two independent shRNAs against each

candidate gene and cultured under the same

RA conditions as in the screen. Values are

normalized to empty vector (shEV). Error bars

indicate average ± SD.

See also Figure S1.
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found Snai1, but not Snai2, is a direct target of and transcription-

ally activated by Nanog during the last stage of reprogramming.

Finally, we discovered a previously uncharacterized partnership

between Nanog and Snai1 and an unexpected functional antag-

onism of Snai1 and Snai2 in promoting the final transition of

partially reprogrammed cells into fully pluripotent cells.

RESULTS

A Genome-wide RNAi Screen Strategy to Identify
Modulators of Nanog Promoter Activity
We performed a genome-wide siRNA screen under mild reti-

noic acid (RA)-induced differentiation conditions in the previ-

ously characterized Nanog-GFP reporter ESC line NG4 (Fig-

ure 1A) (Schaniel et al., 2009) to identify potential direct and
Molecular Cell 56, 140–15
indirect regulators of Nanog gene

expression that would presumably play

roles in pluripotency and reprogram-

ming. Pluripotency, measured by GFP

fluorescence levels, is progressively lost
with increasing amounts of RA treatment (Figure 1B). We

determined an optimal intermediate dose of RA (10 nM) to

partially differentiate the ESC population over 2 days (Figures

1B and 1C) for bidirectional screening for candidates whose

knockdown would either increase or decrease GFP levels

(Figure 1D) (see Supplemental Experimental Procedures for

details).

As expected, we found that siRNA targeting GFP dramati-

cally reduced fluorescence (median Z score = �3.16) and

that siRNAs to retinoid X receptors (RXRs) effectively blocked

the loss of fluorescence and produced median Z scores of

3.20, 1.61, and 1.97 for RXRa, RXRb, and RXRg, respectively

(Figure S1A). In addition, a number of genes were identified,

including known pluripotency genes (e.g., Sox2, Esrrb) and

lineage specification markers (e.g., Zeb1, Fgf2), whose
2, October 2, 2014 ª2014 Elsevier Inc. 141
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depletion decreased and increased, respectively, the median

GFP fluorescence (Figure S1A). Gene ontology (GO) analyses

of candidate hits (Table S2) with the most dramatic positive

(429) or negative (299) effects on GFP expression indicated

high enrichment of genes with DNA-binding activity, protein-

binding activity, or both and nuclear transcriptional regulatory

activities (Figure S1A). Collectively, these results establish a

robust RNAi platform that is distinct from other RNAi screen

studies (see detailed comparison in Table S1) for discovery

of self-renewal and pluripotency regulators with nuclear

functions.

Because we aimed to identify outliers with effects comparable

to or stronger than RA receptor andGFP knockdown, we applied

a jZ scorej > 2 threshold. Using this approach, we found that

2,926 of the 50,339 noncontrol conditions, corresponding to

728 genes with consistent effects from a total of 16,784 targets

included in the screen, were more than 2 standard deviations

(SDs) in median cell fluorescence from the null-effect (Figure 1E;

Table S2).

To identify a set of interesting but unappreciated factors,

we excluded candidates with established roles in pluripotency

(e.g., Esrrb, Sox2, Sall4) or candidates already identified by other

published RNAi screens (Figure 1F; Table S1), and we selected

candidates in transcription factor, chromatin-modifying, and

signaling GO categories that have been implicated but not

directly studied in the context of pluripotency control, thus nar-

rowing the list to 24 candidates (Figure 1E). In contrast to our pri-

mary screen with pooled siRNAs, we rescreened these 24 candi-

date genes in technical triplicate with their four component

siRNAs in separate wells. Thirteen of the 24 candidates had

repeatable effects on GFP levels (four upregulation and nine

downregulation) by multiple individual siRNAs targeting the

same mRNA (Figures S1B and S1C). We further confirmed the

regulatory effects of these 13 candidates onNanog promoter ac-

tivity by flow cytometry analyses of GFP in NG4 cells infected

with two independent small hairpin RNAs (shRNAs) against

each of candidate genes under the screen condition (Figures

1H and S1D).

In summary, the unique genome-wide RNAi screening plat-

form (Table S1) for Nanog-GFP reporter activity allowed us to

identify additional pluripotency regulators that positively or

negatively regulate the Nanog promoter activity.
Figure 2. Opposing Effects of Snai1 and Snai2 Depletion on Pre-iPSC

(A) Relative expression levels of Snai1, Snai2, and Nanog in NS, rOKM, and iPSC

(B) Ectopic expression of Nanog upregulates Snai1 and downregulates Snai2 i

calculated with the unpaired t test.

(C) Nanog binding peaks are found on theSnai1, but notSnai2, locus (Marson et al

negative control.

(D) ChIP-qPCR validation of Nanog binding to the Snai1 locus. Amplicons are note

(E) Mutually repressive expression of Snai1 and Snai2 in pre-iPSCs measured by

indicate average ± SD of two independent shRNAs each against Snai1 and Snai

(F) Opposing effects of shSnai1 and shSnai2 on Nanog-dependent pre-iPSC rep

shRNAs against each Snai1 and Snai2. p values were calculated with the unpair

(G) Relative expression of pluripotency genes measured by qRT-PCR in clonal p

(H) Relative expression of pri-miR transcripts measured by qRT-PCR in pre-iPSCs

conditions. Values are normalized to Gapdh and snU6 for each condition. Error b

Snai1 and Snai2. p values were calculated with the unpaired t test.

