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SUMMARY

A substantial amount of organismal complexity is
thought to be encoded by enhancers which specify
the location, timing, and levels of gene expression.
In mammals there are more enhancers than pro-
moters which are distributed both between and
within genes. Herewe show that activated, intragenic
enhancers frequently act as alternative tissue-
specific promoters producing a class of abundant,
spliced, multiexonic poly(A)+ RNAs (meRNAs) which
reflect the host gene’s structure. meRNAs make
a substantial and unanticipated contribution to the
complexity of the transcriptome, appearing as alter-
native isoforms of the host gene. The low protein-
coding potential of meRNAs suggests that many
meRNAs may be byproducts of enhancer activation
or underlie as-yet-unidentified RNA-encoded func-
tions. Distinguishing between meRNAs and mRNAs
will transform our interpretation of dynamic changes
in transcription both at the level of individual genes
and of the genome as a whole.

INTRODUCTION

Transcriptional start sites (TSSs) of all currently defined classes

of polyadenylated RNA are thought to be defined by one type

of cis element (generically referred to as promoters) which initi-

ates cell-specific mRNA transcripts. It is now clear that the

transcriptome is far more complex than originally proposed

(Carninci et al., 2005; Kapranov et al., 2007; Kapranov et al.,

2005). A large proportion of the mammalian genome is tran-

scribed in a developmental stage and cell type-specific manner

to produce many different classes of RNA (Mattick et al., 2010).

Understanding how cell- and developmental-stage-specific

expression is determined will be greatly facilitated by identifying
Mole
the origins of these different classes of RNA. This should allow us

to evaluate their potential significance in more detail before

embarking on appropriate functional assays.

Recently it was shown that active promoters (whose chro-

matin is marked by high levels of H3K4me3 and low levels of

H3K4me1 [Heintzman et al., 2007, 2009]) are transcribed to

generate short bidirectional RNAs centered around TSSs (Core

et al., 2008; He et al., 2008; Preker et al., 2008; Seila et al.,

2008). Despite this, transcriptional elongation only occurs in

the direction of the gene to produce spliced, poly(A)+ RNAs

(mRNA). Of interest, it was recently shown that some intergenic,

and possibly some intragenic, enhancers (whose chromatin

is marked by high levels of H3K4me1 and low levels of

H3K4me3) may also be transcribed to produce short bidirec-

tional transcripts, called eRNAs (Kim et al., 2010), which may

(Kim et al., 2010) or may not be polyadenylated (De Santa

et al., 2010). No elongated poly(A)+ transcripts originating from

these enhancers were detected (De Santa et al., 2010; Kim

et al., 2010), and it was concluded that, although similar in

some respects, promoters and enhancers produce different

classes of RNA transcripts: enhancers are not promoters (Kim

et al., 2010).

It is estimated that mammalian genomes contain more

enhancers than promoters (Bulger and Groudine, 2010), and

where analyzed, up to 51% of enhancers lie within the gene

body (Heintzman et al., 2007). The gene hosting the enhancers

may lie tens to thousands of kilobases away from the genes

regulated by the elements and is often unrelated to the target

gene. In view of the recent observations on transcription of

intergenic enhancers, it was of interest to investigate in detail

how activation of intragenic enhancers might affect transcription

and expression of their host genes.

To address this, we analyzed a well-characterized set of five

erythroid-specific enhancers, four of which lie within the body

of the mouse Nprl3 gene and one which lies upstream from the

promoter (R1–R4, Figures 1A and 1B). In erythroid cells, these

enhancers coincide with DnaseI hypersensitive sites (DHSs),

bind erythroid-specific and widely expressed transcription

factors, and recruit low levels of RNA polymerase II (RNAP2)
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Figure 1. Nprl3 Promoter Knockout Failed to

Abolish Nprl3 Transcription in Erythroid Cells

(A) The mouse a-globin cluster. The globin genes are

shown as red boxes. TheNprl3 gene containing enhancers

is in green. Other genes are shown as black boxes. Genes

above the line are transcribed from left to right and those

below the line from right to left.

(B) The genomic structure of the Nprl3 gene with associ-

ated mRNA isoforms. cis elements are shown above the

Nprl3 gene, with R and P representing regulatory and

promoter elements. DHS-12 is a mouse-specific DHS

(Anguita et al., 2004). The direction of the Nprl3 gene

transcription is shown as a black arrow. Nprl3 mRNA

isoforms are shown below the genomic structure. The P6

deletion (DP6) is indicated as a gray rectangle (see also

Figure S1A). The deletion between P6 and R3 is shown as

a dashed box. The alternative first exon (AFE) of the

alternative transcript coincides with enhancer R3 and is

highlighted within the red rectangle. Quantitative RT-PCR

(qPCR) primers (light blue) used in (C) and (F) span the

junction between exon 7 and 8. RT-PCR primers (dark

blue) used in (D) and (E) span the junction between AFE

and exon 3. Black boxes denote exons and white boxes

introns, and splicing of mature transcript is shown by

dashed lines.

(C) mRNA expression of Nprl3 across mouse fetal

tissues at embryonic day E14.5. Fetal liver at this stage of

development is a source of erythroid cells. qPCR primer

positions are depicted in (B) (dark blue arrows). Nprl3

expression was calculated as in (F). All error bars

represent ±SD; n R 3.

