Genome-wide identification of microRNA
targets in human ES cells reveals a role
tor miR-302 in modulating BMP response
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MicroRNAs are important regulators in many cellular processes, including stem cell self-renewal. Recent studies
demonstrated their function as pluripotency factors with the capacity for somatic cell reprogramming. However,
their role in human embryonic stem (ES) cells (hESCs) remains poorly understood, partially due to the lack of
genome-wide strategies to identify their targets. Here, we performed comprehensive microRNA profiling in hESCs
and in purified neural and mesenchymal derivatives. Using a combination of AGO cross-linking and microRNA
perturbation experiments, together with computational prediction, we identified the targets of the miR-302/367
cluster, the most abundant microRNAs in hESCs. Functional studies identified novel roles of miR-302/367 in
maintaining pluripotency and regulating hESC differentiation. We show that in addition to its role in TGF-$
signaling, miR-302/367 promotes bone morphogenetic protein (BMP) signaling by targeting BMP inhibitors TOB2,
DAZAP2, and SLAINI. This study broadens our understanding of microRNA function in hESCs and is a valuable

resource for future studies in this area.
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The application of human embryonic stem (ES) cells
(hESCs) and induced pluripotent stem cells (iPSCs) in cell
therapy and human disease modeling requires detailed
understanding of the complex signaling network responsi-
ble for self-renewal and differentiation. There is strong
evidence that microRNAs play important roles in devel-
opment, the establishment of cellular identity, and the
regulation of stem cell behavior (Gangaraju and Lin 2009).
Moreover, recent studies have demonstrated a remarkable
ability of microRNAs in promoting reprogramming of
somatic cells toward pluripotency during iPSC induction
and, in some cases, in the absence of the classic reprogram-
ming transcription factors (Anokye-Danso et al. 2011; Lin
et al. 2011; Miyoshi et al. 2011; Subramanyam et al. 2011).

Initial profiling of microRNA in human and mouse
ESCs identified the mir-302 cluster, which encodes for
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miR-302a/b/c/d and miR-367, as the most abundant
microRNA transcript in hESCs and a related cluster,
mir-290~295, as the most abundant in mouse ESCs
(Houbaviy et al. 2003; Suh et al. 2004). The function of
ESC-specific microRNAs was initially studied in Dicer
and DGCRS8 mutants, which showed defects in differen-
tiation and extended Gl phase (Bernstein et al. 2003;
Kanellopoulou et al. 2005; Wang et al. 2007). Subsequent
work implicated mir-302 in TGF-B regulation by target-
ing LEFTY1/2 (Rosa et al. 2009). Additional studies fo-
cused on the role of microRNAs in promoting rapid G1/S
transition and the roles of let-7 and miR-145 in initiating
differentiation (Xu et al. 2009; Melton et al. 2010). While
these studies illustrate important aspects of microRNA
regulation in pluripotent stem cells, a full description of
microRNA function in ESCs requires the systematic
identification of all microRNA targets in ESCs. A recent
study in Dicer-null mouse ESCs pursued the global iden-
tification of microRNA targets (Leung et al. 2011); however,
the resulting target list is missing many of the previously
identified targets, such as Lefty2, Tgfbr2 (Subramanyam
et al. 2011), and RbI2 (Wang et al. 2008). Therefore, it
remains critical to develop reliable strategies to identify
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the set of endogenous microRNA targets in ESCs that are
readily applicable to the study of all pluripotent stem
cells, including hESCs.

Here we report on the genome-wide identification of
miR-302/367 endogenous targets in hESCs using a com-
bination of computational and novel experimental ap-
proaches. We first performed an extensive microRNA
profiling study in undifferentiated hESCs and their prog-
eny at four distinct stages of differentiation. In agreement
with previous studies, we found that the mir-302 cluster
is the predominant microRNA transcript in hESCs and
that its levels rapidly decline upon differentiation (Bar
et al. 2008; Morin et al. 2008). We used a novel photo-
activatable ribonucleoside-enhanced cross-linking and
immunoprecipitation method (PAR-CLIP) (Hafner et al.
2010) that captures AGO2 binding to mRNAs, thereby
identifying the full range of microRNA target sites in
hESCs. Correlation of the CLIP data with miR-302/367
perturbation experiments identified a set of 146 high-
confidence targets representing a wide range of functional
categories, such as regulation of cell proliferation, chro-
matin organization, vesicle transport, actin cytoskeleton,
and extracellular matrix constituents. We uncovered
novel roles of miR-302/367 in hESCs that include mod-
ulation of pluripotency and self-renewal. Furthermore,
we show that miR-302/367 inhibits neural differentiation
and enhances trophectodermal fate by promoting bone
morphogenetic protein (BMP) signaling. Modulation of
BMP signaling is achieved, in part, by suppression of
TOB2, DAZAP2, and SLAIN1, novel miR-302/367 targets
with BMP inhibitory properties. This study presents
a powerful approach for elucidating microRNA function
in stem cells and is a valuable resource for the systematic
exploration of miR-302/367 function in hESCs.

Results

MicroRNA profiling in undifferentiated hESCs
and differentiated cell types derived from hESCs

To characterize the role of microRNAs in hESCs, we first
profiled microRNA expression in undifferentiated cells
(hESCs) and in hESCs at four different differentiation
stages—neural rosettes (R-NSCs) (Elkabetz et al. 2008),
neural progenitors (NPCs), embryoid bodies (EBs), and
mesenchymal precursors (MPCs)—by 454 sequencing of
the small RNAs extracted from each cell type. To avoid
biases from asynchronous differentiation and heteroge-
neous cell populations, the cells were sorted by stage-
specific markers (hESCs, R-NSCs, and MPCs) or mechan-
ically purified (NPCs) (Fig. 1; Elkabetz and Studer 2008).
The microRNA profile in undifferentiated hESCs was
dominated by the abundance of the mir-302 cluster, which
accounted for >60% of all microRNAs expressed in
hESCs (Fig. 1; Supplemental Table S1). Levels of mir-302
cluster drop sharply from the pluripotent to the rosette
stage, suggesting that this cluster has a specific role at the
hESC stage. Other abundant microRNA clusters highly
expressed in hESCs included the mir-17~92 cluster and
its paralog, mir-106a~363, which, unlike the mir-302
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cluster, were also expressed in some of the hESC-derived
cell populations. A number of microRNAs were persis-
tently high in hESCs and most hESC-derived cell types,
such as the oncomir mir-21 and mir-103. We further veri-
fied the expression profile in hESCs by Agilent microRNA
arrays and Solexa sequencing. We found good concordance
between array signal intensities and the sequence counts
(Supplemental Fig. S1), as well as between the two deep-
sequencing methods.

