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that the sense complex may promote antisense
preinitiation complex formation in the upstream
region (16). Second, as RNAPII elongates the
sense transcript, negative supercoiling of the DNA

will occur upstream, perhaps promoting the
antisense initiation process (17). This divergent
transcription could structure chromatin and nascent
RNA at the TSS for subsequent regulation.
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Studies have shown that the bulk of eukaryotic genomes is transcribed. Transcriptome maps are
frequently updated, but low-abundant transcripts have probably gone unnoticed. To eliminate RNA
degradation, we depleted the exonucleolytic RNA exosome from human cells and then subjected
the RNA to tiling microarray analysis. This revealed a class of short, polyadenylated and highly
unstable RNAs. These promoter upstream transcripts (PROMPTs) are produced ~0.5 to 2.5 kilobases
upstream of active transcription start sites. PROMPT transcription occurs in both sense and
antisense directions with respect to the downstream gene. In addition, it requires the presence of
the gene promoter and is positively correlated with gene activity. We propose that PROMPT
transcription is a common characteristic of RNA polymerase II (RNAPII) transcribed genes with a
possible regulatory potential.

R

ecent high-throughput analyses have revealed that >90% of all human DNA is
transcribed (1). The vast majority of these

transcripts are noncoding, thus challenging the
classical definition of what constitutes a gene
and, by association, a promoter (2–4). Further-
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more, additional short-lived RNAs might have
escaped detection. With the aim of identifying
such transcripts, we used RNA interference in
HeLa cells to deplete hRrp40, a core component
of the human 3′ to 5′ exoribonucleolytic exosome,
one of the major RNA degradation complexes
(fig. S1A) (5). This resulted in a severe processing defect of the known exosome substrate
5.8S ribosomal RNA (fig. S1B), demonstrating
diminished exosome function. Oligo dT-primed,
double-stranded cDNA from cells that had been
treated with either a control [enhanced green
fluorescent protein (eGFP)] or hRrp40 small
interfering RNA (siRNA) was hybridized to an
encyclopedia of DNA elements (ENCODE) tiling
array, which covers a representative ~1% of the
human genome (1). Comparison of array data to
public gene annotations revealed overall stabilization of mRNAs (exons in Fig. 1A), as expected.
RNA from intronic and intergenic regions were
largely unaffected, with the exception of a 1.5-kb
region immediately upstream of transcription start
sites (TSSs) that was stabilized ~1.5-fold on
average (Fig. 1A). The relative stabilization of
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Saccharomyces cerevisiae cryptic unstable transcripts that, like PROMPTs, are also transcribed
from nongenic regions (6).
To overview the average RNA stabilization
profile around all 1594 annotated ENCODE
TSSs, we aligned array data from the hRrp40
and control knockdown experiments, as well
as the ratio of the two, relative to each other
(Fig. 2A, top). Because of the different levels
of stabilization of exonic and intronic RNA
(Fig. 1A), we only considered data derived from
exonic sequences downstream of the TSSs (fig.
S3). Moreover, because many genes have multiple TSS clusters (i.e., promoters) that may confound analyses, we also aligned array data from
64 selected genes with only one major TSS
cluster (low-complexity genes) (Fig. 2A, bottom,
and table S1). Both alignments revealed an
average RNA stabilization profile over a ~2-kb
region upstream of the TSS with a peak around
–1 kb (Fig. 2A). In control cells, RNA levels are
near background, whereas they are greatly elevated upon hRrp40 depletion. RNA levels in the
hRrp40-depleted cells drop to background levels
nearing the TSS, indicating that stabilized transcripts are distinct from their neighboring mRNAs.
Thus, PROMPTs constitute a class of unstable
transcripts, and we refer to the PROMPT-encoding
DNA as the “PROMPT region.” Short RNAs
produced around TSSs have previously been
reported, most notably promoter-associated short
RNAs, which were on average 0.5 kb on either
