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Characterization of the RNA content of chromatin
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Cancer Pharmacology and Informatics, Uppsala University, Uppsala S-75185, Sweden

Noncoding RNA (ncRNA) constitutes a significant portion of the mammalian transcriptome. Emerging evidence suggests
that it regulates gene expression in cis or trans by modulating the chromatin structure. To uncover the functional role of
ncRNA in chromatin organization, we deep sequenced chromatin-associated RNAs (CARs) from human fibroblast (HF)
cells. This resulted in the identification of 141 intronic regions and 74 intergenic regions harboring CARs. The intronic and
intergenic CARs show significant conservation across 44 species of placental mammals. Functional characterization of one
of the intergenic CARs, Intergenic10, revealed that it regulates gene expression of neighboring genes through modulating the
chromatin structure in cis. Our data suggest that ncRNA is an integral component of chromatin and that it may regulate
various biological functions through fine-tuning of the chromatin architecture.

[Supplemental material is available online at http://www.genome.org. The sequencing data from this study have been
submitted to the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession no. GSE21227.]

Recent high-throughput transcriptomic analyses have revealed

widespread transcription of the human genome (Cheng et al.

2005; The ENCODE Project Consortium 2007). A small portion of

these transcripts code for proteins, while the rest are noncoding

RNAs (ncRNAs). Only a limited number of ncRNAs have been

assigned biological and molecular functions. However, tissue and

development stage-specific expression of many of these ncRNAs

indicates that they may participate in highly important biological

functions linked to organismal development (Bernstein and Allis

2005; Amaral and Mattick 2008; Faghihi and Wahlestedt 2009;

Ponting et al. 2009).

Recent evidence suggests a functional role for RNA-directed

processes in the regulation of chromatin structure and gene ex-

pression in diverse biological phenomena (Mercer et al. 2009;

Whitehead et al. 2009). For example, ncRNAs have been shown

to play an important role in pluripotency and differentiation

by regulating the chromatin structure through interaction with

chromatin-modifying complexes (Dinger et al. 2008). Similarly,

HOTAIR long ncRNA, transcribed from the human homeobox

gene locus HOXC, regulates gene expression in trans of the HOXD

locus by modulating the chromatin structure through targeting of

the Polycomb complexes (Rinn et al. 2007). Likewise, other long

ncRNAs with similar functions have also been shown to regulate

classical biological pathways such as genomic imprinting and X

chromosome inactivation through regulation of the chromatin

structure. Kcnq1ot1 and Airn long ncRNAs regulate the genomic

imprinting of multiple genes by interacting with chromatin and

chromatin remodeling machinery, specifically, the G9a and PRC2

complexes, in a lineage-specific manner (Nagano et al. 2008;

Pandey et al. 2008). Similarly, RepA long ncRNA also regulates X

chromosome inactivation by targeting the PRC2 complexes to

activate the Xist promoter on the future inactive X chromosome.

This specific activation of the Xist ncRNA during initiation of X

chromosome inactivation coincides with coating along the X chro-

mosome and hierarchical recruitment of chromatin-modifying

complexes (Zhao et al. 2008; Chow and Heard 2009), indicating

that ncRNAs form part of complex regulatory networks regulating

gene activity. Functional roles of ncRNA-directed processes are

also implicated in Drosophila dosage compensation, where lo-

calization of histone acetyltransferase MOF to the male X chro-

mosome is dependent on the roX ncRNAs (Akhtar et al. 2000).

Moreover, recent findings suggest that RNA is an integral compo-

nent of the chromatin (Rodriguez-Campos and Azorin 2007) and

that it plays an important role in the higher-ordered chromatin

structure of pericentric heterochromatin by organizing the het-

erochromatic components, such as HP1 and H3K9me3 marks

(Maison et al. 2002). These observations collectively underline the

importance of RNA as a cofactor in modifying the chromatin

through recruitment of chromatin-remodeling complexes (Zhao

et al. 2008).

However, barring a few exceptions in which the functional

role of the RNA component in determining the chromatin struc-

ture is evident, there has been no thorough investigation address-

ing the identity of the chromatin-associated RNAs (CARs) on

a global scale. This prompted us to identify such CARs in a genome-

wide approach using high-throughput genomic platforms. In this

study, CARs were purified from normal human skin fibroblast cells

(HF) by isolating soluble chromatin by micrococcal nuclease

(MNase) treatment followed by separation of different length

chromatin fragments on a sucrose gradient. RNA was isolated

from chromatin-containing fractions and was subjected to high-

throughput sequencing on the Illumina platform. The sequencing

of the CARs revealed association of many intronic and intergenic

transcripts with chromatin, indicating that they may have struc-

tural and functional roles in chromatin organization through di-

rect or indirect interactions with the chromatin.