Identification of AGO-binding sites by PAR-CLIP

To directly identify microRNA targets in hESCs, we
performed a genome-wide identification of RISC-binding
sites using the PAR-CLIP approach (Hafner et al. 2010).
Briefly, the binding sites of AGO2, the core component of
RISC, in cultured cells were captured by UV cross-linking
of mRNAs labeled with 4-thiouridine to interacting RNA-
binding proteins. Following immunoprecipitation of the
native AGO2 protein, the cross-linked RNA segments
were recovered, transformed into a ¢cDNA library, and
sequenced. Binding sites were determined as clusters of
overlapping reads where at least 20% of the reads con-
tained a characteristic T-to-C mutation that marked the
cross-linked site (Fig. 2A). The cross-linked centered
regions (CCRs) were defined by a window of 60 nucleo-
tides (nt) around the most frequent cross-linked site,
which were then used to search for microRNA targets.
In total, 7527 CCRs were identified, of which 3411, 1258,
and 125 were mapped to known 3’ untranslated regions
(UTRs), CDSs, and 5’ UTRs, respectively (Fig. 2B), and the
remaining 2733 were intergenic (data not shown). The
majority of the intergenic CCRs are likely fortuitous
binding events to unannotated transcripts. However, we
cannot exclude the possibility that some of these repre-
sent functional microRNA-mediated regulation of non-
coding transcripts. While there is an appreciable number
of CCRs in coding regions, we found that their regulatory
effect is significantly lower than CCRs in 3' UTRs
(Supplemental Fig. S2). Of the CCRs in 3’ UTRs, 2141
(63%) had at least one predicted microRNA target site
(Betel et al. 2010) to the top 29 expressed seed classes in
hESCs (see the Materials and Methods; Supplemental File
S1), whereas the remaining 1270 CCRs did not have
predicted target sites for these seed sequences. Consistent
with the microRNA expression levels in hESCs, the
constituents of the mir-302 cluster—miR-302a/b/c/d and
miR-367—had the largest number of binding sites in
CCRs, followed by members of the mir-17~92 cluster
(Fig. 2C). However, many of the CCRs are predicted to be
regulated by more than one of the top 29 endogenously
expressed seed groups in hESCs. Therefore, the true iden-
tity of the regulating microRNA is ambiguous, and some
CCRs are likely to be targeted by multiple microRNAs.
Due to sequence similarities in the seed regions, ~70%
of the 3 UTR CCRs predicted to be regulated by miR-
302a/b/c/d are also predicted to be regulated by miR-17/
20a/106a, which are members of the highly expressed
mir-17~92 and mir-106a clusters in hESCs (Supplemental
Fig. S3; Supplemental File S1). We found a significant
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Figure 1. MicroRNA sequencing profile in human stem cells. MicroRNA levels were measured by deep sequencing in five hESC-
derived cell populations: hESCs, R-NSCs, NPCs, EBs, and MPCs. To obtain homogenous cell populations, the cells were sorted by
stage-specific markers or mechanically purified. The top panel shows representative images of cell morphology and marker expression
at each differentiation stage. In the bottom panel, color grouping indicates microRNAs that are members of the same primary
transcript and therefore are cotranscribed. The mir-302 cluster that encodes miR-302a/b/c/d and miR-367 is the most abundant
cluster in hESCs and its expression levels rapidly decline upon differentiation. Other abundant microRNAs include mir-17~92 and
its paralog, mir-106a; mir-21; and mir-103, which are persistently expressed in differentiated hESCs (see also Supplemental Table S1;

Supplemental Fig. S1).

number of CCRs that mapped to coding sequences. How-
ever, in contrast to the sites in 3’ UTRs, the number of
CCRs in coding regions that contained target sites for any
of the hESC-expressed microRNAs is similar to the
number of CCRs with no such target sites (Fig. 2B). This
is consistent with previous CLIP results that found no
enrichment of target sites in CCRs from coding regions
(Chi et al. 2009; Hafner et al. 2010). Contrary to a previous
report of microRNA-mediated regulation in the coding

regions of Oct4, Nanog, and Sox2 in mouse ESCs (Tay et al.
2008), we found no evidence of AGO2-binding events in
these genes, suggesting that such regulation may be
specific to mice or not detected by our approach due to
technical reasons. Furthermore, it was previously reported
that miR-145, which is expressed at low levels in H9 cells
and up-regulated upon EB differentiation, targets the 3’
UTRs of OCT4, SOX2, and KLF4 (Xu et al. 2009). In this
study, we detected only low levels of miR-145 in the EB
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Figure 2. Experimental and computational identification of miR-302/367 targets in hESCs. (A) PAR-CLIP data provide precise location
of the AGO2-binding site with hallmark T-to-C mutation at the cross-linked site. This position is typically upstream of the
complement microRNA seed sequence shown in the novel SLAIN1 target site identified in this study. The top panel represents an miR-
302a predicted target site (at position 145 in the 3’ UTR), and the bottom panel depicts the mapped sequence reads and mismatched
positions in green. (B) Summary of the genomic mapping of the CCRs identified by PAR-CLIP. Of the total 7527 CCRs, 4794 (>63%)
were mapped to annotated genes. Orange bars indicate the number of CCRs with predicted target sites for one or more of the
endogenously expressed (top 29) seed sequences in hESCs, whereas red bars indicate the number of CCRs with no predicted sites for
these microRNAs. (C) A summary of the number of CCRs targeted by each of the top 29 hESC-expressed microRNA seed families.
Average cross-link is the average fraction of reads in the CCRs with T-to-C mutations (see also Supplemental File S1; Supplemental
Table S2). (D) Inhibition of miR-302/367 results in up-regulation of their predicted targets. The cumulative distribution of the log2
expression change of miR-302/367 targets is significantly increased after miR-302/367 inhibition relative to the background set that
lacks miR-302/367 predicted targets. Similarly, the miR-302/367 targeted genes identified in the PAR-CLIP experiments are also
significantly up-regulated following miR-302/367 inhibition. In contrast, targets of miR-21, another highly expressed microRNA in
hESCs, do not undergo a significant change in expression, indicating specific inhibition of miR-302/367. (E) In contrast to inhibition,
ectopic expression of miR-302/367 results in only a minor decrease in the expression of their targets.
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and MPC data and did not find evidence for AGO2 binding
of pluripotency factors in undifferentiated hESCs.

