1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2017 November 21.

-, HHS Public Access
«

Published in final edited form as:
Cell Rep. 2015 August 18; 12(7): 1089-1098. doi:10.1016/j.celrep.2015.07.033.

Nuclear Fractionation Reveals Thousands of Chromatin-
Tethered Noncoding RNAs Adjacent to Active Genes

Michael S Werner! and Alexander J Ruthenburgl:2”*

1Department of Molecular Genetics and Cell Biology, The University of Chicago, Chicago, IL
60637, USA

2Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, IL
60637, USA

Summary

A number of long noncoding RNAs (IncRNAs) have been reported to regulate transcription via
recruitment of chromatin-modifiers or bridging distal enhancer elements to gene promoters.
However, the generality of these modes of regulation and the mechanisms of chromatin attachment
for thousands of unstudied human IncRNAs remain unclear. To address these questions, we
performed stringent nuclear fractionation coupled to RNA-seq. We provide genome-wide
identification of human chromatin-associated INcRNAs, and demonstrate tethering of RNA to
chromatin by RNAPII is a pervasive mechanism of attachment. We also uncovered thousands of
cfromatin-enriched RNAs (cheRNASs) that share molecular properties with known IncRNAs.
Although distinct from noncoding RNAs derived from active enhancers, the production of
cheRNAs is strongly correlated with the expression of neighboring protein-coding genes. This
work provides an updated framework for nuclear RNA organization that includes a large
chromatin-associated transcript population with enhancer-like properties, and may prove useful in
de novo enhancer annotation.

Introduction

The advent of RNA-sequencing has revealed thousands of long noncoding RNA (IncRNA)
species in the human genome (Cabili et al., 2011; Derrien et al., 2012; Ilott and Ponting,
2013), presenting the challenge of distinguishing functional IncRNAs from transcriptional
noise. Several of these INCRNAs have been implicated in development and disease (Chalei et
al., 2014; Dinger et al., 2008; Huarte et al., 2010; Sauvageau et al., 2013; Wang et al.,
2011b), and the broader tissue-specific expression and conservation of the thousands of
IncRNAs that have been discovered thus far suggest such functions may indeed be more
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Results

general (lyer et al., 2015; Mercer and Mattick, 2013; Necsulea et al., 2014; Ponting et al.,
2009). From a small number of well-studied cases, it appears that INCRNAs may regulate
local chromatin states, either by acting as intermediaries to recruit chromatin modulators
(Chalei et al., 2014; Lai et al., 2013; Nagano et al., 2008; Rinn and Chang, 2012; Rinn et al.,
2007) or by potentiating contacts between genes and distal enhancer-elements to promote
transcriptional activation (Lai et al., 2013; Li et al., 2013; Yang et al., 2013). Yet it is unclear
whether similar chromatin-based mechanisms of gene regulation are relevant for the vast
majority of unstudied INcCRNAs.

We sought to isolate the set of INcRNAs that are likely to function at the chromatin interface
by using biochemical fractionation of the nuclear compartment coupled to RNA-seq. Similar
nuclear extraction methods have been employed to great effect in studying transcription,
mRNA processing and export (Bhatt et al., 2012; Dye et al., 2006; Pandya-Jones and Black,
2009; Weber et al., 2014; Wuarin and Schibler, 1994). We find that the bulk of annotated
IncRNASs are chromatin-enriched, suggesting widespread roles in chromatin regulation.
However, Gencode and Broad IncRNAs account for only a small portion of observed
chromatin-enriched transcripts; the majority represent a distinct subclass of IncRNAs that
we term “chromatin-enriched RNA” (cheRNA). Most cheRNAs are tethered to chromatin by
RNA pol 1l (RNAPII) and their presence correlates with neighboring gene transcriptional
activity at a level similar to, or better than the current state-of-the-art active enhancer
annotations (ENCODE Project Consortium et al., 2012; Ernst et al., 2011; Rada-Iglesias et
al., 2011; Zentner et al., 2011). Yet cheRNAs appear distinct from recently described bi-
directional transcripts that emanate from canonical active enhancers (Andersson et al., 2014;
Kim et al., 2010; Lam et al., 2014; Wang et al., 2011a).

