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Long noncoding (lnc)RNAs have recently emerged as key regulators of gene expression. Here, we performed high-depth

poly(A)+ RNA sequencing across multiple clonal populations of mouse embryonic stem cells (ESCs) and neural progenitor

cells (NPCs) to comprehensively identify differentially regulated lncRNAs. We establish a biologically robust profile of

lncRNA expression in these two cell types and further confirm that the majority of these lncRNAs are enriched in the nu-

cleus. Applying weighted gene coexpression network analysis, we define a group of lncRNAs that are tightly associated with

the pluripotent state of ESCs. Among these, we show that acute depletion of Platr14 using antisense oligonucleotides impacts

the differentiation- and development-associated gene expression program of ESCs. Furthermore, we demonstrate that Firre, a
lncRNA highly enriched in the nucleoplasm and previously reported to mediate chromosomal contacts in ESCs, controls a

network of genes related to RNA processing. Together, we provide a comprehensive, up-to-date, and high resolution com-

pilation of lncRNA expression in ESCs and NPCs and show that nuclear lncRNAs are tightly integrated into the regulation

of ESC gene expression.

[Supplemental material is available for this article.]

Landmark cDNA cloning efforts and transcriptional interrogation
using tiling arrays, together with more recent genome-wide RNA
sequencing and chromatin state analyses, have led to the discovery
that themajority of themammalian genome is transcribed to yield
tens of thousands of RNA products (Kapranov et al. 2002, 2007;
Okazaki et al. 2002; Bertone et al. 2004; Carninci et al. 2005;
Cheng et al. 2005; Katayama et al. 2005; Guttman et al. 2009,
2010; Khalil et al. 2009; Kim et al. 2010; Djebali et al. 2012; The
ENCODE Project Consortium 2012; Hangauer et al. 2013). A sig-
nificant subset of these RNAs are spliced, yielding transcripts
>200 nt in length, but without apparent protein coding potential,
and are hence referred to as long noncoding RNAs (lncRNAs). A
small, but steadily increasing fraction of these lncRNAs has been
studied on the molecular level (Quek et al. 2015). These lncRNAs
have been reported to act through a staggering variety of mecha-
nismsmediating a large number of biological processes (for review,
see Wilusz et al. 2009; Rinn and Chang 2012; Fatica and Bozzoni
2013; Bergmann and Spector 2014). These examples also indicate
that a large fraction of lncRNAs function in the nucleus, regulating
local or global chromatin state, gene expression, and nuclear struc-
tures (for review, see Lee 2012; Bergmann and Spector 2014).

Many lncRNAs are developmentally regulated and expressed
in a cell-type–specific manner (Dinger et al. 2008; Mercer et al.
2010; Derrien et al. 2012; Hu et al. 2013). Furthermore, a growing
number of individual lncRNA candidates have been shown to be
required for cellular differentiation and tissue development
(Ulitsky et al. 2011; Grote et al. 2013; Kretz et al. 2013; Ng et al.
2013; Lin et al. 2014; Zhao et al. 2014). Conversely, several

lncRNAs have been implicated in maintaining the pluripotent
state of embryonic stem cells (ESCs) (Sheik Mohamed et al. 2010;
Guttman et al. 2011; Lin et al. 2014). In light of the large number
of lncRNAs yet to be characterized, it is to be expected that many
more of these transcripts will be linked to critical differentiation
processes and will ultimately help to refine our understanding of
normal development and disease.

Here, we set out to provide a comprehensive analysis of the
(lncRNA) transcriptome ofmouse ESCs and neural progenitor cells
(NPCs) in the context of the latest GENCODE M3 annotation (in-
cluding more than 5000 mouse lncRNAs). We identify a large
number of presently uncharacterized lncRNAs tightly associated
with the pluripotency gene expression profile of ESCs and address
the immediate functional consequences on ESC gene expression
following independent depletion of two abundant, nuclear-en-
riched lncRNAs. These analyses uncover a broad but gene set-spe-
cific requirement of lncRNAs for the maintenance of the ESC
transcriptome.

Results

Transcriptome analysis of mouse ESCs and NPCs

As a basis for our analysis of mouse ESC and NPC transcriptomes,
we utilized high quality, poly(A)-selected RNA isolated from seven
single cell-derived ESC clones in the Castaneous/C57BL/6J hybrid
background (hereafter referred to as “Cast/BL6,” clones 1–7).
Similarly, we included poly(A)+ RNA obtained from seven single-
cell-derived mouse NPC clones that were differentiated from
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Cast/BL6 ESCs in two separate derivations (clones 1–5 and clones
6–7, respectively) (Fig. 1A; Eckersley-Maslin et al. 2014). We also
derived NPCs from AB2.2 ESCs (129S5/SvEvBrd) and isolated
RNA both fromwhole-cell and nuclear fractions to estimate nucle-
ar enrichment of a given gene product (see below). Together, these
biological replicates control for gene expression differences arising
during routine cell culture and in vitro differentiation and capture
differences based on the genetic background of each cell type. We
obtained a total of approximately one billion uniquely mapping
paired-end reads (Supplemental Table S1), representing to our
knowledge the deepest RNA sequencing data set for ESCs and
NPCs available to date.