Results

Isolation of RNA from the fractionated chromatin

To address the functional role of ncRNA in the organization of

chromatin structure and gene regulation, we purified CARs from
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normal HFs by isolating soluble chromatin after MNase treatment,

followed by separation of chromatin fragments of different lengths

on a sucrose gradient. Figure 1A schematically outlines the method

we used for CAR extraction. Except for the top and bottom frac-

tions, which contain free RNA and debris, respectively, both RNA

and DNA were extracted from all gradient fractions. The extracted

DNA was electrophoresed on an agarose gel to check the quality of

the gradient (Fig. 1B). To rule out the possibility of contamination

with free RNAs in the chromatin-bound RNA fractions, we mea-

sured beta-actin mRNA levels by semi-quantitative reverse tran-

scriptase (RT)-PCR and found that they were below the limit of

detection (Fig. 1C), suggesting that the CAR fraction is mostly

devoid of free RNAs. To investigate the level of nascent transcripts

in the CAR fraction, we briefly treated the HFs with actinomycin D

(ActD), which inhibits transcription by blocking transcriptional

elongation. The efficacy of the ActD treatment was assessed by

measuring levels of MYC RNA, which has a half-life of <30 min

(Supplemental Fig. S1A). The amount of the CARs purified from an

equal number of the ActD-treated or untreated control cells was

similar, indicating that nascent transcripts may constitute only

a minor proportion of CARs (Supplemental Fig. S1B). Two small

nuclear RNAs (snRNA), 7SK and U1, were enriched several thou-

sand-fold in the chromatin fraction. Both these RNAs have been

shown to regulate transcription by interacting with p-TEFb and

TFIIH (Barrandon et al. 2008), respectively, indicating that CARs

purified using the current method represent a true chromatin

entity (Supplemental Fig. S2). Moreover, U1 snRNA has been

shown to interact with one of the TATA-box-binding protein (TBP)–

associated factors TAF15, indicating chromatin-dependent function

for U1 snRNA (Jobert et al. 2009).

High-throughput sequencing of CARs

To obtain a global view of CARs, we performed deep sequencing of

the purified CARs. CARs were converted into double-stranded cDNAs

and sequenced using the Illumina high-throughput sequencing

platform. Approximately 1.5 million reads were obtained that

could be aligned to the repeat masked human genome, and further

analysis of the aligned reads revealed that ;71% of the reads

originate from intergenic regions and intronic portions of protein-

coding genes (19% intergenic and 52% intronic), while only 29% of

the reads map to exons (Fig. 2A). This indicates that CARs are more

often transcribed from the intergenic or intronic portions of the

genome. An example of distribution of the sequencing reads along

human chromosome 3 is depicted in Figure 2C; reads mapped to

chromosome 3 are enriched mainly in the intronic regions rather

than the exonic portions of the protein-coding genes.

A significant proportion of the CAR reads map to ribosomal

RNA (rRNA) pseudo-gene repeats present on different chromo-

somes (Supplemental Table S1). This could be in part due to their

high transcription rates. To address this issue, we analyzed ex-

pression of some of these repeat RNAs in nuclear and chromatin-

bound RNA fractions and found that although these RNAs are

abundantly expressed, as is beta-actin, their enrichment in the

chromatin fraction was several thousand-fold higher than that of

beta-actin mRNA (Supplemental Fig. S3). This indicates that they

may be involved in as-yet-unknown biological functions via chro-

matin association. This notion is consistent with the recent ob-

servation that ribosomal DNA arrays contribute to global hetero-

chromatin levels (Paredes and Maggert 2009).

Identification of chromatin-associated intronic
and intergenic transcripts

In the next step we identified intronic and intergenic transcripts

enriched in the chromatin fraction. Information from the pub-

lished microarray expression data on HFs (GEO accession no.

GSE1191) was used, and from this data set 10 highly expressed

genes were selected for which there was no prior evidence of as-

sociation with chromatin. The average number of reads per kilo-

base of mRNA for these genes was 20. For the identification of

intergenic and intronic regions containing CARs, a cut-off of 40

reads/kb was chosen, which is twice the average read density of the

abundant transcripts.

We found 141 CARs that mapped to the intronic regions of

127 protein-coding genes (Fig. 2B; Supplemental Table S2). An

intronic RNA data set was used, wherein 55,000 long intronic

RNAs have been mapped to introns of protein-coding genes us-

ing transcribed sequences from GenBank and termed ‘‘totally

intronic’’ (TIN) or ‘‘partially intronic’’ (PIN) RNAs (Nakaya et al.

