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Abstract

We used massively parallel pyrosequencing to discover and characterize microRNAs (miRNAS)
expressed in human embryonic stem cells (hESC). Sequencing of small RNA cDNA libraries derived
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from undifferentiated hESC and from isogenic differentiating cultures yielded a total of 425,505
high-quality sequence reads. A custom data analysis pipeline delineated expression profiles for 191
previously annotated miRNAS, 13 novel miRNAs and 56 candidate miRNAs. Further
characterization of a subset of the novel miRNAs in Dicer-knockdown hESC demonstrated Dicer-
dependent expression, providing additional validation of our results. A set of 14 miRNAs (9 known
and 5 novel) were noted to be expressed in undifferentiated hESC and then strongly down-regulated
with differentiation. Functional annotation analysis of predicted targets of these miRNAs and
comparison to a null model using non-hESC-expressed miRNAs identified statistically enriched
functional categories, including chromatin remodeling and lineage-specific differentiation
annotations. Finally, integration of our data with genome-wide chromatin immunoprecipitation data
on OCT4, SOX2 and NANOG binding sites implicates these transcription factors in the regulation
of nine of the novel/candidate miRNAs identified here. Comparison of our results to those of recent
deep sequencing studies in mouse ESC and human ESC show that most of the novel/candidate
miRNAs found here were not identified in the other studies. The data indicate that hESC express a
larger complement of miRNAs than previously appreciated, and provide a resource for further studies
of miRNA regulation of hESC physiology.

Keywords
microRNA,; embryonic stem cells; deep sequencing; pyrosequencing

Introduction

The establishment of human embryonic stem cell lines has provided exciting new opportunities
for the development of cell-based therapies to restore and maintain human health (reviewed in
1). The full realization of the therapeutic potential of hESC will, however, require an
understanding of the molecular regulatory networks that control properties such as self-renewal
and differentiation. MicroRNAs are small (typically ~22 nts in length) non-coding RNAs that
play critical roles in molecular regulatory networks by post-transcriptional regulation of
specific messenger RNA (mRNA) targets via direct base-pairing interactions 2. Genetic
inactivation of the molecular machinery essential for proper maturation of miRNAs has been
shown to cause aberrant stem cell self-renewal and/or differentiation in Caenorhabditis
elegans, Drosophila melanogaster, and Mus musculus3~5, indicating that post-transcriptional
regulation by miRNAs plays an important role in the networks that regulate stem cell activities.

A handful of studies have sought to characterize the expression of mMiRNAs in murine or human
embryonic stem cells by using hybridization-based methods to evaluate a subset of the known
miRNAs7~11, by sequencing clones from small RNA cDNA libraries 12 13 and, more recently,
by high throughput sequencing of murine ESC (mESC) 14 or hESC 15. In the study described
here, we used massively parallel pyrosequencing 16 of small RNA cDNA libraries to
characterize the ensemble of both known and novel miRNAs expressed in undifferentiated
human embryonic stem cells, as well as in isogenic spontaneously differentiating cell
populations. We performed a functional ontology analysis of the subset of known and novel
miRNAs most likely to be relevant to hESC pluripotency, and integrated our results with
genome-wide data on OCT4, SOX2 and NANOG promoter occupancy to identify novel
miRNAs likely to be regulated by these transcription factors. The majority of the new hESC-
expressed miRNAs discovered in our study were not identified in recent mESC and hESC
miRNA sequencing studies, suggesting that our data complement the earlier studies and that
the full repertoire of mMiRNAs expressed in hESC is larger than previously appreciated. We
envision that our report will serve as a resource for future studies aimed at understanding and
ultimately modulating hESC regulatory networks.
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Materials and Methods Summary

Results

H1 hESC were cultured under feeder-free conditions and Dicer-knockdown hESC were
generated using a short hairpin-expressing lentivirus. RNA was extracted using the mirVana™
miRNA isolation kit (Ambion) and quantitative reverse transcription-PCR (qQRT-PCR) was
performed using TagMan miRNA assays purchased from Applied Biosystems. Small RNA
libraries were generated from 100 pg total RNA as previously described (17,
http://web.wi.mit.edu/bartel/pub/protocols/miRNACIoningUpdate0705.pdf). Massively
parallel pyrosequencing was carried out at 454 Life Sciences, Inc.. Processing and annotation
of sequences based on identity to known transcribed RNAs or as novel miRNAs was performed
using a custom bioinformatics pipeline described in more detail in Supplementary Methods.
Targets for known miRNAs were obtained by querying the TargetScan database and those for
novel miRNAs by querying TargetScan Custom 18: 19, Functional annotation analysis of
predicted miRNA targets was done using Gene Ontology as described in detail in
Supplementary Methods.