We subsequently used Cufflinks2 (Trapnell et al. 2010) using
the recently released GENCODE M3 annotation (April 2014,
Ensembl v.76; www.ensembl.org) to provide a standardized and
up-to-date analysis of gene expression (Fig. 1B). As expected, corre-
lation of gene expression between ESCs and NPCs was con-
siderably weaker than the correlation within each cell type. The
strongest correlations were found between ESCs (Supplemental
Fig. S1A,B), resulting in a tight clustering of all seven clones
(Fig. 1C) (Spearman r: minimum about 0.88 for NPCs versus
about 0.96 for ESCs). Notably, the two groups of NPCs obtained
from separate derivations showed distinct differences in correla-
tion of their RNA levels, resulting in a marked separation of the

Figure 1. Transcriptome characterization in ESCs andNPCs. (A) Schematic of RNA sources for high-throughput RNA sequencing. (B) Pipeline for ESC and
NPC transcriptome analysis. (C) Average linkage clustering dendrogram based on Spearman rank correlation of mRNA and lncRNA expression levels. (D)
LncRNAs in the intersection of AB2.2 and Cast/BL6 backgrounds detected in ESCs andNPCs. (E) Analysis of POU5F1, NANOG, SOX2, and POU3F2 binding
within 2.5 kb of the transcription start site of expressed lncRNAs (ChIP-seq data reanalyzed from Marson et al. 2008; Lodato et al. 2013). (F) Heatmap
(gene-wise Z-score) of lncRNAs in Cast/BL6 clones determined as differentially expressed between ESCs and NPCs (FDR < 0.01).
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cluster comprising clones 1–5 (derivation 1) from clones 6 and 7
(derivation 2) (Fig. 1C). Somewhat surprisingly, thepair-wise corre-
lation coefficients of the five NPC clones obtained from the same
parent population were on average lower than those of ESCs (Sup-
plemental Fig. S1B). These data suggest that gene expression or
post-transcriptional regulation of steady-state RNA levels may be
more tightly controlled in ESCs than in NPCs.

Profile of long noncoding RNA expression in ESCs and NPCs

Next, we characterized the expression of putative “intergenic”
lncRNAs within the ESC to NPC differentiation paradigm. Of the
3506 genes annotated in GENCODE M3 as “lincRNA” or “pro-
cessed transcript” (referred to as “lncRNA” for the remainder of
this study), we detected 1433 expressed at≥0.1 FPKM in the union
of our ESC or NPC data sets. Of these, 111 genes overlapped anno-
tated small RNAs (miRNA, snRNA, or snoRNA) on the same strand
and were thus removed as putative small RNA hosts. To increase
confidence in the potential relevance of a lncRNAwithin the given
cell type, we only considered those common to both genetic back-
grounds (Fig. 1D). This set of 958 lncRNAs contained 74 of the 226
putative noncoding genes previously compiled for characteriza-
tion in ESCs by Guttman et al. (2011) (Supplemental Table S2;
Supplemental Methods) and represents a collection of well over
800 lncRNAs largely uncharacterized on the molecular level. We
note that although the majority of the remaining genes described
by Guttman et al. (2011) are also detected here, these are not in-
cluded due to differing biotype annotations (including small
RNA host genes, pseudogenes, and antisense transcripts).

Wealsousedab initio transcript assemblyusingCufflinks (Fig.
1B) to assess the completeness of the GENCODE annotation with
respect to intergenic lncRNAs expressed in ESCs and NPCs. This
analysis revealed only 34 (ESC) and 18 (NPC) additional novel
high-confidence intergenic transcription units producing spliced
transcripts (Supplemental Fig. S2A,B; Supplemental Information).
The majority of these RNAs are detected at low levels only, with
∼32% lacking apparent protein-coding potential (Supplemental
Fig. S2C,D), demonstrating that our analysis essentially provides
a comprehensive resource with respect to gene-level expression of
intergenic lncRNAs in ESCs and NPCs.

As reported previously (Guttman et al. 2010; Derrien et al.
2012), transcript levels of lncRNAs were considerably lower than
those of mRNAs (Supplemental Fig. S3A,B). In contrast to low- or
nonexpressed lncRNAs, a large fraction of the transcription start
sites of more abundantly transcribed (>1 FPKM) lncRNAs were en-
riched for trimethylated histone H3 lysine 4 (H3K4me3), a modifi-
cation associated with active RNA Pol II promoters (Supplemental
Fig. S3C,D; Supplemental Table S2; Mikkelsen et al. 2007). We also
reanalyzed transcription factor ChIP-seq data from ESCs andNPCs
(Marson et al. 2008; Lodato et al. 2013).Wedetected binding peaks
of the pluripotency master-regulators POU5F1 (also known as
OCT4) or NANOG within 2.5 kb of the transcription start sites of
232 of 772 (30%) lncRNAs expressed in ESCs. Similarly, in NPCs,
294 of 705 (42%) detected lncRNAswere associatedwith SOX2. Ex-
pressionof these lncRNAsmay thus be regulated by these core tran-
scription factors. Of the SOX2-occupied fraction, 32 NPC lncRNAs
were also bound by POU3F2 (previously known as BRN2), a neuro-
genic Pou-family member recently suggested to associate with dis-
tal enhancer elements in NPCs (Fig. 1E; Supplemental Table S2;
Lodato et al. 2013).

We further note that the transcription start site of ∼8.2% of
lncRNAs expressed in ESCs fell within long terminal repeat (LTR)

elements, a proportion significantly larger than the ∼4.4% in
NPCs (P < 0.002; one-sided χ2) (Supplemental Fig. S3E). In contrast,
no difference was observed for the small fractions of lncRNAs orig-
inating from within long interspersed elements (LINE; ∼2.4% and
∼1.8% in ESCs and NPCs, respectively).