Nuclear fractionation quantitatively distinguishes cis and trans-acting IncRNAs from

MRNASs

Our initial aim was to identify chromatin-associated IncRNAs. We first extracted HEK293
nuclei with a forcing buffer to separate soluble and loosely bound material from the
chromatin pellet, which retains tightly-bound factors (Bhatt et al., 2012; Dye et al., 2006;
Pandya-Jones and Black, 2009; Wuarin and Schibler, 1994) (Figure 1A). We then performed
RNA-seq from three biological replicates of the resulting soluble-nuclear extract (SNE) and
chromatin pellet extract (CPE), yielding greater than 49 million uniquely-mapped reads
from each fraction replicate. De novo assembled transcripts (Kim et al., 2013; Trapnell et al.,
2013) greater than 1,000 nucleotides from the CPE were added to the latest Gencode gene
annotation (Harrow et al., 2012), and each transcript was scored for its abundance in the
CPE relative to SNE fractions (Figure S1G).

We first validated our fractionation by confirming robust chromatin enrichment of two
canonically chromatin associated INCRNAs, Xist and Kcnglot! (Kalantry et al., 2009;
Mohammad et al., 2010; Pandey et al., 2008; Penny et al., 1996; Plath et al., 2003), and
soluble nuclear enrichment of the mRNAs beta-actin (Actb) and Gapadh (Figure S1A,B,D).
In contrast, the frans-acting INcRNAs Hotairand EvFf2/DIx6-as displayed an intermediate
level of solubility, consistent with proposed models that suggest both nuclear mobility and
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chromatin attachment (Berghoff et al., 2013; Bond et al., 2009; Rinn et al., 2007; Tsai et al.,
2010)(Figure S1C,D). Collectively, these data indicate biochemical fractionation of nuclei
coupled to RNA-seq can distinguish mRNAS, chromatin-enriched cis-acting IncRNAs, and
trans-acting IncRNASs based on their sub-nuclear compartmentalization.

Applying this approach to Gencode noncoding RNAs (ncRNAS) revealed 57% of InCRNAsS,
52% of antisense transcripts, and 28% of pseudo-genes are chromatin-enriched, in contrast
to 16% of mMRNAs. The relative abundance of each of these transcripts in the CPE versus
SNE provides a valuable resource for further exploration of functional ncRNAs that are
likely to operate at the chromatin-interface (Table S1). Surprisingly, we also observed that
the size of the chromatin-associated population is substantially greater than previously
appreciated (Figure 1B) (Bhatt et al., 2012), the overwhelming majority of which are not
present in the Gencode annotation.

Stripping highly abundant mRNA from the chromatin pellet with urea was critical to identify
CPE transcripts because it effectively magnified the coverage depth of low-abundance RNA
species. Indeed, far fewer reads were consumed by exons from annotated genes in the CPE
relative to the SNE and whole-cell RNA sequencing (Figure S2A, S3A). The resulting
higher coverage of non-exonic portions of the transcriptome combined with the statistical
power of our high-depth biological replicates enabled stringent assembly of chromatin-
associated transcripts (see Figures S3A-C for examples). These findings are distinct from
previous efforts to examine chromatin-associated noncoding RNA (Djebali et al., 2012;
Mondal et al., 2010) in that the fractionation method we employed efficiently isolated
tightly-chromatin associated RNAs from nucleoplasmic species (Bhatt et al., 2012; Dye et
al., 2006; Wuarin and Schibler, 1994) (See Supplemental Discussion for detailed
comparison, Figure S1A,S1l).

Chromatin-enriched RNA: a distinct subclass of InNcRNAs

To further investigate the chromatin-associated RNA pool we focused on intergenic
transcripts that were significantly enriched in the CPE (p<0.05; geometric mean
normalization). We term the resulting set of 2,621 transcripts chromatin-enriched RNAs
(cheRNAS), noting even more robust chromatin enrichment than Gencode IncRNAs (Figure
2A). Consistent with our analysis above, 81% of cheRNAs were absent in RefSeq (Pruitt et
al., 2014), Broad IncRNA (Cabili et al., 2011), or Gencode (v19) (Harrow et al., 2012)
annotations, whereas fewer than 1% of transcripts enriched in the soluble-nuclear extract
were unique (Figure 2B, Table S2).