Additional details of Materials and Methods are supplied in Supplementary Methods.

Overview of small RNA cDNA library sequencing

We chose to characterize the canonical H1 line as a representative, well-studied human
embryonic stem cell line. Small RNAs were isolated from undifferentiated H1 human
embryonic stem cells (designated Undiff-hESC) that were cultured under feeder-free
conditions to avoid contamination with potential murine miRNAs from feeder cells. We
reasoned that miRNAs with ESC-specific functions might be expected to exhibit changes in
expression concurrent with loss of pluripotency and commitment to differentiation. For
comparison, therefore, we also characterized miRNAs expressed in isogenic, spontaneously
differentiating populations of H1 cells (designated Diff-hESC) that had been triggered to
differentiate by culture for 10-14 days in the absence of basic fibroblast growth factor (b0FGF)
and conditioned medium (additional detail is provided in Supplemental Methods). Analysis of
expression of pluripotency and differentiation markers in Undiff-hESC and Diff-hESC RNA
samples using gRT-PCR demonstrated (i) the expression of pluripotency markers in Undiff-
hESC and (ii) the loss of pluripotency marker expression and induction of markers
corresponding to endoderm, mesoderm and ectoderm lineages in the Diff-hESC cell population
(Supplemental Figure 1).

Small RNA cDNA libraries were generated by ligating 5” and 3’ linkers to 18-24 nt size-
fractionated RNA, followed by reverse transcription and PCR amplification (Figure 1A).
Massively parallel pyrosequencing using the 454 Life Sciences’ platform generated 281,543
and 143,962 high-quality sequence reads corresponding to 18,227 and 16,096 nonredundant
sequences derived from Undiff-hESC and Diff-hESC cultures, respectively. To analyze the
sequence data, we constructed a custom computational pipeline. The initial operations of the
pipeline included identifying sequence matches to databases of previously annotated RNAs
(e.g., known miRNAs, other noncoding RNAs, messenger RNAS) and to repetitive sequence
elements (Figure 1B; additional details are provided in Supplemental Methods). In the next
sections, we discuss in detail the sequences matching to known miRNAs and the identification
of novel miRNAs.

MicroRNA profiling: previously annotated miRNAs

Matches to known miRNAs in miRBase (release 9.0) 2% 21 represented 62.6% of the Undiff-
hESC reads and 64.4% of the Diff-hESC reads. A total of 191 known miRNAs were identified
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(Supplemental Table 1), with a greater total number of miRNAs expressed in Diff-hESC than
in Undiff-hESC (Figure 2).

The cloning frequency of individual miRNAs, expressed as a percentage of total reads obtained
from a given sample, can be used to compare relative expression of miRNAs between samples
22-24 keeping in mind that there are limitations related to the fact that replicate sequencing
datasets are not available for each of the samples. Differential expression of miRNAs between
Undiff-hESC and Diff-hESC cultures, assessed using this approach, is shown in Figure 3. We
were particularly interested in miRNAs that are expressed in Undiff-hESC and diminish in
expression with differentiation, as these miRNAs might be expected to participate in ESC-
specific functions. The ten most over-expressed miRNAs in Undiff-hESC were hsa-miR-302b,
-miR-302c, -miR-302d, -miR-92b, -miR-20b, -miR-519d, -miR-302a, -miR-324-3p, -
miR-187, and -miR-18b (Figure 3A; allmiRNA names in this paper refer to H. sapiens miRNAs
unless otherwise specified; for brevity, we have hereafter omitted the hsa- prefix). All of these
miRNAs had >2.5-fold over-expression and Fisher’s exact test P-values of <0.05. Fisher’s
exact test has been shown to be useful for assessing statistical significance of digital gene
expression data of the kind obtained in our study 2°. In addition, some miRNAs were over-
expressed in Undiff-hESC but could not be assigned a fold over-expression value because there
were no corresponding reads in Diff-hESC. Eight such miRNAs were represented by three or
more reads each in Undiff-hESC: miR-518b, miR-520g, miR-524*, miR-363*, miR-154,
miR-184, miR-518c, and miR-512-3p (Figure 3B).