Genome-wide identification of miR-302/367 targets
in undifferentiated hESCs

The PAR-CLIP data provide a genome-wide map of the
AGO2-binding sites; however, the data do not indicate
which of those sites leads to microRNA-mediated down-
regulation of the target genes. To identify the targets that
are under direct mir-302 cluster regulation in hESCs, we
performed miR-302/367 perturbation experiments by
overexpression or inhibition of miR-302/367 to identify
the genes whose expression levels are regulated by this
cluster.

Transfection of hESCs with miR-302/367 mimics or
cholesterol-modified antagomirs (Kriitzfeldt et al. 2007)
led to the increase or decrease of miR-302/367 function,
respectively, as measured by a dual-luciferase reporter con-
taining artificial tandem miR-302a target sites (Supplemen-
tal Fig. S4). Gene expression analysis and computational
target prediction following the inhibition of miR-302/367
showed a strong up-regulation of the miR-302/367 puta-
tive targets (P-value = 2.22 X 107! KS test) (Fig. 2D;
Supplemental Table S2). We also confirmed by additional
analysis that the antagomir treatment inhibited both
miR-302 and miR-367 activity independently and did
not affect microRNAs with similar seed sequences (Sup-
plemental Fig. S5). In contrast, there was only marginal,
although significant, down-regulation of miR-302/367
targets following the overexpression of this cluster (Fig.
2E). Similarly, in the dual-luciferase system, miR-302/367

MicroRNA target identification in hESCs

overexpression had only a modest effect on luciferase
activity compared with miR-302/367 inhibition. We rea-
soned that the existing high levels of endogenous miR-
302/367 saturated the repression of their targets, and
therefore any additional increase in miR-302/367 resulted
in only minor additional down-regulation. However, the
lack of significant target down-regulation may also be
attributed to poor incorporation of the transfected miR-
302/367 into the RISC complex.

Identification of high-confidence miR-302/367
target genes

The correlation of the PAR-CLIP experiment with the
miR-302/367 perturbation experiments identified a set of
146 high-confidence targets that (1) had 3’ UTR AGO2-
binding sites corresponding to miR-302/367 target sites
and (2) were significantly up-regulated after inhibition of
miR-302/367 (Fig. 3A). These 146 genes were significantly
more up-regulated by miR-302/367 inhibition than the
other 476 up-regulated targets that did not contain miR-
302/367 CCRs (P-value = 3.7 X 1077, KS test) (Supplemen-
tal Fig. S6a). Similarly, there was an increase in the number
of cross-linked reads in this gene set relative to the set of
the other 588 genes with miR-302/367 CCRs that were not
differentially up-regulated following miR-302,/367 inhibi-
tion (P-value = 1.6 X 10~°) (Supplemental Fig. S6B). Thus,
the experimental results and the enrichment analysis
indicate that these 146 genes represent a high-confidence
set of bona fide miR-302/367 targets in hESC.

Included in our set of high-confidence targets are pre-
viously characterized miR-302 targets such as LEFTY1,
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Figure 3. High-confidence microRNA-302/367 targets. (A) The intersection between PAR-CLIP data and the miR-302/367
perturbation experiments identifies the set of most regulated targets. The set of 146 high-confidence miR-302/367 targets is defined
as those genes with favorable mirSVR scores (Betel et al. 2010) that are significantly up-regulated after miR-302/367 inhibition and have
identified PAR-CLIP sites in their 3’ UTRs. (B) The full list of high-confidence miR-302/367 targets in undifferentiated hESCs. Included
in this list are a number of previously identified miR-302 targets (e.g., LEFTY1/2 [Rosa et al. 2009], CDKNI1A [Wang et al. 2008], and
TGFBR2 [Subramanyam et al. 2011]), many that are implicated in cell cycle regulation (e.g., BTG1,2,3), and negative regulators of BMP

and TGF-B signaling.
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LEFTY2 (Rosa et al. 2009), p21 (CDKN1A) (Wang et al.
2008), TGFBR2 (Subramanyam et al. 2011), and Cyclin
D2 (CCND2) (Lee et al. 2008) (Fig. 3B). Our screen also
identified a novel miR-302 target site in PTEN’s 3’ UTR
in addition to the previously described site (Poliseno et al.
2010). Functional analysis of this gene set revealed a signif-
icant overrepresentation of genes regulating cell cycle and
proliferation as well as additional biological pathways,
suggesting that the mir-302 cluster modulates a wide
range of functionalities in undifferentiated hESCs in a
fashion similar to the programming factors (Cerami et al.
2010; Warde-Farley et al. 2010).

miR-302/367 is a positive regulator of pluripotency
and self-renewal in hESCs

To further investigate the role of miR-302/367 in regu-
lating pluripotency, we performed gain-of-function and
loss-of-function studies for miR-302/367 in undifferenti-
ated hESCs using microRNA antagomirs and mimics
followed by quantitative analyses of pluripotent behavior
and differentiation. Previous studies have demonstrated
a role for ESC-specific microRNAs in suppressing regu-
lators of the G1/S transition (Wang et al. 2008). We
observed that inhibiting miR-302/367 function in hESCs
increased the percentage of cells in the G1 phase of the
cell cycle (Fig. 4A). In addition to the previously described
miR-302 target, p21, which is a known negative regulator
of G1/S transition, other high-confidence targets were
previously shown to regulate cell cycle in other cell types,
including BTG1/2/3, TOB2 (Winkler 2010), PTEN
(Ramaswamy et al. 1999; Mamillapalli et al. 2001), and
HBP1 (Berasi et al. 2004). Cyclin D2 (CCND2), which was
identified in our screen and previously reported as an miR-
302 target (Lee et al. 2008), is a positive regulator of the G1/S
transition in differentiated cells. The role of D-type cyclins
in hESCs is less clear, and it is thought that hESCs are less
dependent on D-type cyclins for rapid cell cycles, pre-
sumably due to the constitutively hyperphosphorylated
state of RB (Fluckiger et al. 2006).

