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Abstract

Once thought to be transcriptional noise, large non-coding RNAs (IncRNAs) have recently been
demonstrated to be functional molecules. Cell-type specific expression patterns of INCRNAS
suggest that their transcription may be regulated epigenetically. Using a custom-designed
microarray, here we examine the expression profile of INcRNAs in embryonic stem (ES) cells,
lineage-restricted neuronal progenitor cells (NPC), and terminally differentiated fibroblasts. In
addition, we also analyze the relationship between their expression and their promoter H3K4 and
H3K27 methylation patterns. We find that numerous IncRNAs in these cell types undergo changes
in the levels of expression and promoter H3K4me3 and H3K27me3. Interestingly, INcCRNAS that
are expressed at lower levels in ES cells exhibit higher levels of H3K27me3 at their promoters.
Consistent with this result, knockdown of the H3K27me3 methyltransferase Ezh2 results in
derepression of these INcRNAs in ES cells. Thus, our results establish a role for Ezh2-mediated
H3K27 methylation in IncRNA silencing in ES cells and reveal that INcCRNAs are subject to
epigenetic regulation in a similar manner to that of protein coding genes.

Introduction

Recent studies have revealed that the mammalian “transcriptome” is much more substantial
and complex than originally believed. The ENCODE project estimates that over 90% of all
nucleotides within the human genome can be transcribed (1). Although transcription appears
to be quite pervasive, only 15% of the genome experiences stable transcription in human cell
lines (2). Nevertheless, protein coding genes account for just 1-2% of the genome (3)
suggesting that cells dedicate a considerable amount of energy to produce transcriptional
“dark matter” (4).

Although small RNAs (microRNAs, PIWI-associated RNAs, and small interfering RNAS)
and housekeeping RNAs (transfer RNAs and ribosomal RNAS) account for some non-
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protein coding transcripts, the vast majority are long non-coding RNAs (IncRNAs) that are
greater than 200 nucleatides in length (5). Although IncRNAs were once considered to be
transcriptional noise, several features suggest that IncRNAs may play important roles in
various processes. These features include: 1) cell-type specific expression patterns (6-8); 2)
distinct subcellular localizations (7); 3) link to various diseases (9); and 4) evolutionary
selection of the INCRNA sequence (10,11). Indeed, recent studies have uncovered functional
roles for IncRNAs in diverse biological processes including X-inactivation, imprinting, Hox
gene regulation, and the development of certain diseases (9,12-15).

Epigenetic modifications, including DNA methylation, histone modifications, and chromatin
remodeling are believed to contribute to cell-type specific expression patterns of protein-
coding genes (16,17). Interestingly, a previous study has identified many genomic regions
that contain the active histone modification marks H3K4me3-H3K36me3, which could not
be attributed to protein-coding genes (10). While this suggests that IncRNAs may be
regulated epigenetically in a similar way to that of protein coding genes, this has not been
tested directly.

To begin to understand the mechanism by which IncRNAs exhibit cell-type specific
expression, we compared the expression profiles of IncRNAs in mouse ES cells, neuronal
progenitors (NPCs), and terminally differentiated fibroblasts and analyzed the relationship
between their expression and their promoter H3K4me3 and H3K27me3 levels. We found
that these histone modifications undergo dynamic changes in a cell-type specific manner. In
addition, we found that Ezh2-mediated H3K27 methylation plays an important role in
silencing IncRNAs in ES cells. Our results suggest that IncRNAS are epigenetically
regulated in a similar manner to that of protein coding genes.

Expression profiling of IncRNAs in ES cells, NPCs, and fibroblasts

Of the 34,030 IncRNASs annotated in the Fantom3 database, 32,213 (95%) were mapped to
the UCSC mm8 assembly of the mouse genome. To determine whether INcRNAs are
differentially expressed in cells at different differentiation stages, we analyzed their
expression in mouse ES cells, lineage-restricted neuroprogenitors (NPCs), and terminally
differentiated fibroblasts using a custom-designed microarray containing oligonucleotide
probes targeting these INCRNAs (Supplementary Table 1). Given that multiple
transcriptional units can coexist within the same genomic space (18-22), IncRNAs may be
regulated indirectly by their location within the same transcriptional unit of a protein coding
gene. To simplify the analysis, we focused on the subset of INCRNAs that did not overlap
with the promoter (defined as —1kb to +1kb surrounding the transcription start site) or the
coding region of annotated genes. We found that the majority (65%, n=20949) of mapped
IncRNAs annotated in the Fantom3 database overlapped with coding regions of genes
annotated in the RefSeq database. A small fraction (1%, n=327) overlapped with gene
promoters. The remaining INcRNAs (34%, n=10937) showed no overlap with annotated
promoters or coding regions (Fig. 1A). These INcCRNAs were used for all subsequent
analyses.
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We found that 3270 (10.2%) unique IncRNAs exhibit at least a two-fold change when
compared from one cell type to another (Fig. 1B). INCRNAs that exhibited at least a two-fold
change in ES cells compared to both NPCs and fibroblasts were randomly selected and
confirmed by quantitative PCR analysis (Fig. 1C). These studies indicate that at least a
subset of INcRNAs exhibit cell type-specific expression.

