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ABSTRACT

The genetic networks controlling stem cell identity are the focus of intense interest, due to their obvious therapeutic potential as
well as exceptional relevance to models of early development. Genome-wide mapping of transcriptional networks in mouse
embryonic stem cells (mESCs) reveals that many endogenous noncoding RNA molecules, including long noncoding RNAs
(lncRNAs), may play a role in controlling the pluripotent state. We performed a genome-wide screen that combined full-length
mESC transcriptome genomic mapping data with chromatin immunoprecipitation genomic location maps of the key mESC
transcription factors Oct4 and Nanog. We henceforth identified four mESC-expressed, conserved lncRNA-encoding genes
residing proximally to active genomic binding sites of Oct4 and Nanog. Accordingly, these four genes have potential roles in
pluripotency. We show that two of these lncRNAs, AK028326 (Oct4-activated) and AK141205 (Nanog-repressed), are direct
targets of Oct4 and Nanog. Most importantly, we demonstrate that these lncRNAs are not merely controlled by mESC
transcription factors, but that they themselves regulate developmental state: knockdown and overexpression of these transcripts
lead to robust changes in Oct4 and Nanog mRNA levels, in addition to alterations in cellular lineage-specific gene expression
and in the pluripotency of mESCs. We further characterize AK028326 as a co-activator of Oct4 in a regulatory feedback loop.
These results for the first time implicate lncRNAs in the modulation of mESC pluripotency and expand the established mESC
regulatory network model to include functional lncRNAs directly controlled by key mESC transcription factors.
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INTRODUCTION

The study of pluripotent mouse embryonic stem cells
(mESCs) has yielded important insights into pre-implantation
mouse development and genomic reprogramming (Smith
2001). Derived from the pluripotent epiblast of the mouse
blastocyst, mESCs can self-renew while retaining a normal
karyotype, in response to recombinant leukemia inhibitory
factor (LIF) and fetal bovine serum (FBS) (Williams et al.
1988). Withdrawal of essential pluripotency maintenance
factors allows mESCs to differentiate into cell types of the

three principal embryonic germ layers: mesoderm, endo-
derm, and ectoderm (Keller 1995). In particular, with-
drawal of LIF and application of retinoic acid (RA) result in
loss of pluripotency and in predominantly ectodermal dif-
ferentiation of mESCs (Bibel et al. 2004).

mESC pluripotency requires the expression of the PIT/
OCT/UNC (POU) homeodomain Class 5 Transcription
Factor 1 (Pouf51) or Oct4 (Nichols et al. 1998) and the
homeobox transcription factor Nanog (Chambers et al.
2003; Mitsui et al. 2003). Depletion of Oct4 in both pre-
implantation embryos and mESCs leads to trophectoderm
lineage differentiation of the inner cell mass (Niwa et al.
2000). Overexpression of Nanog confers LIF-independent
self-renewal of ES cells, whereas its knockdown results in
parietal and visceral endoderm differentiation (Chambers
et al. 2003; Mitsui et al. 2003).
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Oct4 and Nanog are part of a core transcriptional reg-
ulatory network that is required for mESC gene expression
regulation (Loh et al. 2006). Nanog is partly dependent on
Oct4 by virtue of its participation in the well-characterized
Oct4/Sox2/Nanog regulatory triumvirate (Rodda et al.
2005). Furthermore, induced expression of Oct4 (Takahashi
and Yamanaka 2006) and Nanog (Yu et al. 2007) along with
other key mESC-enriched regulatory proteins can promote
an mESC-like phenotype in nominally lineage-restricted
somatic cell populations. Continued study of Oct4- and
Nanog-regulated genes is likely to provide further insight
into the maintenance of mESC pluripotency.

Accordingly, our emerging focus area in mESC genomics
concerns Oct4- and Nanog-regulated RNA transcripts that
do not encode protein but may modulate mESC pluripo-
tency or differentiation at the RNA level. Generally, RNAs
are categorized into two distinct classes: messenger RNAs
(mRNAs), which are translated into proteins, and the non-
protein-coding RNAs (ncRNAs), which function directly as
structural, catalytic, or regulatory RNAs without ever being
translated into protein (Huttenhofer et al. 2005). Although
considerable attention has been devoted to short regulatory
RNAs in recent years (Sen and Roy 2007), there is another
noteworthy class of potential regulatory RNAs in the
transcriptome. We refer to this class as long ncRNAs
(lncRNAs). Up to two orders of magnitude more numer-
ous than miRNAs (Carninci and Hayashizaki 2007), these
lncRNAs possess mRNA-like features, as they generally
undergo splicing, are transcribed by RNA polymerase II,
and are polyadenylated (Sone et al. 2007). However, they
do not possess protein-coding open reading frames; the few
reading frames that may be gleaned in some of these
transcripts are generally not conserved between closely re-
lated species, and would encode very short peptides
without any protein database hits. The small number of
lncRNAs that have been characterized to date suggests that
they have crucial diverse biological roles including those in
early developmental and in postnatal, organ-specific con-
texts (Blackshaw et al. 2004; Sonkoly et al. 2005; Young
et al. 2005; Feng et al. 2006; Ginger et al. 2006; Rinn et al.
2007; Sone et al. 2007), and that protein-coding potential is
not necessary for fulfillment of these roles. A notable
property of some mammalian lncRNAs is their ability to
participate in regulatory ribonucleoprotein complexes and
to exert a mechanistically heterogeneous repertoire of
regulatory activities that include direct co-regulation (co-
activation or co-repression) of key transcription factors in
development and disease (Lanz et al. 1999; Willingham
et al. 2005; Feng et al. 2006; Zhou et al. 2007). Still other
mammalian lncRNAs regulate transcription factors indi-
rectly, for example through chromatin remodeling (Rinn
et al. 2007). These regulatory properties firmly establish
those known lncRNAs as high-level control elements in
gene regulatory networks. There is substantial evidence, for
an increasing number of lncRNAs, that lncRNAs have

diverse cellular functions; this evidence is not limited to
differential expression (Blackshaw et al. 2004; Sonkoly et al.
2005; Young et al. 2005; Ginger et al. 2006; Sone et al. 2007;
Johnson et al. 2009).