side of the TSS (4). These are, however, physically separate from PROMPTs by several hundred
base pairs (fig. S4). In contrast, a few verified
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Fig. 1. PROMPTs are produced immediately upstream of annotated TSSs and are degraded
by the RNA exosome. (A) Relative stabilization of RNA from hRrp40 knockdown over control
cells, sorted according to annotated genomic features (http://genome.ucsc.edu/cgi-bin/hgTracks)
and normalized to the total signal over the entire ENCODE region. (B) PROMPT signature of a
500-kb ENCODE region (ENr323), showing the log2 transformed hRrp40-siRNA/eGFP-siRNA
signal ratio (blue track) below the location of annotated genes (red bars) with their orientation of
transcription indicated by arrows. The bottom track shows hRrp40-siRNA/eGFP-siRNA signal peaks
(see supporting online material). (C) RT-qPCR analysis of 10 representative PROMPT regions.
HeLa cells were treated with eGFP siRNA (control) or the experimental samples hRrp40, hRrp6,
hRrp44, or both hRrp6 and hRrp44, as indicated. Mean values with standard deviations from at
least three experiments are shown as fold increase in RNA levels of experimental over control
samples. All data were normalized to an internal control, glyceraldehyde phosphate
dehydrogenase (GAPDH) mRNA. For numbering of PROMPTs, see table S4.
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PROMPT regions show weak signs of transcriptional activity in other data sets, such as scattered
cap analysis of gene expression tags (markers of
transcription initiation events) (7) and expressed
sequence tags unassigned to known genomic
features (fig. S5).
We next examined whether PROMPTs were
sense or antisense relative to the mRNA produced
from the downstream positioned genes. Orientationspecific RT-qPCR performed on RNA from either
hRrp40 depleted- or control cells demonstrated
that, regardless of directional preference, both
sense and antisense transcripts were detectable
in PROMPT regions (Fig. 2B). In the presence
of actinomycin D, which inhibits spurious synthesis of potential second-strand cDNA artifacts
(8), this bidirectionality of PROMPTs was still
observed (fig. S6). Moreover, both sense and
antisense RNAs were stabilized to a similar extent by hRrp40 depletion (Fig. 2B), demonstrating that both species are exosome substrates.
When aligning array data to the TSSs of PROMPT
regions where either sense or antisense RNA
production predominates, they displayed patterns
similar to the average PROMPT profile (fig. S7).
Taken together, these data suggest a complex pattern of RNA polymerase II (RNAPII) activity in
either orientation upstream of individual gene
promoters. This observation was supported by
nonexhaustive rapid amplification of cDNA ends
(RACE) analyses of eight PROMPT regions,
which often reveals multiple 5′ and 3′ ends (fig. S8).
To investigate the requirements for transcription upstream of promoters, we transiently transfected HeLa cells with a plasmid containing the
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RNA expressed from a 500-kb region exemplifies this: Four of the five genes in this region
display peaks of stabilized RNA upstream of
their annotated promoters (Fig. 1B).
To validate these results, we subjected RNA
from exosome-depleted versus control cells to
oligo dT-primed reverse transcription followed
by quantitative polymerase chain reaction (RTqPCR) analyses of a region upstream of 20 TSSs,
all of which confirmed a statistically significant
stabilization under hRrp40 knockdown conditions (Fig. 1C and fig. S2A). Depletion of an
additional exosome component (hRrp46) resulted
in similar levels of stabilization, whereas depletion of other factors involved in RNA turnover
(hUpf1, hXrn1, hXrn2, hDcp2, PARN) had no
effect (fig. S2B), indicating that promoter upstream
transcripts (PROMPTs) are exosome-specific targets. Individual depletion of hRrp6 or hRrp44, the
catalytically active exosome subunits, resulted in
no or only modest stabilization. Depletion of
both, however, caused levels of stabilization
comparable to that observed upon depletion of
hRrp40 (Fig. 1C and fig. S2A), suggesting that
hRrp6 and hRrp44 act redundantly to degrade
PROMPTs. This stabilization of PROMPTs in
exosome-depleted cells is reminiscent of that of