(D and E) (D) Specific products corresponding to the

alternative transcript were detectable only in cDNA sample

from mouse bone marrow (red arrowheads pointing to the

PCR products). Conventional sequencing revealed that

the �300 bp band corresponds to the predicted product

size (311 bp), and the�200 bp bandwas a splice variant of

the alternative transcript. All tissues showed a band

(�800 bp) corresponding to the unsplicedNprl3 transcript.

(E) The alternative transcript is present in mouse erythroid

cells (Ter119+). Similarly to (D), a band (�800 bp) corre-

sponds to the unspliced Nprl3 transcript. A ladder of

bands specific to erythroid cells corresponds to the PCR

products containing splice variants of AFE. For (D) and (E),

RT-PCR was performed with primers shown in (B) using

cDNA frommouseWT tissues (D) andmouse nonerythroid

(Ter119�) and erythroid (Ter119+) cells (E). Mouse

genomic DNAwas used as a positive control, and negative

control excluded polymerase. RT(�) reactions excluded

reverse transcriptase.

(F) mRNA expression of Nprl3 in mouse DP6-R3 fetal

tissues at embryonic day E14.5. Fetal liver and brain were used as erythroid and nonerythroid tissue, respectively. For (C) and (F), the qPCR primers used are

shown on (B) and span the exon 7–8 junction.Nprl3 expression was calculated relative tomouseGapdh. For each tissue, themean of expression inWT is set to 1,

and expression in linked samples is expressed relative to this mean. All error bars represent ±SD; n R 3.
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(Anguita et al., 2004). The chromatin associated with these

enhancers (in human) is characteristically modified by high levels

of H3K4me1 and low levels of H3K4me3 (De Gobbi et al., 2007).

Moreover, they have been shown to physically interact with the

a-globin promoters (Lower et al., 2009; Vernimmen et al., 2007)

in a tissue-specific manner. Finally, it has been shown in trans-

genic experiments and by natural deletions that these elements

are essential for high levels of a-globin expression (Anguita et al.,

2002; Higgs and Wood, 2008).
448 Molecular Cell 45, 447–458, February 24, 2012 ª2012 Elsevier In
Analyzing the transcription of such intragenic enhancers is

obscured by transcription of the host gene (in this case Nprl3),

and consequently transcription of these elements has been

largely ignored. To address this problem, we analyzed transcrip-

tion of the Nprl3 gene after deleting its constitutive promoter.

This revealed that intragenic enhancers act as highly active,

alternative tissue-specific promoters for the gene containing

them. Using a genome-wide approach we have shown that

many activated intragenic enhancers behave as alternative
c.
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promoters producing an abundant class of long poly(A)+ RNAs

(referred to here as multiexonic RNAs derived from enhancers,

or meRNAs). The expression of meRNAs explains a substantial

proportion of the complexity of the transcriptome and how this

changes from one cell type to another.

RESULTS

Erythroid-Specific Expression of the Nprl3 Gene
Continues in the Absence of Its Constitutive Promoter
Nprl3 is a widely expressed gene lying adjacent to the a-globin

cluster (Figure 1A). It contains four intragenic enhancers and

a fifth intergenic enhancer lying 1.4 kb upstream from its consti-

tutive promoter (Figure 1B); four of the five elements are associ-

ated with multiple conserved sequences (Hughes et al., 2005).

These elements (R1–R4) act as erythroid-specific enhancers of

the a-globin genes. This locus thus provides a paradigm for

examining in detail the effects of enhancers on transcription.

Since transcription of intragenic enhancers may be masked

by transcription of the gene that contains them, we used homol-

ogous recombination to delete the Nprl3 promoter (DP6), allow-

ing us to examine any independent transcription originating from

the enhancers (Figure 1B; see Figure S1A available online). Using

RNA-FISH, we showed that nascent transcription of Nprl3 was

abolished in nonerythroid cells but surprisingly not in erythroid

cells (Figures S1B and S1C). Similarly, stable mRNA was de-

tected by qPCR in erythroid cells, but not in a variety of noneryth-

roid cells. Even in the absence of the Nprl3 promoter, abundant

expression of theNprl3 gene (�50% of wild-type level) persisted

in erythroid cells (fetal liver in Figure 1C).

We have shown that expression of the Nprl3 gene is upregu-

lated in human (Figure S1D) (Lower et al., 2009) and mouse

erythroid cells (Figure S1E), and the observations presented

here suggest that a substantial proportion of the expression

of Nprl3 mRNA seen in erythroid cells is derived from an

erythroid-specific alternative promoter(s) distinct from the

canonical Nprl3 promoter. An EST in the mouse genome

(AK036633), annotated as a gene isoform by Ensembl

(ENSMUSG00000020289), has a start site lying downstream

from the main promoter of the Nprl3 gene. Annotation of this

alternative transcript shows a unique alternative first exon

(AFE) (Figure 1B), which is formed from within intron 2 of the

Nprl3 gene. Beyond this AFE the isoform structure appears

identical to the full-length transcript. Interestingly, the AFE coin-

cides with one of the known intragenic enhancers (R3).