H3K4me3 and H3K27me3 distribution in IncRNA promoters in ES, NPC, and fibroblasts

Given that epigenetic mechanisms contribute to cell-type specific expression of protein
coding genes, we asked whether INcCRNAs are epigenetically regulated. The Trithorax and
Polycomb group of proteins are key developmental players responsible for lineage-specific
gene expression (23). Some of these proteins participate in multi-protein complexes that are
responsible for the tri-methylation of lysine 4 and 27 of histone H3 (H3K4me3 and
H3K27me3) with H3K4me3 and H3K27me3 correlating with transcriptional activation and
repression, respectively (17). Specific genomic regions in ES cells are marked with both
H3K4me3 and H3K27me3 and are termed “bivalent” domains, which are transcriptionally
inactive regions that are poised for transcriptional activation (24).

Taking advantage of previously published genome-wide location data for H3K4me3 and
H3K27me3 (25), we examined these two histone methylation marks at the promoters of
IncRNAs in mouse ES cells, NPCs, and fibroblasts (Fig. 2A). We found a small group of
unique IncRNAs (17%) that contain these modifications. In ES cells, roughly 80% of all
H3K27me3 positive InNcRNA promoters also contain H3K4me3, which is similar to previous
reports on protein coding genes (24). In contrast to H3K27me3, less than a quarter of all
H3K4me3 positive promoters are bivalent suggesting that most H3K4me3 positive INCRNAS
may have housekeeping functions or are important for ES cell identity. Overall, ES cells
contained more bivalent IncRNA promoters when compared to NPCs and fibroblasts. In
addition, H3K27me3 alone is notably enriched in fibroblasts compared to ES cells and
NPCs indicating that this subset of INCRNAs may have to be silenced in terminally
differentiated cells.

We then asked whether INcCRNAs containing these modifications retain the same
modification or if they undergo epigenetic changes when ES cells become lineage-restricted
(NPC) or terminally differentiated (fibroblasts). Unlike those lacking modifications, many
IncRNAs that possess H3K4me3, H3K27me3, or both do undergo dynamic changes (Fig.
2B). Interestingly, while more than half of INCRNAs possessing H3K4me3 in ES cells retain
this mark, the majority of the bivalent INcRNAs in ES cells commit to either the active or
repressive mark in NPCs and fibroblasts. This suggests that the InNcRNAs retaining
H3K4me3 may have housekeeping functions, while those with the bivalent mark in ES cells,
but commit to the active or repressive mark in NPCs or fibroblasts may have important roles
in cell lineage commitment. On the other hand, the group of IncRNAs that loses the
H3K4me3 mark in NPCs and fibroblasts may be interesting for future studies as these may
be important for ES cell identity. It is interesting to note that most IncRNAs containing only
H3K27me3 in ES cells appear to lose this modification in NPCs and fibroblasts, particularly
in NPCs (Fig. 2B).
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Promoter H3K4me3 and H3K27me3 correlate with INcRNA transcription levels

We next set out to examine whether changes in H3K4 and H3K27 methylation of IncRNA
promoters correlate with expression of INCRNAs. To this end, INcRNAs were categorized
into two groups based on their expression levels in ES cells compared to both NPCs and
fibroblasts (at least a 2-fold change in ES versus NPCs/fibroblasts). The average tag density
for H3K4me3 and H3K27me3 was examined over a region +/— 5kb from the transcription
start site using previously published data (25). Similar to previous reports on protein coding
genes, levels of H3K4me3 peak at transcription start sites (TSS) and are independent of
expression status (Fig. 3A). However, IncRNAs that were expressed higher in ES cells
compared to NPCs/fibroblasts tended to have slightly higher levels of H3K4me3. On the
other hand, IncRNAs that were expressed at lower levels in ES cells exhibited a broad peak
of H3K27me3 that sharply dropped after the transcription start site (Fig. 3B). Levels of
H3K27me3 remained consistently low in the same region when the opposite group was
examined.