Of the 958 lncRNAs identified, 508 (53%) displayed a signifi-
cant change in expression level upon differentiation of ESCs to
NPCs (DESeq2, FDR < 0.01), with 439 lncRNAs being exclusively
detected in either cell type (Fig. 1B,D,F; Supplemental Table S2).
The fraction of lncRNAs expressed exclusively in one cell type
was considerably larger than that of mRNAs detected at the same
expression cutoff (Supplemental Fig. S3F), consistent with the no-
tion that lncRNAs are more cell- and tissue-specific in expression
than protein-coding genes (Cabili et al. 2011; Derrien et al.
2012). To independently assess and validate expression changes
determined by RNA-seq, we selected 38 genes (35 noncoding,
three protein-coding) (Supplemental Table S3) with a wide range
of expression levels and fold changes and performed real-time
RT-PCR in ESCs and NPCs of both genetic backgrounds. Count-
based and FPKM-calculated log2-fold changes (DESeq2 and
Cufflinks, respectively) correlated very well with one another
(Pearson r 0.99, data not shown). Both RNA-seq-based methods
also showed strong correlation with the log2-fold changes deter-
mined by real-time RT-PCR (Pearson r between 0.86 and 0.95)
(Supplemental Fig. S4A–C).

Global identification of nuclear-enriched lncRNAs

Many of the lncRNAs for which molecular data has been acquired
to date are found to exert their functionwithin the nucleus (for re-
view, see Bergmann and Spector 2014; Rinn and Guttman 2014),
and recent data suggest that a large fraction of human lncRNAs
are enriched in the nuclear compartment (Derrien et al. 2012;
Djebali et al. 2012). We thus used nuclear fractions from ESCs
and NPCs to globally assess the relative distribution of gene prod-
ucts in these cell types. As expected, the majority of mRNAs were
enriched in the cytoplasm (Fig. 2A; Supplemental Fig. S5A). In con-
trast, themajority of lncRNAs show preferential enrichment in the
nucleus, consistent with potential roles of these transcripts in this
cellular compartment. Nuclear-enriched lncRNAs include tran-
scripts known to be retained in the nucleus, such as Malat1 and
Neat1 (Clemson et al. 2009).We also found the lncRNA Firre to dis-
playmoderately high expression and pronouncednuclear localiza-
tion in both ESCs and NPCs. Firre, which escapes X inactivation in
female mouse ESCs (Yang et al. 2010), was recently reported to
show exclusive focal enrichment at its transcription start site
(Hacisuleyman et al. 2014). Compared to mRNAs and lncRNAs,
pseudogene transcripts displayed the strongest shift toward cyto-
plasmic localization (Fig. 2A; Supplemental Fig. S5A), consistent
with proposed roles of some pseudogene transcripts acting as
miRNA “sponges” (Poliseno et al. 2010).

To confirm nuclear localization and to investigate expression
of lncRNAs at the single cell level, we selected 11 lncRNAs, includ-
ing Firre, Tug1 (Young et al. 2005) and lncRNAs Platr2, -14, -15, -19
and -20 (see below) and performed single-molecule RNA FISH in
ESCs and NPCs (see Methods). Qualitative and quantitative analy-
sis of RNA FISH hybridization strongly supported both nuclear en-
richment and cell-type expression patterns inferred from RNA-seq
analysis (Fig. 2B; Supplemental Fig. S5B,C).When transcript levels
determined by RNA-seq were compared to the average number of
RNA FISH hybridization foci per cell, the Pearson correlation coef-
ficient was approximately 0.58 (Supplemental Fig. S5B). Notably,
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we detected on average 139 and 62 Gm11974 lncRNA hybridiza-
tion foci in ESCs and NPCs, respectively (Supplemental Fig.
S5C), corresponding to an approximately twofold difference that
is tightly reflected by the corresponding FPKM values (44 and
19, approximately a twofold difference). Similarly, an approximate
fourfold difference in Firre hybridization foci between ESCs and
NPCs (40 and 10 foci, respectively) (Fig. 2B) was closely reflected
by an approximate threefold change in FPKM values (24 and 9

in ESCs and NPCs, respectively). All the
lncRNAs examined were also detectable
in mitotic cells (Fig. 2B; Supplemental
Fig. S5C), indicating stability of these
transcripts following breakdown of the
nuclear envelope. Transcripts with high
enrichment in the interphase nucleus
may thus be subject to an active process
restricting their localization to the nucle-
us via the association with nuclear pro-
teins or chromatin.

Identification of lncRNAs associated

with the ESC state

We were interested in identifying
lncRNAs whose expression was strongly
associated with the ESC state, thus po-
tentially implicating them in the coregu-
lation of self renewal or pluripotency-
related networks. To this end, we ana-
lyzed raw poly(A)+ RNA-seq data from
22 mouse tissues (including fetal liver
and neural tissues of embryonic origin)
released by the ENCODE Project. Follow-
ing identical processing, we created an
FPKM-based expression matrix of the
ENCODE data and our ESC and NPC
data sets. Gene-level analysis of this ma-
trix demonstrated that the majority of
the 50 lncRNAs most specifically ex-
pressed in ESCs displayed exclusive ex-
pression in this cell type, with few also
being appreciably detected in a specific
tissue, rendering them useful candidates
as developmental biomarkers (Fig. 3A).