We next tested whether perturbation of miR-302/367
impacts other aspects of hESC maintenance, such as the
expression of pluripotency markers and hESC self-renewal.
Stage-specific embryonic antigen-3 (SSEA-3) is a well-
characterized marker in pluripotent stem cells and preim-
plantation embryos, and is rapidly down-regulated upon
differentiation (Henderson et al. 2002; International Stem
Cell Initiative 2007). Inhibition of miR-302/367 led to a sig-
nificant decrease in the relative percentage of cells express-
ing SSEA-3 (Fig. 4B). In contrast to other pluripotency
markers such as SSEA-4, expression of SSEA-3 is limited
to the most deeply pluripotent fraction of hESCs. The
SSEA-3-negative hESC subfractions have been shown to
differentiate more readily and exhibit decreased clono-
genic potential (Stewart et al. 2006). We therefore next
tested the clonogenic behavior of undifferentiated hESCs
following miR-302/367 perturbation experiments. Upon
transfection with miR-302/367 and control antagomirs or
mimics, cells were replated at clonal density (Franken
et al. 2006). After 7 d of culture, the total number of
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OCT4-positive colonies was determined. Inhibition of
miR-302/367 led to a significant decrease in the number
of OCT4-positive clones, while overexpression of miR-
302/367 led to an increase in OCT4-positive clones as
compared with their respective control conditions (Fig. 4C).
This suggests that miR-302/367 acts as a positive regula-
tor for the expression of pluripotency markers and self-
renewal behavior in undifferentiated hESCs, promoting
robustness of the pluripotent stage and preventing pre-
mature differentiation.

miR-302/367 modulates TGF-B and BMP signaling
during neural induction

Previous studies have suggested a role for miR-302/367 in
neural differentiation mediated by LEFTY1/2 during
hESC-derived EB culture and in early frog development
(Rosa et al. 2009). Here, we took advantage of our recently
established neural induction protocol based on dual
SMAD inhibition upon exposure of hESCs to recombi-
nant Noggin (BMP inhibition) and SB-431542 (inhibition
of TGF-B/Activin/Nodal) (Chambers et al. 2009). The
defined nature of the protocol allows for selective in-
terrogation of the BMP versus TGF-/Activin/Nodal sig-
naling branches during neural induction. Cells were
transfected with miR-302/367 or control antagomirs
and treated for 7 d (1) with both inhibitors (Noggin and
SB), (2) with TGF-B/Activin/Nodal inhibitor only (SB), (3)
with BMP inhibitor only (Noggin), or (4) in the absence of
either inhibitor. At day 7 of differentiation, cells were col-
lected for expression analysis of the early neural marker
PAX6 by quantitative RT-PCR (QRT-PCR|) (Zhang et al.
2010). In all four conditions, PAX6 expression was higher
in antagomir-treated cells compared with the control.
However, the most dramatic differences were observed in
the SB condition. Similar results were obtained using
qRT-PCR for another early neural marker, SOX1 (Pevny
et al. 1998), and using quantitative analysis of PAX6
induction by intracellular flow cytometry (Supplemental
Fig. S7). These data suggest that even in the presence of
TGF-B/Activin/Nodal pathway blockade, inhibition of
miR-302/367 exerts a strong positive effect on neural
induction. The most obvious explanation for this result
might be regulation of the BMP pathway by miR-302/367,
presumably by targeting an endogenous BMP inhibitor.
Treatment with miR-302/367 antagomirs alone, in the
absence of Noggin and SB-431542, did not significantly
promote neural induction (Fig. 4D), suggesting that the
regulation of TGF-B and BMP pathways by miR-302/367
inhibition alone did not reach levels sufficient to trigger
neural induction.

We then proceeded to test the effect of miR-302/367
inhibition on induction of other lineages. Endoderm is
induced by Activin/Nodal signaling (D’ Amour et al. 2005),
and mesendoderm is induced by both Activin/Nodal
and BMP signaling (Winnier et al. 1995; Kimelman 2006;
Zhang et al. 2008). After transfection of miR-302/367
antagomirs and controls, we carried out directed differen-
tiation toward mesoderm or endoderm. Consistent with
previous reports (Rosa et al. 2009), miR-302/367 inhibition
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Figure 4. The miR-302/367 cluster promotes pluripotency and modulates BMP signaling during differentiation. (A) FACS-based cell
cycle analysis on propidium iodide (PI)-stained cells was used to determine the percentage of cells in a given cell cycle phase. Inhibition
of miR-302/367 by antagomirs increased the fraction of cells in G1 phase relative to control (n = 3 independent experiments: antagomir
vs. control: P < 0.05 for G1, S, and G2/M comparisons). (B) Inhibition of miR-302/367 by antagomirs results in reduction of pluripotency
as measured by FACS analysis of the pluripotency marker SSEA-3. (C) Quantification of hESC clonogenicity as determined by the
number of OCT4" colonies 7 d after replating at clonal density. (D) qRT-PCR for early neural marker PAX6 after 7 d of differentiation in
knockout serum replacement (KSR)-based medium containing inhibitors of BMP (Noggin) and TGF-B/Activin/Nodal (SB-431542)
signaling pathways. (E) qRT-PCR for trophectoderm markers CDX2, KRT7, and CGA after 3 d of differentiation in RPMI medium with
BMP4. (F) qRT-PCR analysis for BMP target gene ID1 (left panel) and luciferase assay of BMP reporter Tlx2-lux (right panel) 36 h after
miR-302/367 inhibition by antagomir. (G) gqRT-PCR of ID1 48 h after siRNA-mediated knockdown of targeted genes. (H) qRT-PCR of
PAXG6 after 7 d of differentiation in KSR-based medium containing inhibitor of TGF-B/Activin/Nodal signaling and simultaneous
siRNA knockdown of DAZAP2, SLAIN1, and TOB2. (*) P <0.05; (**) P<0.01; (***) P < 0.001 compared with control antagomir mimic
or siRNA (see also Supplemental Figs. S7, S8).

led to a decrease in the level of expression of markers Nodal signaling (Xu et al. 2002; Chen et al. 2008; Wu et al.
specific for mesoderm (BRACHYURY) and endoderm 2008). Upon miR-302/367 inhibition, we observed a de-
(SOX17) lineages (Supplemental Fig. S8), likely due to the crease in the efficiency of trophectoderm induction, as
derepression of TGF-B/Activin/Nodal inhibitors such as measured by the level of expression of trophectoderm

LEFTY1/2. On the other hand, induction of trophectoderm markers CDX2, KRT7, and CGA (Fig. 4E; Schulz et al.
requires BMP signaling but is inhibited by TGF-8/Activin/ 2008). The decreased trophectoderm induction cannot be
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explained by a decrease in TGF-B/Activin/Nodal signaling
due to derepression of LEFTY1/2, which would be ex-
pected to increase trophectodermal yield (Wu et al. 2008).
Our data rather suggest that miR-302/367 inhibition medi-
ates derepression of a BMP-inhibitor responsible for de-
creased trophectodermal yield. These findings were further
corroborated by measuring modulation of BMP signaling
levels in reporter assays for T1x2 and ID1. Both of these
genes are regulated selectively by BMP but not by TGF-
B/Activin/Nodal signaling (Tang et al. 1998; Korchynskyi
and ten Dijke 2002). We observed decreased TIx2-lucifer-
ase activity and IDI1 transcript upon miR-302/367 in-
hibition, consistent with a positive regulation of BMP-
induced transcriptional activity by miR-302/367 (Fig. 4F).