As mentioned above, previous studies of protein coding genes in ES cells suggest that gene
promoters marked by bivalent domains are thought to be poised for activation or repression
upon differentiation (24). To determine whether the same trend holds true for IncRNAs, we
categorized IncRNAs that were bivalent in ES cells based on their modification state in
fibroblast cells and examined their expression change upon differentiation. On average,
bivalent IncRNAs that become H3K4me3 in fibroblasts are expressed significantly higher in
fibroblasts compared to ES cells, while those that become H3K27me3 are expressed
significantly lower (Fig. 3C). Collectively, the above results demonstrate that H3K4me3 and
H3K27me3 can be correlated with the activation and repression of INcRNAs, respectively.
Therefore, the relationship between transcription levels and promoter H3K4me3 and
H3K27me3 levels previously discovered for protein coding genes holds true for IncRNAs.

Ezh2-mediated H3K27 methylation represses IncRNAs in ES cells

We next asked whether the presence H3K27me3 at the promoter affects expression of
IncRNAs in ES cells. To this end, we attempted to manipulate levels of H3K27me3 by
knocking down Ezh2, the catalytic subunit of the Polycomb Repressive Complex 2 (PRC2)
(26). We generated lentiviruses expressing two independent shRNAs targeting Ezh2, which
we used for transduction of ES cells. Following puromycin selection, knockdown efficiency
was confirmed by RT-gPCR (Fig. 4A). Consistent with down-regulation of Ezh2, global
levels of H3K27me3 were dramatically reduced (Fig. 4B).

We analyzed the IncRNA expression profile in Ezh2 KD ES cells using the custom-designed
microarray described earlier and found that both knockdowns correlated well with each
other (Pcc = 0.935). To determine whether H3K27me3 plays a role in silencing INcRNAs in
ES cells, we grouped IncRNAs based on the presence of H3K4me3 or H3K27me3 at their
promoter and examined their expression change upon Ezh2 knockdown (Fig. 4C). Not
surprisingly, IncRNAs marked by H3K4me3 exhibited no significant changes in expression
compared to all IncRNAs. On the other hand, we found that IncRNAs containing
H3K27me3 tend to be expressed at a higher level upon Ezh2 knockdown when compared to
those containing H3K4me3 (p = 1.415 x 107-10) or all IncRNAs (p = 9.64 x 10"-9)
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indicating that Ezh2-mediated H3K27 methylation contributes to the repression of a subset
of IncRNAs in ES cells.

To further analyze the effect of Ezh2 knockdown on IncRNA expression, we examined the
microarray data and found 163 IncRNAs that were at least 2-fold upregulated in both
knockdowns of Ezh2. Of these, 19 were also marked with H3K27me3 in ES cells. From this
group, we randomly selected 6 IncRNAs and confirmed that their expression was de-
repressed upon Ezh2 knockdown by RT-qPCR (Fig. 4D). The effect of Ezh2 on these
IncRNAs appears to be direct as analysis of previously published genome-wide mapping
data (27) indicated that the promoters of these IncRNAs are not only bound by Ezh2 but also
by Suz12, another component of the PRC2 complex (26).

Discussion

In summary, our study examined the INcRNA expression profiles in ES, NPC, and
fibroblasts and analyzed their relationship with their promoter H3K4me3 and H3K27me3
levels. Our results indicate that similar to protein coding genes, H3K4me3 and H3K27me3
are generally correlated to INcCRNA activation and repression, respectively. In addition,
through shRNA-mediated knockdown of Ezh2 in ES cells, we demonstrate that Ezh2-
mediated H3K27 methylation also functions to repress the expression of INCRNAs, thus
extending the observations from protein coding genes to IncCRNAs.

Our finding that the Polycomb group of proteins regulates IncRNAs in addition to protein
coding genes prompted us to investigate whether transcription factors are also involved in
regulating IncRNAs. Taking advantage of previously published genome wide localization
maps of transcription factors involved in ES cell biology (28), we examined the promoter
regions of INcRNAs for the presence of transcription factors. Our analysis indicates that 30%
(3232 out of 10937) of the INcRNAs in our dataset contain at least one transcription factor
bound to its promoter (Fig. S1A). Furthermore, the promoter regions of almost 300
IncRNAs contain at least 3 of the 4 core transcription factors important for ES cell
maintenance (Nanog, Oct4, Sox2, and KIf4) (Fig. S2B). These results suggest that
transcription factors may play a role in regulating INcCRNAs. It is also possible that other
regulatory mechanisms employed by protein coding genes may apply to IncRNAs.