To more formally identify lncRNAs
correlated with the expression of key plu-
ripotency factors, we performed weight-
ed gene coexpression network analysis
(Langfelder and Horvath 2008). We col-
lated modules of highly inter-connected
genes using hierarchical clustering of a
topological overlap matrix from a signed
coexpression network (Methods). As a
marker for undifferentiated pluripotent
cells, we subsequently selected the mod-
ule containing Pou5f1 for further investi-
gation. As expected, the module’s gene
expression profile specifically clustered
ESCs away from more differentiated tis-
sues (Fig. 3B). Some of the most strongly
enriched gene ontology terms revolved
around stem cell maintenance and em-

bryonic differentiation-associated biological processes (Fig. 3C).
The Pou5f1 module included other prominent factors associated
with ESC maintenance and early development, such as Nanog,
Zfp42 (also known as Rex1), Dnmt3b, and Tert (Rogers et al.
1991; Armstrong et al. 2000; Watanabe et al. 2002; Chambers
et al. 2003). Among the module’s 574 genes were 105 lncRNAs
(Supplemental Table S4). Of these, Halr1 (also known as linc-
Hoxa1) was recently shown to act in cis to suppress Hoxa1

Figure 2. Identification of nuclear-enriched lncRNAs. (A) Nuclear to total log2 FPKM ratio by annotated
gene biotype (Ensembl v.76) in AB2.2 ESCs plotted against FPKM values obtained from total cell RNA-
seq. Only genes with expression >1 FPKM in either nuclear or total fraction are plotted. (B) Single-mol-
ecule RNA FISH in AB2.2 ESCs and NPCs using probe pairs specific for Platr14, Firre, and other indicated
lncRNAs (green). Housekeeping PpibmRNA (red) is used as a control. Images represent maximum inten-
sity projections. Dotted lines demarcate the nuclear outline of individual cells or ESC colonies. (Scale bar)
10 µm. Mitotic images are enlarged twofold.
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expression in mouse ESCs (Maamar et al. 2013). Another 10
lncRNAswere also found to be required for normal gene expression
in ESCs (Guttman et al. 2011). Toour knowledge, the remaining 93
lncRNAs are presently uncharacterized on the molecular level,
highlighting the potential for identifying novel regulators of ESC
biology within this set of genes (see below).

Platr14 is associated with maintenance of the ESC

gene expression profile

We went on to identify “high-profile” lncRNA candidates within
the Pou5f1 module described above. We took into consideration
a gene’s number of connections with other genes in the module
and further determined the correlation of a given gene’s expres-
sion with the overall module gene expression (determined as the
first principal component of the module). We reasoned that a
gene would be relatively more important with increasing connec-
tivity and module correlation. Consistently, Pou5f1, Nanog, and
Zfp42 were among the highest-ranking genes (Fig. 4A).

We identified 32 lncRNAs clustering tightly among the
known pluripotency factors in the top quartiles of importance
(Fig. 4A; Supplemental Table S5), suggesting their functional inte-
gration into the ESC gene expression program. We refer to these
lncRNAs as Platr1 to -32 (pluripotency-associated transcript;
ranked by relative module importance). Importantly, two of these
lncRNAs were previously implicated in the maintenance of the
ESC state: Platr11 (linc1405; Gm26975/ENSMUSG00000098161)
was found to be required for Zfp42 expression (Guttman et al.
2011). Platr18 (Lincenc1; ENSMUSG00000078952) (Fig. 2A,B)
was part of an early knockdown screen and is critically necessary
for ESC colony formation (Ivanova et al. 2006). From the other
30 presently uncharacterized Platr lncRNAs, we selected Platr14

to further assess its potential role in ESC state. Platr14
(4930500J02Rik/ENSMUSG00000086454) (Fig. 4B) is specifically
expressed in ESCs at a comparatively high expression level (49
and 101 FPKM in AB2.2 and Cast/BL6, respectively) (Fig. 4C;
Supplemental Table S2). Localization of Platr14 lncRNA displayed
pronounced nuclear enrichment (Figs. 2A,B, 4E), further support-
ing a regulatory rolewithin ESCnuclei. Althoughwedid not detect
POU5F1 or NANOG binding sites in the vicinity of Platr14, we
found its TSS to fall within an LTR. Using rapid amplification of
cDNAends (RACE) andRT-PCR,we confirmed the overall structure
of themain Platr14 isoforms (ranging between∼600 and ∼900 nt),
splicing of which is markedly diverse both at the 5′ and 3′ end of
the transcript (Supplemental Fig. S7A–C).

To determine if loss of Platr14 impacts global ESC gene ex-
pression, we treated AB2.2 ESCs with a control 2′-O-methoxyethyl
gapmer antisense oligonucleotide (ASO) or two independent ASOs
complementary to Platr14. These chemically modified ASOs act
through RNase H-mediated degradation of their target and are ex-
tremely well suited for the knockdown of nuclear RNAs, including
primary, unprocessed transcripts (Wheeler et al. 2012; Meng et al.
2015). We decided to analyze the effect of lncRNA depletion by
RNA-seq 24 h after ASO transfection, for technical and biological
reasons: (1) Themajority of lncRNAs characterized to date regulate
transcriptional or post-transcriptional RNA levels, rendering RNA-
seq a first-choice method to investigate lncRNA function globally
at high resolution and sensitivity; (2) in contrast to mRNAs, for
which a knockdown phenotype is delayed due to a critical depen-
dence on the half-life of the encoded protein, lncRNAs should ex-
ert an immediate phenotypic effect upon knockdown; (3)
similarly, observed phenotypic changes should be a direct conse-
quence of lncRNA loss, rather than secondary effects and thus al-
low one to more narrowly pinpoint potential target genes; and