As an independent confirmation of over-expression in Undiff-hESC, we sought to use
commercially available TagMan® qRT-PCR assays to measure the expression of the 18
miRNAs mentioned above in RNA from Undiff-hESC and from Diff-hESC. Effective qRT-
PCR assays were available for 14 of the 18 miRNAs and confirmed over-expression by >2.5-
fold for 13 of these 14 miRNAs (Figure 4A).

To determine whether these observations extend beyond the H1 cell line, we used gRT-PCR
to examine expression of these 13 miRNAs in cultures of Undiff-hESC and Diff-hESC
corresponding to the BGO1 hESC line. We chose the BGO1 line because it was derived at a
different institution than the H1 cell line and has phenotypic characteristics that distinguish it
from the H1 line 26. All 13 miRNAs assayed were significantly over-expressed (>2.5 fold) in
BGO01 Undiff-hESCs relative to BGO1 Diff-hESC cultures. Furthermore, the pattern of fold
over-expression values seen across the set of miRNAs closely paralleled that observed in H1
hESC (Figure 4B).

As additional validation of our deep sequencing-based miRNA differential expression results,
we used qRT-PCR to assay the expression of five representative miRNAs found to be over-
expressed in H1 Diff-hESC relative to H1 Undiff-hESC: miR-23a, miR-27h, miR-125a,
miR-152, and miR-324-5p (Supplemental Table 1). For all five of these miRNAs, gRT-PCR
results confirmed over-expression by at least 5-fold in Diff-hESC relative to Undiff-hESC
expression patterns (data not shown).

Although the sequencing approach described here characterized a wide range of miRNAs
expressed in hESC, we also noted an instance in which a miRNA expected to be expressed
was not detected. MicroRNA miR-367, which is generated from the same primary transcript
as miR-302a-d, was strikingly absent in our dataset. Using TagMan gRT-PCR, however, we
found strong expression of miR-367 in RNA from Undiff-hESC (data not shown). Landgraf
et al. also observed this phenomenon (i.e., the absence of certain abundant miRNAs in
sequencing data) in their high-throughput miRNA sequencing study, which they attributed to

the influence of sequence-specific miRNA secondary structure on linker ligation efficiency
23
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Analysis of sequencing data to identify novel hairpin-derived small RNAs

Having profiled the complement of known miRNAs, we then identified sequences that
represent novel star forms of known miRNAs (Figure 1B). MicroRNAs are generated from
~80 nt stem-loop precursor RNA transcripts that are processed by Dicer to generate a ~22 nt
mature double-stranded RNA. One of the strands of the mature duplex is preferentially loaded
into the miRNA-induced silencing complex, whereas the other strand, designated the miRNA
“star form,” is thought to be degraded 27. We discovered a total of 52 novel star forms of known
miRNASs (Supplemental Table 2 and Supplemental Methods). As expected, the relative
abundance of most of the novel star forms was lower than that of their corresponding miRNAs.

The data analysis pipeline (Figure 1B) identified matches to other classes of known noncoding
RNAs (Supplemental Table 3), to annotated protein-coding messenger RNAs in the RefSeq
database (less than 1% of reads in each dataset), and to repetitive sequences (i.e., matches to
Repbase or any sequences mapping to 20 or more loci in the genome). Sequences remaining
after applying these filters were aligned to the human genome sequence (NCBI Build 36.1)
28 Sequences were required to match the human genome sequence perfectly to be carried
further for additional analysis. The only exception to this was that sequences having an
additional 1-3 non-templated nucleotides present at the 3’ terminus were trimmed of the non-
templated bases before additional analysis. Other investigators have observed this phenomenon
of non-templated addition of nucleotides to miRNAs at the 3’ terminus 29+ 30 and have adopted
a similar approach in their analysis 29. As additional filtering steps, sequences that intersected
the RepeatMasker track in the UCSC Genome Browser and sequences outside the 20-24
nucleotide length range were removed from further analysis.

The data processing steps described thus far yielded 3,115 and 1,994 unique sequences
corresponding to novel small RNAs in the Undiff-hESC and Diff-hESC datasets, respectively.
These unique sequences corresponded to 5,595 and 3,921 genomic loci that could potentially
generate these small RNAs.