Several IncRNAs including Xist, HOTAIR, and AIR have recently been demonstrated to be
functional molecules important for specific biological processes (12,13,15). Given that over
30,000 IncRNAs have been annotated in the FANTOM database, it is very likely that many
more functional INcRNAs will be identified. In support of this prediction, we find that a
subset of INcRNAs are differentially expressed and marked with different histone
modifications suggesting that these molecules play specific roles in different cell types.
However, characterizing their biochemical and biological function is no trivial matter. Based
on the few number of characterized IncRNAs, it is clear that INCRNAs can participate in
various biological processes and function through diverse mechanisms (9,14) thus making it
difficult to predict their mechanism of action.
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Despite these challenges, our demonstration that InNcRNAs are regulated in a manner similar
to that of protein coding genes allows for identification of functional IncRNAs through a
candidate-based approach by analyzing expression data as well as the presence or absence of
specific histone modifications. Because we find that a subset of INCRNAs are
developmentally regulated, it will be of great interest to determine if IncRNAs play a crucial
role in ES cell biology. Our analysis indicates that there are 13 IncCRNAs that contain
H3K4me3 (and no H3K27me3) in ES cells in addition to H3K27me3 (and no H3K4me3) in
either NPCs or fibroblasts. Of these, 5 INCRNAS are expressed at least 2 fold higher in ES
cells compared to NPCs or fibroblasts. These INCRNAs can be experimentally tested as
candidates important for ES cell biology using a knockdown approach. A similar approach
can be used to identify candidate IncRNASs that may be important for ES cell differentiation.

The production of diverse cell types in an organism has traditionally been attributed to
differential gene expression that is controlled in part through epigenetic mechanisms such as
histone modifications. However, emerging evidence demonstrating the differential
expression of INcCRNAs has indicated that IncRNAs may also contribute to this process.
While many challenges remain with regards to determining the significance of these
molecules, our work provides a resource for the scientific community to identify candidate
IncRNAs that are important in ES cell biology. While only a fraction of annotated INcRNAs
have currently been characterized, future work will undoubtedly uncover a larger biological
role for INcRNAs than originally anticipated.

INcRNA definitions and analysis

The positions of INcRNAs from the Fantom3 database were extracted from http://jsm-
research.imb.ug.edu.au/rnadb/ and used for all analyses in this work. Promoter regions were
defined as 2kb surrounding the start site (TSS) of each transcription unit assessed. Overlap
analysis was carried out using previously defined datasets: annotated REFSEQ gene lists
were procured as described in (29), H3K4me3 and H3K27me3 peaks observed in ES cells,
NPCs, and mouse embryonic fibroblasts as described in (25), genome wide locations of
transcription factors in ES cells as described in (28). These analyses were carried out using
the Python module FJOIN (30). Whole genome averaging of epigenetic mark enrichment
was performed by normalizing H3K4me3 and H3K27me3 ChlP-seq reads against whole cell
extract. The region from —5KB to +5KB relative to the TSS was divided into 200 bp
windows and the average tag density of the subdivided promoters was computed. Unless
otherwise stated, only Fantom3 entries that did not overlap with annotated REFSEQ genes
or promoters were analyzed.

Microarray analysis

Total RNA was extracted from E14ps mES cells, mouse tail tip fibroblasts, and
neurospheres, derived from E14ps mES cells using a previously published procedure (31).
RNA quality was assessed via Agilent Bioanlayzer. MRNA was amplified using the Low
RNA Linear Amplification Kit (Agilent Technologies) by standard manufacturers protocol.
Hybridization of experimental RNA labeled with Cy5 and Cy3 labeled Universal Reference
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RNA (Ambion) was carried out by standard protocol on a custom-designed array
manufactured by Agilent Technologies. Briefly, three unique 60nt probes were designed for
each entry in the Fantom3 database and were synthesized along with lineage marker control
probes on a 2x105K format array. Probe design files are available at the NCBI GEO
database under accession number XXXX. Upon array scanning, data was quality filtered,
normalized by the Lowess method, and all probes corresponding to a given IncRNA were
averaged using the UNC Microarray Database (UNCMD). Intraclass correlation analysis
was carried out in the UNCMD. All microarray data has been submitted to the NCBI GEO
database under accession number XXXX.