Figure 3. Identification of ESC-associated lncRNAs. (A) Heatmap (GeneWise Z-score) of the 50 lncRNAs most specifically (calculated based on Z-score)
expressed in ESCs at ≥1 FPKM. ENCODE mouse tissue poly(A)+ RNA-seq data represent the average expression of two biological replicates. (B) Expression
heatmap of the gene module containing Pou5f1 as determined by weighted gene coexpression analysis. (C) Gene ontology (GO) terms for biological pro-
cess selected from the top 20 nonredundant terms enriched in the Pou5f1 gene module. Enrichment was ranked based on Fisher’s exact test.
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(4) extended culture following ASO introduction may cause a pas-
sive dilutionof ASOmolecules that results in the partial recovery of
lncRNA levels, thus potentially “rescuing” earlier transient effects
(JH Bergmann and DL Spector, unpubl.).

To enable a statistically robust analysis of differential expres-
sion at this early time point, in particular in light of the expected
biological variability in gene expression between independent rep-
licates (Supplemental Fig. S6), we performed ASO transfections in

four biological replicates, sequenced high-quality poly(A)+ RNA at
high depth, and considered only uniquely mapping reads (on av-
erage 240 million mapped reads per condition) (Supplemental
Table S1). Each specific ASO resulted in a ∼70% reduction of
Platr14 levels compared to a control ASO or mock-transfected cells
(Fig. 4D,E). Within 24 h of Platr14 knockdown by either ASO#2 or
ASO#3, we observed a significant impact on the expression of 94
and 168 genes, respectively (DESeq2, FDR < 0.05) (Fig. 4F). We

Figure 4. Platr14 lncRNA is functionally integrated in ESC gene expression regulation. (A) Connectivity between geneswithin the Pou5f1module (see Fig.
3B) is plotted against the module’s first principal component (module gene expression). Dotted lines correspond to first and third quartiles. (Red) lncRNA
genes; (blue) mRNA genes. (B) Schematic of annotated Platr14 isoforms. Targeting sites of ASO#2 and ASO#3 are indicated. Black lines above the transcript
model represent targeting sites of RNA FISH probes. For greater detail and cloned Platr14 cDNA, see Supplemental Figure S7. (C) Expression of Platr14 in
AB2.2 ESCs and ENCODE tissues. (D) Expression level of Platr14 in ESCs 24 h after transfection with control ASO (Cntr) or two independent ASOs specific
against Platr14 lncRNA. Data represent the mean and standard deviation of four biological replicates. (E) Single-molecule RNA FISH for Platr14 lncRNA
(green) and Ppib housekeeping mRNA (red) in AB2.2 ESCs transfected with control ASO or Platr14 specific ASO. (Scale bar) 10 µm. (F) Heatmap (gene-
wise Z-score) of genes significantly affected within 24 h of transfection of Platr14 specific ASOs (FDR < 0.05). (G) Top 15 nonredundant GO terms enriched
in the set of differentially expressed genes for each ASO. Enrichment was ranked based on Fisher’s exact test.
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note that these two ASOs have different preferences for individual
Platr14 transcript isoforms (Fig. 4B; Supplemental Fig. S7) andmay
thus exert different biological activity. Comparison of RNA-seq
knockdown datawith potential off-targets based on ASO sequence
complementary to all expressed primary and spliced ESC tran-
scripts confirmed the high specificity of ASO action toward their
cognate targets in vivo (Supplemental Fig. S8). Strikingly, a large
fraction of the genes affected by loss of Platr14 in either knock-
down data set were directly related to differentiation and tissue de-
velopment (Fig. 4G). Importantly, the enrichment for these terms
does not constitute a “default” gene response preference within
ESCs, as ASOs targeting other transcripts show target-dependent
gene expression changes and enrichment for different functional
GO terms (see Firre knockdown below).

Together, these data confirm that Platr14 tightly associates
with expression of key pluripotency genes and has a functional im-
pact with respect to maintenance of the ESC gene expression pro-
gram. Although beyond the scope of the present study, it will be
extremely interesting to investigate the mechanistic function of
Platr14 on the molecular level.

lncRNA Firre is integrated into the control of a modular

gene expression program

Firre was previously proposed to act as a molecular scaffold re-
quired for the spatial clustering of five genic regions in ESCs and
other cell lines (Hacisuleyman et al. 2014). Contrary to the focal
nuclear localization of Firre transcripts described previously
(Hacisuleyman et al. 2014), we instead detected a disperse distribu-
tion of Firre transcripts within the nucleoplasm of ESCs and NPCs
(Figs. 2B, 5A). A similar nuclear distributionwas observed in female
PGK12.1 ESCs (Supplemental Fig. S9A). In addition to single-mol-
ecule RNA FISH, we also performed “standard” RNA FISH using a
nick-translated Firre cDNA probe as an independent technical con-
trol. This alternate protocol also confirmed the distribution of Firre
transcripts (Supplemental Fig. S9B). In addition to the dispersed
Firre signal, some cells also displayed a brighter hybridization focus
likely corresponding to the Firre transcription site on the single X
Chromosome in male cells, as typically seen with this approach
(Supplemental Fig. S9B). As expected for the highly specific nature
of our single-molecule RNA FISH approach, hybridization signals
were essentially abolished in ESCs depleted of Firre transcripts by
ASO knockdown (Fig. 5A, see below).