A fundamental criterion for defining miRNAs is their biogenesis from a predicted fold-back
hairpin precursor transcript that contains the mature miRNA sequence within one arm of the
hairpin 31. Therefore, the data analysis pipeline next screened genomic loci corresponding to
unigue sequences for the presence of a predicted hairpin secondary structure. We used several
criteria for designating a sequence as “folding into a hairpin” including free energy
minimization, shape probability (as determined by the RNAshapes program 32), and the
Randfold-computed 33 P-value of predicted secondary structures. We also required that the
pairing characteristics of the hairpin be such that the novel sequence is wholly contained within
one arm of a putative hairpin precursor sequence and that the degree of base-pairing be
consistent with that observed in precursors corresponding to known miRNAs in miRBase (a
detailed description of hairpin folding criteria is provided in Supplemental Methods). The
thresholds chosen to define novel hairpins were sufficiently stringent such that only 86% of
the known miRNAs in miRBase release 9.0 would satisfy the hairpin folding criteria. By this
analysis, 531 and 364 of the novel small RNAs from Undiff-hESC and Diff-hESC datasets,
respectively, were found to be potentially derived from a precursor hairpin structure.

These sequences were then sorted with respect to chromosomal coordinates into groups sharing
5” ends. From each of these groups we chose a “canonical”” sequence representing the group
of sequences arising from that genomic locus. The canonical sequences were chosen based on
common 5’ terminus, abundance, and sequence length (see Supplemental Methods for details).
This process further refined our sequences into a combined list of 285 unique sequences
(potentially derived from 315 genomic loci) that we designated as “novel hairpin-derived small
RNAs.”

Stem Cells. Author manuscript; available in PMC 2010 March 30.
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Identifying novel and candidate miRNAs

In order to find novel miRNAS, we screened the set of novel hairpin-derived small RNAs using
criteria similar to those used in recent miRNA discovery studies 30 34: (1) pairing
characteristics of the hairpin (an absolute requirement, as screened for in the previous section),
(2) the required presence of multiple reads sharing the same 5’ terminus, (3) evolutionary
conservation, as reflected by an apparent conserved hairpin with identical seed region in
another species (with greater weight given to non-primate conservation), (4) absence of
annotation indicating non-miRNA biogenesis (an absolute requirement, as screened out in
earlier steps of the pipeline), (5) shared seed region with a known animal miRNA and (6)
presence of corresponding miRNA star form read(s). As in analyses by Ruby et al.3%: 34, we
considered the finding of both a miRNA and a corresponding miRNA star form as compelling
evidence for biogenesis from a hairpin precursor.

Thirteen of our sequences sufficiently met these criteria to be designated novel miRNAs (Table
1). Six of these sequences met five of the above criteria and six met four of the criteria. One
sequence (U755.1-4/D10092.1) met only three criteria but was included based on the
abundance of reads with consistent 5* ends (19 reads) and differential expression between
Undiff-hESC and Diff-hESC (Table 1 and Supplemental Table 4; this sequence was also
subsequently experimentally validated to exhibit Dicer-dependent expression, as described in
the next section). Of note, three of the novel mMiRNAs had a seed region shared with previously
annotated animal miRNAs (Table 1; more detail is provided in Supplemental Table 4). In
addition, mapping the novel miRNA sequences to the reference human genome sequence
revealed that 11 of the 13 novel miRNAs are present in introns of other genes (and encoded
on the same strand as the respective host genes), much like many previously annotated miRNAs
(Table 1; Supplemental Table 4). The sequence of miRNA star forms corresponding to novel
miRNAs is provided in Supplemental Table 4 as well as in the context of the predicted precursor
structure in Supplemental Figure 2.

The remaining sequences comprised 268 RNAs (corresponding to 291 genomic loci) that (i)
had length 20-24 nt, (ii) met folding criteria and (iii) had an absence of annotation indicating
non-miRNA biogenesis, but that did not meet sufficient additional criteria to be confidently
annotated as novel miRNAs. We sought to select from this list the most promising sequences
to designate as “candidate miRNAs” that might be confirmed in the future as bona fide miRNAs
as additional evidence accumulates.

We required candidate miRNAs to have at least three reads, or to have two reads and additional
supporting evidence of either a homologous conserved hairpin in at least one other vertebrate
species or of a seed region shared with a known animal miRNA. In addition, a handful of
sequences represented only by singleton reads were included in the candidate miRNA list
because there was an abundance of evidence supporting their annotation as miRNA candidates:
a given singleton sequence either had homologous hairpins conserved in multiple non-primate
vertebrates and had a primate homologous hairpin; or it had a single conserved non-primate
homologous hairpin, a primate homologous hairpin, and it had a shared seed sequence with a
known animal miRNA. Taken together, this allowed us to refine a final list of 56 candidate
miRNAs (originating from 68 potential genomic loci) (see Supplemental Table 4).