See also Figure S2.

Mo
Snai1 and Snai2 Differentially Regulate Pluripotency
Genes in the Late Stage of Reprogramming
Although dispensable for stem cell pluripotency (Chambers

et al., 2007) and for mouse embryonic fibroblast (MEF) reprog-

ramming when supplemented with vitamin C (Schwarz et al.,

2014), Nanog is required for efficient transition of partially re-

programmed pre-iPSCs into fully pluripotent iPSCs (Carter

et al., 2014; Silva et al., 2009). We sought to understand how

the two mesenchymal transcription factors Snai1 and Snai2

with opposing effects on Nanog promoter activity (Figures 1G

and 1H) may influence this Nanog-driven critical stage of reprog-

ramming. We therefore tested effects of Snai1 and Snai2 knock-

down in the well-established pre-iPSC reprogramming system

as described previously (Silva et al., 2008). Briefly, the pre-iPSCs

were generated by retroviral transduction of neural stem (NS)

cells harboring an Oct4-GFP reporter with Oct4, Klf4, and

c-Myc (rOKM) followed by introduction of shRNAs of interest

and establishment of stable pre-iPSC lines with appropriate

drug selection. Reprogramming to pluripotency was initiated

by a medium switch from serum + leukemia inhibitory factor

(LIF) to 2i + LIF (2i refers to the two chemical inhibitors for extra-

cellular signal-regulated kinase and glycogen synthase kinase

signaling pathways [Ying et al., 2008]) and assessed by scoring

total numbers of Oct4-GFP+ colonies (Figures S2A and S2C).

We found a differential expression pattern of Snai1 and Snai2

during the pre-iPSC-to-iPSC transition amid predicted downre-

gulation of mesenchymal genes and upregulation of epithelial

and pluripotency genes during Nanog-driven pre-iPSC reprog-

ramming (Figure S2B). Notably, we observed high expression

levels of Snai2 in pre-iPSCs (rOKM d0) that declined with Nanog

overexpression (rOKM + N) to a minimal level at day 10 (Fig-

ure S2B) and in final iPSCs (Figure 2A). In contrast, Snai1 expres-

sion remained low in pre-iPSCs but peaked dramatically during

reprogramming with ectopic Nanog at day 10 (Figure S2B) and

in final iPSCs (Figure 2A). In addition, we found ectopic Nanog

expression led to upregulation of Snai1 and downregulation of

Snai2 in pre-iPSCs (Figure 2B), raising the possibility that

Nanog may directly control Snai1 or Snai2 expression during

the reprogramming process. Indeed, we confirmed that Snai1,

but not Snai2, is a direct target gene of Nanog based on a previ-

ous chromatin immunoprecipitation sequencing (ChIP-seq)

study (Marson et al., 2008) (Figure 2C) and our ChIP-quantitative
Reprogramming

cells. Error bars indicate average ± SD (n = 3 for technical triplicates).

n rOKM pre-iPSCs. Error bars indicate average ± SD (n = 3). p values were

., 2008). Amplicons 1 and 2 are at theNanog-bound Snai1 locus. Amplicon 3 is a

d in Figure 2C. Error bars indicate average ± SD (n = 3 for technical triplicates).

qRT-PCR. Data are normalized to empty vector (shEV) and Gapdh. Error bars

2 (n = 3).

rogramming. Error bars indicate average ± SD (n = 3) using two independent

ed t test.

re-iPSCs cultured in serum + LIF at day 0 (before the medium switch).

transduced with indicated shRNAs against Snai1 and Snai2 under serum + LIF

ars indicate average ± SD (n = 3) using two independent shRNAs each against
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Figure 3. Ectopic Snai1 and Snai2 Have Opposite Effects on Nanog-Dependent Pre-iPSC Reprogramming

(A) Reprogramming assay overview.

(B) Relative reprogramming efficiencies from the data shown in Figure S3B (presented as average ± SD [n = 6]). p values were calculated with the unpaired t test.

(C) Relative expression of pluripotency genes measured by qRT-PCR in clonal pre-iPSCs cultured in serum + LIF. Error bars indicate average ± SD (n = 3).

(D) Snai1, but not Snai2, physically interacts with Nanog in pre-iPSCs.

(E) Depiction of Nanog binding peaks at the Lin28 locus. Peak 1 is a negative control. H3K4monomethylation andH3K27 acetylation patterns are displayed below

in blue.

(legend continued on next page)
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(q)PCR analysis (Figure 2D). Furthermore, we observed a nega-

tive feedback control between Snai1 and Snai2 in pre-iPSCs

(Figure 2E), suggesting that Nanog’s inhibition of Snai2 expres-

sion (Figure 2B) may be mediated by upregulated Snai1 levels.

More importantly, we observed an antagonistic function of

Snai1 and Snai2 in pre-iPSC reprogramming with shSnai1

compromising and shSnai2 enhancing Nanog-dependent pre-

iPSC reprogramming assessed by both counting Oct4-GFP+

colonies (Figure 2F and Figures S2C and S2D) and by alkaline

phosphatase (AP) staining (Figures S2E and S2F). Similar effects

of Snai1 and Snai2 depletion on reprogramming were also

observed in MEF (harboring a Nanog-GFP reporter)-derived

pre-iPSC reprogramming (Figures S2G–S2I). We confirmed

that the observed differential reprogramming effects cannot

be explained by cell-cycle alterations upon Snai1 and Snai2

depletion (Figure S2J).