To determine whether cheRNAS represent pervasive transcriptional ‘noise’ or directed
transcription we analyzed their molecular properties and found them to be analogous to
IncRNASs in a number of respects. CheRNAs exhibited a strong specific strand bias from
their putative transcription start sites (TSSs) (Figure 2C, S2B), and fewer than 14% of
cheRNAs are located within 500 bp of coding genes, arguing that the majority do not reflect
the byproducts of divergent promoters, cryptic upstream promoters or read-through
transcription from upstream genes (Core et al., 2008; He et al., 2008; Preker et al., 2008;
Seila et al., 2008). Additionally, cheRNA TSSs displayed peaks of RNAPII, as well as
histone modification patterns of histone 3 lysine 27 acetylation (H3K27ac), and a bias of
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histone 3 lysine 4 trimethylation (H3K4me3) over monomethylation (H3K4mel) (ENCODE
Project Consortium et al., 2012; Grzybowski et al., 2015) similar to those observed for
IncRNAS, (Guttman et al., 2009; Rinn and Chang, 2012)(Figure 2D,E). We also validated
the TSS at these ChIP signatures for 9/10 cheRNAs by 5'RACE (Figure S2C, S3B,C),
affording further evidence for their independent transcription.

At the molecular level, cheRNAs display relatively modest conservation compared to coding
exons, yet slightly greater mean conservation than both introns and IncRNA exons (Figure
2F). CheRNAs also exhibit negligible coding potential (Figure 2G) and ribosome profiling
from HelLa cells (Guo et al., 2010) suggests that they are largely untranslated (Figure 2H).
Relative to coding genes, cheRNAs are underspliced. Yet we do detect splice-junctions in
approximately 1/4 of all cheRNAs comparable with IncRNA splicing in our data. To
determine whether cheRNAs are 3' polyadenylated, a post-transcriptional processing step
that is important for stability, export, and translation of mRNAs (Millevoi and Vagner,
2010), we performed RNA-seq with polyT-primed reverse transcription. As anticipated,
reads that mapped to mMRNAs were heavily biased towards their 3' ends. However this trend
was not observed for either INcCRNAs or cheRNAs (Figure 3A), in agreement with a previous
observation that INcRNAs are over-represented in non-polyadenylated RNA sequencing
libraries (Derrien et al., 2012).

Incomplete co-transcriptional processing, as evinced by occasional splicing and lack of
polyadenylation, implicated RNAPII in cheRNA chromatin-attachment. To distinguish
whether cheRNAs are maintained on chromatin by ongoing transcription or if the fully
processed transcripts are tethered by independent mechanisms as may be the case for XIST
and other IncRNAs (Engreitz et al., 2013; Grote et al., 2013; Huarte et al., 2010; Jeon and
Lee, 2011; Martianov et al., 2007; Park et al., 2002; Quinn et al., 2014; Rinn et al., 2007),
we re-examined the chromatin pellet after inhibiting RNAPII, which otherwise remains
transcriptionally competent under similar preparation conditions (Core et al., 2008; Dye et
al., 2006; Kimura et al., 1999). A two hour incubation with DRB, an inhibitor of RNAPII
elongation (Yamaguchi et al., 1999; Zandomeni et al., 1982), caused a global reduction in
the chromatin-pellet abundance of mRNAs and the majority of cheRNAs (Figure 3B). The
cis-acting IncRNA HOTTIP (Wang et al., 2011b) was also depleted in the presence of DRB
suggesting it’s chromatin association, like cheRNAs, is transcription dependent. In contrast,
XIST, which is thought to be linked to chromatin via the YY1 transcription factor (Jeon and
Lee, 2011), remained at equivalent levels (Figure 3C). While there has been much
speculation as to how chromatin-associated InNcRNAs are tethered to chromatin (Guttman
and Rinn, 2012), we provide evidence that the majority of tightly chromatin-associated
IncRNASs are connected by RNAPII transcription. Nevertheless, approximately 25% of
cheRNAs maintained a +/-~DRB ratio greater than one, suggesting that this subpopulation is
adhered to chromatin by an RNAPII transcription-insensitive mechanism, or derives from
another polymerase.