It is important to note that although all our analysis was initially performed using miRBase
release 9.0, with the availability of miRBase release 10.0 we compared all our hairpin-derived
small RNA sequences to release 10.0 and reclassified those that corresponded to newly
deposited known miRNA sequences. This affected only 13 of the hairpin-derived small RNAs,
which are listed at the bottom of Supplemental Table 1. The more recent availability of
miRBase release 11.0 reclassified three novel and two candidate miRNAs as known. These
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miRNAs are highlighted in blue or orange and annotated in the last column of Supplemental
Table 4.

Experimental validation of novel miRNAs

In order to provide additional support for the assertion that the novel miRNAs identified in this
study are bona fide miRNAs, we sought to use Custom TagMan® Small RNA Assays to
examine expression of the novel miRNAs in hESC transduced with either an sShRNA directed
against Dicer or transduced with a vector control lentivirus. qRT-PCR for Dicer mRNA
confirmed substantial knockdown (84% decrease) relative to vector control transduced cells
(Figure 5A). We were able to obtain robust Tagman gRT-PCR assays for three of the novel
miRNAs. All three of these miRNAs showed significantly diminished expression in the Dicer
knockdown hESC relative to vector control (Figure 5B). SnoRNAs, which are not expected to
be processed by Dicer, served as negative controls and were not reduced in expression by Dicer
knockdown, whereas three known miRNAs (serving as positive controls) showed diminished
expression in Dicer knockdown hESC as expected (Figure 5B). The results are strong evidence
that these novel miRNAs are products of Dicer-dependent maturation and suggest that the same
is likely to hold true for other novel miRNAs identified here.

Potential regulation of novel and candidate miRNAs by the pluripotency-associated
transcription factors OCT4, SOX2 and NANOG

Given the profound influence of the pluripotency-associated transcription factors OCT4, SOX2
and NANOG on gene expression in hESC 35, we hypothesized that some of the novel and
candidate miRNAs discovered in this study may be regulated by these transcription factors.
To investigate this hypothesis further, we turned to results of published chromatin
immunoprecipitation-microarray (ChlP-chip) experiments that had identified genome-wide
binding sites for these factors in hESC 36. Boyer at al. subjected each of these three transcription
factors to chromatin immunoprecipitation followed by analysis of bound DNA on microarrays
containing 60-mer DNA oligonucleotide probes covering the region from —8 kb to +2 kb
relative to the transcription start sites for 17,917 annotated human genes.

In order to determine whether OCT4, SOX2 or NANOG binding sites identified in the ChIP-
chip experiments correspond to genomic regulatory regions for the miRNAs discovered in our
study, we first sought to define transcriptional start sites (TSSs) corresponding to our novel
and candidate miRNAs. For sequences that were intronic to a well-annotated RefSeq gene (and
encoded from the same strand), co-transcription with the host gene was presumed and the TSS
was taken to be the annotated TSS of the host gene. For the remaining sequences, we used
AceView gene models (which rely heavily on EST data) and Eponine TSS predictions,
whenever available, from the UCSC Genome Browser tracks to define a TSS. We were able
to identify (i) a RefSeq-based TSS for 10 of the 13 novel and 36 of the 56 candidate miRNAs
discovered in this study and (ii) an Aceview and/or Eponine-based TSS for 0 of the 3 remaining
novel miRNAs and for 2 of the remaining 21 candidate miRNAs. We then intersected these
TSSs with the genome-wide OCT4, SOX2 and NANOG bound sites defined by the ChIP-chip
data of Boyer et al., requiring that a ChIP-defined binding site be located between —8 kb and
+2kb of the TSS of our novel and candidate miRNAs. We found that 2 of the 10 novel miRNAs
for which TSSs could be defined and 6 of the 38 candidate miRNAs for which TSSs could be
defined had evidence for OCT4, SOX2 and/or NANOG binding at their genomic loci. The data
is annotated in Supplemental Table 4 and described in more detail in Supplemental Table 5.
Collectively, it appears that 8 out of the 48 novel and candidate miRNAs for which TSSs could
be defined are associated with occupancy of and potential regulation by these pluripotency-
associated transcription factors.
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Independent EST-based evidence for expression of novel and candidate miRNAs in hESC
and related multipotent cells

Many known miRNAs are encoded in introns of other genes and are co-transcribed with their
host genes. In these cases, it is possible to use expression of the host gene as a surrogate to
infer expression of the intronic miRNA. We used this approach to obtain independent evidence
for transcription of the novel and candidate miRNAs in hESC or embryonal carcinoma/
teratocarcinoma cell lines, by first identifying those miRNAs that were intronic to host
transcripts defined by ESTs, and then asking whether any of the host transcript ESTs were
derived from hESC or human embryonal carcinoma/teratocarcinoma cell lines. This approach
provided independent validation of transcription in hESC or embryonal carcinoma/
teratocarcinoma cell lines for seven of the 13 novel miRNAs, and for 21 candidate miRNA
loci of the 68 loci corresponding to candidate miRNAs identified in this study. These results
are annotated in Supplemental Table 4.