To elucidate how Snai1 and Snai2 may contribute to their

opposing functions in reprogramming, we profiled expression

of pluripotency-associated genes in pre-iPSCs upon Snai1 or

Snai2 depletion in the presence or absence of ectopic Nanog

expression (Figure 2G). These genes are known to be reactivated

during the late phase of reprogramming (Buganim et al., 2012;

Costa et al., 2013; Fidalgo et al., 2012; Polo et al., 2012). Gene

expression analyses at day 0 (before initiation of reprogramming)

revealed that shSnai1 samples (±Nanog) clusteredwithpre-iPSCs

alone,while shSnai2samples (±Nanog) clusteredcloselywithpre-

iPSCs ectopically expressing Nanog (Figure 2G). Moreover, rela-

tive to pre-iPSCs alone that are infected with empty vectors (EV +

shEV), depletion of Snai2 (EV + shSnai2), ectopic expression of

Nanog (Nanog + shEV), or both (Nanog + shSnai2) upregulated

many of these genes, among them Sox2, Esrrb, Cdh1 (or E-cad-

herin), Lin28, and endogenous Nanog (NanogEndo). In contrast,

depletion of Snai1 (EV + shSnai1) had minimal impact on these

genes (Figure 2G). Importantly, we found that Snai1 depletion

led to decreased expression of pluripotency genes that are acti-

vated by ectopic Nanog (Figure 2G, compare the two green rect-

angles), whichmay explain the effect of shSnai1 in compromising

Nanog reprogramming efficiency.

Taken together, our results suggest that the opposing effects

of Snai1 and Snai2 on Nanog-driven reprogramming may be

explained by their differential transcriptional control of key

pluripotency genes.

Ectopic Expression of Snai1 and Snai2 Have Opposing
Functions in Modulating Nanog-Driven
Pre-iPSC-to-iPSC Transition
We also assessed the direct effects of ectopic Snai1 and Snai2

expression on pre-iPSC reprogramming (Figures 3A and S3A).

As expected, Nanog overexpression facilitated the transition

of pre-iPSCs to Oct4-GFP+ and AP+ iPSCs (Figures 3B and

S3B). Strikingly, while no colonies were observed after ectopic

expression of Snai1 or Snai2 alone, Nanog + Snai1 samples

yielded more than twice the number of Oct4-GFP+ colonies as
(F) Cooperative binding of Nanog and Snai1 to the Lin28 locus. Data are from tw

(G) Relative expression of pri-miRs transcripts measured by qRT-PCR in pre-iPSC

Gapdh and snU6 for each condition). Error bars indicate average ± SD (n = 3). p

See also Figure S3.
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Nanog alone, while Snai2 overexpression had an inhibitory effect

(Figures 3B and S3B). This differential reprogramming efficiency

cannot be explained by cell-cycle effects caused by Snai1

or Snai2 ectopic expression (Figure S3C). To confirm iPSC

pluripotency, we established stable Oct4-GFP+ iPSC colonies

free of transgenes (Figure S3D) by piggyBac (PB) transposase

treatment to remove ectopic Nanog and Snai1 transgenes. The

bona fide pluripotency of Nanog iPSCs upon transgene removal

has been proven in previous studies (Costa et al., 2013; Silva

et al., 2009; Theunissen et al., 2011). We confirmed the compa-

rable pluripotency status of transgene-free Nanog + Snai1 iPSCs

and Nanog iPSCs by reduced H3K27me3 foci in female cells

(indicative of X chromosome reactivation); normal expression

of pluripotency surface markers and genes by both immuno-

staining and mRNA profiling in iPSCs (Figures S3E–S3G); and

multilineage differentiation propensities under three indepen-

dent differentiation protocols (Figure S3H).

qRT-PCR analysis further revealed that Snai1, acting together

with Nanog, upregulated critical pluripotency genes such as

Oct4Endo, NanogEndo, Sox2, Tbx3, Esrrb, Tet2, and Lin28, as

well as the epithelial marker Cdh1 in pre-iPSCs (Figure 3C). In

contrast, Snai2 had no effects on some genes (e.g., Oct4Endo,

Sox2, Esrrb) or slightly downregulated other genes (e.g.,

NanogEndo, Tbx3, Tet2, Lin28, Chd1) (Figure 3C). Finally, we

also confirmed the facilitating and hindering functions of ectopic

Snai1 and Snai2, respectively, on Nanog-driven reprogramming

of MEF-derived pre-iPSCs (Figures S3I and S3J), excluding the

possibility of artifacts associated with NS-derived pre-iPSCs

producing the differential effects of Snai1 and Snai2 on

reprogramming.