First, we tested wild-type mouse tissues by RT-PCR to verify

the existence of this alternative transcript. Primers spanning

the unique AFE-exon3 junction generated two specific PCR

products only in bone marrow cDNA (Figure 1D). Sequence

analysis confirmed both to be specific products capturing

AFE-exon3 splice junctions. Although it seemed likely that these

are erythroid-specific transcripts, since bone marrow contains

a mixture of cells from all hematopoietic lineages, we tested

purified populations of erythroid (Ter119+) and nonerythroid

(Ter119�) cells. Several erythroid-specific PCR products were

amplified, and sequence analysis showed a series of related

exonic junctions, where different donor splice sites within the

AFE are used (Figure 1E). These observations show that
Mole
although R3 has the hallmarks of an enhancer, when activated

in erythroid cells, it can also behave as an alternative, indepen-

dent, internal promoter of the Nprl3 gene.

Transcription of Nprl3 Persists in the Absence of Both
the Constitutive Promoter and the R3 Enhancer
In a further attempt to abolish transcription of the Nprl3 gene in

erythroid cells, we deleted both the canonical Nprl3 promoter

and the R3 enhancer (DP6-R3) (Figure S2A). Analyzing expres-

sion of Nprl3 mRNA in this mouse model again showed no

expression in the brain (as expected), but surprisingly still

showed about 20% (with respect to WT) of Nprl3 mRNA in

erythroid cells (Figure 1F).

Since deletion of both the constitutive promoter and the

alternative erythroid-specific promoter still failed to abolish

Nprl3 transcription in erythroid cells, we next set out to determine

the origin(s) of the remaining transcription in the Nprl3 locus.

We analyzed total RNA from erythroid and nonerythroid cells

of wild-type, DP6�/�, and DP6-R3�/� mice using custom tiled

arrays. Again, expression of the Nprl3 gene in both DP6�/� and

DP6-R3�/� was undetectable in brain (Figure S2B). By contrast,

in erythroid cells of both knockouts the only nontranscribing

region of the Nprl3 gene coincided with the extent of each

deletion.

Of interest, we noted that in both of these knockout mice

there was a clear peak of erythroid-specific transcription

upstream of the Nprl3 promoter, which coincides with the con-

served intergenic enhancer R4. Transcription associated with

such intergenic enhancers (eRNAs) was previously described

as short and bidirectional, as occurs from promoters (De Santa

et al., 2010; Kim et al., 2010).

Enhancers in and around the Nprl3 Locus
Produce eRNAs
One possibility is that transcription from the enhancers con-

tributes to the erythroid-specific expression of mRNA from the

Nprl3 gene, although short eRNAs could not account for ex-

pression extending throughout the gene (Figure S2B). To reveal

the mechanism by which transcription of the Nprl3 gene

continues despite deleting two of its known TSSs, we analyzed

transcription using high-throughput sequencing (RNA-Seq).

Since previous attempts failed to resolve whether eRNAs are

polyadenylated (De Santa et al., 2010; Kim et al., 2010), we

analyzed both poly(A)+ and poly(A)� RNA from wild-type

erythroid cells.

First we analyzed the poly(A)� RNA of the WT erythroid cells

and compared this with high-resolution chromatin maps (Fig-

ure 2). Strand-specific analysis showed that there is abundant

primary transcription in the direction of Nprl3 transcription

(bottom strand), but also prominent and discrete antisense

RNA transcripts (�1 kb in length, top strand) associated with

each of the enhancers including the intergenic element (R1–

R4, Figure 2). The intergenic enhancer R4 was associated with

a separate peak of antisense transcription, which is distinct

from that associated with the Nprl3 constitutive promoter (see

red column, Figure 2). The intergenic location of this element

allowed us to see bidirectional poly(A)� eRNAs originating from

this element, as previously noted for other intergenic enhancers
cular Cell 45, 447–458, February 24, 2012 ª2012 Elsevier Inc. 449
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Figure 2. The Epigenetic and Transcriptional Land-

scape of the Nprl3 Locus in Mouse Erythroid Cells

The mouse Nprl3 locus with high-resolution maps of

poly(A)� transcription, chromatin states, and erythroid-

specific transcription factor binding. Poly(A)� RNA-Seq

data was split into top (light blue) and bottom strand (dark

blue). Arrows indicate bidirectional transcription from the

center of enhancer R4. The y axis represents read density.

The enhancers and the Nprl3 promoter are highlighted as

gray and red columns, respectively. UCSC Genome

annotation is shown at the bottom.
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(Kim et al., 2010). The remainder of the enhancers are embedded

in the body of the Nprl3 gene, and any sense transcription

originating from these elements was masked by transcription

of the host gene.

Activated Enhancers Direct Expression of Abundant
Poly(A)+ Isoforms
We next analyzed the poly(A)+ RNA. To account for any alter-

natively spliced transcripts, we used algorithms (TopHat and

Cufflinks), which do not depend on gene annotation (Trapnell

et al., 2009, 2010) to reconstruct gene isoforms from the spliced

poly(A)+ RNA-Seq data (Figure 3A). Unexpectedly, this predicted

four isoforms extending from the intragenic enhancers (R2 and

R3, DHS-12) and also from the nearby intergenic enhancer (R4)

to the poly(A) site of the Nprl3 gene. These long transcripts

encode unique AFEs spliced onto an adjacent annotated exon

with the remainder of the transcript spliced and polyadenylated

in the same manner as the host gene.