Our data thus suggest that Firre transcriptsmay actmore glob-
ally within the nucleus. The previous deletion of its >70 kb geno-
mic locus (Hacisuleyman et al. 2014) does not allow one to
distinguish between RNA-dependent effects and those mediated
by the loss of the chromosomal region, including potential regula-
tory sites (Bassett et al. 2014), and long-term culture further pre-
cludes the discrimination between direct and indirect changes.
We thus decided to investigate the immediate impact of Firre
depletion on the ESC gene expression profile. To this end, we
transfected AB2.2 ESCs with control or two independent Firre-spe-
cific ASOs for 24 h after whichpoly(A)+ RNA-seqwas performed. As
for Platr14 above, we integrated approximately 240 million
uniquely mapping reads from four biological replicates per condi-
tion (Supplemental Table S1). Each of the two Firre-specific ASOs
achieved substantial reduction of Firre RNA (>95% and 90% based
on RNA-seq and qRT-PCT, respectively) (Fig. 5A–C; Supplemental
Fig. S10A). Depletion of Firrewas paralleled by a significant change
(DESeq2, FDR < 0.05) of 100 and 238 genes for ASO#5 and ASO#2,
respectively. The majority of affected genes were down-regulated,

suggesting that Firre RNA positively mediates the levels of these
transcripts (Fig. 5D; Supplemental Fig. S10B). Thirty-three of these
genes (including Firre) were detected in both ASO sets. Notably,
Eef1a1, one of the five genes found to associate with the Firre locus
in ESCs (Hacisuleyman et al. 2014), displayed a reproducible
decrease in transcript levels in both treatment conditions, al-
though only ASO#2 resulted in a significant call at the FDR thresh-
old used (Supplemental Fig. S10C). The other four previously
identified interacting targets (Hacisuleyman et al. 2014) did not re-
spond to Firre knockdown, with Ypel4 not being detectably ex-
pressed in our data set (Supplemental Fig. S10C).

Gene ontology analysis of the 32 differentially expressed
genes detected in both treatments indicated that depletion of
Firre RNA impacted expression of genes encoding factors involved
in RNA processing, including splicing regulators (Fig. 5E).
Intriguingly,whenwe assessed themodulemembership of Firreus-
ing our coexpression analysis above, we found that genes in the
Firre-containing module were strongly enriched for gene ontology
terms related to RNA metabolism, splicing, and processing
(Fig. 5F). Most strikingly, 18 of 32 genes affected by Firre knock-
down were members of the same coexpression module as Firre
(P < 10−9, hypergeometric test) (Fig. 5G). Together, these data pro-
vide compelling evidence for a tight positive relationship between
Firre RNA levels and expression of genes encoding for factors regu-
lating RNA fate.

Discussion

LncRNAs have been implicated in playing key roles in the regula-
tion of a multitude of cellular processes, by acting through a large
variety of transcript-specific molecular functions (for review, see
Lee 2012; Rinn and Chang 2012; Fatica and Bozzoni 2013;
Bergmann and Spector 2014). The small fraction of lncRNAs func-
tionally characterized to date suggests that the plethora of present-
ly unstudied molecules may hold the potential to uncover
additional layers in the regulation of basic cellular functions as
well as roles in differentiation and development. ESCs and their
differentiation in culture is a widely used model system to study
regulatory function in the context of development and disease
(Keller 2005; Evans 2011). We thus set out to provide a compre-
hensive analysis of the ESC and NPC poly(A)+ lncRNA transcrip-
tome at an unprecedented high depth. Drawing from a panel of
biologically meaningful replicate samples, we detect a large num-
ber of lncRNAs expressed in the two genetic backgrounds used,
generating confidence for their relevance in the given cell type.
The use of the latest GENCODE M3 annotation assures that our
data set is readily assessable and directly comparable to external re-
search based on this annotation. Importantly, in light of the rela-
tively small number of unannotated “high confidence” intergenic
transcription units found in both genetic backgrounds, our analy-
sis represents a valuable near-complete expression profile for the
“intergenic” class of lncRNAs studied here.

In line with the work of others (Cabili et al. 2011; Derrien
et al. 2012; Djebali et al. 2012), we find that a large fraction of these
lncRNAs are highly cell-type specific. We further show that
lncRNAs as a class are enriched in the nucleus, consistent with po-
tential roles in this compartment. The finding that many of the
nuclear-enriched transcripts remain detectable throughout mito-
sismay suggest that, rather than being the target of rapid turnover,
passive or active mechanisms retain these transcripts within the
nucleoplasm of interphase cells. These could include the associa-
tion of lncRNAs with nuclear protein complexes or interphase
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chromatin, or the presence of specific motifs causing nuclear im-
port or retention, for example as recently identified for lncRNA
BORG (GenBank sequence ID AB010885) (Zhang et al. 2014).