miR-302/367 up-regulates BMP signaling by inhibition
of DAZAP2, SLAIN1, and TOB2

To determine which of the 146 high-confidence targets
function as BMP inhibitors, we performed siRNA knock-
down of 11 candidate genes selected based on their robust
regulation by miR-302/367 or their known involvement
in BMP signaling in other cell types. hESCs were trans-
fected with siRNAs targeting each of the 11 genes. In
addition, we used a negative control siRNA and siRNAs
targeting SMADG6 or SMADY (inhibitory, -SMADs known
to repress BMP signaling) (Hata et al. 1998; Souchelnytskyi
etal. 1998). After 48 h, cells were assayed for ID1 levels by
qRT-PCR. Among the 11 genes, knockdown of DAZAP2,
SLAIN1, or TOB2 resulted in the most robust up-regulation
of ID1, to levels comparable with knockdown of -.SMADs
(Fig. 4G; Supplemental Fig. S9A), suggesting that each of
these genes is a negative regulator of BMP signaling. Knock-
down levels for each of the three genes and I-SMAD were
comparable (Supplemental Fig. S9b), suggesting that our
results were not skewed by differences in siRNA efficien-
cies. We also confirmed by luciferase assay that the three
genes are regulated by miR-302 (Supplemental Fig. SOC-E).
We next tested whether knockdown of these genes can
impact neural differentiation propensity. While down-
regulation of each gene did not have a significant effect on
differentiation (data not shown), simultaneous knockdown
of all three genes dramatically decreased neural induction
efficiency in the presence of the TGF-B/Activin/Nodal sig-
naling inhibitor (Fig. 4H). Our data demonstrate that miR-
302/367 promotes BMP signaling by targeting DAZAP2,
SLAIN1, and TOB2, and that inhibition of these three
genes can repress neural differentiation of hESCs.

Discussion

In this study, we presented the first unbiased, genome-
wide survey of miR-302/367 targets and function in
hESCs. Our novel strategy for target identification was
based on the combination of (1) global identification of
genes regulated by miR-302/367 in perturbation studies,
(2) global identification of genes cross-linked to AGO2
using PAR-CLIP technology, and (3) computational predic-
tion of miR-302/367 targets. This approach enabled the
identification of a comprehensive list of high-confidence

2180 GENES & DEVELOPMENT

targets, including most known targets and many novel
genes regulated by miR-302/367. Gain-of-function and
loss-of-function studies of miR-302/367 in undifferenti-
ated hESCs performed in parallel confirmed a functional
role in promoting G1/S transition and identified novel
roles in stabilizing pluripotency and in regulating both
the TGF-B and BMP branches of SMAD signaling during
neural differentiation. Finally, we linked the proposed
role of miR-302/367 in regulating BMP signaling to a set
of novel targets—including TOB2, DAZAP2, and SLAIN1—
that show BMP inhibitory activity in undifferentiated
hESCs.

A key component of our study was the combination of
complementary experimental and computational ap-
proaches that resulted in the identification of a set of high-
confidence miR-302/367 targets. On their own, microRNA
perturbation, PAR-CLIP, and computational target pre-
diction were not sufficient for accurate identification of
functional target sites. Inhibition of miR-302/367 resulted
in relatively modest changes in expression levels for most
of the predicted miR-302/367 targets, which makes it
difficult to identify the true targets strictly by significance
of log expression changes. In contrast, the PAR-CLIP method
provides a comprehensive mapping of AGO2-binding sites
in the genome but does not provide a direct measure of
the extent of microRNA-mediated regulation, and the
identity of the regulating microRNAs is often ambiguous.
Finally, accurate prediction of microRNA target sites is
a difficult computational challenge and, despite algorith-
mic advancements, the number of false predictions re-
mains high. The combined target identification approach
allows for accurate discovery of the endogenously regu-
lated microRNA targets without the need for individual
verification of each site.

This study is also the first application of the PAR-CLIP
method using antibodies toward the native AGO2 pro-
teins, rather than a Flag/HA-tagged form that requires
engineering of cells and is prone to artifacts caused by
nonphysiological AGO2 levels. Accordingly, our method
is broadly applicable to identify microRNA regulation
in most cell types. A primary feature of the PAR-CLIP
method is the introduction of T-to-C mutation at the site
of cross-linking, which experimentally identifies, almost
at anucleotide-level resolution, the site of AGO2 binding.
However, due to seed sequence similarities among the
highly expressed microRNAs in hESCs, 52% of the CCRs
in 3’ UTRs are potentially targeted by more than one
seed family. In addition, 29% of the 1432 genes with
multiple CCRs in their 3’ UTRs are regulated by more
than one microRNA seed sequence (Supplemental File S1).
These results underscore the multiplicative nature of
microRNA regulation, where a single UTR, or even a
single AGO-binding site, can be regulated by multiple
distinct microRNAs.

Our functional studies revealed a novel role for miR-
302/367 in promoting BMP signaling in undifferentiated
hESCs in addition to the well-known function of regulating
TGE-B signaling. Loss of function of DAZAP2, SLAINI,
and TOB2 leads to up-regulation of the BMP-responsive
ID1 with concomitant decrease of neural induction