Each of the predicted, alternative isoforms were verified by

RT-PCR between the unique 50 exons (AFEs) and distal Nprl3

exons confirming their spliced structure and erythroid specificity

in wild-type cells (Figure S3A) and in the two knockout models

(DP6�/� and DP6-R3�/�) (Figures S3B and S3C).

To further characterize the enhancer-derived polyadenylated

transcripts and their abundance with respect to the levels of

RNA from the intact gene, we performed RNA-Seq in erythroid

cells derived from DP6-R3�/� mice (Figure 3B). Even in the
450 Molecular Cell 45, 447–458, February 24, 2012 ª2012 Elsevier Inc.
absence of the constitutive Nprl3 promoter

and two intragenic enhancers (R3 and DHS-

12), transcripts extending from the remaining

enhancers (R2 and R4) to the poly(A) addition

site of the Nprl3 gene are still detected (Figures

S3B and S3C). Normalized RNA-Seq data

show that these two enhancer isoforms (in total)

represent �20% of the poly(A)+ RNA from the

intact Nprl3 gene (Figure 3B), consistent with

previously established qPCR data (Figure 1F).

None of these transcripts produced proteins

that could be detected by western blot analysis

(Figures S3D and S3E).

Together these data show that the intragenic

enhancers (R2, R3, and DHS-12) and an up-

stream intergenic enhancer (R4) act as alter-

native erythroid-specific promoters. Significant

levels of divergent transcription from these
enhancers occur independently of the Nprl3 promoter and

resemble that seen from canonical promoters.

Genome-wide Identification of Intragenic Enhancers
Having identified alternative poly(A)+ RNA isoforms with start

sites coinciding with the a-globin enhancers, we next deter-

mined whether this phenomenon occurs at other intragenic

enhancers throughout the genome. To identify enhancers and

to facilitate their correlation with RNA-Seq data, we used previ-

ously defined chromatin signatures that distinguish enhancers

from promoters. Enhancers are marked by DHSs with a high

level of H3K4me1 and low levels of H3K4me3 (Heintzman

et al., 2007, 2009), whereas promoters are associated with

DHSs marked by high levels of H3K4me3 and low levels of

H3K4me1. By considering only those elements that unequivo-

cally display the H3K4me1 high and H3K4me3 low signature

(Figure 4A), we identified 3,358 erythroid enhancers, of which

1,794 lie within gene bodies (�54%). TSSs based on current

gene annotation were used to define promoters independently

of their chromatin marks. The composite profiles (including

RNAP2, H3K4me3, and H3K4me1) comparing predicted

enhancers and annotated promoters (Figures 4B and 4C)

showed that these two classes of elements have different chro-

matin and transcription factor signatures.

To ensure that these selection criteria had identified bona

fide enhancers, we performed further analysis to confirm

that these elements were clearly distinguished from canonical
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(B) The mouse Nprl3 locus with high-resolution

maps of normalized poly(A)+ RNA-Seq data for WT

and DP6-R3 erythroid cells (top two tracks). The y

axes represent fragments per base pairs per

million reads aligned. The enhancers and theNprl3

promoter are highlighted as gray and red columns,

respectively. UCSC Gene annotation is shown in

purple, and UCSCCpG Island annotation is shown

as orange boxes. High-resolution maps for DnaseI

hypersensitivity, H3K4me1, and H3K4me3 are

shown below. The y axes represent read density.
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promoters. This showed that sequences in the enhancer set are

predominantly bound by tissue-specific transcription factors

(in this case, Gata1, Scl, Klf1, and Ldb1) and the cofactor

p300; the associated chromatin is also modified by H3K27ac

(Figure 4A). These observations are consistent with previous

criteria used to identify active enhancers (Creyghton et al.,

2010; Heintzman et al., 2007, 2009; Rada-Iglesias et al., 2011).

Further bioinformatic analysis clearly showed characteristic

differences in DNA sequence and coding potential between

the enhancer and promoter sets (Figures S4A–S4E).

To extend the analysis to another species and a well-charac-

terized nonerythroid cell type, we used the same approach to

identify enhancers using previously published data from primary

fetal human lung fibroblasts (Bernstein et al., 2010). In these

cells, 21,374 intragenic and 17,664 intergenic enhancers were

identified (Figure S5A).
Molecular Cell 45, 447–458,
Many Intragenic Enhancers
Produce Poly(A)– eRNAs
Genome-wide analysis of the poly(A)�

RNAs in erythroid cells showed variable

levels of antisense transcription origi-

nating from intragenic enhancers (Fig-

ure 4D), and similar results were obtained

from human primary lung fibroblasts

using nascent transcription (global run-

on, GRO) (Core et al., 2008) (Figure S5E).

In erythroid cells, 876 (58%) intragenic

enhancers were transcribed at detect-

able levels (Figures 4D and 4E), and simi-

larly, in human fibroblasts transcription

could be detected at 8,775 (41%) intra-

genic enhancers (Figures S5E and S5F).