2007). Comparison of this intronic RNA data set with our intronic

CARs showed that nearly 52% of the intronic CARs are part of the

intronic TIN/PIN RNAs (Fig. 2B; Supplemental Table S2), which

further suggests that the intronic CARs represent independent

transcripts. We also found 74 CARs that map to intergenic regions

of the genome. The presence of expressed sequence tags (ESTs) was

investigated in all the CAR regions, and it was found that 98% of

the intronic regions and 80% of the intergenic regions are covered

by ESTs (Fig. 2B; Supplemental Table S3). Rather than being uni-

formly distributed, the sequence reads over the intronic and

intergenic CARs were present in seemingly random clusters (Sup-

plemental Tables S2, S3). This could be due to protection of the

functional chromatin-interacting RNA sequences of CARs from

MNase treatment, which not only cleaves linker DNA regions but

also RNA. By using chromatin marks that define transcriptional

activity, a recent study identified about 3300 large intervening

noncoding RNAs (lincRNAs) in the human genome. Nearly 25%

of these lincRNAs have been shown to interact with repressive

Figure 1. Isolation of chromatin-associated RNA by sucrose gradient.
(A) Flowchart showing a brief summary of the method used for isolation of
chromatin RNA. (B) Chromatin isolated from MNase-treated human fi-
broblast nuclei was run on a 1% agarose gel after sucrose gradient frac-
tionation. The lanes (from left to right) in the agarose gel represent DNA
extracted from the chromatin fragments collected from the top to bottom
fractions of the sucrose gradient. (C ) Chromatin-bound RNA, isolated
from the different gradient fractions, was used for semiquantitative RT-
PCR with beta-actin primers, and the RT product was loaded according to
the gradient fractionation in B; the extreme right lane is a positive control
for RT-PCR.
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chromatin-modifying enzymes like EZH2/SUZ12 and RCOR1

(Guttman et al. 2009; Khalil et al. 2009). We compared our inter-

genic CARs with the lincRNAs and found that 15 CAR regions are

part of the lincRNAs, and interestingly, nine out of the 15 CARs

have been shown to interact with either PRC2 or RCOR1 com-

plexes (Fig. 3A). We verified the PRC2 interaction of the CARs that

show overlap with lincRNAs by performing RNA immunoprecip-

itation (RIP) using an anti-EZH2 antibody. All four tested CARs

showed significant enrichment in the EZH2 immunopurified RNA

fraction (Fig. 3B), indicating that the CARs regulate gene expres-

sion through targeting of chromatin-remodeling complexes.

A subset of the intronic and intergenic CARs belongs to the

two major groups of small RNAs: snRNAs and small nucleolar RNAs

(snoRNAs) (Supplemental Table S4). Enrichment of the small RNAs

in the CAR sequences indicates that they may have additional

functions other than their canonical role in RNA metabolism. Both

snRNA and snoRNA protein complexes move through the differ-

ent compartments in the nucleus during biogenesis so it is possible

that this intranuclear transport of the RNP complexes could be

guided by their chromatin association (Collins and Penny 2009).

CARs show evolutionary conservation

We next investigated the sequence conservation of intronic and

intergenic CARs using phastCons analysis of an alignment of 44

placental mammalian genomes obtained from the UCSC Genome

Browser (http://genome.ucsc.edu/). Distributions of the propor-

tion of overlap between 1-kb CAR regions and the conserved ele-

ments are shown for intronic and intergenic CARs (Fig. 4A,C). To

evaluate the significance of this conservation, we wanted to

compare to the conservation of general intergenic and intronic

sequences. One complication is that CARs may show conserva-

tion, not only due to conservation of their chromatin-interacting

sequences, but also if they are located in regions, such as the vi-

cinity of protein-coding genes, where regulatory elements are

conserved. In order to take the genomic location of CARs into

account we selected a large set of random 1-kb regions from the

repeat masked genome. From these intergenic and intronic control

sets were created by extracting 100,000 1-kb regions with distri-

butions of distances to the nearest transcription start site (TSS)

resembling those of intergenic and intronic CARs (Supplemental

Fig. S4A,B). Many intronic and intergenic CARs appear to show

a larger overlap with conserved elements compared to intronic and

intergenic control sequences (Fig. 4B,D). A Mann-Whitney U test

shows that sequence conservation for intronic and intergenic

CARs is significantly different from the corresponding control se-

quences (P = 2.2 3 10�12, P = 7.1 3 10�4). It is also interesting to

note that the extent of sequence conservation seen in intergenic

and intronic CARs is similar to that seen in randomly selected

exonic regions (Fig. 4E).