REPORTS
b-globin gene under control of the strong cytomegalovirus promoter (pCMV) that is preceded
by 2.2 kb of bacteriophage l DNA (Fig. 2C).
This resulted in transcript production from the l
DNA, demonstrating that PROMPT-like transcription can be initiated independent of the
underlying DNA sequence. Transcripts arising
from the l DNA region cannot be read-through
products from transcription around the plasmid
because b-globin transcript levels reach background immediately downstream of the transcription termination site. Again, 5′- and 3′-RACE
analyses were employed to map some transcription start- and end points, which substantiated the
observation of dynamic and complex RNAPII activity in the region (fig. S9). Deletion of the CMV
promoter resulted in the concomitant elimination
of PROMPT and b-globin gene transcription (Fig.
2C and fig. S9). Thus, the generation of transcripts
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e.g., TAF1 or E2F1 (10, 11) (Fig. 3B and fig. S10).
Although this reinforces the concept of substantial
transcription activity upstream of bona fide genes,
the TSS-restricted localization of transcription
initiation factors supports our conclusion using
CMV/DCMV plasmids and argues against the
presence of an independent PROMPT promoter.
A link between transcriptional activity in
PROMPT and gene regions is further supported
by scatter plots showing a strong positive correlation between total average RNAPII chromatin
immunoprecipitation (ChIP) signal within the first
1.5 kb up- and downstream of all 1594 ENCODE
TSSs (Fig. 4A). This relation is also evident from
raw RNA expression data from the hRrp40
depletion experiment (Fig. 4B). With slopes of
up to 0.7, these plots indicate that transcription
activity in the PROMPT region is comparable to
that in the beginning of the gene.
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A

upstream of an active gene appears to depend on
the gene promoter.
To further characterize the transcriptional activity and its origin in PROMPT regions, we compared PROMPT patterns to RNAPII occupancy,
transcription factor binding, and chromatin modifications using public data sets generated by the
ENCODE project (table S2). In two representative examples, the PROMPT region is covered
by markers of active transcription, RNAPII and
acetylated histone 3 (H3K9ac), whereas the transcription initiation factor TAF1 peaks at the
TSS (Fig. 3A). The generality of this observation
was examined by creating composite profiles of
the 64 low-complexity regions encompassing
PROMPT and TSS sequences. PROMPTs generally overlap with RNAPII, marks of active chromatin, and DNAse hypersensitive sites (9, 10), but
not with peaks of transcription initiation factors;
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REPORTS
are located in potential PROMPT regions (12, 13).
Likewise, a noncoding RNA directly upstream of
the sphingosine-kinase1 (SPHK1) gene, which

Given their ubiquitous nature, do PROMPTs
have a function? A few noncoding RNAs that
have been reported to exert regulatory functions
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Fig. 4. Overall correlation of PROMPT- and gene-expression levels. (Left) Scatter plot of RNAPII distribution
as measured by ChIP-chip over all 1594 TSSs in the ENCODE region (data taken from GEO, accession number
GSE6391). Data were integrated over 1.5 kb before (y axis, “PROMPT”) and after (x axis, “Gene Start”) each
TSS and plotted against each other. The slope of the linear regression is 0.68 with a P value of ≤10−300 (t test,
product-moment correlation) and an r2 value of 0.61 [degrees of freedom (df) = 1511]. (Right) Scatter
plot of single-channel RNA microarray signals from hRrp40 siRNA-treated cells created as above with the
exception that, in the gene, only data corresponding to exonic DNA were used to remove exon/intron
biases (fig. S3). Statistical values are slope = 0.45, P value < 10−137, and r2 = 0.39 (df = 1420).
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1 kb

1 kb

affects the methylation status of CpG dinucleotides within its promoter (13), is also stabilized in
hRrp40 knockdown cells (fig. S11A). It is therefore interesting to note that the methylation level
of some CpG dinucleotides within the SPHK1
promoter region is increased upon hRrp40 depletion (fig. S11B). That PROMPTs more generally
may affect promoter methylation is further indicated by the finding that for genes with similar
expression levels, PROMPT levels are generally
higher around promoters with a high CpG score
(fig. S11C).
PROMPTs may arise wherever open chromatin presents itself, possibly as the byproduct of
an as yet unexplored aspect of the mechanism of
gene transcription. Evolution, being an opportunistic force, may then have co-opted at least
some of these PROMPTs as part of regulatory
mechanisms (fig. S11). One such molecular system
could involve the control of CpG (de)methylation,
an as of now poorly understood process (14).
An alternative, but not mutually exclusive, possibility is that PROMPT transcription may have
a more general function by providing reservoirs
of RNAPII molecules, which can facilitate rapid
activation of the downstream gene, and/or by
serving to alter chromatin structure. Clearly, the
generality of the PROMPT phenomenon hints at
a more complex regulatory chromatin structure
around the TSS than was previously anticipated.
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