Since intergenic enhancers are tran-
scribed in both directions (Kim et al., 2010), we also analyzed

sense transcription for intragenic enhancers. Sense poly(A)�

transcription from the intragenic enhancers, normally masked

by transcription of the host gene, was weakly seen in erythroid

(mouse) (Figure 4F) and more clearly in nonerythroid (human)

cells (Figure S5G). These findings show that many intragenic

enhancers are transcribed in both sense and antisense

directions into short poly(A)� eRNA. Of note, the differences in

the levels of eRNA expression are reflected by different degrees

of activating histone modification marks (Figure 4G and

Figure S5H).

Many Intragenic Enhancers Contribute to a Class
of Full-Length Poly(A)+ RNAs
Based on the observations made at the Nprl3 locus, we next

determined whether intragenic enhancers might frequently
February 24, 2012 ª2012 Elsevier Inc. 451
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Figure 4. Genome-wide Identification of Enhancers in Erythroid Cells
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panels displayed here, and levels of H3K4me3 and H3K4me1 are depicted as red and blue triangles, respectively. Analysis of the DnaseI hypersensitivity,
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generate alternative poly(A)+ isoforms. Within the body of active

genes, it would only be possible to detect enhancer driven iso-

forms which produced AFEs. Hence we developed a stringent

pipeline to identify previously unannotated AFEs, and as ex-

pected, it detected all the confirmed AFEs within the Nprl3

gene. In erythroid cells, we detected 176 enhancers producing

AFE transcripts, analysis of which showed they use conventional

splice signals. We verified 13 junctions between the identified

AFEs and the appropriate exon of the host gene by RT-PCR

(Figures S3A and S6).

We next analyzed the distribution of all identified erythroid

AFEs around the intragenic enhancers (Figure 5A). This showed

a highly significant enrichment of AFEs within 1 kb downstream

(but not upstream) of the midpoint of enhancers. These findings

show that although many intragenic enhancers are transcribed

from both sense and antisense strands of DNA, RNA from

the sense strand is transcribed and spliced to produce long

poly(A)+ mRNA transcripts. We refer to this class of RNA

transcripts as multiexonic enhancer RNAs (meRNAs). Therefore,

as in the Nprl3 gene, a large proportion of enhancers throughout

the genome behave as alternative intragenic promoters,

although they retain the chromatin signature of an enhancer

rather than a promoter.

Enhancer-Driven Poly(A)+ RNAs Are Abundant
Full-Length Transcripts
By deleting the promoter of the Nprl3 gene, we showed that the

intragenic enhancers act as promoters independently of the

canonical Nprl3 promoter. This principle is also clearly exempli-

fied by other genes whose canonical promoters are inactive in

erythroid cells, unmasking transcription from intragenic erythroid

enhancers (e.g., see D18Ertd653e [Figure 5B], Acmsd [Fig-

ure 5C], Abat [Figure 5D], and Tg [Figure 6A]). These examples

also allowed us to assess the levels of expression from these

enhancers by comparing the expression of enhancer-driven

RNA to expression of the closest neighboring gene. This re-

vealed that the amount of meRNA produced is as variable as

that produced from canonical promoters. For example, at the

mouse D18Ertd653e and Acmsd loci, meRNA isoforms are ex-

pressed at levels comparable to their neighboring genes,

4933403F05Rik and Ccnt2, respectively (Figures 5B and 5C). A

similar meRNA isoform in the Abat locus is expressed at 40%

relative to that of Tmem186 gene (Figure 5D). By deleting the

canonical promoter of the Nprl3 gene, we have shown that

meRNAs may account for up to 50% of the mRNA derived

from this gene in erythroid cells (Figure 1C).
H3K4me1, H3K4me3, H3K27ac, p300, Gata1, Scl, Klf1, and Ldb1 data segrega

populations. Most erythroid-specific transcription factors are bound to enhancers

the distribution of signal in a 4 kb window centered in the middle of each DHS.

(B andC) Chromatin profiles normalized for number of peaks for themouse erythro

Genes) is shown in (C). Color coding for each chromatin mark is shown below.

(D) Mouse erythroid enhancers were sorted based on the level of antisense poly

enhancers, respectively.

(E and F) The cumulative poly(A)� transcription associated with intragenic enha

the midpoint of the enhancers and extend �1 kb in the antisense direction in mo

by the host gene transcription (see relatively higher background in F in comparis

(G) The comparison between high (red) and low (blue) transcribing enhancers

enhancers are as indicated in (D). The fold difference for each factor is indicated

Mole
Having identified these meRNAs by RNA-Seq, we have also

identified intact meRNAs by northern blotting (e.g., Tg [Figures

6A and 6B] and Znfx1 [Figures 6C and 6D]), confirming that

they are abundant full-length transcripts extending from the

intragenic enhancers to the poly(A) addition site of the host

gene. The levels of meRNA expression determined by northern

blots correspond to those determined by RNA-Seq. We have

therefore shown that intragenic enhancers may act as TSSs,

producing abundant, full-length, polyadenylated transcripts.

meRNA transcripts arising from enhancers (as opposed to

canonical promoters) represent an important class of RNA.

meRNAs Add to the Complexity of the Transcriptome
With this understanding that abundant, full-length, polyadeny-

lated transcripts may originate both from promoters and

enhancers, we reviewed the current Refseq annotation. We

noted that some enhancer-driven transcripts have already

been annotated as isoforms of their associated protein-coding

genes. For example, D18Ertd653e has two isoforms, one from

its canonical promoter and one from an erythroid-specific

enhancer (Figure 7A). Surprisingly, in erythroid cells, we found

139 ‘‘active TSSs’’ with the chromatin signature of an enhancer

rather than a promoter (Figure 7B). Similar analysis of primary

human lung fibroblasts (Figure 7C), K562 (erythroleukemia),

and GM12878 (B cell) showed that between 1% and 7.5% of

active TSSs correspond to enhancers. Although the number of

TSSs with an enhancer signature varies from tissue to tissue,

a relatively small fraction of TSSs overlap between tissues;

most are specific to each cell type (Figure 7D).