In this study, we asked whether conserved, Oct4- and
Nanog-targeted lncRNAs have functional roles in mESCs.
Starting from Oct4 and Nanog chromatin immunoprecip-
itation followed by paired-end tag sequencing (chromatin-
immunoprecipitated [ChIP-PET]) experimental results in
mESCs, we performed a genome-wide computational anal-
ysis of positional relationships between the genomic bind-
ing sites of the two transcription factors and GenBank
cDNA and EST alignments to nearby genomic sequences.
We thus inferred four evolutionarily conserved lncRNAs
that are genomically encoded at loci that also contain Oct4
and Nanog binding sites, are expressed in mESCs, and
exhibit specific expression responses to RA-induced mESC
differentiation. Knockdown of two lncRNAs (RNCR2/
AK028326/Gomafu/Miat and AK141205) altered Oct4 and/
or Nanog transcript levels and modulated mESC differen-
tiation toward specific lineages in the presence of LIF.
Overexpression of both the lncRNAs, in separate experi-
ments, enhanced mesodermal, endodermal, and ectodermal
differentiation in the presence of LIF. Our data suggest that
these conserved lncRNAs, which are directly controlled by
two known mESC transcription factors, contribute to the
regulation of mESC pluripotency and differentiation.

RESULTS

Identification of putative Oct4- and Nanog-targeted
conserved lncRNAs

To identify ncRNAs modulated by pluripotency-associated
transcription factors, we searched for candidate lncRNA
genes throughout the entire catalog of genomic proximal
target genes. Proximal targets were defined as genes that,
based on their genomic position, mapped in close proxim-
ity to Oct4 and Nanog high-confidence binding sites that
had been inferred by paired end-tag sequencing of ChIP-
PET DNA (Loh et al. 2006). By manual annotation, we
determined that 105 (10%) of the 1083 Oct4 binding sites
had lncRNA genes as their proximal genomic targets (<10 kb
genomic distance from a gene to the binding site) (see
Materials and Methods), and, similarly, that 335 (11%) of
the 3006 Nanog binding sites had lncRNA genes as their
proximal targets. Hence, 10% of transcription factor
binding sites in this study resided nearer to lncRNA genes
than to any protein-coding genes. Intriguingly, these find-
ings suggested that lncRNA genes represent a significant
fraction of proximal transcription factor targets detectable
in genome-wide studies of Oct4 and Nanog transcription
factor binding sites discovered by ChIP-PET (Loh et al.
2006), and led us to investigate whether these lncRNAs
impact mESC pluripotency.

Long noncoding RNAs modulate pluripotency
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Of 105 putative Oct4 noncoding target genes, 29 pos-
sessed substantial interspecies conservation of their exonic
sequence visible in the UCSC Genome Browser MultiZ
track. One hundred forty-two of the 335 putative Nanog
noncoding targets were similarly conserved. Because con-
servation generally indicates sequence evolution constraints
due to the preservation of a function, we limited further
analysis to four lncRNAs with strong genomic conservation
of exonic sequence (Supplemental Fig. 2), substantial
mammalian cDNA/EST support, and ChIP-PET evidence
of Oct4 or Nanog binding specifically at the 59 end of, or
internal to, the lncRNA-encoding gene in mESCs (Table 1).
Only two Oct4 and two Nanog targets fit these stringent
criteria, namely AK005651, AK028326 (Gomafu; synonym:
Miat), AK043754, and AK141205 (Fig. 1), whose genomic
properties are described in Table 1. None of these four
lncRNA-encoding loci matched any genomically encoded
microRNAs in their exons or introns, according to the
‘‘MicroRNAs from miRBase’’ track of the UCSC Genome
Database (mm9). Therefore, these lncRNAs are not likely to
function as precursors of smaller RNAs.

Distinguishing coding from noncoding RNAs remains
a nontrivial problem, although a combination of methods
involving open reading frame (ORF) discovery, sequence
homology (Dinger et al. 2008a), and the coding potential
calculator (CPC), a support vector machine method (Kong
et al. 2007), can address this problem to a significant extent.
The functional annotation of the mammalian genome
(FANTOM) mammalian transcriptome project established
a 100-amino acid cutoff as the minimal ORF length for an

RNA to be considered protein-coding, a distinction sup-
ported by multiple lines of evidence (Dinger et al. 2008a).
We used the NCBI ORF Finder (http://www.ncbi.nlm.nih.
gov/gorf/gorf.html) to search for positive-strand ORFs of
the four mouse lncRNAs under study, and found that only
AK141205 had a positive-strand ORF longer than 100
amino acids. Pollard et al. (2006) suggest that excessive
nonsynonymous substitutions in ORFs, along with differ-
ences in start/stop codon positions between closely related
species (e.g., human/chimpanzee), are reasons to doubt the
protein-coding capacity of an RNA. We performed BLAST
(Altschul et al. 1990) and BLAT (Kent 2002) searches of
AK141205’s 102-amino acid ORF at both the nucleotide
and protein levels and did not detect protein homologies in
any species, or nucleotide homologies (by BLAT) even in
the closely related sequenced species relative to mouse, the
rat. This lack of ORF conservation argues against any
protein-coding capacity of mouse AK141205. CPC scores
for the complete FASTA sequences of all four lncRNA
candidates were negative, meaning that the RNAs were
CPC-classified as noncoding. The sub-100-amino acid
ORFs of three RNAs, AK141205 ORF nonconservation,
and negative CPC scores together indicate that these four
RNAs are not likely to function by encoding proteins.

Oct4 and Nanog lncRNA targets are differentially
expressed during mESC differentiation

To test the four lncRNAs for a role in pluripotency, we
assayed their response to RA-induced differentiation over

TABLE 1. Description of the selected putative Oct4/Nanog lncRNA targets

Transcript AK005651 AK028326 AK043754 AK141205

Transcript length (bp) 565 3056 1731 2710
Longest ORF length

(bp)
234 369 255 309

Gene ID/designation — Retinal noncoding
RNA 2 (RNCR2),
Gomafu, Miat

— Cis-antisense to
C18ORF22 homolog

Chromosomal location
(mm9, UCSC Genome
Browser)

chr4:129,637,618–
129,640,764

chr5:112,642,250–
112,645,300

chr6:135,663,251–
135,664,980

chr18:80,382,978–
80,390,308

Strand + � � +

ChIP-PET (Loh et al.
2006)

Oct4 Oct4 Nanog Nanog

Expression profile Brain, testis Brain, nerve, eye,
embryonic tissue,
inner ear, pituitary
gland, skin

Brain, nerve, bone
marrow

Brain, lung,
embryonic tissue,
intestine, muscle

EST support 5 < EST < 10 EST > 15 5 < EST < 10 EST > 15
Genomic localization of

transcription factor
binding enrichment
relative to the
transcript

250 bp 59 of target
TSS

Exonic to target 65 bp 59 of target TSS 1 kb 59 of target TSS
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a 6-d time course (Fig. 2). RA treatment promoted mESC
differentiation, with concomitant down-regulation of Oct4
and Nanog mRNA levels as expected, showing that the dif-
ferentiation stimulus was successful as pluripotency was ro-
bustly ablated. (Fig. 2A,B). Transcripts for all four lncRNAs
were observed in undifferentiated mESCs, albeit at low
levels (threshold cycle analysis showed that exponential
quantitative PCR products derived from equal amounts of
cDNA template were observed at 31–32 cycles on average).
The transcription of all four changed rapidly in response to
mESC differentiation. Relative to undifferentiated mESCs,
Oct4 target AK028326 (Miat) and Nanog target AK043754
expression was significantly decreased (P < 0.05, N = 6
replicates) by day 6 (Fig. 2C,D). AK005651 transcription
was induced by RA treatment but remained significantly
elevated (P < 0.05, N = 6 replicates relative to undifferen-
tiated mESCs) between days 2 and 6 (Fig. 2E). Induction of
AK141205 by RA (Fig. 2F) was observed by day 2 and
remained elevated (P < 0.05, N = 6 replicates relative to
undifferentiated mESCs) at day 4 and day 6.