Comparison with results from murine ESC deep sequencing

Calabrese et al. recently characterized miRNAs in murine ESC (mESC) by deep sequencing,
defining 46 novel and 52 candidate miRNAs, many of which are genomic repeat associated
14 Considering non-repeat-associated miRNAs, their study reported 22 novel and 21 candidate
miRNAs. We compared our list of novel and candidate miRNAs identified in hESC to the
corresponding list derived in the murine ESC study and we did not find any sequences in
common. Given that miRNAs can be poorly conserved in overall sequence, we next compared
the seed region of novel and candidate miRNAs identified in our hESC data to the novel and
candidate miRNAs identified in mESC. There we found a single seed region match between
one of our candidates (D12354.1) and one of the mESC novel miRNAs (mmu-miR-466j). It
is notable that even when known miRNAs are considered, dramatic differences between
miRNA expression in mESC and hESC exist.

Comparison of novel and candidate miRNA data with results from a recent hESC small RNA
sequencing study

While the current manuscript was under preparation, Morin et al. 1° reported the discovery of
83 novel miRNAs (corresponding to 104 genomic loci) in RNA from undifferentiated hESC
and embryoid bodies derived from the same. We compared our novel and candidate miRNAs
to the ones discovered by Morin et al. and found, notably, minimal overlap. Of the 83 novel
miRNAs reported by Morin et al., only 22 were present at all in our raw sequencing data. Of
these 22 sequences, only three met our criteria for annotation as novel or candidate miRNAs
(highlighted in blue in Supplementary Table 4). The other 19 were ruled out by our
classification scheme for reasons such as being repeat-associated, or matching other previously
annotated features like tRNAs or RefSeq genes. Conversely, Morin et al. discovered only 3 of
our 13 novel and only 1 of our 56 candidate miRNAs. One explanation for the differing results
is that we studied spontaneously differentiated cultures of hESC as compared to their study of
embyroid bodies; however, when results only from the Undiff-hESC cultures are compared
(which represent more similar cell populations), the overlap is still minimal. Alternative
explanations include (i) technical differences in library construction and sequencing platforms
used, and (ii) that the diversity of novel miRNAs/small RNAs in hESC is greater than
anticipated, such that neither our study nor that of Morin et al. have reached saturation.

Undifferentiated hESC-associated miRNAs and their predicted targets

MiRNAs that are expressed in Undiff-hESC but that diminish in expression with the induction
of differentiation are of particular interest because they may participate in functions related to
the pluripotent state. We defined a set of known and novel miRNAs falling into this category
by selecting all miRNASs exhibiting a 4-fold or greater over-expression in Undiff-hESC (in
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cases were the miRNA was identified in both Undiff-hESC and Diff-hESC), or being
represented by at least 10 reads in the Undiff-hESC cells (in cases where the miRNA was not
detected at all in the Diff-hESC population). This set of “Undiff-hESC-associated miRNAs”
comprised 14 miRNAs, of which five were novel and nine were previously annotated miRNASs
(Figure 6).

We undertook a functional annotation analysis to gain insight into the processes that might be
regulated by these miRNAs. We began by obtaining computationally predicted targets of the
known and novel miRNAs in this group using TargetScan and TargetScan Custom,
respectively. The TargetScan algorithm uses seed region matches between miRNAs and their
potential targets, as well as phylogenetic conservation of those matches to identify predicted
targets of mMiRNAs. MiRNAs with the same seed region (e.g., miR-20b and miR-519d) are
therefore considered as one because they have identical TargetScan target predictions.

We used the Gene Ontology 37 to obtain functional descriptions of the predicted miRNA targets
for each of the Undiff-hESC miRNAs, focusing our analysis on 12,821 genes found to be
expressed in Undiff-hESC based on microarray analysis (“Undiff-hESC-expressed genes”,
with details of microarray analysis provided in Experimental Procedures and Supplemental
Methods). The Gene Ontology (GO) project uses a controlled vocabulary to describe gene
products in a variety of organisms. After intersecting the predicted targets of each miRNA with
the group of 12,821 hESC-expressed genes, we initially identified GO Biological Process (BP)
categories that were significantly enriched (data not shown).