As a central key to our lncRNA characterization and classifica-
tion, we used robust gene coexpression analysis and, in an unprec-
edented manner, implemented a stringent importance filter to
identify lncRNAs tightly associated with the gene expression state
of ESCs. This allowed us to short list a number of presently unchar-
acterized lncRNAs that can serve as novel developmental biomark-
ers for the pluripotent state and may be functionally integrated

into the ESC gene expression program. As proof of principle, we
identify Platr14, a nuclear-enriched lncRNA required to maintain
typical expression of a wider range of genes associated with differ-
entiation and tissue development. Interestingly, in contrast to
many other pluripotency-related genes, Platr14 is not bound by
POU5F1 or NANOG, but instead appears to be expressed from
within an endogenous LTR. We generally observed a greater pro-
pensity for the expression of LTR-associated lncRNAs in ESCs
over more differentiated cells, consistent with the work of others
(Kelley and Rinn 2012). Indeed, expression of endogenous

Figure 5. Firre lncRNA is functionally integrated into an RNA processing gene expression module. (A) Single-molecule RNA FISH for Firre (green) and Ppib
housekeepingmRNA (red) 24 h after transfection of AB2.2 ESCs with control (ctr) ASO or a Firre-specific ASO. (B) Firre expression level in ESCs transfected as
in Awith control or two independent Firre-specific ASOs. Data represent mean and standard deviation of four biological replicates. (C ) Normalized poly(A)+

read coverage across the Firre locus in ESCs transfected as in A and B. RNA FISH target sites and ASO target sites are indicated. Due to the repeat motif
content, ASOs are complementary to more than one site of the Firre transcript. (D) Overview of differentially expressed genes 24 h after Firre knockdown
with two ASOs in four biological replicates each (FDR < 0.05; see Supplemental Fig. S9 for the full heatmap). (E) GO enrichment for the genes affected by
both ASO treatments. Top five biological process terms are shown based on Fisher’s exact test and after redundancy trimming. (F) GO terms as in Figure 3C
obtained from theweighted gene coexpression analysis-derived genemodule containing Firre. (G) Firremodule genes (red: lncRNA; blue:mRNA) plotted as
in Figure 4A. Labeled genes correspond to 18 of the 31 genes (indicated in D, excluding Firre) significantly down-regulated in both Firre ASO treatments.
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retroviral elements is common inmouse and human ESCs andwas
postulated to contribute to species-specific regulation of pluripo-
tency and differentiation (Macfarlan et al. 2012; Lu et al. 2014).
It will be interesting to investigate loss of additional LTR-associated
lncRNAswith respect to their contribution to the ESC gene expres-
sion program.

Our global cellular fractionation analysis and RNA FISH con-
firm the recent finding of Hacisuleyman et al. (2014) that the X
Chromosome encoded lncRNA Firre is highly enriched in the nu-
cleus (Hacisuleyman et al. 2014). However, both our single-mole-
cule as well as standard RNA FISH approaches indicate that Firre
transcripts are widely dispersed throughout the nucleoplasm rath-
er than showing the exclusive focal aggregation reported previous-
ly. We can exclude the possibility that these disperse signals
observed here are a result of unspecific hybridization, because
the method applied critically depends on multiple pairs of inde-
pendent primary oligos to stably anneal at the expected distance
from one another, which drastically increases specificity over con-
ventional RNA FISH techniques.More importantly, ASO-mediated
depletion of Firre transcripts to barely detectable levels causes a
complete loss of Firre hybridization signal. One possibility for
the observed disparities in Firre localization could stem from subtle
differences in its basal expression. Indeed, ESC culture conditions
differ between the previous study (Hacisuleyman et al. 2014) and
our study, although we also do not observe focal aggregation of
Firre in other cell types and backgrounds.

It is worth noting that the reported trans-interaction of the
Firre locus with the indicated target genes does not appear to be re-
quired for their steady-state expression (Hacisuleyman et al. 2014).
We also conclude that, with the possible exception of Eef1a1, loss
of Firre RNA had no immediate effect on expression of these loci in
our ESC system. Instead, Firre down-modulation appears to have a
broader impact on the ESC gene expression program, consistent
with the ubiquitous distribution of Firre lncRNA in the nucleus.
We identify a number of genes encoding proteins related to RNA
processing and transport to be negatively impacted by Firre deple-
tion. Notably, gene sets corresponding to such biological processes
were also down-regulated in ESCs with a deleted Firre locus
(Hacisuleyman et al. 2014). Our data thus markedly extend these
previous findings by identifying these genes as primary Firre-de-
pendent targets and further by directly implicating Firre lncRNA
molecules in the upkeep of their expression. Our findings that
Firre is part of a genemodule related to RNA processing and highly
connected with 18 of its immediate target genes based on coex-
pression network analysis further suggests an intimate and posi-
tive regulatory connection.

Together, we confirm that both, Platr14 and Firre lncRNAs ex-
ert amolecular function that is directly related to the functional as-
sociations of the genes within their respective coexpression
modules. These data thus strongly support the value of coexpres-
sion analysis for predictive “guilt-by-association” inferences
(Hughes et al. 2000; Stuart et al. 2003; Basso et al. 2005; Guttman
et al. 2009). In particular, integration of the topological overlap
measure as used here was shown to aid in the identification of bio-
logically meaningful networks (Li and Horvath 2007; Yip and
Horvath2007). This typeof expressionprofile-based analysis is par-
ticularly relevant for the studyof lncRNAs, forwhich transcript lev-
els and changes therein have a direct impact on the cell state.
Beyond supporting the generation of functional hypotheses for
a given lncRNA, the assessment of module membership and
“hubgene”-analogous features, suchas intra-module connectivity,
enables a robust classification of groups of uncharacterized

lncRNAs, as demonstrated here for lncRNAs associated with pluri-
potency. With increasing numbers of cell type, tissue as well as
clinical expression data becoming available, this approach may
ultimately provide a highly refined classification of lncRNA
associations.

In summary, we globally identified and characterized
lncRNAs enriched in the nucleus of pluripotent ESCs and NPCs.
We provide a robust and stringent classification of lncRNAswithin
the pluripotency-associated gene module. Our investigation of
two specific lncRNAs on themolecular level demonstrates their re-
quirement for and functional integration into the ESC gene ex-
pression program.