To elucidate the molecular mechanism by which Nanog and

ectopic Snai1 or Snai2 differentially regulate pluripotency-asso-

ciated genes during reprogramming, we chose the Lin28 gene

due to its pronounced expression change in Nanog + shSnai2

(Figure 2G) and Nanog + Snai1 (Figure 3C) and its established

role in final stage of reprogramming (Tanabe et al., 2013). Lin28

is known to be a Nanog binding target (Marson et al., 2008). We

first asked if Snai1 and Snai2 could impact Lin28 expression via

interactions with Nanog. Interestingly, coimmunoprecipitation

(coIP) of ectopically expressed proteins in heterologous 293T

cells indicated that Snai1, but not Snai2, interacts with Nanog

(Figure S3K). More importantly, such a specific Nanog-Snai1

partnership was also preserved in pre-iPSCs (Figure 3D). These

results suggest that Snai1 and Nanog participate in a protein

complex to transcriptionally activate Lin28 and that Snai2

may indirectly and antagonistically modulate Lin28 expression

via the negative feedback control of Snai1 (Figure 2E). To

directly examine the contribution of differential Nanog and

Snai1 or Snai2 partnership to the Lin28 gene regulation, we

performed ChIP-qPCR analyses on all Nanog binding loci

within the regulatory region of Lin28 as previously reported

(Marson et al., 2008) (Figure 3E). Interestingly, we observed a

slight and reproducible increase of Nanog binding to ‘‘peak
o independent ChIP experiments and presented as average ± SD (n = 2).

s transduced with Snai1 and Snai2 under serum + LIF conditions (normalized to

values were calculated with the unpaired t test.
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Figure 4. The Nanog and Snai1 Partnership in Transcriptional

Regulation of Pluripotency-Associated miRNAs

(A) Depiction of ChIP-seq peaks within the enhancer region of miR-290-295

that are bound by mediator 1 (Med1) and Nanog. 1–7 denote amplicons for

the peaks, and a–g denote amplicons for negative controls. H3K4 mono-

methylation and H3K27 acetylation patterns are noted beneath the peaks.

(B) Nanog facilitated binding of Snai1, but not Snai2, to the enhancer of miR-

290-295 in pre-iPSCs ectopically expressing the indicated factors. 1–7 are

positive binding peaks, and a–g are negative control regions. Error bars

indicate average ± SD from two independent ChIP studies.

(C) Ectopic expression of miR-290-295 family members partially rescues

shSnai1 effect on Nanog-mediated reprogramming. Error bars indicate

average ± SD (n = 3).

See also Figure S4.
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2’’ upon Snai1, but not Snai2 expression (compare green and

purple bars with the red bars in Figure 3F, top). As expected,

there was no Nanog binding to the negative control ‘‘peak 1’’

region irrespective of ectopic Snai1 or Snai2 expression (Fig-

ure 3F, top). More importantly, we observed a dramatic

Nanog-facilitated Snai1 binding to the regulatory region of

Lin28 (green bars versus yellow and red bars in Figure 3F, bot-

tom) but no such cooperative binding between Nanog and

Snai2 (purple bars versus gray and red bars in Figure 3F,

bottom).
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Collectively, our results indicate that a Nanog-Snai1 partner-

ship leads to direct transcriptional activation of pluripotency

genes during the late stage of reprogramming.

Snai1 and Snai2 Differentially Regulate miRNA Genes
during the Last Phase of Reprogramming
Snai1 and Snai2 have been shown to modulate cell proliferation

and miRNA (miR) regulation in a cellular context-dependent

manner (Zheng and Kang, 2013). However, cell-cycle profiling

of pre-iPSCs with loss or gain of Snai1 or Snai2 expression

cannot explain their opposing functions in reprogramming (Fig-

ures S2J and S3C). We thus turned our attention to potential

epithelial-to-mesenchymal transition (EMT)- and/or mesen-

chymal-to-epithelial transition (MET)-implicated miRNAs such

as the miR-200 cluster (Siemens et al., 2011; Wellner et al.,

2009) as potential targets of Snai1 and Snai2 proteins during

reprogramming as well as the miRNA genes regulated by Nanog

(Marson et al., 2008) that play positive roles in reprogramming

(Leonardo et al., 2012).

We found that both knockdown and ectopic expression of

Snai1 or Snai2 alone haveminimal effects on expression of these

miRNA genes in pre-iPSCs in the absence of ectopic Nanog

expression (EV panels in Figures 2H and 3G). We observed

a slight upregulation of miR-290-295 upon depletion of Snai2

(EV + shSnai2) (Figure 2H) or ectopic expression of Snai1 (EV +

Snai1) (Figure 3G). In contrast, ectopic Nanog greatly upregu-

lated the expression of the miR-290-295 cluster (Nanog + shEV

and Nanog + EV samples in Figures 2H and 3G). More impor-

tantly, knockdown of Snai1 reduced and ectopic Snai1 further

enhanced expression of miR-290-295, whereas knockdown

and ectopic expression of Snai2 had the opposite effects

compared with the same treatment of Snai1 on miR-290-295

expression (Nanog panels in Figures 2H and 3G).

It is well established that miR-290-295 plays positive roles

in reprogramming (Judson et al., 2009), although how it was

regulated during the reprogramming process is not known. We

decided to address whether the Snai1-Nanog partnership (Fig-

ures 3D and S3K) may contribute to direct transcriptional activa-

tion of thismiRNA.We therefore performedChIP-qPCR analyses

on all Nanog binding loci (1–7) within the promoter and enhancer

region of miR-290-295 as previously defined (Marson et al.,

2008) (Figure 4A). While we confirmed Nanog binding to these

loci (red bars in Figure 4B, top), we also observed a slight but

reproducible effect of ectopic Snai1 facilitating Nanog binding

to six of seven loci (compare green with red bars in Figure 4B,

top). In contrast, ectopic expression of Snai2 had no or slight

downregulating effects on Nanog binding to these loci (compare

purple with red bars in Figure 4B, top). Interestingly, we also

observed enrichment of Snai1, but not Snai2, at these Nanog-

binding loci (yellow bars in Figure 4B, bottom), which was

strikingly enhanced by ectopic Nanog expression (Figure 4B,

bottom, compare the green bars with the yellow bars). However,

there was no detectable binding of Snai2 to any of these loci

irrespective of Nanog expression (gray and purple bars in

Figure 4B, bottom). To investigate the functional significance

of the Nanog and Snai1 activated miR-290-295 cluster, we per-

formed individual miRNA rescue of Nanog + shSnai1 reprogram-

ming (Figure 4C). We retrovirally introduced GFP-marked
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individual miRNAs into pre-iPSCs stably expressing PB-Nanog +