Although many of these categories encompassed biological functions relevant to ESC and early
development, miRNAs in general may target genes involved in early developmental processes.
Therefore, in order to identify enriched categories that are more specific to the Undiff-hESC-
associated miRNAs, we took a different approach based on comparison to a null distribution
generated by analyzing the GO functional annotations of the 295 known miRNAs (representing
266 unique seed regions) that were not detected as being expressed in Undiff-hESC in our
sequencing dataset. We then compared the statistical significance of over-represented GO
categories associated with targets for each Undiff-hESC-associated miRNA to this null
distribution. From this comparison, we selected only those categories that, for the targets of a
given Undiff-hESC-associated miRNA, returned a NullP-value<0.01 (see Supplemental
Methods for details of the NullP-value calculation). The full results of this analysis are given
in Supplemental Table 6, in which categories of particular interest are highlighted in yellow.
Of particular interest is the over-representation of myeloid/erythroid differentiation and
chromatin remodeling genes in predicted targets of the novel miRNA U739.1-6, as well as
over-representation of BMP signaling pathway and cell differentiation categories in predicted
targets of miRNA U755.1-4/D10092.1.

To enable convenient access to predicted targets of all new miRNAs reported in this study, we
used the TargetScan Custom algorithm to predict targets for all of the novel miRNAs and
candidate miRNAs reported here. A complete list of these predicted targets is available in
Supplemental Tables 7 and 8.

Discussion

The work reported here was motivated by the hypothesis that the entire repertoire of miRNAs
expressed in hESC had not yet been elucidated, and by genetic evidence indicating that
miRNAs play a critical role in embryonic stem cell function. The massively parallel sequencing
approach allowed us to be comprehensive (i.e., identifying not only known but also novel
miRNAs), and the “digital” nature of the data permitted a semi-quantitative estimation of the
relative expression level for many miRNAs. Using the deep sequencing approach, we identified
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13 novel and 56 candidate miRNAs, as well as 191 previously annotated miRNAs. We suggest
that some of the novel miRNAs identified here may be hESC-specific, by virtue of not having
been identified in recent high-throughput sequencing-based surveys of miRNA expression
across various differentiated tissues 23 24+ 38.

Although the overall trend was for an increase in expression of most miRNAs in the cell
population following loss of pluripotency and differentiation, a subset of five novel and nine
known miRNAs (designated as Undiff-hESC-associated) clearly showed the opposite
expression pattern and may represent a miRNA signature of pluripotency in hESC cultures.
This group of miRNAs also represents a critical set for future functional studies because they
may regulate pluripotency or other hESC-specific functions. Although genetic perturbation
experiments will ultimately be required to unravel the functions of these miRNAs, the number
of potential perturbations and specific phenotypes that could be tested is vast, especially when
multiple miRNAs are considered. Our results from Gene Ontology analysis of predicted targets
may help in this regard by suggesting hypotheses of function for specific Undiff-hESC-
associated miRNAs to guide further investigation.

It is particularly notable that the novel and candidate miRNAs discovered here were not found
in recent small RNA sequencing datasets from mESC and hESC. The difference from mESC
may be explained, at least in part, by the known phenotypic differences between hESC and
MESC 35, as reflected in differences even in the expression of known miRNAs between hESC
and mESC (e.g., expression of miR-302 family miRNAs) 14. The lack of overlap of novel
miRNAs discovered here with those in a recently published hESC dataset 15, however,
suggests that even despite obtaining sequences on the scale of massively parallel sequencing
studies, we cannot yet exclude the possibility that the entire space of miRNAs expressed in
hESC is still not fully elucidated. That said, it is important to note that many of the novel
miRNAs in all the sequencing studies are expressed at low levels and their functional roles
have not yet been characterized. Further studies will be needed to understand the biological
significance of the complement of novel hESC-expressed miRNAs identified in this and other
studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Small RNA library generation and data analysis pipeline
(A) The small RNA library generation and sequencing scheme is shown. Small RNAs were
isolated from undifferentiated H1 hESC and isogenic spontaneously differentiating cultures.
Following 3’ and 5’ linker ligation, RT-PCR was performed to generate two independent cDNA
libraries of small RNAs that were then used as templates for massively parallel pyrosequencing
(454 sequencing). (B) The flow chart describes the data analysis pipeline. “Seqs” represent
nonredundant sequences derived after collapsing multiple reads of identical sequence. The
columns flanking the middle column indicate the number of sequences and reads remaining at
each step of the data analysis. At the end of the pipeline, 189 sequences in the Undiff-hESC
dataset and 121 in the Diff-hESC dataset met our criteria for canonical hairpin-derived
sequences. Loci numbers are higher because some canonical sequences map to more than one
locus in the genome. 1The initial step of the data analysis was removal of sequences
corresponding to 18 nt and 24 nt RNA markers that had been spiked into the total RNA prior
to gel electrophoresis. 2Percentages of total reads from Undiff-hESC and Diff-hESC datasets
that were classified into the designated categories and filtered out at each step are listed in the