efficiency (Fig. 5). This is consistent with previous find-
ings that TOB2, a member of BTG/TOB family, acts on
SMADG6/7 and inhibits BMP signaling (Yoshida et al.
2003) as well as BTG3, which inhibits BMP in osteoblasts
(Miyai et al. 2009). There is evidence that suggests that
SLAIN1 and DAZAP2 have important developmental
functions, but their role in BMP inhibition has not been
previously demonstrated. SLAIN1 is a poorly character-
ized gene expressed in mouse and human ESCs and in
some tissues of the developing mouse embryo, predom-
inantly in the nervous system (Hirst et al. 2010; Smith
et al. 2010). In Xenopus, DAZAP2 is required for FGF2-
mediated posterior patterning (Roche et al. 2009) and
FGFs are known to negatively regulate BMP signaling
(Sapkota et al. 2007), suggesting that DAZAP2 may act
with additional factors to modulate BMP indirectly.
TGF-B/Activin/Nodal signaling in hESCs promotes
pluripotency (Xu et al. 2008), while BMP signaling promotes
differentiation toward mesoderm and trophectoderm
(Xu et al. 2002; Zhang et al. 2008); therefore, it is strik-
ing that a microRNA cluster that positively regulates
pluripotency and self-renewal in hESCs would also promote
BMP signaling by targeting its inhibitors. One possible ex-
planation for this result is the default model of neural
specification, which states that in the absence of cell-cell
signaling, hESCs are fated to differentiate along the neural
lineage rather than to mesendodermal or trophectodermal
fates (Mufoz-Sanjuan and Brivanlou 2002). Therefore, by
targeting inhibitors of BMP and TGF-B/Activin/Nodal
signaling pathways, which in turn activates those path-
ways, miR-302/367 both suppresses neural induction and
promotes pluripotency. Based on our set of validated miR-
302/367 targets, several additional mechanisms may con-
tribute to promoting pluripotency and self-renewal. For
example, targeting of PTEN by miR-302 suggests regulation
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of AKT/PI3K signaling, a pathway that was previously
linked to expression of pluripotency markers in hESCs
(Armstrong et al. 2006) and Nanog regulation in sperma-
tagonial cells (Kuijk et al. 2010). Alternatively, prolonging
the G1 phase of the cell cycle following miR-302/367
inhibition may predispose hESCs to spontaneous differ-
entiation, as inhibition of G1/S progression in hESCs has
been shown to promote loss of pluripotency marker SSEA-4
and hESC morphology (Neganova et al. 2009). Interestingly,
some targets identified in this study, such as members of
the BTG/TOB family, regulate concomitantly cell cycle
progression as well as BMP signaling. BTG/TOB proteins
have also been shown to regulate nuclear receptor activ-
ity, transcription factor binding, and arginine methyla-
tion during embryonic development and are typically
associated with differentiation (Prévot et al. 2000; Berthet
et al. 2002; Busson et al. 2005; Kawate et al. 2005; Passeri
et al. 2006).

Recent studies have demonstrated that expression
of miR-302/367 in fibroblasts is sufficient to induce
pluripotency or enhance iPSC induction in combination
with pluripotency transcription factors (Anokye-Danso et al.
2011; Lin et al. 2011; Miyoshi et al. 2011; Subramanyam
et al. 2011). It has been suggested that miR-302/367 may
act by promoting mesenchymal-to-epithelial transition
(MET) through suppression of TGF-§ signaling-mediated
epithelial-to-mesenchymal transition (EMT) by targeting
TGFBR2 (Subramanyam et al. 2011). Consistent with this
role, our target list includes, in addition to TGFBR2, several
other genes associated with EMT, such as SMAD2, the zinc
transporter gene SLC39A6 (Yamashita et al. 2004), and
DDX3X. Furthermore, positive regulation of BMP signal-
ing by miR-302/367 could also promote BMP-dependent
MET during reprogramming (Samavarchi-Tehrani et al.
2010). By computational analysis (Cerami et al. 2010;
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Figure 5. miR-302/367 targets modulate TGF-B and BMP signaling. In hESCs, neural induction is initiated by inhibition of TGF-8 and
BMP signaling. The rapid decline in mir-302 levels upon neural induction suggests that miR-302/367 promotes self-renewal and
pluripotency and represses neural differentiation, possibly by suppressing inhibitors of TGF-g and BMP pathways. In this study, we
identified three novel miR-302/367 targets that inhibit BMP signaling. Thus, by promoting TGF- and BMP signaling at the ESC stage
through down-regulation of pathway inhibitors, miR-302/367 promotes the pluripotency stage and attenuates neural differentiation.
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Warde-Farley et al. 2010) of the 146 genes regulated by
miR-302/367, we identified a number of additional path-
ways that may be involved in modulating pluripotent
cell behavior, including vesicular transfer (SEC23A,
RAB22A, SARI1B, and AP4S1), chromatin regulators (ASF1A,
SMYD2, KDM5B, and ARID4B), and cytoskeletal modu-
lators (PEN2, TWE1, CFL?2, and FBLNT1).

Our list of 146 validated targets is a valuable resource
for future functional studies to comprehensively define the
role of miR-302/367 in all aspects of human pluripotent
cell behavior as well as in the reprogramming process.
Our strategy for the global identification of microRNA
targets is a powerful approach for elucidating microRNA-
mediated regulatory networks in many cell types and
biological systems beyond pluripotent hESCs.

Materials and methods

Cell culture, differentiation, and characterization

hESCs (WA-09), passages 33-50, were maintained on irradiated
mouse embryonic fibroblast (MEF) feeder layers as described pre-
viously (Perrier et al. 2004), and, for some of the experiments,
under feeder-free conditions on Matrigel according to Xu et al.
(2001), with a daily change of medium—consisting of DMEM/F12
medium, 20% knockout serum replacement (KSR) (Invitrogen), non-
essential amino acids, 1 mM L-glutamine, 10 .M B-mercaptoethanol,
and 8 ng/mL FGF2—and passaged weekly using 4 U/mL dispase
in hESC medium. For microRNA profiling, R-NSCs were gener-
ated as described previously (Elkabetz et al. 2008). Briefly, disso-
ciated hESCs were plated on irradiated (50 Gy) stromal cells
(MS5s) and maintained in knockout DMEM medium (Invitrogen);
15% KSR medium (Invitrogen) with 2 mM L-glutamine, 10 pM
B-mercaptoethanol, and nonessential amino acids and supple-
mented with Noggin (250 ng/mL) for 7 d; and with SHH (200 ng/mL),
FGF8 (100 ng/mL), ascorbic acid (200 wg/mL), and BDNF (20 ng/mL)
for an additional 4 d. Subsequently R-NSCs were mechanically
passaged onto culture dishes precoated with 15 pg/mL polyorni-
thine and 1 pg/mL laminin (Po/Lam) in N2 medium supple-
mented with SHH (200 ng/mL), FGF8 (100 ng/mL), ascorbic acid
(200 pwg/mL), and BDNF (20 ng/mL) and harvested after 1 wk in
culture. NPCs were derived from R-NSCs upon extended culture
in FGF2/EGF (day 95 of differentiation) as described previously
(Elkabetz et al. 2008). MPCs were generated as in Barberi et al.
(2007). In brief, hESCs were dissociated with 0.05% Trypsin and
plated at 500 cells per square centimeter on irradiated MEFs and
maintained in hES conditions until day 4. Cells were further
differentiated in ITS medium (days 5-20), followed by exposure
to a-MEM medium with 10% fetal bovine serum (days 21-35).
For EB formation, hESC colonies were detached by dispase, washed,
and plated into ultralow adhesion plates in knockout DMEM
supplemented with glutamine and 20% defined FBS (Hyclone).
The resulting EB cultures were maintained for 21 d.