Further support for polymerase-mediated adhesion derives from Global Run On Sequencing
(GRO-seq) from the related HEK293-T cell line (Liu et al., 2013): we observe abundant
nascent transcription at cheRNA loci to the exclusion of flanking regions (Figure 3D).
Intriguingly, GRO-seq coverage was disproportionally enriched at the 3’ ends of cheRNAs
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following the peak of RNA-seq coverage, consistent with a model of paused polymerases
tethering RNA to chromatin.

Collectively, these characteristics suggest that cheRNAs represent a subclass of regulated,
conserved, and especially chromatin-enriched IncRNAs tethered to chromatin via ongoing or
paused RNAPII transcription, thousands of which had previously escaped detection from
conventional sequencing methods and annotations (Figure 2B).

CheRNA transcription correlates with proximal gene expression

Inspired by several examples of IncRNAs altering the expression of neighboring genes in ¢is
(Chalei et al., 2014; Li et al., 2013; Mohammad et al., 2010; Wang et al., 2011b; @rom et al.,
2010) we investigated a similar potential function for cheRNAs. Consistent with this
possibility, the sites of cheRNA transcription are closer to coding genes than expected by
chance (Figure 4A,B), and are strongly correlated with the expression of their nearest genes
in the soluble-nuclear extract and total RNA (Figure 4C, S3D). Remarkably, proximity to
cheRNAs was more highly correlated with the expression levels of nearby genes than the
presence of nearby enhancers defined by the chromatin marks H3K4mel/H3K27Ac,
expressed IncRNAs, or enhancer RNAs (eRNAS) (Figure 4C). Consistent with a possible
local enhancer function affecting multiple genes, the expression of neighboring genes as a
whole gradually decreased as a function of distance from cheRNAs (Figure 4D), but is more
idiosyncratic on an individual basis (Figure S4B).

As a representative example, we highlight cheRNA1345, which is produced from a locus
~15 kb downstream of Cep135and overlaps with an experimentally validated tissue-specific
enhancer element (Figure 4E) (Visel et al., 2007). Peaks of H3K4me3, H3K27ac, and
RNAPII decorate the TSS, which we validated by 5' RACE, and also bears a number of
validated transcription factor binding sites (Gerstein et al., 2012). Similar patterns are
observed with other cheRNA loci (Figure S3A-C).

Approximately two-thirds of the 2,621 HEK293 cheRNAs also overlapped with putative
enhancers culled from nine cell lines (Ernst et al., 2011), (empirical p<0.001). Despite cell
type mismatch, the expression of genes near HEK293 cheRNA-enhancers in each of three
ENCODE cell lines queried were greater than tissue-specific ‘weak’ enhancers, and
comparable to ‘strong enhancers’ (Figure S3E). Notably, ‘strong enhancers’ are partially
defined by high levels of H3K4me3 (Ernst et al., 2011) hinting that they might promote
expression of cheRNAs, consistent with a recent unifying hypothesis of regulatory elements
(Andersson et al., 2015).

Segmentation of cheRNAs based on orientation reveals important distinctions

Despite many shared properties and strong correlation to transcriptional status of
neighboring genes, the set of cheRNAs is unlikely to be monolithic in function. Genes with
overlapping antisense cheRNAs exhibited significantly lower expression as compared to all
mMRNAs (Figure S4A), consistent with models of transcriptional interference (Callen et al.,
2004). Division of cheRNAs by strand sense and orientation relative to their nearest coding
genes reveals an uneven distribution, with slight skew towards shared sense (60%), and a
stronger bias towards being downstream (71%) (Figure S2D). CheRNAs downstream of
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their neighbors display even stronger expression correlation than the set as a whole, whereas
the upstream cheRNAs are more weakly correlated on a whole (Figure S4A) despite notable
counterexamples (Figure S4B). This composition raises the possibility that some cheRNAs
in the same sense represent read-through from upstream genes (lyer et al., 2015) or, to a
lesser extent, cryptic initiation sites for downstream genes (Preker et al., 2008). Pervasive
cheRNA biogenesis of this sort might account for the strong c/s-expression correlation.
Indeed, there are examples of cheRNAs spliced to proximal coding genes detectable in our
data and in EST databases potentially accounting for ~5% of cheRNAs, comparable to the
9% of IncRNAs previously noted to be cryptic UTRs of proximal coding genes (Derrien et
al., 2012). However, removing these cheRNAs from our analysis does not alter the observed
correlation with nearby gene expression (Figure S4A), nor is the correlation exclusive to
cheRNAs in the same sense as the nearest mRNA (Figure S4A). Further, within 1Mb there is
little correlation between distance to the nearest neighboring gene and apparent c/s-
activation (Figure S4B). Several additional lines of evidence presented in Supplemental
Discussion argue that the vast majority of cheRNAs are independently transcribed units, and
that the apparent cis-enhancer effect is independent of cheRNAs that could potentially
represent read-through, cryptic introns or extended UTRs from coding genes.