Oct4 and Nanog RNAi modulates lncRNA
transcription

Oct4 and Nanog binding site localization near the tran-
scription start sites of the lncRNA genes suggested direct
regulation of the lncRNAs by Oct4 and Nanog. To test the
hypothesis that expression levels of these lncRNAs are
directly Oct4- and Nanog-dependent, as opposed to being
merely responsive to RA treatment for some other reason,
we evaluated whether RNAi-mediated down-regulation of
Oct4 and Nanog in the absence of exogenous RA treatment
could similarly alter lncRNA levels. ShRNA transfection
directed against Oct4 and Nanog robustly reduced mRNA

levels of both Oct4 and Nanog concurrently, 3 d post-
transfection (Fig. 3A,B). In response to Oct4 RNAi (Fig.
3C), the putative Oct4 lncRNA targets AK005651 and
AK028326 (Miat) were transcriptionally down-regulated
(P < 0.05). Similarly, Nanog RNAi (Fig. 3D) induced
down-regulation of the putative Nanog lncRNA target
AK043754 (P < 0.05). In contrast, the putative Nanog
lncRNA target AK141205 was significantly up-regulated
(P < 0.01). These post-RNAi lncRNA expression level
changes, given the Oct4 binding site at the AK028326 locus
and the Nanog binding site at the AK043754 locus, are con-
sistent with a role for endogenous Oct4 and Nanog in activat-
ing transcription of the lncRNAs AK028326 and AK043754,
respectively. These data also suggest that Nanog may directly

FIGURE 2. Retinoic acid (RA) treatment simultaneously induces
mESC differentiation and impacts lncRNA transcription. (A) Oct4
expression was highest in undifferentiated mESCs and rapidly de-
creased over the 6-d time course. (B) Nanog expression was initially
elevated on RA treatment but was rapidly down-regulated by days 4
and 6. The expression of putative Oct4-regulated lncRNAs (C,E: dark
gray bars) and putative Nanog-regulated lncRNAs (D,F: light gray
bars) was examined in differentiating mESCs. Transcription of the
lncRNAs AK028326 (C) and AK043754 (D) was elevated by day 2 and
down-regulated relative to undifferentiated mESCs by days 4 and 6. In
contrast, transcription of AK005651 (E) and, to a lesser extent,
AK141205 (F) remained elevated relative to undifferentiated mESCs
at all time points examined. (*) Significant difference relative to
undifferentiated mESCs (P < 0.05, N = 6 replicates).

FIGURE 1. Graphical representation of the lncRNA genomic loci and
approximate sites of transcription factor interaction. (Black boxes)
Exonic sequences, commencing at the transcriptional start site (right-
angle arrow); (gray ovals) putative Oct4 binding sites supported by
Oct4 ChIP-PET data; (gray triangles) putative Nanog binding sites
supported by Nanog ChIP-PET data; (small arrowheads) forward and
reverse primer binding sites for real-time PCR primers. Gene length is
indicated by the scale bar provided.
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repress transcription of lncRNA AK141205, which would
be consistent with the elevated transcription of that
lncRNA in RA-treated mESCs (Fig. 2F). However, since
reduced Oct4 and Nanog levels themselves induce differ-
entiation, the post-RNAi lncRNA expression level changes
may have also been caused indirectly, rather than solely
through reduced Oct4 and Nanog binding to lncRNA
promoters. Our observations on lncRNA expression mirror
those on the expression of protein-coding genes directly
regulated by these two transcription factors: In addition to
activated targets of Oct4 and Nanog (Loh et al. 2006), there
are well-characterized examples of transcriptional repres-
sion by these transcription factors, including the repression
of Cdx2 by Oct4 (Hay et al. 2004) and the PRC-dependent
Oct4-mediated suppression of other targets (Mikkelsen
et al. 2008).

We noted that the significant up-regulation of the pu-
tative Oct4 target AK005651 upon RA-induced differenti-
ation between days 2 and 6 (which suggests an association
of this lncRNA with differentiation) is inconsistent with its
down-regulation upon Oct4 RNAi (which suggests that the
same lncRNA is positively associated with Oct4 and by
proxy with pluripotency). This discordance might imply
that this lncRNA is located at a convergence of multiple
regulatory pathways where its expression is determined by
system inputs other than merely RA exposure and Oct4/
Nanog levels. The reproducibility and consistent direction-
ality of the expression response argue against a nonspecific
variable response to cellular stressors inherent in the exper-
iments. Therefore, AK005651 was eliminated from further
study. Consequently, we chose to study AK141205, as it was
the only lncRNA that was up-regulated during RA-induced
differentiation and putatively repressed by Nanog. AK028326
(Gomafu/Miat) was selected as the other candidate lncRNA
for functional studies, due to its down-regulation during
differentiation and its putative activation by Oct4. We
declined to further pursue AK043754, as it would have been
a second lncRNA putatively activated by an ES transcription
factor in our analysis.

Directed knockdown of the lncRNA AK028326
(Gomafu/Miat) promotes loss of pluripotency
and co-activates Oct4

To check whether lncRNA transcript level reduction was
correlated with alteration of pluripotency and whether the
lncRNAs might participate in a feedback loop affecting
the levels of their own regulators, we examined whether
RNAi against the lncRNAs AK028326 (Gomafu/Miat) and
AK141205 could change Oct4 and Nanog mRNA levels in
self-renewing mESCs. Three sequential rounds of siRNA
transfection significantly depleted endogenous levels of
AK028326 and AK141205 relative to nonsilencing control
siRNA-transfected mESCs (Fig. 4A), confirming that these
lncRNAs are susceptible to Dicer-mediated suppression.
RNAi of AK028326 (Fig. 4B) resulted in reduced mRNA
levels of Oct4 and Nanog. In conjunction with Oct4-
mediated activation of AK028326 (Fig. 3C,D), the result
suggests the potential for an autofeedback loop in which
AK028326 in turn maintains or increases Oct4 mRNA
levels; this hypothetical AK028326-dependent stabilization
or up-regulation of Oct4 would be abolished upon
AK028326 RNAi, as observed. The lesser significance of
the effect of AK028326 RNAi on Nanog is consistent with
the fact that AK028326 is a genomic Oct4 target but not
a genomic Nanog target.