shEV or PB-Nanog + shSnai1. Two days later, we switched the

culture from serum + LIF to 2i + LIF. Reprogramming was as-

sessed by counting AP+ colonies after 10 days in 2i + LIF culture

(GFP cannot be used due to its presence in the individual

miRNAs [Chen et al., 2012]). Strikingly, we found that eachmem-

ber of the miR-290-295 can partly rescue the reprogramming

defects of PB-Nanog + shSnai1 (compare red and gray bars be-

tween rescue and control samples), with the most pronounced

rescue when the whole cluster is expressed (Figure 4C). These

data conclusively establish the partnership of Nanog and Snai1

and its functional contribution to the final reprogramming stage

by direct transcriptional activation of miR-290-295. The incom-

plete rescue also suggests that direct transcriptional activation

of other key pluripotency genes such as endogenous Nanog,

Esrrb, and Lin28 (Figures 2G and 3C) likely also contributes to

the enhanced reprogramming by Nanog and Snai1.

While let-7 family miRs and miR-290-295 are known to have

opposing effects on ESC self-renewal (Melton et al., 2010),

how such an antagonistic effect is controlled is not known. We

observed minimal expression changes of primary (pri)-miR-let-

7g in pre-iPSCs expressing Nanog±shSnai1 or shSnai2 or

Nanog±Snai1 or Snai2 (Figures 2H and 3G). However, the

marked upregulation of Lin28, an inhibitor of pri-miR-let-7 pro-

cessing, in pre-iPSCs expressing Nanog + shSnai2 (Figure 2G)

or Nanog + Snai1 (Figure 3C) and the direct cooperative binding

of Nanog and Snai1 to the Lin28 locus (Figures 3E and 3F)

suggest that mature let-7 is kept minimal in these cells by the

combined action of Nanog and ectopic Snai1 expression (or

Snai2 depletion). Our study thus provides insight into the mo-

lecular control mechanism for these two opposing groups of

miRNAs during the reprogramming process.

To investigate how miR-290-295 and let-7 family miRs

may contribute to the differential function of Snai1 and Snai2

in reprogramming, we reanalyzed published microarray data

comparing mRNA gene expression profiles of pre-iPSCs and

iPSCs (Sridharan et al., 2009). We found that nearly 50% of

differentially expressed mRNAs are predicted targets of miR-

290-295 (Figure S4A, left). These so-called ‘‘pre-iPSC genes’’

are greatly downregulated in Nanog + shSnai2 but not Nanog +

shSnai1 pre-iPSCs (Figure S4B, left). When analyzing let-7

targets in the same data set (Sridharan et al., 2009), we found

�35% of differentially expressed mRNAs to be potential targets

(Figure S4A, right). These so-called ‘‘iPSC genes’’ include many

pluripotency genes including Lin28 that are upregulated during

the process of attaining full pluripotency (Figure S4B, right).

Therefore, miR-290-295 upregulation and let-7 downregulation

are likely to be involved in the functional antagonism of Snai1

and Snai2 in the Nanog-driven final stage of reprogramming.

Snai2 Does Not Compete with Snai1 in Binding to the
Nanog Sites at the Regulatory Regions of Lin28 and
miR-290-295 Genes
Snai1 and Snai2 are known to bind the E-box motif ‘‘CANNTG’’

and transcriptionally regulate target genes (Wu and Zhou,

2010). The physical association of Nanog and Snai1 (Figures

3D and S3K) and opposing effects of Snai1 and Snai2 on Nanog

function (Figures 2, 3, S2, and S3) in reprogramming prompted
Mo
us to address whether the E-boxmotif is enriched in Nanog bind-

ing loci and whether Snai1 and Snai2 may compete in binding to

the E-box motif within those Nanog binding loci. We searched

the canonical E-box motif ‘‘CANNTG’’ among those published

Nanog peaks and found that 78% and 69% of global Nanog

binding peaks from the Marson et al. (2008) and Chen et al.

(2008) studies contained the E-box motif, with an average of

1.67 and 1.29 E-box sites per Nanog peak, respectively, from

the two Nanog ChIP-seq data sets (Figures 5 and S5). These

results suggest a significant juxtaposition of Nanog and Snai1

or Snai2 binding loci in the genome, consistent with the physical

association and functional cooperation between Nanog and

Snai1 we identified in this study.