Discussion

Our study measured noncoding RNA adhesion to chromatin across the human genome. We
find that the majority of known IncRNAs are chromatin-enriched, extending this property
from the small set of well-studied IncRNAs (Chalei et al., 2014; Mohammad et al., 2010;
Nagano et al., 2008; Rinn et al., 2007; Wang et al., 2011b; @rom et al., 2010) to a more
general principle, thereby providing a resource for future mechanistic studies (Table S1). We
also observe that trans-acting INcRNAs exhibit intermediate levels of chromatin enrichment,
suggesting either more labile chromatin attachment or reflecting two distinct pools of
molecules: those bound to or searching for their target loci (Bond et al., 2009; Rinn et al.,
2007). For a IncRNA of unknown function, the distinction between strong or intermediate
enrichment may inform their mechanistic possibilities, suggesting whether cisor trans-
acting IncRNA pathways are more likely.

A more holistic view of the nuclear transcriptome reveals two highly clustered populations
corresponding to nuclear-soluble and chromatin-associated RNA (Figure 1B). While there
have been hints of the existence and dimensions of this latter population (Bhatt et al., 2012;
Derrien et al., 2012; Khalil et al., 2009), our findings establish this pool to be substantially
larger than previously observed, consistent with hypotheses advocating a more widespread
role of noncoding RNA in chromatin regulation (Bernstein and Allis, 2005; Mattick, 2004).
Although many of these transcripts may be non-functional, the intergenic cheRNAs we
focused on exhibited molecular properties similar to annotated INcRNAs (Derrien et al.,
2012; Guttman et al., 2009; Rinn and Chang, 2012). Perhaps the most compelling case for
function is our observation that proximity to a cheRNA locus was more strongly predictive
of neighboring gene expression than any other class of noncoding RNA or enhancer
annotation available in the HEK293 cell line (Figure 4C). Nevertheless, genetic
perturbations and functional experiments of individual cheRNAs will be required to test their
causality in proximal gene activation and examine the molecular mechanism(s) thereof.
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Even if these molecules themselves play no direct role in c/s-enhancer function, their
presence tethered to chromatin by transcription is sufficiently predictive of cis-gene activity,
that determining chromatin-enriched transcripts in other cell types may aid in annotating
active cis-enhancer elements in conjunction with existing methods (Andersson et al., 2014;
ENCODE Project Consortium et al., 2012; Rada-Iglesias et al., 2011; Zentner et al., 2011).

We also identify that the predominant means of tethering of cheRNAs (including hundreds
of annotated IncRNAS) is through active RNAPII. Although widely speculated (Bonasio et
al., 2010; Guttman and Rinn, 2012; Quinodoz and Guttman, 2014; Rinn and Chang, 2012),
we are not aware of tests of this proposed chromatin association beyond a few anecdotal
cases (Mao et al., 2011; Simon et al., 2011). This result is consistent with the cis-activating
correlation observed, leading to a model where ongoing or paused transcription of
noncoding RNAs influences the expression of proximal genes (Bonasio et al., 2010;
Guttman and Rinn, 2012). Conversely, the 25% of cheRNAs that remain on chromatin after
pausing RNAPII transcription for two hours are compelling candidates for InNcRNAs that
may utilize additional methods of attachment (Jeon and Lee, 2011). Alternatively, this
population could represent RNA projecting from RNAPIII or a more stably paused RNAPII,
which may lose chromatin association on a longer timescale than sampled by our
pharmacologic perturbation.