In addition to Oct4 and Nanog, we evaluated the mRNA
levels of other well-described pluripotent markers positively
regulated by Oct4: Sox2, Klf4, Gdf3, Fgf4, and Dppa3/Stella.
All five markers were down-regulated when AK028326
(Gomafu/Miat) was suppressed by RNAi (Fig. 4D), further

FIGURE 3. Differential expression of lncRNA upon robust Oct4 and
Nanog RNAi knockdown. (A) shRNA-directed knockdown resulted in
greater than or z80% reduction of Oct4 mRNA and Nanog mRNA,
respectively, compared with the non-silencing control (NS control)
and the pSUPER-PURO vector-only control (pSUPER-PURO con-
trol), 3 d post-transfection. (B) shRNA-directed knockdown resulted
in comparable levels of Nanog mRNA reduction and Oct4 mRNA
compared with the NS control and the pSUPER-NEO vector-only
control (pSUPER-NEO control), 3 d post-transfection. (C) Oct4
RNAi resulted in down-regulation of the two putative Oct4 targets,
AK005651 and AK028326. (D) Nanog RNAi resulted in down-
regulation of the putative Nanog target AK043754 and up-regulation
of AK141205. (Asterisks) Significant difference from control samples
(*, P < 0.05; **, P < 0.01) relative to the NS control (dotted black
line).
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FIGURE 4. Expression of lncRNAs, pluripotent markers, trophectoderm markers, and epiblast lineage markers in response to lncRNA silencing
(RNAi). (A) AK028326 and AK141205 are significantly down-regulated in response to siRNA treatment. (B) AK028326 RNAi was associated with
significant down-regulation of both Oct4 and Nanog. (C) AK141205 RNAi was associated with significant down-regulation of Oct4, but Nanog
levels remained unchanged. (D) In AK028326 siRNA-treated mESCs, there was a significant enhancement of the mesodermal marker T/Brachyury
and the trophectoderm markers Cdx2, Hand1, Gata3, and Eomes; down-regulation of pluripotent markers; and unchanged levels of the
housekeeping genes Gapdh and Ahcy. (E) In AK141205 siRNA-treated mESCs, there was general down-regulation of the pluripotent and epiblast
lineage markers, up-regulation of the Oct4-repressed marker Id2, and unchanged levels of Gapdh and Ahcy. (F–I) Alkaline phosphatase staining
of mESCs treated with siRNAs against AK028326 (F), AK141205 (G), NS control (H), or mock transfection control (MT control) (I). Scale bar,
100 mm. (Asterisks) Significant difference from control samples (*, P < 0.05; **, P < 0.01; ***, P < 0.001) relative to NS control (dotted red line).
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supporting the possibility that AK028326 is a pluripotency-
promoting direct target of Oct4 as well as a co-activator of
Oct4 in a potential synergistic feedback mechanism.

In light of the initial evidence that lncRNA RNAi can
reduce Oct4 and Nanog levels (Fig. 4B,C), we examined
mRNA levels of definitive lineage-associated genes to de-
termine whether lncRNA RNAi also promoted mESC dif-
ferentiation (Fig. 4D). The significant reduction of Oct4
mRNA by AK028326 RNAi resulted to elevated levels of
the mesodermal marker T/Brachyury (P < 0.001 relative to
nonsilencing control-transfected cells, N = 6 replicates).
AK028326 RNAi also reduced the mRNA level of Sox1 (P <
0.001 relative to nonsilencing control-transfected cells, N = 6
replicates), a neural-specific transcription factor. However,
other endodermal (Gata6) and mesodermal (MyoD)
markers were down-regulated (P < 0.01 relative to non-
silencing control-transfected cells, N = 6 replicates). Nev-
ertheless, the partial differentiation observed upon AK028326
RNAi is broadly consistent with the paradigm that
AK028326, as an Oct4-activated gene, may have a plurip-
otency-promoting function.

In order to examine if Oct4 mRNA reduction as a
consequence of AK028326 (Gomafu/Miat) RNAi was con-
cordant with differentiation toward the trophoblast line-
age, we assayed AK028326-knockdown cells for trophoblast
markers (Fig. 4D) and found significant upregulation of
Cdx2 (Ralston and Rossant 2008) (P < 0.001), Hand1 (P <
0.01), Eomes (Russ et al. 2000) (P < 0.05), and Gata3 (P <
0.05) (Fig. 4D). Since Cdx2 is endogenously Oct4-re-
pressed, its activation upon AK028326 RNAi is consistent
with AK028326-dependent positive regulation of Oct4, and
with Cdx2 up-regulation upon knockdown of Oct4 itself
(Niwa et al. 2000). Therefore, expression level changes
expected upon Oct4 reduction are actually occurring as
a result of lncRNA-dependent decrease of Oct4 mRNA
levels. This may suggest a potential role of AK028326 in
inhibiting differentiation along the trophoblast lineage.

Directed knockdown of the lncRNA AK141205
promotes loss of pluripotency and indirectly
modulates Oct4

RNAi against AK141205 (Fig. 4C) also resulted in signif-
icantly lower levels of Oct4. However, the Nanog mRNA
level was unchanged. Considering the Nanog binding site at
the AK141205 transcriptional start region, this may indi-
cate that AK141205 helps Nanog to modulate Oct4 activity.
This also suggests that AK141205 and Nanog do not form
an autofeedback loop.

In contrast to AK028326 RNAi, AK141205 RNAi (Fig.
4E) did not significantly elevate mRNA levels of differen-
tiation-associated definitive lineage markers, and also re-
sulted in general down-regulation of meso- and endoder-
mal markers, in addition to Sox1 (P < 0.01). Expression of
the housekeeping genes Gapdh and Ahcy remained un-

changed. Consistent with the down-regulation of Oct4
upon AK141205 RNAi, Id2, a gene negatively regulated by
Oct4 (Loh et al. 2006), was strongly up-regulated as a result
of AK141205 RNAi.