Methods

RNA isolation and quality control, nucleofection procedure, ChIP-
seq data analysis, ab initio transcript assembly, qRT-PCR, and
RACE analysis as well as additional details are provided in the
Supplemental Methods.

Cell culture

All cell culture reagents were obtained from Gibco (Life Technolo-
gies), unless stated otherwise. ESC colonies were maintained on
gelatinized cell culture dishes (Corning), on a feeder layer of irradi-
ated mouse embryonic fibroblasts (GlobalStem) in knockout
DMEM supplemented with 15% fetal bovine serum, nonessential
amino acids, and 1000 units/mL leukemia inhibiting factor
(Millipore). Prior to RNA isolation, feeder cells were removed dur-
ing a 1-h soaking period. AB2.2 NPCs were differentiated from
ESCs via neurospheres as described previously (Conti et al. 2005;
Eckersley-Maslin et al. 2014). NPCs were subsequently maintained
on gelatinized cell culture dishes in N2 expansion medium com-
posed of 50:50 DMEM/F12: neurobasal medium, supplemented
with 1× N2, 0.05× B-27, 50 µg/mL BSA (fraction V), 1 µg/mL lam-
inin, and 10 ng/mL eachmurine basic fibroblast growth factor and
epidermal growth factor (FGF and EGF, PeproTech).

Read mapping and transcriptome analysis

Reads were mapped to the mouse mm10 reference assembly
(GRCm38, patch 3) using TopHat2 (version 2.0.9) (Kim et al.
2013). The GENCODE M3 GTF was provided as reference.
Default parameters were used, except that only uniquelymapping,
“nomixed” and “nodiscordant” readswere retained. Furthermore,
maximum insertion and deletion length was reduced to 2 bp. For
transcriptome analysis, Cufflinks2 (version 2.1.1; http://cufflinks.
cbcb.umd.edu/) was run by providing transcript models from
GENCODE M3 (“-G”). For expression level analysis, the following
parameters were set: Effective length correctionwas suppressed, re-
sulting in improved expression correlation within replicates (data
not shown); “max-bundle-length” was increased to 6 Mbp; reads
were normalized to those compatible with the reference annota-
tion only. Reads mapping to ribosomal RNAs and small RNA spe-
cies were masked (“-M”).

Expression analysis was performed on the gene level using a
semiconservative cutoff at ≥0.1 FPKM (AB2.2, or the mean expres-
sion across seven Cast/BL6 clones). At this threshold, >95% of fil-
tered genes had a nonzero FPKM at the lower bound of the 95%
confidence interval. For differential gene expression analysis, raw
read count tables for GENCODE M3 gene models were compiled
using HTSeq (Anders et al. 2015). Differential expression statistics
were obtained using DESeq2, which also handles library size nor-
malization, independent filtering, and dispersion shrinkage
(Love et al. 2014). Default settings were used, except for reducing
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the FDR threshold to a more stringent 0.01 or 0.05 for ESC versus
NPC characterization and ASO knockdown studies, respectively.

For mouse tissue expression data, the indicated poly(A)-se-
lected ENCODEdata sets (CSHL longRNA sequencing)were down-
loaded and processed as above. For each tissue, Cufflinks’ FPKM
values were averaged from two replicate samples.

Gene ontology analysis was performed using TopGO (version
2.16) considering differentially expressed genes over a background
gene universe comprised of all genes assessed in DESeq2. Fisher’s
exact test was used to calculate P-values and to rank terms. GO
terms were subsequently filtered for redundancy using a trimming
algorithm at a soft threshold of 0.4 (Jantzen et al. 2011).

Weighted gene coexpression network analysis

Weighted gene coexpression network analysis was performed
based on Langfelder and Horvath (2008). Log-transformed FPKM
for ESCs and NPCs (AB2.2 and mean values of Cast/BL6 clones)
were combined with those of the ENCODE tissue data. Only
mRNA and lncRNA biotypes expressed at ≥0.1 FPKM in any one
sample were retained. The adjacency matrix was calculated based
on pair-wise Pearson correlation coefficients for a signed network
(considering only positive expression correlation). A value of β =
15 was empirically chosen as soft-threshold tomaximize the num-
ber of modules with at least 30 genes while minimizing the num-
ber of genes not assigned to any module. Modules were formed
based on the adjacency matrix’s topological overlap, subsequent
average linkage hierarchical clustering, and by using the dyna-
mic tree cut function implemented in the WGCNA R package
(Langfelder and Horvath 2008). This analysis yielded 37 modules
with a median of about 350 genes. GO analysis was performed us-
ing TopGO and followed by term redundancy filtering as above.

RNA Fluorescence In Situ Hybridization (FISH)

For single-molecule RNA FISH, custom Type-6 primary probes tar-
geting Platr14, Firre, and other lncRNAs were designed and syn-
thesized by Affymetrix (Supplemental Table S6). Affymetrix’s
QuantiGene ViewRNA Cell ISH reagents (Affymetrix) were used
to perform dual-color multiplex hybridization on PFA-fixed ESCs
with a mouse Ppib-specific Type-1 probe set as endogenous con-
trol. Hybridizationwas performed according to themanufacturer’s
instructions with some modifications to improve the detection of
nuclear transcripts. See Supplemental Methods for full details as
well as standard RNA FISH and imaging.

Data access

RNA-seq data from this study have been submitted to the EMBL-
EBI ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/)
under accession number E-MTAB-3198.
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