The complexity of meRNAs in the transcriptome will be much

greater than we have detected in this study. We could only iden-

tify meRNAs via their association with AFEs. Many enhancers

may initiate meRNAs by transcribing an existing exon, rather

than an AFE. This principle is illustrated by the meRNAs derived

from the Abat gene in erythroid cells (in which the canonical

promoter is inactive) (Figure S7). Given that there may be many

more enhancers than protein-coding genes determining cell

identity (Bulger and Groudine, 2010; Heintzman et al., 2009) in

hundreds of different cell types, enhancer-driven meRNAs will

account for a substantial degree of the complexity and abun-

dance of poly(A)+ RNA in the transcriptome.

DISCUSSION

Enhancers and promoters are currently considered as two

distinct classes of functional cis elements. Promoters are
te the DHS sites into H3K4me1 (enhancer) and H3K4me3 (promoter) enriched

. The red rectangle indicates the cut-off used for enhancers. Each panel shows

id intragenic enhancers are shown in (B), and all annotatedmouse TSSs (UCSC

(A)� transcription. Red and blue rectangles contain high and low transcribing

ncers in the antisense (E) and sense (F) direction is seen to originate close to

use erythroid cells. The poly(A)� transcription in the sense direction is masked

on to E).

is displayed as enrichment of various factors. The high and low transcribing

above the graphs.
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(A) The idealized structure of a gene containing an

enhancer is shown. The TSS is shown as a black
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AFE is shown in red. Black boxes denote exons

and white boxes introns, and splicing of mature
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10 kb window. (B)–(D) give examples of meRNAs

that are expressed from within genes with inactive

canonical promoters (D18Ertd653e,Acmsd,Abat).

In each panel, normalized poly(A)+ RNA-Seq

data in WT erythroid cells is displayed at the top

and UCSC Gene annotation below. TSSs are

indicated as black (promoter) and red arrows

(enhancer). The extent of the enhancer transcripts

(meD18Ertd653e in B,meAcmsd in C, andmeAbat

in D) is highlighted within beige rectangles. On

each panel a green dashed line connects the AFE

of each meRNA to the first exon of the neighboring

gene to compare meRNA expression levels

to mRNA from protein-coding genes. In (C) the

expression of meAcmsd is compared to the

second exon ofCcnt2 gene due to the overlapping

signal from first exons of Ccnt2 and AK013506.

Molecular Cell

Intragenic Enhancers Act as Alternative Promoters
defined as regions which initiate gene transcription (associated

with TSSs), whereas enhancers are distally positioned elements

which regulate transcription from canonical promoters tempo-

rally and spatially. Although these functional definitions remain

correct, data presented here show that bona fide intragenic

enhancers frequently behave as alternative promoters (alterna-

tive TSS) producing a class of abundant, full-length poly(A)+

mRNA, which we refer to as meRNAs.

Transcription from intragenic enhancers closely resembles

that from promoters, since engaged RNAP2 produces short

bidirectional poly(A)� RNA transcripts but also produces
454 Molecular Cell 45, 447–458, February 24, 2012 ª2012 Elsevier Inc.
abundant, full-length, spliced poly(A)+

transcripts extending in the direction of

the host gene (meRNAs). Although they

initiate at intragenic enhancers, meRNAs

still reflect the host gene’s structure using

the same splicing and polyadenylation

signals, although a proportion use cryptic

splice signals within the intron containing

the enhancer to produce noncoding

AFEs. As for conventional promoters,

the mechanism underlying the direction-

ality of meRNAs remains to be deter-

mined (Seila et al., 2009).

The existence of this class of meRNAs

has been obscured by transcripts driven

from the canonical promoters, which

overlap meRNAs. Because of this con-
founding problem, researchers have focused on RNAs origi-

nating from intergenic regions (e.g., long intergenic noncoding

RNAs or lincRNAs [Guttman et al., 2009; Khalil et al., 2009]).

meRNAs that produce an AFE can readily be identified even

when the host gene is being transcribed (e.g., Nprl3 [Figure 3A]

and Znfx1 [Figure 6D]). The expression and processing of

meRNAs can, however, be seenmost clearly when the canonical

promoter has been deleted (e.g.,Nprl3 gene [Figure 3B]) or when

the canonical promoter is naturally inactive in erythroid cells

(e.g., D18Ertd653e [Figure 5B], Acmsd [Figure 5C], and Abat

[Figure 6]). The expression level of both eRNAs and meRNAs
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Figure 6. Erythroid Enhancers Give Rise to

Full-Length Poly(A)+ RNA

(A) The mouse Tg locus with high-resolution maps

of normalized poly(A)+ RNA-Seq data in WT

erythroid cells. The y axis represents the normal-

ized expression value. Splice reads detected in

erythroid cells are displayed below the RNA-Seq

track. UCSC Gene annotation is shown. The

canonical promoter of the Tg gene is inactive in

erythroid cells, but black arrow indicates the TSS

from this promoter (encoding for protein-coding

mRNA). A beige rectangle highlights the extent of

the enhancer transcript (meTg). The red arrow

indicates the TSS of this enhancer (encoding for

meRNA).