Bioinformatic analyses on the miR-290-295 and Lin28

genes revealed many E-box motifs at both Nanog binding and

nonbinding loci (Figure 5A). Snai1, but not Snai2, binds to these

loci, and its binding is specifically enriched in Nanog binding loci

(1–7) but not other nonbinding loci (a–g) (Figure 4B, bottom), sug-

gesting a preference of Snai1 or Snai2 for certain internal dinu-

cleotides (Figure S5A). Such sequence-specific motif binding

preference has been reported for several Snai1 homologs

(Kataoka et al., 2000). To test whether Snai2 could compete

with Snai1 in binding to the miR-290-295 and Lin28 gene loci,

we established control (EV) and Nanog pre-iPSC lines stably

expressing ectopic 3xFlagSnai1 in the presence and absence of

Myc-Snai2 (Figure 5B) and performed 3xFlag (for Snai1) ChIP,

asking whether the overexpression of Myc-Snai2 would reduce

Snai1 binding. As shown in Figure 5C, we did not detect signifi-

cant change of Snai1 binding to these Nanog and Snai1 cobind-

ing loci (yellow and black bars). More importantly, we confirmed

that both Nanog-facilitated binding of Snai1 and direct Nanog

binding to these loci were not affected by the overexpression

of Myc-Snai2 (compare green bars with blue bars in Figures

5C and S5B). Together, our results confirm cooperative Snai1

and Nanog binding to regulatory regions of Lin28 and miR-

290-295 genes that is more likely controlled by a differential

interaction of Snai1 and Snai2 with Nanog but not a competitive

binding to the E-box motifs within the Nanog sites.

DISCUSSION

As noted previously (Subramanian et al., 2009), design differ-

ences contribute to the limited concordance between RNAi

data sets (Figure 1F; Table S1). However, all these loss-of-func-

tion screening strategies have uncovered many previously

unknown and complementary regulators of pluripotency. We

were able to uncover 728 candidate hits with potential functional

significance in pluripotency and reprogramming from our pri-

mary screen (Figure 1E; Table S2). We not only rediscovered

many well-known self-renewal and pluripotency genes from

our screen but also, more importantly, identified several that

have not previously been studied. Thirteen of the 24 total candi-

dates in our secondary screen had a validated impact on Nanog

promoter activity, nine positively and four negatively (Figures 1G

and 1H). We did not findMbd3 in the candidate list as themedian

Z score for this gene was 0.69. This is in contrast with its prom-

inent status in the recent RNAi screen usingNanog-GFP reporter

epiblast stem cells (Rais et al., 2013) but consistent with the
lecular Cell 56, 140–152, October 2, 2014 ª2014 Elsevier Inc. 147
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(A) Depiction of ChIP-seq peaks at regulatory regions of both miR-290-295 and Lin28 genes. The E-box motif is also shown where present.

(B) Various combinations of Nanog, Snai1, and Snai2 were used to generate stable pre-iPSC clones. Western blots confirm transgenic Nanog, 3xFlagSnai1, or
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(C) Flag-ChIP and qPCR analyses of Snai1 binding to the Nanog sites at themiR-290-295 and Lin28a loci in pre-iPSCs. Error bars indicate average ± SD (n = 2).

See also Figure S5.
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minimal changes of Nanog expression in Mbd3 null ESCs (Kaji

et al., 2006; Reynolds et al., 2012). It is likely that Mdb3 depletion

would not impact Nanog expression during loss of pluripotency

within the 2-dayRA differentiation timewindow in our screen. It is

also worth pointing out that the deterministic reprogramming of

Mbd3-depleted somatic cells reported by Rais et al. (2013) has

been challenged by a more recent study demonstrating a

requirement of Mbd3/NuRD function for efficient reprogramming

(Dos Santos et al., 2014). Our screen platform allows for simulta-

neous identification of candidates with increased and decreased

pluripotency reporter activity in the same screen (Table S1),

which led to the identification of the antagonistic roles of Snai1

and Snai2 proteins in controlling pluripotency and reprogram-

ming (Figures 6A–6C).

Because the limited overlap between our candidates and

those from additional screens (Figure 1F) may be due to distinct

differentiation conditions, we checked whether our candidates

were differentially regulated (>2-fold either up or down) relative

to the day 0 time point following 2 days of either LIF withdrawal

differentiation (Hailesellasse Sene et al., 2007) or 2 mMRA differ-

entiation (Ivanova et al., 2006). Restricting our analysis to the

genes probed in both microarrays as well as in our RNAi screen

(Figure S1E, left), we found that our candidates were not over-

represented in the differentially regulated genes under either

LIF withdrawal or RA conditions (Figures S1E, right, and S1F).

Thus, although the effect of candidate depletion on Nanog pro-

moter activity may be dependent on the differentiation condi-
148 Molecular Cell 56, 140–152, October 2, 2014 ª2014 Elsevier Inc.
tions, our candidates are not themselves preferentially regulated

by them.

We focused on Snai1 and Snai2 for detailed mechanistic

studies for several reasons. First, it is well known that both

Snai1 and Snai2 maintain the mesenchymal phenotype by

directly repressing epithelial gene expression (Thiery et al.,

2009), thus functioning as a barrier in inhibiting the requisite

MET process during early reprogramming (Li et al., 2010; Sama-

varchi-Tehrani et al., 2010). The mutually repressive expression

pattern and opposing reprogramming effects during the late

stage of reprogramming are totally unexpected. Second, it was

recently demonstrated that highly coordinated proteome

dynamics during reprogramming involves an EMT feature in

the late stage of the reprogramming process (Hansson et al.,

2012), although the role of Snai1 and Snai2, if any, was not clear.

Third, a reprogramming protocol (Liu et al., 2013) noted the asso-

ciation of optimal reprogramming efficiency with sequential

EMT-MET during the early stage of reprogramming but had not

attempted to study the late reprogramming process. It was

found that the reprogramming factor Oct4 activates early EMT

through Snai2 regulation (Liu et al., 2013). Interestingly, our study

found that Nanog activates Snai1, but not Snai2, during the last

stage of reprogramming (Figures 2A–2D).

