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CRISPR activity against phage and conjugative
plasmid DNA molecules suggests that CRISPR
systems may also prevent plasmid DNA transformation. We therefore introduced pG0(wt) and
pG0(mut) nes-target and -flanking sequences (200
base pairs) in either orientation into the staphylococcal plasmid pC194 (23), generating pNes(wt)
and pNes(mut), respectively (Fig. 3A). Flanking
DNA was included in the inserts to ensure the
presence of any sequences outside of the target that
may contribute to CRISPR interference (24). Plasmids were transformed by electroporation into wildtype RP62a and isogenic Dcrispr LAM104 strains.
pC194 and both pNes(mut) plasmids were transformed into both strains, whereas the pNes(wt)
plasmids were transformed only into the Dcrispr
mutant (Fig. 3B). We also performed pNes(wt)/
pNes(mut) mixed transformations of RP62a or
LAM104 strains to test interference in an internally controlled fashion. Again, only pNes(mut)
plasmids were recovered from RP62a transformants, whereas pNes(wt) and pNes(mut) plasmids
were found in LAM104 transformant colonies
(fig. S4). It remains to be established whether natural transformation, which involves the uptake of
a single DNA strand (25), is subject to CRISPR
interference. Nonetheless, our experiments suggest that CRISPR systems can counteract multiple
routes of plasmid transfer.
These transformation data provide additional
evidence that crRNAs target DNA molecules.
First, interference occurred regardless of the insert orientation in pNes(wt); this, combined with
the lack of compelling evidence for CRISPRderived double-stranded RNA (fig. S2) (4, 6, 7),
is consistent with spc1 targeting either DNA strand
rather than a unidirectional transcript. Second,
the target sites in the pNes(wt) and pNes(mut)
plasmids are located between the transcriptional
terminators of the rep and cat genes (Fig. 3A)
(23, 26, 27). This minimizes the likelihood that
this region of the plasmid is even transcribed,
which is consistent with its dispensability for
plasmid maintenance (23, 28).
Altogether, these data provide strong functional evidence that CRISPR interference acts at
the DNA level and therefore differs fundamentally from the RNA interference (RNAi) phenomenon observed in eukaryotes and with which
CRISPR activity was originally compared (29). A
DNA targeting mechanism for CRISPR interference implies a means to prevent its action at the
encoding CRISPR locus itself, as well as other
potential chromosomal loci, such as prophage sequences. Little information exists to suggest how
crRNAs would avoid targeting “self ” DNA,
although the role of flanking sequences during
CRISPR interference (24) could contribute to
target specificity. From a practical standpoint, the
ability to direct the specific addressable destruction of DNA that contains any given 24- to
48-nucleotide target sequence could have considerable functional utility, especially if the system
can function outside of its native bacterial or
archaeal context. Furthermore, our results demon-

strate that CRISPR function is not limited to phage
defense, but instead encompasses a more general
role in the prevention of HGTand the maintenance
of genetic identity, as with restriction-modification
systems. A primary difference between restrictionmodification and CRISPR interference is that the
latter can be programmed by a suitable effector
crRNA. If CRISPR interference could be manipulated in a clinical setting, it would provide a
means to impede the ever-worsening spread of
antibiotic resistance genes and virulence factors in
staphylococci and other bacterial pathogens.
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Nascent RNA Sequencing Reveals
Widespread Pausing and Divergent
Initiation at Human Promoters
Leighton J. Core,* Joshua J. Waterfall,* John T. Lis†
RNA polymerases are highly regulated molecular machines. We present a method (global run-on
sequencing, GRO-seq) that maps the position, amount, and orientation of transcriptionally
engaged RNA polymerases genome-wide. In this method, nuclear run-on RNA molecules are
subjected to large-scale parallel sequencing and mapped to the genome. We show that peaks of
promoter-proximal polymerase reside on ~30% of human genes, transcription extends beyond premessenger RNA 3′ cleavage, and antisense transcription is prevalent. Additionally, most promoters
have an engaged polymerase upstream and in an orientation opposite to the annotated gene. This
divergent polymerase is associated with active genes but does not elongate effectively beyond the
promoter. These results imply that the interplay between polymerases and regulators over broad
promoter regions dictates the orientation and efficiency of productive transcription.
ranscription of coding and noncoding RNA
molecules by eukaryotic RNA polymerases requires their collaboration with
hundreds of transcription factors to direct and
control polymerase recruitment, initiation, elongation, and termination. Whole-genome microarrays
and ultra-high-throughput sequencing technologies enable efficient mapping of the distribution of
transcription factors, nucleosomes, and their modi-