middle boxes.
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Figure 2. Global view of known miRNAs detected in hESC sequencing datasets
The percentage of total reads for a given miRNA in Undiff-hESC or Diff-hESC reflects its

relative abundance in each cell population. The 100 most abundant miRNAs are shown
arranged in order of decreasing abundance in Diff-hESC (as the lower abundance miRNAs
would not be visible on the graph with the same scale). Selected miRNAs present at high
abundance in Undiff-hESC are identified by name. A full list of all the known miRNAs
identified in this study and their relative abundance in each dataset is available in Supplemental

Table 1.
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Figure 3. Differential expression of known miRNAs between Undiff-hESC and Diff-hESC

(A) Expression ratios (percent of total reads in Undiff-hESC divided by percent of total reads
in Diff-hESC) are shown for all known miRNAs that were detected in both Undiff-hESC and
Diff-hESC datasets. Specific data pertaining to the 10 most differentially expressed miRNAs
at both ends of the spectrum are displayed in the inset. (B) The absolute number of reads
obtained for miRNAs that were solely detected in either Undiff-hESC or in Diff-hESC is
shown.
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Figure 4. gqRT-PCR (TagMan) assays of selected miRNAs found by deep sequencing to be over-
expressed in H1 Undiff-hESC relative to H1 Diff-hESC

Values on the y-axis (Relative Quantification) represent the relative expression of a given
miRNA in Undiff-hESC relative to Diff-hESC as measured by gRT-PCR. (A) Results of gRT-
PCR in H1 hESC were consistent with those from deep sequencing in 13 out of 14 cases. The
one miRNA for which over-expression in H1 Undiff-hESC was not confirmed is indicated by
an asterisk. (B) The 13 miRNAs confirmed to be over-expressed in H1 Undiff-hESC showed
the same pattern of over-expression in BGO1 hESC.
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Figure 5. Dicer-dependent expression of novel miRNAs

(A) Dicer mRNA expression (measured by gRT-PCR) in vector control hESC vs. Dicer
knockdown hESC is shown. The Relative Quantification method (RQ) was used and Dicer
expression in vector control hESC is arbitrarily set to 100. As shown, Dicer transcript levels
are reduced by 84% in the Dicer knockdown hESC compared to vector control hESC. (B)
Custom TagMan® Small RNA Assays were used to measure the expression of the three novel
miRNAs indicated in both Dicer-knockdown and vector control H1 hESC. As negative
controls, three snoRNAs (which are not expected to undergo Dicer processing) were measured
using TagMan gRT-PCR assays of similar design. The degree of expression of each small RNA
(snoRNA or miRNA\) in the Dicer-knockdown cells was compared to that in the vector control
cells, and expressed as a fold-change relative to vector control. The expression of all three
novel miRNAs was diminished significantly in Dicer-knockdown cells, whereas the SnoRNAs
did not show such a reduction and appeared in fact to show modestly elevated expression under
Dicer-knockdown conditions. Three known miRNAs, serving as positive controls, showed the
expected decrease in expression in Dicer knockdown hESC relative to vector control hESC.
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Figure 6. Undiff-hESC-associated miRNAs

The set of five novel (A) and nine known (B) miRNAs that were at least 4-fold over-expressed
in Undiff-hESC, or represented by at least 10 reads in the Undiff-hESC (in cases where the
miRNA was not detected in Diff-hESC), is shown. P-values are calculated using Fisher's exact
test. For each novel miRNA, the putative hairpin secondary structure generated by RNAshapes
is shown. The red letters in the hairpin indicate the mature miRNA sequence obtained in this
study. Putative secondary structures for all 13 of the novel miRNAs discovered in this study
are given in Supplemental Table 4.
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