Each cell type was characterized as described previously
(Barberi et al. 2007; Elkabetz et al. 2008), including immunocy-
tochemistry for the pluripotency marker Oct4 (Santa Cruz Bio-
technologies), the neuroepithelial marker Zicl (Novus Biologi-
cals), the polarity marker ZO1 (BD Pharmingen), the neural stem
cell markers Sox2 (Abcam) and Nestin (Neuromics), and the
MPC marker Vimentin (Sigma).

MicroRNA profiling

Small RNA libraries from the five differentiation states (un-
differentiated hESCs, N-RNCs, NPCs, EBs, and MPCs) were

2182 GENES & DEVELOPMENT

generated from 5 pg of total RNA as described in Hafner et al.
(2008) and sequenced by 454 sequencing. The reads were pro-
cessed similarly to Rajasethupathy et al. (2009). Briefly, the
sequence reads were mapped to a database of known RNAs, and
expression levels were determined by the number of sequence
reads mapped to known microRNAs and normalized by the total
number of microRNA reads in each library. A second profiling
experiment was performed using Agilent microRNA arrays
(human microRNA version 1.0), and signal intensities were
processed by vsn and limma Bioconductor R packages. Addi-
tional microRNA sequencing for undifferentiated hESCs was
performed using Solexa sequencing.

MicroRNA target prediction

MicroRNA target predictions were performed using a variant of
the miRanda algorithm (John et al. 2004) using a score cutoff of
120 and gap opening and gap extension of —9 and —4, respectively.
Target sites were scored by mirSVR, which ranks predicted target
sites using a combination of local and global features of the target
site (Betel et al. 2010). The top expressed microRNAs in hESCs
(54 microRNAs with sequence counts of more than two repre-
senting 29 seed classes) were used to predict target sites in the
PAR-CLIP CCRs. Predictions were filtered for perfect 6-mer seed
complementarity or targets with a mirSVR score —0.05 or lower,
which allowed prudent inclusion of noncanonical targets with
favorable features (e.g., conservation). Similar prediction was
performed for miR-302/367 targets in the overexpression and
inhibition experiments.

PAR-CLIP

PAR-CLIP was performed as described in Hafner et al. (2010)
with small modifications. hESCs were passaged onto Matrigel
(BD)-coated plates and maintained with MEF-conditioned me-
dium and 10 ng/mL FGF2. After 3 d, the cells were treated with
100 uM 4SU for 6 h and 100 X 10° cells were irradiated with
0.15 mJ/cm? 365-nm UV light to cross-link RNA to RNA-
binding proteins. Cells were harvested and lysed in NP40 lysis
buffer. The cleared cell lysates were treated with RNase T1. AGO2
was immunoprecipitated with monoclonal anti-AGO2 antibodies
(C1.9E8.2) bound to Protein G Dynabeads (0.25 mg of antibody
per milliliter of beads). RNase T1 (100 U/mL) was added to the
immunoprecipitate. Beads were washed and resuspended in de-
phosphorylation buffer. Calf intestinal alkaline phosphatase was
added to dephosphorylate the RNA. Beads were washed and
incubated with polynucleotide kinase and y32P-ATP to radioac-
tively label the cross-linked RNA. The protein-RNA complexes
were separated by SDS-PAGE, the radioactive band migrating
at ~100 kDa was excised, and the protein-RNA complex was
electroeluted from the gel. The protein was removed by digestion
with 0.12 mg/mL proteinase K. The RNA was recovered by
acidic phenol/chloroform extraction and subsequent ethanol pre-
cipitation. The recovered RNA was converted into a cDNA library
as described (Hafner et al. 2008) and Solexa-sequenced. The ex-
tracted sequence reads were mapped to the human genome (hg18),
human mRNAs, and microRNA precursor regions. Clusters
were defined as genomic regions with more than five sequence
reads, of which 20% cross-linked (i.e., with T-to-C mutations).
CCRs were generated from the clusters by extracting 30 nt up-
stream of and downstream from the most frequently cross-linked
nucleotide. The genomic locations of the CCRs were matched to
annotated genomic regions (5’ UTRs, CDSs, and 3’ UTRs) down-
loaded from the University of California at Santa Cruz Genome
Browser. For comparison with array expression values, genes
with CCR sites were matched to Illumina probe annotation by
RefSeq IDs or gene names.



Transfections with miR-302/367 antagomirs and mimics

MicroRNA perturbation studies for global gene expression
profiles For miR-302/367 inhibition, antagomir design was used
as described previously (Kriitzfeldt et al. 2007). Briefly, RNA
antisense oligonucleotides (ASO) harbored complete 2-OMe
sugar modifications, partial phosphothiroate linkage modifica-
tions, and a cholesterol moiety at the 3’ end. Random sequence
was used for control antagomir. For miR-302/367 overexpression,
mimics (Dharmacon) were used. Mixes included antagomir or
mimics to each individual microRNA in the cluster (miR-302a/
b/c/d/367). For transfections, hESCs were dissociated with dis-
pase and subsequently with accutase, and replated as single cells
on Matrigel (BD)-coated 24-well plates at a density of 40,000 cells
per square centimeter in MEF-conditioned medium spiked with
10 ng/mL FGF2 and ROCK inhibitor Y-27632 (Sigma-Aldrich).
After 24-48 h, cells were transfected with either 50-100 nM
antagomirs, 60-120 nM mimics, or the corresponding controls
using Lipofectamine 2000 (Invitrogen) in 30% Opti-MEM (Invi-
trogen) and 70% CM with 10 ng/mL FGF2. After transfection,
cells were washed and fed with MEF-conditioned medium spiked
with 10 ng/mL FGF2. For global mRNA analysis, 24 h after
transfection, cells were harvested in Trizol and processed for
Illumina BeadArrays according to the specifications of the man-
ufacturer, and the data were processed using the lumi Biocon-
ductor package. Log expression changes were computed using
the limma package, which implements a variant of the t-test. For
genes with multiple probes, the probe with the lowest adjusted
P-value was selected (false discovery rate [FDR] < 0.05). Genes
with a log2 expression change of >0.2 for the antagomir experiment
and less than —0.2 for the mimic experiment were considered for
subsequent analysis.