Given the annotated enhancer overlap and expression of nearby genes, we expected
significant overlap of cheRNAs with the relatively new category of enhancer RNAs (eRNAS)
(Andersson et al., 2014; Kim et al., 2010; Wang et al., 2011a). To our surprise, only 10.9%
of cheRNAs overlapped a compendium of eRNAs derived from the majority of human
tissues (Andersson et al., 2014), compared to 6.2% expected by chance. Although there
appear to be functional similarities, there are several molecular characteristics that
distinguish cheRNAs from the canonical definition of eRNAs. First, most eRNAs are bi-
directionally transcribed from prototypical enhancers marked by the histone modifications
H3K4mel and H3K27ac (Kim et al., 2010; Lam et al., 2014; Wang et al., 2011a), while
cheRNAs exhibited a specific strand bias (Figure 2C, S2B) and display H3K4 tri-
methylation over monomethylation, more typical of mMRNA and IncRNA TSSs (Figure
2D,E). To date, only one report has described a few hundred enhancers that produced largely
unidirectional eRNA, although unlike cheRNAs, most were polyadenylated and appeared to
have H3K4mel/HeK4me3 ratios greater than unity (Koch et al., 2011). Further, whereas
eRNAs are generally considered short (median ~350 nt (Andersson et al., 2014)), CPE-
specific transcripts which comprise the bulk of cheRNAs were bounded by a >1,000
nucleotide threshold to yield a median length of 2,110 nucleotides. Finally, although 58% of
active HEK293 eRNAs displayed chromatin enrichment, this does not appear to be a
defining characteristic of eRNAs (Figure S2E).

CheRNAs are more similar in molecular properties to the transcriptionally activating
ncRNA-a subset of INCRNAs (Lai et al., 2013; @rom et al., 2010), however, only a few
(n=20) of these overlap cheRNAs, whereas more overlap transcripts significantly enriched in
the SNE (n=338). Despite these distinctions, their apparent functional similarity is a
compelling reason for evaluating potential mechanistic commonalities, and perhaps
redefining the eRNA or ncRNA-a categories to include chromatin-enriched transcripts.
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Going forward, the challenge will be to determine how these and myriad other noncoding
RNA species contribute to the complexity of transcriptional control in humans and other
multicellular organisms.

Experimental Procedures

Fractionation of human nuclei was performed following Bhatt et al., 2012, however this was
performed in three biological replicates of 10-20 x 108 HEK293 cells using TruSeq
Stranded Total RNA preparation (Illumina). Soluble-Nuclear Extract (SNE) replicate reads
were assembled and merged relative to the Gencode (v19) annotation, and Chromatin Pellet
Extract (CPE) reads were assembled into de novo transcripts using Cufflinks2 (Trapnell et
al., 2013). Poly-dT primed RNAseq was performed on HEK293 Total RNA with strand-
specific library preparation adapted from (Cloonan et al., 2008; Zhao et al., 2010), but with a
polyT primer for first strand cDNA synthesis. DRB treatment was accomplished as
previously described for two hours (Riising et al., 2014), followed by nuclear fractionation
as above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nuclear fractionation isolates chromatin-associated RNA, which includes over half of
annotated INCRNAs

(A) Depiction of the nuclear fractionation procedure adapted from Wuarin and Schibler,
1994. Purified nuclei from Human Embryonic Kidney (HEK293) cells were extracted with a
forcing urea/detergent buffer to yield a soluble-nuclear extract (SNE) and chromatin pellet
extract (CPE). RNA from both fractions was isolated by Trizol in triplicate, ribosome-
depleted and sequenced retaining strand information. (B) Scatter plot of relative RNA
abundance in each of the two fractions (Y-axis CPE, X-axis SNE) presented on a logig
FPKM-scale with densities for each category plotted as curves along each axis, and a slope
of 1 indicated by the dashed line. All assembled transcripts with FPKM>0 in both fractions
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(32,400) are represented in orange, with Gencode (v19) categories overlaid on top: 14,674
mMRNAs (‘protein-coding’) in green, 4,829 pseudo genes in red, 2,409 antisense in blue, and
2,404 IncRNAs in purple.
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Figure 2. The properties of 2,621 chromatin enriched RNAs (cheRNAS)
(A) Although IncRNAs as a whole are chromatin-enriched relative to mRNAs (CPE/SNE