We recognize that Snai1 can also function outside of EMT con-

trol (Wu and Zhou, 2010). Upregulation of both Snai1 and Snai2

together with downregulation of Cdh1/E-cadherin are the hall-

marks of EMT. However, our findings that Snai1 and Snai2
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Figure 6. A Model for the Opposing Function of Snai1 and Snai2

in Reprogramming

(A) Transcriptional activation of Snai1, but not Snai2, by Nanog during

pre-iPSC reprogramming.

(B) Summary of regulatory loops controlled by the Nanog-Snai1 complex and

mutual inhibition of Snai1 and Snai2 in transcriptional control of pluripotency-

associated genes and miRNAs. Red-colored signs denote the regulatory

controls defined in this study. Gray lines denote the regulatory controls indi-

cated but not yet defined in this study. Black lines are the regulatory controls

already established from the published literature.

(C) Summary of the salient features of functional antagonisms of Snai1 versus

Snai2 (indicated by mutual inhibition) and Let7 versus miR-290-295, as well

as the physical and functional cooperation of Nanog and Snai1 during the

pre-iPSC-to-iPSC transition. The red two-pointed arrow denotes the protein-

protein interaction between Nanog and Snai1.

See also Figure S6.

Molecular Cell

Snai1 and Snai2 in Reprogramming

Mo
are mutually repressive (Figure 2E) and that Cdh1/E-cadherin

is upregulated upon ectopic expression of Snai1 in pre-iPSCs

(Figure 3C) preclude the EMT process from being considered

the defining feature of Snai1 and Snai2 action during the critical

transition stage of pre-iPSC reprogramming. Rather, the Snai1-

Nanog partnership in cooperative and direct binding to and tran-

scriptional activation of the pluripotency-associated genes (e.g.,

Lin28, miR-290-295) suggests a more pronounced activator

function than the well-established MET repressor function of

Snai1 in early stage of reprogramming (Polo and Hochedlinger,

2010) and in cancer (Peinado et al., 2004). Supporting this,

Snai1+/E-cadherin+ populations have also been reported during

the reprogramming process using single-cell expression ana-

lyses (Buganim et al., 2012). The positive regulation of Cdh1/

E-cadherin by a Snai1 counterpart in Drosophila was previously

reported (Tanaka-Matakatsu et al., 1996), although the molecu-

lar mechanism underlying such a positive control is not clear. We

suspect that Snai1 cooperates with Nanog forming a multipro-

tein complex that transcriptionally activates the pluripotency-

associated genes and miRNAs (Figures 6A and 6B) much like

other pluripotency factors that operate via such combinatorial

binding in the enhancers for target gene activation (Chen et al.,

2008; Kim et al., 2008). In this regard, it is noteworthy that the

interrogated Nanog and Snai1 cobinding loci are also bound

by Med1 and marked with H3K4me1 and H3K27ac as active

enhancers (Figures 3E and 4A). Interestingly, the Snai1 regula-

tory region was one of the retroviral integration (presumably acti-

vation) sites during reprogramming (Aoi et al., 2008).

Snai1 protein was recently shown to be expressed in conven-

tionally cultured (serum + LIF) ESCs and its mRNA upregulated in

ground state pluripotency 2i culture (Lin et al., 2014), suggesting

its role in controlling stem cell pluripotency. However, Snai1 is

dispensable for self-renewal and ESC maintenance, and rather,

it is required for EMT during early differentiation and subse-

quently epiblast stem cell exit and mesoderm commitment (Lin

et al., 2014). The upregulation of both Nanog (Leitch et al.,

2013) and Snai1 (Lin et al., 2014) under 2i + LIF relative to serum+

LIF culture supports their physical and functional relationship

during reprogramming under the same 2i + LIF condition as

defined in our study. However, neither overexpression nor deple-

tion of Snai1 affects Nanog expression and its function in con-

trolling self-renewal and ESC maintenance (Figure S6). Although

the phenotype of Snai1 depletion in ESCs is relatively minor,

consistent and dramatic effects were noted following Snai1

depletion in combination with RA differentiation using multiple

siRNAs targeting distinct regions of the Snai1 mRNA, which al-

lowed us to identify Snai1 as an RNAi hit that positively regulates

the Nanog-GFP promoter (Figures 1 and S1), further highlighting

the power of our unique RNAi screen platform.

In summary, our data demonstrate that cooperative binding

of Nanog and Snai1 through their partnership to downstream tar-

gets in pre-iPSCs is a critical event during the final transition

to naive pluripotency leading to transcriptional activation of plu-

ripotency-associated miRNA and genes (dubbed ‘‘iPS genes’’)

and simultaneous repression of inhibitory miRNA and ‘‘pre-iPS

genes’’ (Figures 6A–6C). Interestingly, an independent study

observed positive roles of Snai1 in early stage of MEF reprog-

ramming by directly repressing let-7 family miRNAs (G. Daley,
lecular Cell 56, 140–152, October 2, 2014 ª2014 Elsevier Inc. 149
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Children’s Hospital Boston, personal communication). Future

studies are needed to understand how the Nanog-Snai1 partner-

ship endows the typical transcriptional repressor Snai1 with an

activator function in promoting the Nanog-driven final stage of

reprogramming, and whether such a connection of Snai1 (but

not Snai2) with the pluripotency programmay relate to the differ-

ential function of Snai1 and Snai2 in development and cancer. Of

note, deletion of Snai1 results in embryonic lethality due to

gastrulation defects (Carver et al., 2001), and conditional

knockout of Snai1 at the epiblast stage also results in embryonic

lethality (Lomelı́ et al., 2009). By contrast, Snai2 germline

knockout mice are viable with impaired postnatal defects (Parent

et al., 2010; Pérez-Losada et al., 2002). In addition, ectopic

expression of Snai1 was found to positively regulate Nanog

expression during EMT in non-small-cell lung cancer (Liu et al.,

2014).