Figure 2. Basic characterization of chromatin-associated RNA. (A) Pie chart showing distribution of the sequencing reads over intronic, intergenic, and
exonic portions of the human genome. (B) The table includes information about the aligned chromatin RNA sequencing reads and the detailed analysis of
the CARs. (C ) Distribution of sequencing reads in the exonic and intronic regions along chromosome 3.
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Intronic and intergenic CARs are enriched
in the chromatin fraction

To validate the high-throughput sequencing data, we designed 15

quantitative PCR (qPCR) primers covering a random selection of

11 intronic and four intergenic CARs. First, we investigated ex-

pression from these regions using the RNA extracted from the

nuclear compartment of the HFs, and all of these regions showed

evidence of expression at the RNA level. Their expression levels

were several-fold lower than those of the abundant beta-actin

mRNA (Supplemental Fig. S5B,D). Next, we performed qPCR using

the same set of primers with the CAR fraction and found that all

of these RNAs were several-fold more enriched in chromatin, in

comparison to beta-actin mRNA (Supplemental Fig. S5A,C). This

observation is notable given that CARs are present at several-fold

lower level than beta-actin mRNA in the nuclear RNA. To rule out

the possibility that enrichment of the CARs in the gradient puri-

fied fraction is not due to nascent transcription, we purified the

CAR fraction from an equal number of ActD treated and untreated

cells and analyzed the levels of some of the validated CARs, relative

to that of beta-actin. It was found that chromatin enrichment of all

of the tested CARs was maintained in the sucrose gradient purifi-

cation even after ActD treatment (Supplemental Fig. S6). We also

investigated the subcellular localization of the validated CARs and

found that all transcripts except one were clearly localized to the

nuclear compartment, which is in agreement with the chro-

matin-associated functions of these transcripts (Supplemental

Fig. S7).

Previously, using the chromatin RNA immunoprecipitation

(ChRIP) technique (Pandey et al. 2008), we demonstrated that the

Kcnq1ot1 long antisense ncRNA mediates its effects through chro-

matin interaction. In this study, the ChRIP technique was used to

further confirm the chromatin-association property of some of the

intergenic and intronic CARs. Chromatin was immunopurified

from HFs using an anti-histone H3 antibody, and RNA was isolated

from the pull-down chromatin fraction and converted into cDNA.

We then looked for enrichment of CARs identified using the su-

crose gradient method. Considerable enrichment was observed for

all the intergenic and intronic CARs in the immunopurified

chromatin when compared to beta-actin, which did not show any

enrichment over IgG (Fig. 5A,B). To reconfirm that no CARs orig-

inate from nascent transcripts, we treated the cells with the tran-

scriptional inhibitor ActD and performed ChRIP on chromatin

from the ActD-treated cells. Chromatin enrichment of all the

ChRIP validated CARs was maintained even after ActD treatment

(Fig. 5A,B), thus supporting the idea that CARs do not originate

from nascent transcripts. By using ChRIP on the ActD-treated and

untreated chromatin, we also tested the chromatin association of

a few small RNAs, that were enriched in the gradient-purified

chromatin fraction, and found that they were enriched in the H3

antibody purified fraction relative to IgG, whereas beta-actin and

snoRNA U62A, used as negative controls, were not enriched

(Supplemental Fig. S8).

An intergenic CAR regulates transcription in cis

Since CARs are defined based on their chromosomal association

property, they may act as transcriptional regulators. To explore this

hypothesis in more detail, we chose an intergenic CAR (Inter-

genic10) that overlaps with an mRNA (sequences provided in

Supplemental material) with no protein-coding potential. Inter-

genic10 is positioned between two protein-coding RNAs: fibro-

nectin (FANK1) and ADAM metallopeptidase domain 12

(ADAM12). FANK1 is located on the 39-side of Intergenic10, while

ADAM12 is located on the 59 side with an overlap with Intergenic10

ncRNA of a few hundred base pairs (Fig. 6A). All three transcripts

were coexpressed in different tissues according to the available

expression data in the UCSC Genome Browser (http://genome.

ucsc.edu/). We measured expression of the Intergenic10 ncRNA and

the protein-coding RNAs (FANK1 and ADAM12) by qPCR in two

different tissues (placenta and brain) and in HFs; the results further

supported the concept that the expression of the neighboring

genes and the Intergenic10 ncRNA is coregulated (Fig. 6B–D). To

address the functional role of the Intergenic10 ncRNA on the

transcriptional activity of the flanking protein-coding RNAs, we

first fine-mapped the 59 and 39 ends of the Intergenic10 ncRNA in

addition to the 39 end of the ADAM12, as it overlaps by a few

hundred base pairs with the 59 end of Intergenic10, and designed

small interfering RNA (siRNA) that specifically targets the Inter-

genic10 ncRNA. Interestingly, specific down-regulation of the

Intergenic10 ncRNA resulted in reduced expression of both FANK1

and ADAM12 mRNAs (Fig. 6E) but had no effect on the expression

Figure 3. Intergenic CARs overlap with lincRNAs and associate with
PRC2 and RCOR1 complexes. (A) The table shows the position of the
CARs, overlapping the lincRNAs present on different chromosomes as
indicated, and their association with PRC2 or RCOR1 complexes. (B) The
bar graph shows the enrichment of intergenic CARs in the EZH2 pull-down
fraction over IgG. The analysis was performed using quantitative RT-PCR
with primers corresponding to four intergenic CARs. Details of the primers
are given in Supplemental Table S5.
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of two distal genes, UROS and DOCK1 (Fig. 6E). To rule out the