T

www.sciencemag.org

SCIENCE

VOL 322

fications, as well as accumulated RNA transcripts
throughout genomes (1, 2), thereby providing a
global correlation of factors and transcription
states. Studies using the chromatin immunoprecipitation assay coupled to genomic DNA
microarrays (ChIP-chip) or to high-throughput
sequencing (ChIP-seq) indicate that RNA polymerase II (Pol II) is present at disproportionately
higher amounts near the 5′ end of many eukaryotic
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genes relative to downstream regions (3–6). However, these techniques cannot determine whether
Pol II is simply promoter-bound or engaged in
transcription. Small-scale analyses using independent methods have shown that this distribution
likely represents transcriptionally engaged Pol II
that has accumulated between ~20 and 50 bases
downstream of transcription start sites (TSSs)
(5, 6), indicating that transcription can be regulated
at the stage of elongation as well as the recruitment and initiation stages (7). This promoterproximal pausing or stalling (8) is proposed to be
an important post-initiation, rate-limiting target
for gene regulation (7, 9).
Here, we present a global run-on-sequencing
(GRO-seq) assay to map and quantify transcriptionally engaged polymerase density genomewide. These measurements provide a snapshot
of genome-wide transcription and directly evaluate promoter-proximal pausing on all genes. We
used nuclear run-on assays (NRO) to extend
nascent RNAs that are associated with transcriptionally engaged polymerases under conditions
where new initiation is prohibited. To specifically
isolate NRO-RNA, we added a ribonucleotide
analog [5-bromouridine 5′-triphosphate (BrUTP)]
to BrU-tag nascent RNA during the run-on step
(fig. S1). The length of the polynucleotide was
kept short, and the NRO-RNA was chemically
hydrolyzed into short fragments (~100 bases) to
facilitate high-resolution mapping of the polymerase origin at the time of assay (8). BrU-containing
NRO-RNA was triple-selected through immunopurification with an antibody that is specific
for this nucleotide analog, resulting in a 10,000fold enrichment of the NRO-RNA pool that was
determined to be >98% pure (8). A NRO-cDNA
library was then prepared for sequencing from
what represents the 5′ end of the fragmented,
BrU-incorporated RNA molecule by using the
Illumina high-throughput sequencing platform.
The origin and the orientation of the RNAs and
therefore the associated transcriptionally engaged
polymerases were documented genome-wide by
mapping the reads to the reference human genome (8).
In total, ~2.5 × 107 33–base pair (bp) reads
were obtained from two independent replicates
(8) prepared from primary human lung fibroblast (IMR90) nuclei, of which ~1.1 × 107
(44%) mapped uniquely to the human genome.
Most reads (85.8%) align on the coding strand
within boundaries of known RefSeq genes, human mRNAs, or expressed sequence tags (fig.
S2). The number of transcriptionally active genes
was determined by using an experimentally and
computationally determined background of
0.04 reads per kilobase (8). We found 16,882
(68%) of RefSeq genes to be active (P < 0.01)

compared with 8438 active genes found by a
microarray experiment performed in the same
cell line (3), reflecting, in part, the added sensitivity of sequencing platforms (10). Examination
of several large regions shows that GRO-seq can
differentiate between transcriptionally active
and inactive regions in large chromosomal domains (Fig. 1). In addition, we are able to detect
a generally low, but significant (P < 0.01 relative to background) amount of antisense transcription for 14,545 genes (58.7% of genes in the
genome) (fig. S3).
Aligning the GRO-seq data relative to RefSeq
TSSs shows that the density of reads peaks near
the TSS in both sense (~50 bp) and antisense
(~ –250 bp) directions (see below) (Fig. 2A).
Alignment of GRO-seq reads to annotated 3′
ends of genes reveals a broad peak that is maximal at about +1.5 kb and can extend greater
than 10 kb downstream of polyadenylation
(poly-A) sites (Fig. 2B). This peak distance is
consistent with previous and recent estimates
(11, 12). A small peak followed by a sharp drop
off is observed at the site of polyadenylation,
likely representing the known 3′ cleavage before
polyadenylation of the RNA (13).
To identify all genes that show a peak of
engaged Pol II that is characteristic of promoterproximal pausing, we assessed whether each
gene showed significant enrichment of read density in the promoter-proximal region relative to
the density in the body of each gene (8). The
ratio of these densities is called the pausing