In summary, we have established that RNAi directed
against these lncRNAs significantly altered the mRNA level
of Oct4, a key transcription factor that binds the genomic
locus encoding one of the lncRNAs and is necessary for
mESC pluripotency. We have also shown that RNAi of
these lncRNAs leads to highly specific effects on down-
stream lineage-specific differentiation factors.

Directed knockdown of the lncRNAs AK028326
(Miat/Gomafu) and AK141205 affects cell
proliferation and morphology

Loss of AK028326 had stronger effects on DNA synthesis as
a proxy for cell proliferation, which inversely correlates with
differentiation, than did loss of AK141205. AK028326-RNAi
mESCs incorporated markedly less BrdU (Supplemental
Fig. 3A), whereas BrdU incorporation by AK141205-RNAi
cells was not significantly different from that of controls. No
significant difference in cell apoptosis as examined by
Annexin-V and Propidium Iodide (PI) flow cytometry was
observed between control-transfected and either lncRNA
RNAi-transfected culture, either with or without LIF (data
not shown).

Analysis of alkaline phosphatase (AP) activity, a marker
of the pluripotent cell, and cell morphology showed that
AK028326-RNAi transfected mESCs were morphologically
more differentiated, with flat squamous cells surrounding
residual dark red colonies in the presence of LIF (Fig. 4F).
In contrast, AK141205-RNAi transfected mESCs (Fig. 4G)
and control-transfected mESCs (Fig. 4H,I) exhibited mor-
phologically similar, homogenously AP-positive cell colo-
nies. Thus, loss of both AK141205 and AK028326 reduced
Oct4 mRNA, but only loss of AK028326 reduced both cell
proliferation and morphological differentiation. This post-
AK028326-RNAi phenotype is consistent with a potential
role of AK028326 as a pluripotency-maintaining direct
target of Oct4.

Overexpression of the lncRNA gene AK028326
(Gomafu/Miat) promotes mESC lineage-specific
differentiation

We next asked whether overexpression of AK028326 could
modulate pluripotency-associated transcript levels or
mESC differentiation. LncRNA AK028326 was cloned into
the pcDNA3.1 (+) vector (Invitrogen) downstream from the
CMV promoter and upstream of the Bgh (A) polyadeny-
lation sequence, to ensure expression of just the lncRNA,
without any lengthy or ORF-containing vector sequences.
Overexpression (OE) of AK028326 (Fig. 5A), a fragment
of the larger (z9.0-kb) Gomafu/Miat lncRNA transcript
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FIGURE 5. Expression patterns of lncRNAs, pluripotent markers, trophectoderm markers, and epiblast lineage markers in response to lncRNA
overexpression (OE). (A) LncRNAs AK028326 and AK141205 are significantly overexpressed relative to the vector-only control. (B) AK028326
overexpression marginally altered Oct4 and Nanog transcription. (C) AK141205 overexpression significantly up-regulated Oct4 but not Nanog
transcription relative to vector-only control. (D) In response to AK028326 overexpression, there was significant enhancement of mesodermal
marker T/Brachyury and Sox4, the epiblast marker Fgf5, the ectodermal markers Sox11, Pax6, and Pax7, in addition to unchanged levels of the
housekeeping genes Gapdh and Ahcy. (E) In response to AK141205 overexpression, there was significant enhancement of mesodermal marker
T/Brachyury, the epiblast marker Fgf5, the ectodermal markers Sox1 and Sox11, and endoderm markers, in addition to unchanged levels of Gapdh
and Ahcy. (F–H) AP staining of AK028326-OE (F), AK141205-OE (G), and vector-only control (H). Scale bar, 100 mm. (Asterisks) Significant
difference from control samples (*, P < 0.05; ***, P < 0.001) relative to the pCAG control (dotted red line).
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(Sone et al. 2007) marginally altered Oct4 mRNA level (Fig.
5B). In light of Oct4 binding at the AK028326 locus and
of the RNAi-based evidence for Oct4/AK028326 mutual
positive regulation, the OE result may imply that an in-
crease in AK028326 RNA level beyond a certain threshold
does not result in elevating Oct4 mRNA level, or that the
Oct4/AK028326 autofeedback loop is self-dampening in a
manner that precludes escalation of endogenous AK028326
RNA levels. However, lineage-specific marker gene analy-
sis was suggestive of enhanced differentiation upon
AK028326-OE (Fig. 5D), as evidenced by increased tran-
scription of the ectodermal markers Pax6, Pax7, and Sox11
(P < 0.001 relative to vector only-control, N = 6 replicates).
Mesodermal marker T/Brachyury, as well as associated
primitive streak genes such as Mixl1 (Ng et al. 2005) and
Gsc, were down-regulated upon AK028326-OE (P < 0.001
relative to vector only-control, N = 6 replicates). These data
indicated that overexpression of the AK028326 lncRNA,
despite the fact that it may comprise merely a partial
fragment of the Gomafu/Miat transcriptional unit, was
sufficient to alter cell differentiation and promote acquisi-
tion of ectodermal lineage transcription. Sox2 and Gdf3,
pluripotent markers positively regulated by Oct4, were
mildly up-regulated in AK028326-OE, consistent with the
idea of an Oct4/AK028326 pluripotency-associated synergy.

Overexpression of the lncRNA gene AK141205
also promotes mESC lineage-specific differentiation

We then asked whether overexpression of AK141205 could
modulate pluripotency-associated transcript levels or mESC
differentiation. The lncRNA AK141205, which possessed
a bona fide internal consensus AATAAA polyadenylation
signal sequence immediately upstream of its 39 end, was
cloned into the pCAG-IRES-EGFP vector downstream
from the CAG promoter and upstream of the IRES-EGFP.
By 39 RACE experiments (data not shown), we demon-
strated the absence of the downstream IRES-EGFP vector
sequence in the overexpressed transcripts, and expression of
just the lncRNA with termination shortly after the endog-
enous poly(A) signal. Mirroring, and reciprocally to, the
AK141205 RNAi outcome, overexpressed AK141205 RNA
levels (Fig. 5A) saw significant elevations of endogenous
levels of Oct4 mRNA, whereas Nanog mRNA levels were not
significantly perturbed (Fig. 5C).