possibility that the decrease in expression of FANK1 following

Intergenic10 siRNA treatment is not because of the down-regulation

of ADAM12, we used a siRNA specifically targeting the upstream

exonic sequences of the ADAM12 mRNA. This siRNA treatment

affected the ADAM12 expression but not the FANK1 expression

(Supplemental Fig. S9). These results indicate that Intergenic10

ncRNA acts in a cis-limited manner. To check if the down-

regulation of FANK1 and ADAM12 was associated with changes at

the chromatin level, we performed chromatin immunoprecipita-

tion with an anti-H3K4me2 antibody, using the chromatin

obtained from the Integenic10 siRNA-treated and control cells. A

significant decrease in the level of active chromatin mark

H3K4me2 was observed on both FANK1 and ADAM12 promoters

(Fig. 6F). Thus, these data collectively indicate that the Intergenic10

RNA positively regulates transcription of its neighboring genes by

establishing active chromatin structures

through interaction with the chromatin.

Discussion
In this study, we identified several highly

conserved intergenic and intronic CARs

by high-throughput sequencing of RNA

purified from sucrose-gradient fraction-

ated chromatin and verified the chromatin-

association property of some of these

CARs using the complementary ChRIP

method. Regarding the remaining CARs,

we expect them to have similar properties

as the random subset that we verified

with ChRIP, even though their interac-

tion with chromatin could be direct or

indirect. We also cannot determine from

the sucrose-gradient purified CAR data

set whether the chromatin association of

these RNAs is stable or transient in na-

ture. In addition, we observed significant

enrichment of small repeat RNAs in our

CAR fraction and ChRIP experiment, in-

dicating a possible role for small RNAs

in chromatin organization. However, we

cannot rule out the possibility that some

of the small RNP complexes could in part

have been identified by copurification in

the sucrose gradient.

At this point, the biological rele-

vance of chromatin interaction of all dif-

ferent CARs is not clear. Since the inter-

genic and intronic ncRNAs identified in

this study are based on their chromatin-

association property, it is more likely that

many CARs may mediate their actions

through shaping the chromatin structure.

Consistent with this notion is the obser-

vation that the Intergenic10 ncRNA posi-

tively regulates the flanking genes FANK1

and ADAM12 by establishing active chro-

matin structures. Given the poor homol-

ogy between the ncRNA and the target

genes in most cases, it is unlikely that

sequence homology between the ncRNA

and the target genes plays any crucial role. It is possible that some

ncRNAs simply act as a scaffold for protein factors, which, in turn,

could guide them to the target genes in cis or trans through pro-

tein–protein interactions, thereby modifying the associated

chromatin to regulate transcription either positively or negatively.

Transcriptional activation of the neighboring genes by ncRNAs

could be achieved through directing transcriptional activators to

the gene promoters, through their chromatin interaction.

The mechanisms by which ncRNAs target multiple genes in

cis or trans are largely unknown. In the case of intronic CARs, their

actions may not be restricted to the host gene but may affect

nonoverlapping genes located on the same chromosome (cis) or on

a different chromosome (trans). For example, Kcnq1ot1 and Airn

ncRNAs, which are encoded from the intronically located differ-

entially methylated promoters in the antisense direction to the

host gene, have been shown to regulate multiple nonoverlapping

Figure 4. CARs are conserved across species. Distribution of the proportion of CAR regions that
overlap with conserved phastCons elements (44wayPlacental, UCSC Genome Browser) across intronic
(A) and intergenic (C ) CARs. Distributions of overlap with phastCons elements for the randomized
intronic (B) and intergenic (D) control sets from matching genomic locations. (E) Distribution of overlap
to randomly selected 1-kb exonic regions. Both intronic and intergenic CAR regions are significantly
more conserved than control regions (P = 2.1 3 10�12, P = 7.1 3 10�4, respectively).
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genes in cis by interacting with chromatin and chromatin-modi-

fying enzymes in a lineage-specific manner, suggesting that the

intronic CARs identified in this study may use similar mechanisms

for gene regulation (Nagano et al. 2008; Pandey et al. 2008). In-

terestingly, we have identified two intergenic CARs in the DLK1-

DIO3-imprinted domain; one of them overlaps with the mater-

nally expressed ncRNA MEG3, indicating that, like Kcnq1ot1 and

Airn ncRNAs, MEG3 may play a role in regulation of imprinting of

flanking genes in the DLK1–DIO3 domain.