(B and C) Northern blots show full-length meTg

RNA (B) and meZnfx1 RNA (C) of expected sizes.

Both meRNAs are present in mouse erythroid cells

(two biological replicates) but are absent in non-

erythroid cells (brain cells, ESCs, L929 cells). The

Tg mRNA from the canonical promoter is not ex-

pressed in any of the cells tested (B). The full-

length Znfx1mRNA from the canonical promoter is

present in all cells tested (C). b-actin mRNA is

shown as a loading control.

(D) The mouse Znfx1 locus with high-resolution

maps of normalized poly(A)+ RNA-Seq data in WT

erythroid cells. The y axis represents the normal-

ized expression value. Reads spanning splice

junctions containing an unannotated exon (new

spliced reads) are displayed separately from

spliced reads containing annotated reads, and

both are shown below the RNA-Seq track. UCSC

Gene annotation is shown. Ensembl annotation

shows the alternative Znfx1 transcript, which we

found here to bemeZnfx1.The canonical promoter

of the Znfx1 gene (black arrow) is active in

erythroid cells and to some degree masks tran-

scription from the erythroid enhancer. The beige

rectangle highlights the extent of the enhancer

transcript (meZnfx1). The red arrow indicates the

start and the direction of transcription from this

enhancer (encoding for meRNA).
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from activated enhancers is just as variable as those seen from

canonical promoters. In some cases expression of meRNAs

may be as great as that directed from canonical promoters of

neighboring genes (Figures 5B–5D) and readily detectable on

northern blots (Figures 6B and 6C).

An important question is why intragenic enhancers act as

alternative promoters. Physical interaction via looping has

now been demonstrated for many enhancers and promoters

in different cell types (Dekker, 2008; Splinter and de Laat,

2011). It is possible that the juxtaposition between these two

classes of cis elements, which is associated with high levels

of transcription at the canonical promoter, may also promote

transcription from the interacting enhancer. When the enhancer

is located in intergenic regions, this could produce short
Molecular Cell 45, 447–458,
poly(A)� transcripts or perhaps in some

cases lincRNAs (Cabili et al., 2011). By

contrast, as shown here, an intragenic

enhancer will produce a meRNA tran-
script which is spliced and polyadenylated in a similar manner

to the host gene.

What is the biological significance of this class of RNA?

There are currently more than ten subclasses of RNA. Although

the roles of some RNAs (e.g., mRNA, rRNA, tRNA) are fully or

partially established, in many cases (e.g., eRNAs) their role is

unclear (Kim et al., 2010). meRNAs resemble isoforms of the

host gene, but in the case of Nprl3, the meRNAs are not

translated into any detectable protein. Global analysis of

meRNAs also suggests that, in general, meRNAs have relatively

low protein-encoding potential. meRNAs are abundant and

complex and show tissue- and developmental-stage specificity.

Therefore, rather than simply producing transcriptional noise, it

would be surprising if evolution has not used some meRNAs,
February 24, 2012 ª2012 Elsevier Inc. 455
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Figure 7. Tissue-Specific Enhancer Tran-

scripts within Current Transcriptome

Annotation

(A) The mouse D18Ertd653e locus with high-

resolution maps of normalized poly(A)+ RNA-Seq

data for WT erythroid and brain cells. The y axes

represent the normalized expression value. The

canonical promoter of the D18Ertd653e gene is

associated with a CpG island, and a black arrow

indicates the start and the direction of transcription

from this promoter. Transcription from this pro-

moter is present in the brain but absent in erythroid

cells. The beige column highlights the extent of the

enhancer transcript (meD18Ertd653e). The red

arrow indicates the start and the direction of

transcription from this enhancer. meD18Ertd653e

transcript is present in erythroid but absent in

brain cells. The spliced reads detected in erythroid

cells are displayed below the RNA-Seq tracks.

UCSC Gene annotation including the annotated

enhancer transcript (the annotated AFE is shown

with an arrow) is shown. UCSC CpG Island anno-

tation is shown as an orange box. High-resolution

maps for the chromatin mark H3K27me3, DnaseI

hypersensitivity (DHS), H3K4me1, and H3K4me3

are shown below. The y axes represent read

density.

(B) Mouse transcription start sites (from UCSC

Genes and Refseq gene annotations), which

overlap with a single DHS site in Ter119+ cells

(13,506 sites), were sorted based on the difference

in enrichment of H3K4me1 and H3K4me3. Anal-

ysis of chromatin marks, as in Figure 4A, shows

that 139 TSSs active in erythroid cells resemble an

enhancer chromatin signature (indicated by the

red rectangle).