Similarly to AK028326-OE, in AK141205-OE mESCs
(Fig. 5E), elevated levels of differentiation lineage-associated
transcripts were observed including the mesodermal
marker T/Brachyury, columnar epiblast marker Fgf5, and
ectodermal markers Sox1 and Sox11 (P < 0.001 relative
to vector-only control, N = 6 replicates), suggestive of
enhanced meso- and ectodermal differentiation in self-
renewing mESCs. Mixl1 and Gsc were down-regulated and
so were most other definitive lineage markers such as Aff1,
Relb, Eomes, and Nkx2.5 (P < 0.05 relative to vector-only

control, N = 6 replicates). The significant up-regulation
of Oct4 mRNA upon AK141205 overexpression was also
correlated with the up-regulation of endoderm markers,
Sox17 (P < 0.001 relative to vector-only control, N = 6
replicates), Gata6, and Foxa2 (P < 0.05 relative to vector-
only control, N = 6 replicates). Only one pluripotency
marker was up-regulated (Fgf4 [P < 0.05]), while others
remained unchanged (Klf4 and Sox2). Overall, AK141205
OE results are consistent with the idea that AK141205
is a Nanog-repressed, differentiation-promoting lncRNA,
since they indicate up-regulation of specific, but not all,
classes of differentiation markers as a consequence of
the OE. Trophoblast markers were not significantly up-
regulated. The housekeeping genes Gadph and Ahcy re-
mained unchanged in both AK028326 and AK141205-OE
(Fig. 5D,E).

To evaluate whether cell proliferation, apoptosis, or mor-
phology were altered in lncRNA OE, cultures were trypsi-
nized and plated in mESC media in the presence of LIF.
Consistent with transcriptional evidence of enhanced cell
differentiation, AK141205-OE mESCs exhibited reduced
BrdU incorporation in response to LIF (data not shown).
Similarly to lncRNA-RNAi cultures, apoptosis post-
lncRNA-OE was not significantly different from control-
transfected cultures, either in the presence or absence of
LIF (data not shown). Therefore, apoptosis-inducing major
cellular stress, a potential nonspecific cause of the diverse
marker expression profile changes we observed, was not
a contributing factor to the experiments.

Both AK028326-OE mESCs (Fig. 5F) and (to a lesser
extent) AK141205-OE (Fig. 5G) exhibited flattened, smaller
colonies with reduced AP staining relative to pCAG control
cultures (Fig. 5H), suggestive of enhanced cell differentia-
tion. These data further indicate that overexpression of
lncRNA transcripts may significantly perturb cell prolifer-
ation.

Together, our findings suggest the existence of a simple
dampening autofeedback regulatory loop in the case of
AK028326, and a Nanog-mediated effect on Oct4 through
the known Oct4/Nanog transcription factor network in
the case of AK141205. Consequently, we have formulated
a model that incorporates the two lncRNAs into the
known Oct4/Nanog regulatory network, both as signaling
intermediaries between Oct4 and Nanog and as determi-
nants of specific lineage decisions (Fig. 6).

DISCUSSION

LncRNAs are abundantly encoded in mammalian ge-
nomes, numbering in the tens of thousands, in contrast
to microRNA-encoding genes, which are an order of mag-
nitude less numerous. However, functionalizing the rich
repertoire of long non-protein-coding transcripts remains
a challenge. Recently, the role of lncRNAs in pluripotency
was examined in another study by interpreting the genomic
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context of the ncRNAs relative to nearby protein-coding
genes and expression upon embryoid body (EB) differen-
tiation. Out of the 945 ncRNAs expressed during EB dif-
ferentiation, 174 were differentially expressed, many corre-
lating with pluripotency and cell fate decisions (Dinger
et al. 2008b). AK028326 (synonyms: Gomafu, Miat) was
among the 174 differentially expressed lncRNAs, but it was
not singled out for in-depth regulatory or functional
analysis in that study. The other three lncRNAs that we
considered were not mentioned there. In contrast to our
work, Dinger et al. (2008b) did not enterprise to integrate
ChIP-PET and lncRNA expression data to derive conclu-
sions about direct regulation of lncRNAs by specific
transcription factors. Their timely observations, neverthe-
less, emphasize the potentially widespread functional in-
puts of numerous lncRNAs toward mESC pluripotency and
differentiation.

Our approach is unique in that the four candidate
lncRNA genes were selected based on their proximity to
experimentally (ChIP) supported Oct4 and Nanog binding
sites. Furthermore, the Oct4 and Nanog binding sites of
Gomafu/Miat and AK141205, respectively, were supported
by five and seven, respectively, distinct overlapping PET
sequences, a high extent of support that is generally con-
sistent with successful chIP-qRTPCR validation of the
binding sites inferred by chIP-PET (Loh et al. 2006, see
their Supplemental Table 1 and Supplemental Figs. 1, 3,
and 4). This integration of experimental evidence for
transcription factor binding with lncRNA annotation at
the bound loci contrasts with other studies to date, which
generally either consider lncRNA expression in isolation
from the transcriptional control thereof, or rely on com-
putational predictions of transcription factor binding. The
interspecies conservation of the four lncRNAs was sugges-
tive of functional importance, despite their evident lack of
protein-coding capacity. Our study has integrated sequence
analysis, expression data for three classes of genes (tran-

scription factors, their lncRNA direct targets, and panels of
cellular lineage markers), ChIP transcription factor binding
data, and system perturbations (RNAi and overexpression)
to show that four conserved lncRNAs respond to an ES
differentiation stimulus and are under direct Oct4/Nanog
control, based both on ChIP-PET (Oct4 and Nanog genomic
recruitment) data and Oct4/Nanog RNAi. It would be of in-
terest to further evaluate how lncRNAs might integrate into
the core transcriptional regulatory networks of mESCs. We
propose that two of these lncRNAs are capable of altering
the transcription of two key transcription factors, Oct4 and
Nanog, and therefore directly contribute to differentiation
and dedifferentiation of perturbed mESCs.

LncRNA AK028326 has been previously described as
retinal noncoding RNA 2 (RNCR2), strongly expressed in
the developing retina (Blackshaw et al. 2004). Subsequent
studies have demonstrated that RNCR2/AK028326 is a
39 terminal fragment of a z9-kb lncRNA, Gomafu/Miat,
widely expressed in central nervous system neurons (Sone
et al. 2007). Our study provides the first evidence that
RNCR2/AK028326 is also expressed in mESCs and may be
regulated by ES-associated transcription factors, expanding
our understanding of this particular lncRNA by implicating
it in regulatory networks outside of the central nervous
system.

In our analysis of the AK028326 locus, we relied on
reagents based solely on the AK028326 cDNA sequence.
Our original annotations described AK028326 as the nearest
target to the Oct4 ChIP-PET-supported binding site in the
region; in addition, during the early stages of our work, EST
evidence was lacking to conclusively link AK028326 to the
Gomafu/Miat transcriptional unit (Sone et al. 2007). Both
AK028326 and the Gomafu/Miat cDNAs were derived from
a 59 cap-trapped, dT-primed cDNA library, suggesting that
multiple transcriptional initiation and termination events,
generating a variety of mature transcripts, including possibly
the original AK028326 isoform, may take place at this locus.
Although our results explore the synergy of Oct4 and
AK028326 expression, they portray an apparently contra-
dictory increase in mRNA levels of several differentia-
tion markers when AK028326 is overexpressed. While this
particular finding may be due to overexpression far beyond
maximum endogenous levels that saturates the regulatory
network and leads to unanticipated cell differentiation
triggers, our results also do not exclude functional outcomes
associated with the longer transcripts from this locus, whose
expression we did not investigate.