Previously, a handful of intergenenic transcripts such as Xist,

HOTAIR, and H19 have been extensively investigated for their role

in gene regulation. Although H19 RNA has been shown to act as

a tumor suppressor, the mechanisms underlying the RNA-medi-

ated tumor suppressor function are unknown (Hao et al. 1993). On

the other hand, the Xist and HOTAIR genes have been shown to

mediate transcriptional gene silencing of an entire chromosome or

a subchromosomal domain, respectively, through the recruitment

of chromatin-modifying complexes (Whitehead et al. 2009). Iden-

tification of several intergenic CARs in this study provides the

possibility of studying their actions in diverse biological processes.

Importantly, a significant proportion of intergenic CARs that show

homology with the linc ncRNAs interact with EZH2 or RCOR1,

suggesting that the intergenic CARs regulate transcription at a

distance through targeting of chromatin-modifying enzymes. The

most challenging task ahead is to identify the target regions for the

intronic and intergenic CARs, and the modes of action by which

these CARs influence their target genes. In this study, we have

identified the potential targets for one of the intergenic ncRNAs,

Intergenic10, and this mediates transcriptional activation of the

neighboring genes FANK1 and ADAM12 in cis via chromatin-level

regulation. Since chromatin is a complex epigenetic regulatory

framework and intergenic CARs were identified based on their

chromatin interaction property, they should serve as a suitable

resource for further studies on long intergenic transcripts in or-

ganismal development and disease. Characterization of the func-

tions of these intergenic and intronic CARs would contribute to

a greater understanding of the largely unexplored world of RNA-

mediated functions.

Methods

Isolation of chromatin RNA by sucrose gradient
Approximately 10 million cells were resuspended in nuclei iso-
lation buffer (0.5 M sucrose, 0.5% Triton X-100 in TES [15 mM Tris-
HCl at pH 7.4, 60 mM KCl, 2 mM EDTA, 1 mM DTT]), kept on ice
for 10 min, and then homogenized by 15 strokes with a dounce
homogenizer. The volume was made up to 3 mL with nuclei iso-
lation buffer and centrifuged at 4000 rpm for 15 min. After
washing the nuclei once with TES, the nuclei were resuspended in
300 mL of TES containing 3 mM CaCl2, and treated with 1 unit of
MNase in a 500-mL reaction volume for 1 min at 37°C. The reaction
was stopped by adding EDTA to a final concentration 50 mM. The
nuclei were centrifuged at 8000 rpm for 2 min at 4°C to collect the
supernatant (supernatant 1) and were further resuspended in 0.2
mM EDTA to disrupt the nuclei and obtain the soluble chromatin
(supernatant 2). Supernatants 1 and 2 were mixed and loaded on
a 5%–30% sucrose gradient, prepared in TES, and centrifuged
overnight at 28,000 rpm at 4°C. One-milliliter fractions from the
sucrose gradient were collected. A sample of each fraction (200 mL)
was taken for isolation of DNA, and the remainder was used for
preparation of RNA, using TRIzol (Invitrogen). DNA was loaded on
a 1% agarose gel to check for the separation of chromatin frag-
ments according to length. The RNA isolated from the gradient
fractions was treated extensively with DNase I to remove the
contaminating DNA, and a part of the DNase-treated chromatin-
bound RNA was used for reverse transcription reaction to make
cDNA using Super Script II reverse transcriptase (Invitrogen). We
performed a PCR reaction on the cDNA with beta-actin primers
to check whether the chromatin-bound RNA was devoid of free
RNAs. Based on this initial quality-control step, we have pooled the
cDNA prepared from the different chromatin-bound RNA frac-
tions. We have checked U1 SnRNA and 7SK RNA levels for their
enrichment in the chromatin fractions; both showed several
thousand-fold enrichment compared to beta-actin. In the next
step, the pooled cDNA was converted into double-stranded cDNA
using Universal Riboclone cDNA Synthesis System (Promega) fol-
lowing the manufacturer’s protocol. Double-stranded cDNA was
used for the Illumina high-throughput sequencing. A summary is
presented in Figure 1A.

Preparation of the library and sequencing using the Illumina
Genome Analyzer I

A sequencing library was prepared from cDNA according to the
manufacturer’s manual, except that the sample was not fragmented,
as most of the dsDNA fragments prepared from chromatin-purified
RNA were within the range of 100 to 150 bp. Briefly, the DNA was
end-repaired using T4 DNA polymerase, Klenow DNA polymerase,