index (5, 6, 8), and significant pausing indices
range from 2 to 103 (fig. S4). Within the defined promoter region, 7057 genes have a significant enrichment of GRO-seq reads relative
to the body of the gene (P < 0.01), representing
28.3% of all genes (41.7% of active genes).
Comparison of paused genes to either microarray expression or GRO-seq data revealed
four classes of genes: class I, not paused and
active; class II, paused and active; class III,
paused and not active; and class IV, inactive
(not paused and not active) (Fig. 3). Class III
was severely depleted when we used GRO-seq
to classify gene activity because GRO-seq provides a more sensitive measure of gene activity.
Given the low signal at the promoters of the
few genes left within this class, they are likely
to be classified as active with deeper sequencing. Therefore, the overwhelming majority of
genes with a paused polymerase also produce
significant transcription throughout the gene,
albeit often to quantities not detectable by expression microarrays. A recent comparison of
Pol II ChIP-seq data to RNA-seq also supports
the view that nearly all genes that are bound by
Pol II produce full-length transcripts (10).
The density of polymerases within the
promoter-proximal region generally correlates
with the level of gene activity when all genes
(Fig. 4A) or only genes with a paused polymerase are considered (fig. S5). Whereas nearly all
paused genes show significant full-length activity
by GRO-seq, the pausing index inversely corre-

Fig. 1. Sample of GROseq data view on the University of California at
Santa Cruz (UCSC) genome
browser. A 2.5-Mb region
on chromosome 5 showing
GRO-seq reads aligned to
the genome at 1-bp resolution, followed by an upclose view around the
NPM1 gene. Pol II ChIP
results (3) are shown in
green; mappable regions,
black; GRO-seq reads on
the plus strand (left to
right), red; GRO-seq reads
on the minus strand (right
to left), light blue; RefSeq
gene annotations, dark
blue.
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Fig. 2. Alignment of GRO-seq reads to TSSs and 3′ ends. (A) GRO-seq
reads aligned to Ref-seq TSSs in 10-bp windows in both sense (red) and
antisense (blue) directions relative to the direction of gene transcription.

(B) GRO-seq reads flanking the 3′ ends of genes. The sharp peak
coincides with the new 5′ end created after cleavage at the poly-A site.
Polymerase density extends considerably downstream before termination.

Fig. 3. Comparison of
pausing with gene activity. Four classes of genes
are found when comparing genes with a paused
polymerase and transcription activity either by
microarray or GRO-seq
density in the downstream portions of genes.
An example of each class
is shown, with tracks
shown in the UCSC genome browser as in Fig. 1.
The gene names, pausing index, and P value,
from top to bottom, respectively, are as follows:
TRIO, 1.1, 0.62; FUS, 41,
2.8 × 10–43; IZUMO1,
410, 7.6 × 10–3; and
GALP (which has no reads
and therefore no pausing
index). The number of
genes represented in
each class is shown to
the right.

lates with gene activity (Fig. 4B). Considering that
pausing is observed when Pol II enters a pause site
faster than the rate of escape from pausing (9), this