(C) The human transcription start sites (fromUCSC

Genes and Refseq gene annotations), which

overlap a single DHS site in IMR90 cells (16,508

sites), were sorted based on the difference in

enrichment of H3K4me1 and H3K4me3. Analysis

of the chromatin marks (as in Figure S5A) shows

that 693 TSSs active in IMR90 cells resemble an

enhancer chromatin signature (indicated by the

red rectangle). In both (B) and (C), the upper panels

show the 2,000 most H3K4me1-enriched TSSs,

and the lower panels show the 2,000 most

H3K4me3-enriched TSSs.

(D) A Venn diagram of the active TSSs in human

IMR90, K562, and GM12878 cells with an

enhancer chromatin signature shows the highly

tissue-specific nature of meRNAs.
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or their processed RNA products, for important biological

functions which can now be evaluated.

A major task in understanding the transcriptome is to identify

the different classes of RNA so that the functional role of each

subclass can be determined. Whatever their role, this study

shows that meRNAs constitute a complex and abundant class

of RNA. Using stringent criteria we identified 1,794 intragenic

enhancers in erythroid cells, of which at least 876 express

eRNA and 179 produce meRNAs identified via their associated

AFEs. Due to the high stringency with which we identified

enhancers and the unknown frequency with which enhancer-

driven transcripts use the donor splice sites of the host gene
456 Molecular Cell 45, 447–458, February 24, 2012 ª2012 Elsevier In
rather than produce AFEs (Figure S7), we have greatly under-

estimated the full contribution that meRNAs make to the tran-

scriptome of erythroid cells. Nevertheless, even using this very

stringent analysis, in just one tissue (erythroid cells) we have

already demonstrated that 139 annotated, active TSSs corre-

spond to enhancers rather than promoters (Figure 5B).

Taking all cell types into account, it is clear that mammalian

genomes contain many more enhancers than promoters (Bulger

and Groudine, 2010; Heintzman et al., 2009), and up to 51% of

these enhancers are intragenic. Analysis of just three cell types

(IMR90, K562, GM12878) in this study showed very little overlap

in enhancer-driven meRNAs between cell types. meRNAs may
c.
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account for a substantial proportion of transcriptome complexity

and how this changes from one cell type to another. This insight

will require the field to reannotate the transcriptome.

Clearly, distinguishing enhancer-driven meRNAs from the

protein-coding mRNAs of host genes containing the enhancers

will discriminate between genes whose expression is increased

in a specific cell type from those genes whose expression

may simply increase as a result of containing enhancers for

other genes (bystander effect) (Cajiao et al., 2004). Identifying

meRNAs together with eRNAs may solve a long-standing

problem of analyzing when and where enhancers are activated

during commitment, differentiation, and development at a

single-cell level.

EXPERIMENTAL PROCEDURES

Primary Cells

Mouse primary erythroid cells were sorted from the spleens of acetylphenyl-

hydrazine-treated (to induce acute hemolytic anemia) mice based on the

expression of Ter119 antigen (Vernimmen et al., 2009). Mouse erythroid cells

were grown from fetal livers (Dolznig et al., 2001).

Deletional Constructs

The DP6-deleted segment spans 2,315 bp between coordinates

chr11:32,166,133-32,168,448 (mm9); the DP6-R3 deleted segment spans

12,403 bp between coordinates chr11:32,156,045-32,168,448 (mm9). Char-

acteristics of deleted elements, embryonic stem cells (ESCs) targeting,

screening, and generation of mouse models are described in the Supple-

mental Experimental Procedures.

RNA Blot

RNA was poly(A) selected with the PolyATract mRNA isolation system (Prom-

ega). Northern blots were performed using NorthernMax-Gly Kit (Ambion).

RNA Sequencing

For RNA-Seq library, total RNA was split into poly(A)+ and poly(A)� RNA using

the PolyATract mRNA isolation system (Promega). Poly(A)+ RNA libraries

were produced using the Illumina mRNA-Seq paired-end kit after globin

depletion using GlobinClear (Ambion). Poly(A)� RNA libraries were produced

using the Illumina DGE Small RNA Sample Prep kit, after depletion of

ribosomal transcripts with RiboMinus Eukaryote Kit for RNA sequencing

(Invitrogen).

Chromatin Immunoprecipitation and ChIP Sequencing

Chromatin immunoprecipitation (ChIP) was performed as described (De Gobbi

et al., 2007). ChIP sequencing (ChIP-Seq) libraries were prepared and

sequenced using the standard Illumina protocol.

DnaseI Assay and DnaseI Sequencing

Nuclei from primary erythroid cells (Ter119+) were digested with eight

increasing concentrations of DnaseI (Roche) (Higgs et al., 1990). DNA

(1.5 mg) from the mid-phase digestions was blunt-ended with T4 DNA

Polymerase (NEB) and prepared for Illumina GAII sequencing. The DnaseI-

digested material was amplified using PCR primer PE1.0 and PE2.0

(Illumina).

Antibodies

The following antibodies were used for ChIP: anti-H3K4me1, anti-H3K4me3,

anti-H3K27me3 (Upstate 07-436, 07-473, 07-449), anti-H3K27ac (Abcam

ab4729), and anti-RNA-PolII (Santa Cruz Biotechnology H224). Protein blots

were performed using anti-Nprl3 (C16B) (C-terminal antibody) (Lunardi et al.,

2009), anti-GST (Santa Cruz Biotechnology sc-138), and anti-Gapdh (Cell

Signaling, 3683).
Mole
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