Figure 5. Validation of the intronic and intergenic CARs by ChRIP. Bar
graphs show fold enrichment of the intronic (A) and intergenic (B) CARs
over IgG in the histone H3 immunopurified chromatin. (Black bars) con-
trol cells; (gray bars) actinomycin D–treated cells. Beta-actin (ACTB) was
used as a control, which did not show any significant chromatin enrich-
ment in ChRIP assay.
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and T4 polynucleotide kinase (PNK), followed by purification on
a QIAquick PCR purification column (QIAGEN). An A-base was li-
gated to the blunt ends of the DNA fragments using the Klenow
DNA polymerase, and the sample was purified using a MinElute
PCR purification column (QIAGEN). Adapters for sequencing were
ligated to the DNA fragments, and the library was size-selected on
an agarose gel. A 150–200-bp fragment was excised from the gel,
purified using a QIAGEN gel extraction column, and amplified for
14 or 18 cycles of PCR, followed by purification using a QIAquick or
MinElute PCR Purification column. The quality and quantity of the
library was evaluated using the Agilent Technologies 2100 Bio-
analyzer, and a DNA 1000-kitA 3-pM solution of the purified library
was used in the cluster generation on the Cluster Station (Illumina
Inc.). Sequencing was performed for 36 cycles using the Genome
Analyzer I, according to the manufacturer’s protocols. Image anal-
ysis and base calling were performed using the analysis pipe-line
supplied with the Genome Analyzer instrument.

Analysis of the Illumina reads

The Illumina sequencing reads were mapped to a repeat masked
human genome (ftp://ftp.ensembl.org/pub/release-36/homo_
sapiens_36_35i/data/fasta/dna), using ELAND. The alignment was
performed using standard parameters, where a 32-bp seed was used

for alignment, allowing a maximum of
two mismatches in the seed. ELAND re-
ports the reads that map to unique posi-
tions in the genome. A set of R scripts,
available from the authors, was used to
assign all reads to exonic and intronic
parts of the genes and to intergenic re-
gions. A 1-kb sliding window was used to
scan the intronic and intergenic regions
with the Illumina sequencing reads, and
the regions where the read density ex-
ceeded a threshold of 40 reads/kb were
considered as enriched regions with
chromatin-associated transcripts (CARs).
The threshold was based on the average
number of reads per kilobase of 10 genes
(;20 reads/kb), which were selected
based on their expression profiles in HFs
from publicly available microarray data
(GEO accession no. GSE1191). Detected
regions were merged if they were within
10 kb of one another and within the same
gene (if any), and checked for overlap
with a list of ESTs from the UCSC
Genome Browser (version 36, 2006;
http://genome.ucsc.edu/). Enriched re-
gions in the intronic portions of the
genes were similarly compared to a list of
partially and totally intronic transcript
data sets (Nakaya et al. 2007). In Supple-
mental Tables S2 and S3, the start and end
positions of CARs have been estimated
by looking at read clusters within the
regions. We have included ‘‘coverage,’’
which was obtained by averaging read
coverage over the read clusters. In Sup-
plemental Table S4 we have provided the
list of the snRNAs and snoRNAs that
overlap with the CARs.

Measuring sequence conservation in CARs

A track of conserved genomic regions based on phastCons analysis
of an alignment of 44 placental mammal species was downloaded
from the UCSC Genome Browser (http://genome.ucsc.edu/). We
observed the proportion of each CAR region that overlapped with
the conserved phastCons elements. A large set of random 1-kb
regions was generated from the repeat masked genome, and the
distance to the nearest transcription start site (dTSS) was noted.
From them, intronic and intergenic control sets were created by
extracting subsets of 100,000 regions whose dTSS distribution re-
sembled that of intronic and intergenic CARs. The control regions
were then investigated for overlap with the conserved regions. We
compared the distribution of overlap for the intronic and inter-
genic CARs with their respective control distributions using the
Mann-Whitney U test.

Northern hybridization

The chromatin-associated RNA, purified from an equal number of
control and ActD-treated HFs cells, was probed with a-32P radio-
labeled sonicated whole genomic DNA, and blots were exposed to
a PhosphorImager. Control hybridization was also performed with
chromatin RNA, after treatment with RNase A, which did not show
any hybridization signal (data not shown). To measure the ActD