Directed differentiation assays For miR-302/367 inhibition
functional assays, differentiations were started 12-24 h after
antagomir transfection. For trophectoderm differentiation, cells
were grown in RPMI medium supplemented with 0.5% HyClone
FBS, 1 mM L-Gluy, and 10 ng/mL BMP4 and harvested on day 3.
For mesoderm differentiation, cells were grown in RPMI me-
dium supplemented with 0.5% HyClone FBS and 1 mM L-Glu,
spiked with 50 ng/mL Activin on day 1 and 10 ng/mL BMP4 on
day 2, and harvested on day 3. For endoderm differentiation, cells
were grown in DMEM/F12 medium supplemented with 1% FBS
and 50 ng/mL Activin and harvested on day 10. For neural in-
duction experiments, hESCs were seeded and transfected at
reduced FGF2 and CM levels (5 ng/mL FGF2; MEF-conditioned
medium was 50% diluted by regular FGF2-free hESC medium).
Neural induction was carried out in KSR-based medium: knock-
out DMEM medium (Invitrogen), 15% KSR (Invitrogen) with
2 mM L-glutamine, 10 pM B-mercaptoethanol, and nonessential
amino acids. Cells were induced in (1) KSR medium supple-
mented with SB-431542 (10 mM), (2) KSR medium supplemented
with Noggin (250 ng/mL), (3) KSR medium supplemented with
both SB-431542 and Noggin, or (4) KSR medium alone. Cells
were harvested at day 7 of differentiation.

Clonogenic assay Twenty-four hours post-transfection, hESCs
were dissociated with accutase and replated on MEF-coated six-
well plates at a density of 50,000 cells per well. After 7 d in
culture in hES medium, cells were fixed in 4% paraformaldehyde
and stained with anti-OCT4 antibody (Santa Cruz Biotechnol-
ogies), and the number of OCT4-positive colonies was counted.

Flow cytometry

For the microRNA profiling study, hESCs were dissociated into
single cells using accutase followed by labeling with anti-SSEA-4
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antibody (Developmental Studies Hybridoma Bank). MPCs were
dissociated with 0.05% Trypsin and labeled with anti-CD73
antibody (BD Pharmingen). R-NSCs were dissociated with HBSS
(Invitrogen) and labeled with anti-N-cadherin antibody (Santa
Cruz Biotechnologies). All cell sorting studies were performed
on a Moflo flow cytometer (Dako). For FACS analysis in miR-
302/367 perturbation experiments, 36-48 h post-transfection
cells were dissociated with accutase and stained with Alexa Fluor
488-conjugated anti-SSEA-3 antibody (BD Pharmingen). 7-AAD
was used for cell death detection. For cell cycle analysis, disso-
ciated cells were incubated with RNase A and propidium iodide
(PI). For intracellular PAX6 analysis, cells were dissociated with
accutase on day 11 of differentiation, fixed with paraformalde-
hyde, permeabilized, and stained with Alexa Fluor 488-conjugated
anti-PAX6 antibody (BD Pharmingen) using Cytofix/Cytoperm
Fixation/Permeabilization kit (BD Pharmingen). Analysis was
performed using FACSCalibur (Becton Dickinson) and Flow Jo
software (Tree Star, Inc.).

gRT-PCR analysis and luciferase reporter assays

RNA was extracted using Trizol (Invitrogen), treated for DNA
contamination, and reverse-transcribed using Quantitect RT kit
(Qiagen). The mRNA levels were assayed using the Quantitect
primer assays and SYBR Green PCR kit (Qiagen) on a Master-
Cycler RealPlex2 (Eppendorf). All results were normalized to a
GAPDH control.

For initial miR-302 perturbation assessment, hESCs were first
transfected with psi-check2 plasmid (Promega) containing four
tandem miR-302a target sites in the 3’ UTR. For BMP reporter
assays, Tlx2-lux (Addgene 17567) firefly and pRL-TK Renilla
control plasmid (Promega) were transfected at a 10:1 ratio. After
2-3 h, DNA plasmid transfections were followed by transfection
with 50-100 nM antagomirs, 60-120 nM mimics, or correspond-
ing controls. Lysates were harvested 24 h (for psi-check2) or 36 h
(for TIx2-lux) after transfection, and reporter activity was mea-
sured using the Dual-Luciferase assay (Promega).

3" UTR luciferase reporter assays

The 3’ UTRs of DAZAP2, SLAIN1, and TOB2 were PCR-
amplified from H9 hESC cDNA, cloned into pMiR-Report
(Ambion) downstream from the firefly luciferase gene, and
verified by sequencing. For DAZAP2 and SLAINI, full-length
3’ UTRs were cloned, and for TOB2, the first 1.4 kb (which
contained the target site) out of a total 2.8 kb was cloned. Site-
directed mutagenesis was carried out using QuikChange Light-
ning Site-Directed Mutagenesis kit (Stratagene). miR-302 target
sites in DAZAP2 were mutated both individually and together.
pRL-TK plasmid was used as a control. HEK293T cells were
transfected with 120 nM mimics and 1 ng of pMIR-Report and
pRL-TK plasmids per 8 x 10* cells. hESC were transfected with
170 nM antagomirs and 6 ng of pMIR-Report and pRL-TK
plasmids per 8 X 10* cells. Cell lysates were harvested 24 h after
transfection, and reporter activity was measured using the dual-
luciferase assay.

SIRNA assays

Matrigel-plated hESCs were transfected with a cocktail of three
Silencer Select siRNAs (Ambion) or siRNA-negative controls at
200 nM total concentration using Lipofectamine RNAiMAX
(Invitrogen). Alternatively, siRNA cocktails for three genes were
transfected simultaneously at a total concentration of 600 nM
matched by negative control at 600 nM. For ID1 expression
analysis and knockdown efficiency determination, cells were
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harvested 48 h after transfection. For neural induction experi-
ments, differentiation was carried out in the same manner as for
antagomir transfection assays.

Computational pathway and functional analysis

Pathway analysis was performed using the Netbox algorithm,
which performs a module analysis on a human interaction
network (Cerami et al. 2010). Using the set of 146 high-confidence
miR-302/367 targets, the algorithm identified regions in the
network that are enriched for those genes. Additional analysis
was performed using GeneMania (Warde-Farley et al. 2010). For
miR-302/367 perturbation experiments, statistical analysis was
performed using GraphPad Prism version 5.0b (GraphPad Soft-
ware). Significance of differences was examined using two-
tailed Students t¢-test. Data are presented as mean * SEM
against control antagomir or control mimic.
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