Ezh2 knockdown and RT-gPCR

Hairpins targeting Ezh2 (KD1: 5 GAACTGAAACCTTAAACCA 3; KD2: 5
GTATGTGGGCATCGAACGA 3) were cloned into a lentiviral vector under the control of
the U6 promoter using previously published methods (32). E14ps mES cells were infected
with lentiviruses and subjected to puromycin selection. For RT-gPCR, 1ug of total RNA was
subjected to reverse transcription using Impromll kit (Promega). The resulting cDNA was
diluted 1:5 and 5pl of the resulting solution was used for Real Time PCR analysis on an
Applied Biosystems 7300 machine using SYBR GreenER (Invitrogen). Reactions were
performed in triplicate. Gapdh was used as an endogenous control. Primer sequences can be
found in Supplemental Table 2.

Boxplots and Statistics

Boxplots were generated in the R package for defined subsets of genes. RT-gPCR statistics
were computed using student’s T test. Wilcoxon signed-rank test (Fig. 3) and Student’s T
test (Fig. 4) were employed to generate the presented p values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IncRNAs are differentially expressed in ES cells, NPCs, and fibraoblasts
(A) Pie chart representation of the distribution of IncRNAs in the mouse genome.

Independent Fantom3 IncRNA entries were scanned for overlap with promoters, defined as
—1kb to +1kb surrounding the TSS, and coding regions of annotated genes from the
REFSEQ database.

(B) Heat map presentation of the expression profile of IncRNAs in ES cells, NPCs, and
fibroblasts. The data presented for each cell type was compared to universal reference RNA
and was subjected to uncentered hierarchical clustering. ES: embryonic stem cells, NPC:
neuroprogenitors, FIB: fibroblasts.

(C) RT-gPCR validation of microarray data for randomly chosen IncRNAs that exhibited at
least 2-fold elevated transcription in ES versus both NPCs and fibroblasts.
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Figure 2. IncRNA promoter H3K4me3 and H3K 27me3 patternsin ES cells, NPCs, and

fibroblasts

Distribution of H3K4me3 and H3K27me3 at IncRNA promoters in ES cells, NPCs, and
fibroblast cells for (A) all IncRNAs examined and (B) IncRNAs grouped by their epigenetic
modification state in ES cells and then assessed for modification in both NPC and fibroblast
cells. The presence or absence of H3K4me3 and H3K27me3 peaks was assessed within the
promoters of INCRNAs that did not overlap with annotated REFSEQ genes (n=10937) in
mouse ES cells, NPCs, and fibroblasts. H3K4me3 only, blue; H3K27me3 only, red;
H3K4me3 and H3K27me3 (bivalent), green; no H3K4me3 and no H3K27me3, purple.
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Figures. Changesin promoter H3K4me3 and H3K27me3 levels are correlated with IncRNA
expression

The average H3K4me3 (A) and H3K27me3 (B) tag density across the promoters of
IncRNAs in ES cells grouped by relative expression in ES versus NPC and fibroblast. X-axis
represents the region spanning —5kb to +5kb away from the IncRNA transcription start site
(TSS). Red line indicates INCRNAs that exhibit at least 2-fold higher expression in ES cells
relative to both NPCs and fibroblast cells, ETNJFJ (n=1511). Blue line indicates INcRNAs
that exhibit at least 2-fold lower expression in ES cells relative to both NPCs and fibroblast
cells, EJNTF1 (n=1696). (C) Box plot presentation of expression change (ES/FIB) in
bivalent-marked IncRNAs in ES cells (n=321), which are further divided into three groups
according to their promoter H3K4 and H3K27 methylation state in fibroblast cells:
H3K4me3 and H3K27me3, Biv (n=115); H3K4me3 only, K4 (n=98); H3K27me3 only, K27
(n=89). Significant p values as determined by Wilcoxon signed-rank test are indicated.
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Figure 4. Ezh2-mediated H3K 27 methylation represses INcRNA transcription in EScells
(A) Relative mRNA levels of Ezh2 in wildtype and Ezh2 knockdown ES cells as determined

by RT-gPCR.

(B) Western blot analysis of H3K27me3 levels in Ezh2 KD ES cells.

(C) Box plot presentation of expression changes (KD1/ES) in all IncRNAs (n=24357)
compared to InNcRNAs marked by promoter H3K4me3 (n=6834) or H3K27me3 (n=1294) in
ES cells. Significant p values were determined using the Student’s T test.

(D) Relative expression of IncRNAs upon Ezh2 knockdown in ES cells as determined by
RT-gPCR. These IncRNAs were randomly selected from the list of InNcRNAs that contain
H3K27me3 in ES cells and are at least 2-fold upregulated upon Ezh2 knockdown as
determined by microarray analysis.
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