Figure 6. Functional validation of an intergenic CAR. (A) The chromosomal location of the Inter-
genic10 transcript relative to two closely located neighboring genes FANK1 and ADAM12 and distally
located UROS and DOCK1 genes. The arrows indicate the direction of the transcription. The relative
levels of Intergenic10 (B), ADAM12 (C ), and FANK1 (D) in human fibroblast (HF), placenta (P), and brain
(B), as measured by quantitative RT-PCR. (E) siRNA knockdown of the Intergenic10 RNA and its effect on
the expression of the FANK1 and ADAM12 genes. Percent expression of FANK1 and ADAM12 genes in
Integenic10 (gray bars) and control (black bars) siRNA-treated cells. The percentage expression in
intergenic siRNA-treated cells is presented relative to control siRNA-treated cells. The distal genes UROS
and DOCK1 did not show any significant down-regulation in siRNA-treated cells. RNA amounts were
measured by quantitative RT-PCR from three independent experiments, and beta-actin was used for
normalization. (F ) The siRNA knockdown of Intergenic10 RNA in HF cells affects the active chromatin
marks H3K4me2 over ADAM12 and FANK1 promoter. Levels of H3K4me2 were measured by chromatin
immunoprecipitation (ChIP) in two independent experiments using antibody against HeK4me2. The
enrichment of H3K4me2 was measured by qPCR using the promoter-specific primers. (Black bars) The
H3K4me3 enrichment over IgG at the indicated promoters in control siRNA-treated cells; (gray bars)
enrichment over IgG in Intergenic10 siRNA-treated cells. DOCK1 and UROS promoters were used as
controls, showing no change in H3K4me2 marks.
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transcriptional inhibition, highly unstable MYC mRNA (half-life:
30 min) was used as a control.

Chromatin RNA immunoprecipitation (ChRIP)

ChRIP was performed using a previously described (Kuo and Allis
1999) chromatin immunoprecipitation method with the follow-
ing modifications: In brief, for isolation of the chromatin-associ-
ated RNA, we have taken equal amounts of cross-linked chromatin
and immunopurified it using histone H3 antibody (Abcam) or
with IgG (Upstate Biotechnology; Millipore) by including RNase
inhibitors (Promega) from the ActD-treated or untreated normal HF
cells. The chromatin-bound RNA was extracted from the immu-
nopurified chromatin using TRIzol (Invitrogen) and converted
into cDNA after extensive DNase I treatment. The qPCR reactions
were performed with each set of the primers for different intronic
and intergenic CARs using H3 and IgG pull-down chromatin
fractions from ActD-treated and untreated cells. To calculate the
enrichment of the CARs in the H3 pull-down fraction, qPCR values
for each primer set in the H3 pull-down fraction were divided with
qPCR values in the IgG fraction, and the enrichment relative to IgG
was plotted.

Quantitative (real-time) PCR (qPCR)

The qPCR reactions were performed to validate the enrichment
of a subset of randomly selected CARs from the intergenic and
intronic region, and beta-actin mRNA was used as a negative con-
trol. The relative level of each CAR was calculated compared to the
beta-actin mRNA both in the sucrose-gradient purified chromatin-
bound RNA fraction and in the nuclear fraction. Similarly, to check
the relative abundance of CARs in nuclear or cytoplasmic fractions,
we carried out RT-qPCR with nuclear and cytoplasmic RNA frac-
tions, prepared using the protocol previously described (Chen-
Kiang and Lavery 1989). To check the quality of the nuclear and
cytoplasmic fractionation, we used two controls—KCNQ1OT1,
which is exclusively localized in the nuclear compartment, and
RPS14, which has mostly cytoplasmic localization (data not shown).
The qPCR quantification was performed using the standard curve
method, and the primer sequences used in various qPCR reactions
are provided in Supplemental Table S5.

Rapid amplification of cDNA ends (RACE)

Both 59 and 39 RACE reactions were performed using Gene Racer
Core Kit (Invitrogen) following the manufacturer’s protocol. 59 and
39 RACE cDNA were used subsequently for amplification with the
gene-specific RACE primers. Gene-specific RACE primer sequences
are provided in Supplemental Table S5. The amplified PCR product
was cloned into the pGMT-Easy vector system (Promega). Several
clones were sequenced and aligned to the UCSC Genome Browser
to designate the 59 and 39 ends of the transcripts.

siRNA transfection

siRNA transfection was performed using the N-TER Nanoparticle
siRNA transfection system (Sigma). The cells were seeded at a
density of 40,000 per well, 12–16 h prior to transfection in six-well
plates. siRNAs 1 (duplex of si-59-CAGGUCAAAUCAGGAGGCU
and si-59-AGCCUCCUGAUUUGACCUG) and 2 (duplex of si-59-
GAGUGACUCAUUCUCCUGU and si-59ACAGGAGAAUGAGUCA
CUC; Sigma), designed for Intergenic10 RNA, were transfected in
combination at a final concentration of 40 nM. Predesigned siRNA
against ADAM12 mRNA was obtained from Ambion. The control
siRNA (QIAGEN) was also transfected at a similar concentration.

The cells were harvested 72 h post-transfection. The RNA was
extracted and treated with DNase I (Promega) to synthesize ran-
dom primed cDNA using reverse transcriptase (Promega). Quan-
titative real-time PCR reaction was performed in duplicate using
SYBR green mix (Sigma). The levels of RNA in the control and
Intergenic10 siRNA-treated cells were measured using different
gene-specific exonic primers, and the values obtained were nor-
malized against beta-actin. Details of the primer sequence are
given in Supplemental Table S5.
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