Of potential relevance to our AK028326 work is the
finding that MIAT, an lncRNA encoded at the human
chromosome 22 locus orthologous to AK028326/Gomafu,
is genetically associated with heart disease (Ishii et al. 2006)
and, similarly to AK028326/Gomafu, exhibits multiple alter-
native transcription initiation and termination sites, which
are supported by cDNA evidence and are accompanied
in EST data by different expression specificities of the

FIGURE 6. A model for AK028326 and AK141205 lncRNA place-
ment into the Oct4 and Nanog regulatory network. (Black lines)
Positive regulation; (blue lines) repression. Oct4 and Nanog are
required for self-renewal, and Oct4 activates AK028326, while Nanog
represses AK141205. Reduction of AK028326 exhibited a correlated
reduction in Oct4 mRNA levels with a concordant up-regulation of
Trophoblast lineage transcripts, though the mechanism is unclear.
Overexpression of AK141205 led to up-regulation of Oct4 with
a corresponding up-regulation of endodermal markers.
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different transcripts encoded at the locus. It is therefore
remarkable that RNAi and overexpression of even a partial
fragment of this particular lncRNA are sufficient to pro-
mote mESC differentiation under self-renewing conditions,
and to promote meso- and ectodermal gene transcription,
respectively.

We provide evidence that AK141205, a novel and
potentially Nanog-repressed lncRNA, positively regulates
Oct4. LncRNAs may prove to be important intermediaries
in the Oct4/Sox2/Nanog network. The observation that
AK141205 is repressed by Nanog contrasts with the fact
that the vast majority of Nanog targets are activated by
Nanog (Loh et al. 2006). When overexpressed, AK141205
led to an increase in Oct4 mRNA and to a corresponding
up-regulation of endodermal markers, in addition to ini-
tiating meso- and ectodermal differentiation. AK141205 is
a member of a genomically encoded sense–antisense gene
pair, and its 39 terminal exon overlaps the terminal exons
of the mouse homolog of the human C18ORF22 gene
that is encoded by the opposite strand of the genome.
Although cis-antisense transcription of lncRNAs may reg-
ulate their partner protein-coding genes (Carninci and
Hayashizaki 2007), C18ORF22 is homologous to mitochon-
drial ribosome-binding factor A and hence seems to lack
a stem-cell-specific function. Although all four lncRNAs
contain sequence segments predicted by multiple methods
(Gruber et al. 2008) to encode intramolecular helices punc-
tuated by hairpin loops (Supplemental Fig. 4), the de-
tection of such RNA secondary structures by structure pre-
diction software is not unique to lncRNAs and occurs in
mRNAs and miRNA precursors as well, hindering the
interpretation of these structure results specifically from
an lncRNA function viewpoint. The mechanisms by which
AK028326 and AK141205 exert their impact remain un-
known but worthy of future studies.

Given the recent evidence that lncRNAs such as NRON,
Evf-2, and MEG3 may directly co-regulate transcription
factors, testing for direct interactions between Oct4, Nanog,
and these two lncRNAs in the nucleus is a promising po-
tential avenue for future investigation, especially given that
nuclear localization of several other functional lncRNAs,
including a regulatory lncRNA that forms a ribonucleopro-
tein complex with transcription factors in vivo (Bond et al.
2009), has been highlighted in recent studies (Hutchinson
et al. 2007; Clemson et al. 2009). In view of these pre-
cedents, testing for interactions of the lncRNAs Gomafu
(Miat) and AK141205 with the Oct4 and Nanog proteins
may be promising and can be accomplished by RIP-ChIP
experiments in which the mRNA and lncRNA populations
of these proteins are identified through hybridization to a
custom array representing lncRNAs, or by placing lncRNAs
on affinity columns to trap their interacting proteins.

A number of well-studied ncRNAs are poorly conserved
and yet have important regulatory roles (Avner and Heard
2001). Given this, the extensive conservation of the four

lncRNAs in our study is intriguing and only helps bolster
our argument that these genes are functional. In fact, dis-
covery of the nucleocytoplasmic transport function of the
lncRNA NRON was made possible by prioritizing lncRNAs
from a large pool of candidates on the basis of interspecies
conservation (Willingham et al. 2005). Our findings should
help elucidate mechanisms by which lncRNAs can modu-
late pluripotency. Our findings should stimulate further
research in functional genomics of both conserved and
nonconserved ncRNAs as targets of known transcription
factors from the increasing number of genome-scale ChIP-
sequencing experiments. Such future studies of mESC
transcription factors and their lncRNA targets should
expand our grasp of stem cell genomic regulatory networks
and potentially facilitate the derivation of rational thera-
peutic interventions exploiting the regulatory potential of
mESC lncRNAs.

MATERIALS AND METHODS

Computational evaluation of lncRNAs

To identify ncRNAs modulated by pluripotency-associated tran-
scription factors, we evaluated all genomic proximal target genes
of Oct4 and Nanog. High-confidence genomic Oct4 and Nanog
binding sites were inferred by paired end-tag sequencing of
chromatin-immunoprecipitated DNA. High confidence was de-
fined as a minimum of three unique ChIP-PET sequences sharing
overlaps (‘‘moPET3+’’) (Loh et al. 2006). Starting from Supple-
mental Table 1 of that publication, we defined proximal target
genes as genes containing binding sites of either of the two mESC
transcription factors in their 59 proximal (<10 kb upstream of the
transcription start site) and intragenic regions (Loh et al. 2006).
Within this subset of the Nanog and Oct4 target genes, we
searched for candidate lncRNA genes, which we operationally
defined as having longest positive-strand ORFs of <100 amino
acids devoid of both BLASTP high-complexity and Conserved
Domain Database (CDD) homologs. We then focused on Oct4
and Nanog lncRNA proximal targets exhibiting expressed se-
quence tag (EST) and/or cDNA support, as well as evidence of
genomic (MultiZ), including transcribed (xenoRNA), multispe-
cies sequence conservation in the UCSC Genome Browser (Kent
et al. 2002).