mean=5.4, median=1.2), cheRNAs are defined by far more robust chromatin-enrichment
(CPE/SNE mean=10.3, median=8.4). (B) Fraction of unique cheRNAs compared to latest
Broad IncRNA, RefSeq and Gencode annotations. (C) Average coverage of stranded RNA-
seq reads from combined CPE replicates that map to a 2,000 bp window centered on the
putative TSSs of cheRNAs. Coverage in the same sense as the cheRNA annotation is
depicted in red and antisense reads in grey. (D) Mean ChlIP-seq coverage in HEK293 cells of
RNA polymerase Il (RNAPII) and H3K27 acetyl (H3K27ac), or (E) H3K4me3 and
H3K4mel profiles centered at the TSS of cheRNAs. (F) Boxplot of conservation measured
by mean phastCons score (100 way vertebrate) of Gencode IncRNA exons, introns,
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cheRNAs, and mRNAs (each box spans the 25t to 75t percentile with the median indicated
as a line). Comparisons of populations and p values measured by non-parametric one-sided
Wilcoxon rank sum/Mann-Whitney U'test. (G) Coding probability of cheRNAs (light blue),
transcripts significantly enriched in the soluble-nuclear extract (grey, p<0.05), Gencode
mRNAs (green) and IncRNAs (purple) assessed by CPAT. (H) Ribosome profiling coverage
from HelLa cells (Guo et al., 2010) expressed as the density of ribosome-protected fragments
(RPF) mapped to cheRNAs and mRNAs normalized to coverage in the total RNA-seq
library.
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Figure 3. CheRNAsare not polyadenylated and aretethered to chromatin by RNAP |1
(A) RNA-seq using polyT-primed reverse transcription, expressed as mean normalized tag

counts across the length of each transcript. Inset: mean 3'-polyA ratio, computed from panel
A as the normalized tag counts mapping to the last 20% divided by the first 80% of each
transcript. (B) The distribution of cheRNA (blue) and mMRNA (green) CPE RNA-seq reads
treated with the RNA polymerase |1 elongation inhibitor DRB (darker shade, two hour
incubation at 100 uM) and ‘mock’ treated (lighter shade) samples for two biological
replicates. All reads in a given fraction were normalized to the amount of reads that mapped
to XIST, which is not affected by DRB on a two hour time scale (see C). (C) Fold difference
of each indicated RNA with DRB treatment compared to DMSO only (mock) normalized to
18S rRNA. Error bars indicate S.E.M. for three independent biological replicates. (D)
Metagene analysis of read density contoured over all cheRNAs and flanking regions for the
chromatin pellet in our HEK293 (CPE coverage, cyan) and global run-on (GRO-seq, red)
from HEK293T (Liu et al., 2013).
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Figure 4. Expression of genes positively correlates with proximity to cheRNAs
(A) Schematic representation of a cheRNA locus with upstream and downstream coding

genes; a more general representation of a cheRNA and a neighboring genomic feature. (B)
Distribution of nearest gene distances to upstream and downstream cheRNAs (dark
columns) compared to random distributions of coordinates with the same spans as cheRNAs
(light columns, n = 3, error bars indicate S.E.M. for three trials). (C) Comparison of soluble-
nuclear extract (SNE) expression (FPKM) of the nearest neighboring genes to the following
genomic features: cheRNAs genes (green), randomly shuffled coordinates representing the
same chromosomal spans as cheRNA genes (black), all mRNA (grey), active HEK293
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enhancers (cyan) as defined by overlapping H3K27ac and H3K4mel ChiP-seq peaks (Rada-
Iglesias et al., 2011; Zentner et al., 2011), all expressed INcRNASs (2,404, purple), and
eRNAs produced from active enhancers (316, blue). *p<0.05, ** p<1x10710,
*xxk n<2 2x10716 computed with Mann-Whitney Utest. (D) Similar to (C), expression of
mRNAs that fall within the indicated distances from cheRNA genes. (E) RNA-seq (SNE,
green; CPE, purple) and ChlP-seq contoured over the Cep135- cheRNA1345 locus in
HEK?293. Experimentally validated transcription factor binding sites from multiple cell types
(ENCODE Project Consortium et al., 2012) and a functional Vista Enhancer are also
indicated.
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