EXPERIMENTAL PROCEDURES

RNAi Library and Screening Strategy

The mouse siGENOME library from Thermo Scientific, covering siRNA targets

for 16,872 genes with pools of four sequences per target gene, was used

to screen for genes that either positively or negatively regulate Nanog-GFP

fluorescence. For the RNAi screen, 384-well Aurora tissue-culture-treated

screening microplates (Brooks Automation) were coated with 0.1% gelatin

for 15 min. Gelatin was aspirated using a 24-channel manifold (Drummond

Scientific). An average of 750 mouse ESCs in a volume 40 ml of mouse embry-

onic stem (ES) media with LIF were added with a MultiDrop Combi liquid

dispenser (Thermo Scientific) to 10 ml of siRNA transfection mixture for

reverse transfection for a final volume of 50 ml containing 1:667 transfection

reagent and 25 nM siRNA. For the next 2 days of culture, media were

changed to mouse ES media without LIF and containing 10 nM RA. Three

days after siRNA transfection, cells were fixed in 2% formaldehyde in PBS

for 15 min, stained with Hoechst 33342 (5 mg/ml; Sigma catalog no. B2261)

for 15 min at room temperature, and washed with PBS twice prior to confocal

fluorescence imaging. For additional details, see Supplemental Experimental

Procedures.

Reprogramming Assays Using MEF- and NS-Derived

Reprogramming Intermediates

MEF- and NS-derived pre-iPSCs were used for reprogramming tests in the

presence or absence of Snai1 and Snai2 ectopic expression or depletion using

a medium switch from serum + LIF to 2i + LIF as previously described (Costa

et al., 2013).

ChIP-qPCR

ChIP was performed with anti-Nanog or anti-Flag in pre-iPSCs followed

by qPCR on the defined loci. See Table S3 for all the primers used in this

study.

Immunoprecipitation and Western Blot Analysis

Whole-cell extracts and nuclear extracts were prepared as previously reported

(Costa et al., 2013). For coIP in human embryonic kidney 293 (HEK293) cells,

we transiently cotransfected cells with plasmids expressing 3xFlag-tagged

Snai1 or Snai2 and V5-His-tagged Nanog. Two days after transfection, nuclear

extracts were prepared and incubated with EZview Red anti-Flag M2 affinity

gel or anti-V5 agarose affinity gel antibody overnight. CoIPed 3xFlag-Snai1,

3xFlag-Snai2, or V5his-Nanog were identified by western blot using anti-

Flag M2 and anti-V5 HRP (Invitrogen catalog no. 1030648), respectively.

Gapdh antibody (Proteintech Group catalog no. 10494-1-AP) was also used

for protein sample loading control. Additional antibodies used in western

blot and coIP or immunoprecipitation analyses are anti-Nanog (Bethyl Labora-

tories catalog no. A300-397A) and anti-Myc (Cell Signaling Technology catalog

no. 2276).
150 Molecular Cell 56, 140–152, October 2, 2014 ª2014 Elsevier Inc.
Analysis of miRNA Target Predictions

Microarray data sets for genes differentially expressed in pre-iPSCs and iPSCs

were downloaded from the Gene Expression Omnibus (GEO) database

(accession number GSE14012) (Sridharan et al., 2009). The set of

mouse genes that are potentially regulated by the miR-290-295 cluster (miR-

290-3p, miR-292-3p, miR-293, miR-204, miR-295) and miR-let-7 family

(miR-let-7a, miR-let-7b, miR-let-7c1, miR-let-7c2, miR-let-7d, miR-let-7f,

miR-let-7g, miR-let-7i) were downloaded from microRNA.org (http://www.

microrna.org/microrna/home.do). Note that the same binding sites for miR-

let-7g are also predicted for other mature miRNAs from the same family,

such as let-7a–let-7f and let-7i. Genes differentially expressed and predicted

to be targets of microRNAs are provided in Table S4. We arbitrarily selected

genes with expression value (log2) difference greater than 2 between iPSCs

and pre-iPSCs.

Analysis of E-Box Enrichment

Nanog ChIP-seq data sets for analysis of E-box enrichment were downloaded

from GEO with accession numbers GSE11431 (Chen et al., 2008) and

GSE11724 (Marson et al., 2008). Reads were uniquely aligned to the mouse

(mm9) genome by Bowtie and Nanog peaks were determined in MACS

software (http://github.com/taoliu/MACS/). Peak sequences were retrieved

by using getfasta in Bedtools software v.2.18.1 (http://github.com/arq5x/

bedtools2). The frequency of the canonical E-Box motif ‘‘CANNTG’’ in Nanog

peak sequences was calculated using in-house Python v.2.7.6 scripts (http://

www.python.org) with Biopython v.1.64 (http://biopython.org/) modules.
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