Cell culture

All cell culture reagents were supplied by Invitrogen unless
otherwise specificed. Mouse E14 (American Type Culture Collec-
tion: CRL-1821) mESCs were cultured in 5% CO2/O2 in feeder-
free mESC Medium, Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 15% heat-inactivated ES-standard
fetal bovine serum, 100 mM nonessential amino acids, 2 mM
L-glutamine, 55 nM b-mercaptoethanol, 100 U/mL penicillin/
100mg/mL streptomycin, and mouse Leukemia Inhibitory Factor
(mLIF; 103 U/mL, Chemicon) on 0.1% gelatin-coated plates
(Nunc GmbH). For differentiation, mESCs were replated at
medium density (0.2 3 106 cells/well) to 0.1% gelatin-coated
12-well plates in mESC media for 12–16 h, washed once in
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Dulbecco’s phosphate buffered saline (DPBS), and replaced with
mESC medium without LIF and supplemented with all-trans RA
(RA, 100 nM; Sigma-Aldrich).

RNA interference (RNAi)

Short-hairpin RNA interference (shRNA)

Short-hairpin RNA interference (shRNA)-encoding constructs
directed against Oct4 and Nanog were cloned into the RNA
pol-III driven pSUPER-PURO and pSUPER-NEO-EGFP vectors,
as previously described (Loh et al. 2006). A scrambled non-
silencing short-hairpin RNA-encoding construct (pSUPER-NEO-
EGFP) and the original vectors (pSUPER-PURO, p-SUPER-NEO)
were used as positive controls. Transfection of constructs (2.0 mg/
well, diluted in Opti-MEM-I reduced serum medium; Invitrogen)
was performed using Lipofectamine 2000 (Invitrogen) in serum-
free mESC medium followed by replacement of serum post-
transfection. Twenty-four hours post-transfection, mESC media
was replaced and supplemented with selection antibiotics (Puro-
mycin, 500 ng/mL; Neomycin [G418], 300 ng/mL). mESC media
with selection was continued for 3 d with media changes every day
before RNA isolation.

Small interfering RNAi (siRNA) experiments

Dharmacon On-Target SMARTpool double-stranded oligonucle-
otides were directed against mouse AK028326 and AK141205
(Dharmacon). Dharmacon si-CONTROL nontargeting siRNA
pool and mock-transfected (MT) mESCs were used as negative
controls. mESCs were transfected with the Dharmafect-2 Reagent
according to the manufacturer’s protocol. mESCs were seeded to
12-well plates at a density of 0.2 3 106 cells/well and transfected in
serum-free mESC medium. Following transfection, 100% of the
medium was replaced with mESC medium and the mESCs were
fed daily. Passaging and re-transfection of siRNAs was performed
at days 2 and 4 after the initial siRNA transfection as previously
described. RNA was extracted from mESCs 6 d after initial plating
(5 d post-transfection).

LncRNA overexpression experiments

AK028326

Mouse cDNA encoding AK028326 was obtained from I.M.A.G.E
(Invitrogen). Primers that incorporated 59 BamHI and 39 NotI
restriction sites were used to amplify the AK028326 transcript. To
make overexpression (OE) constructs, PCR products were di-
gested with BamHI and NotI (New England Biolabs), purified,
and subcloned into the RNA pol-II driven pCDNA3.1 (+) vector
immediately after the CMV promoter and upstream of the Bgh
polyadenylation site (Invitrogen).

AK141205

RIKEN mouse cDNA encoding AK141205 was obtained from K.
K. DNAFORM. Primers that incorporated 59 SalI and 39 XmaI
restriction sites were used to amplify the AK141205 transcript. To
make overexpression (OE) constructs, PCR products were
digested with SalI and XmaI (New England Biolabs), purified,
and subcloned into the RNA pol-II driven pCAG-IRES-EGFP-

NEO vector immediately downstream the CAG promoter and
upstream of the IRES-EGFP (Clontech).

Primer sequences are provided in Supplemental Table 1. OE
constructs were sequence-characterized prior to transfection.
AK028326-OE and AK141205-OE constructs were transfected
into mESCs and Neomycin-selected for 3 d without passaging as
previously described (Zhang et al. 2006).

RNA extraction, reverse transcription,
and quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen),
purified with the RNeasy Minikit (Qiagen), and DNaseI treated
(Ambion). Oligo-d(T)-primed reverse transcription total RNA
was performed using SuperScript III Reverse Transcriptase (Invi-
trogen) according to the manufacturer’s instructions. To examine
mRNA levels of lncRNAs, customized FAM-TAMRA probes were
designed against the lncRNAs AK005651, AK028326, AK043754,
and AK142105. Primer–probe information is provided in Supple-
mental Table 2. PCR was performed using mESC E14 RNA, and
a ‘‘no reverse transcriptase’’ control (no RT control) was included
to preclude the possibility of genomic contamination. Confirma-
tory agarose gels were run for the amplicons generated by the
Taqman primer–probe sets (Supplemental Fig. 1).

Taqman Gene Expression Assays (Applied Biosystems) were
used to evaluate pluripotent, trophectoderm, and epiblast lineage
marker gene expression (Supplemental Table 3). Quantitative
real-time PCR was performed using Taqman Universal PCR
Master Mix (Applied Biosystems) in 384-well optical plates on
the ABI 7900HT FAST Real-time PCR System (Applied Biosys-
tems). Amplicons were analyzed using the Sequence Detection
System 2.2 software (Applied Biosystems).

BrdU analysis

Cell proliferation was evaluated following a 12-h pulse of
5-Bromo-2-Deoxyuridine (BrdU). Cells were trypsinized, and BrdU
incorporation was evaluated by ELISA according to the manufac-
turer’s instructions (BrdU cell proliferation assay kit; Millipore).

Alkaline phosphatase (AP) detection

X-Phos/NBT detection of AP activity in mESCs was performed as
previously described (Fields-Berry et al. 1992). mESCs were briefly
fixed in 4% paraformaldehyde v/v DPBS, washed, and incubated
for 30 min at 65°C. DPBS was replaced by room temperature
detection buffer (100 mM Tris-HCl, 100 mM NaCl, 50 mM
MgCl2) for 15–30 min before application of reaction buffer (0.1
mg/mL 5-bromo-4-chloro-3-indolyl-phosphate [BCIP] and 1 mg/mL
nitro blue tetrazolium [NBT] v/v detection buffer, 0.5 mM Le-
vamisole hydrochloride) and incubation for 48 h at 4°C. mESCs
were rinsed in DPBS, and representative cells were photographed
using a Lumar V12 inverted microscope (Carl Zeiss).

Statistical analysis

Two independent biological and three technical replicates for each
experiment were conducted in parallel unless otherwise stated.
The statistical significance (P-values) in mean values of two-
sample comparison was determined with unpaired Student’s
t-test.
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SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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