inverse correlation is consistent with the hypothesis that highly transcribed, but paused genes
appear to be controlled, at least in part, by in-
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creasing the rate at which Pol II escapes the pause
site and enters productive elongation (8).
A prominent and unexpected feature of the
GRO-seq profiles around TSSs is the robust
signal from an upstream, divergent, engaged polymerase. RNAs generated by these divergent polymerases can be identified at low concentrations
when small RNAs are isolated from whole cells
(14). These divergent polymerases cannot be accounted for by the 10% of known bidirectional
promoters that are less than 1 kb apart (15) (fig.
S6). We found that 13,633 genes (55% of all genes,
77% of active genes) display significant divergent transcription within 1 kb upstream of senseoriented promoter-proximal peaks (P < 0.001),
indicating that the number of bidirectional promoters exceeds even the highest estimates (16, 17).
However, because it appears that the majority of
these promoters produce mRNAs in only one
direction (see below), we refer to this class of
promoters as divergent. Although the top 10%
of active genes have, on average, a slightly larger
promoter-proximal than divergent peak (Fig. 3D),
amounts of divergent transcription generally
correlate with both the promoter-proximal signal
(fig. S7) and the transcription level of the associated gene (Fig. 4C). Thus, divergent transcription is a mark for most active promoters.
Gene activity, pausing, and divergent transcription correlate with each other and with
promoters containing a CpG island. These four
characteristics co-occur significantly more often
than would be expected by chance (P < 10−52)
(table S1). Previous mapping of capped mRNA
transcripts has shown that at CpG island promoters initiation occurs broadly over hundreds of
base pairs (18), and GRO-seq shows that polymerases initiate and accumulate on this large
class of promoters in both orientations.
Does existing ChIP-chip data (3) show any
indication of the divergent peak of polymerase?
Manual inspection of a number of genes and
comparison with composite profiles aligned to
TSSs show that the Pol II ChIP peak at promoters
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Fig. 4. Correlation of promoter-proximal transcription patterns with gene
activity. (A to D) Box plots (each showing the fifth, 25th, 50th, 75th, and
95th percentiles) that show the relationship of promoter-proximal (PP)
sense peaks (red), divergent peaks (DP) (blue), pausing indices (green),
and PP/DP ratios (orange) to the top, middle, and bottom deciles of gene
is accounted for by the two divergent peaks uncovered by GRO-seq (Figs. 1B and 4E). Higherresolution ChIP-seq data in different cell lines has
identified Pol II molecules upstream of promoters
that were proposed to be in the same orientation
of the annotated gene; however, these instead are
likely to represent the divergent promoters identified by GRO-seq (10). Additionally, active
promoters are typically marked by histone modifications such as di- and trimethylation of H3-Lys4
(H3K4me2 and H3K4me3) as well as acetylation
of histone H3 and H4 (H3ac and H4ac). These
modifications show a bimodal distribution around
TSSs, with the trough representing a nucleosomefree region encompassing the TSS (3, 4, 19).
Comparison of available H3ac and H3K4me2
data in this cell line (3) with GRO-seq suggests
that both upstream and downstream peaks of
these histone modifications are associated with
active transcription, with each peak of histone
modifications being adjacent and downstream of
an engaged polymerase (Fig. 4F) (8). Other
studies have shown that histone modifications
associated with transcription elongation (e.g.,
H3K36me3 and H3K79me3) do not associate
in a bimodal fashion around TSSs (4, 19). This
and the lack of divergent GRO-seq reads further
upstream (fig. S8) indicate that the majority of
promoters experience initiation in the upstream
direction but that these divergent polymerases do
not productively elongate transcripts. Thus, promoters can distinguish polymerase in the forward
versus the reverse direction.
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activity. All deciles are significantly different from each other: P <10−9
for all comparisons except between the lowest and the middle deciles in
(D) (P < 10−3). (E) ChIP profiles of Pol II and GRO-seq sense (S) and
antisense (AS) strand reads aligned to TSSs. (F) ChIP profiles of H3ac and
H3K4me2 and GRO-seq aligned to TSSs.

We envision several possible functions for divergent transcription. First, the act of transcription
itself could be crucial for granting access of transcription factors to control elements that reside
upstream of core promoters, possibly by creating a
barrier that prevents nucleosomes from obstructing
transcription factor binding sites (20, 21). Second,
as proposed by Seila et al. (14), negative supercoiling produced in the wake of transcribing polymerases could facilitate initiation in these regions.
Third, these short nascent RNAs could themselves
be functional, through either Argonaute-dependent
(22) or -independent (23) pathways. Upcoming
challenges will be to decipher whether the widespread transcriptional activity that lies upstream but
divergent from the direction of coding genes positively or negatively regulates transcription output
and how promoter or unknown DNA elements are
designed to distinguish between productive elongation in one direction versus the other.
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