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Introduction

Transcription – the process by which an RNA copy of one 
strand of DNA is made – is the first step in gene expres-
sion, and as such is highly regulated in all organisms. 
For years it was thought that the machinery that makes 
RNA and the factors that regulate its synthesis were 
proteins. More recently, many examples have been dis-
covered in which an RNA functions to control transcrip-
tion. These RNA transcriptional regulators are among a 
class referred to as noncoding RNAs (ncRNAs) because 
they do not harbor open reading frames that encode 
proteins. ncRNAs that regulate transcription have been 
found in organisms from bacteria to humans. As a group 
they control transcription by diverse mechanisms and 
at multiple levels, from regulating the structure of the 
chromatin from which RNA is transcribed, to controlling 
the assembly of transcription complexes on DNA, and 
even influencing the transcription reaction itself.

The enzymes that perform transcription are DNA-
dependent RNA polymerases. In general, core RNA 
polymerases, although capable of making RNA from 
DNA, cannot initiate transcription in a gene-specific 

fashion, but instead require accessory factors. Minimally 
the accessory factors localize the polymerase to the start 
site of transcription and help the polymerase initiate 
RNA synthesis. The transcription start sites of genes are 
contained within promoters, which are the regions of 
DNA that direct gene-specific transcription initiation. 
In bacteria, core RNA polymerase is aided by a dissoci-
able protein named sigma factor (Mooney et al., 2005). 
In eukaryotes, there are three multi-subunit nuclear 
RNA polymerases: RNA polymerase I (Pol I) transcribes 
most ribosomal RNA (rRNA) and at least one ncRNA; 
RNA polymerase II (Pol II) transcribes messenger RNA 
(mRNA) and some ncRNAs; and RNA polymerase III (Pol 
III) transcribes transfer RNA (tRNA), 5S rRNA, and some 
ncRNAs. Each of these core RNA polymerases requires 
accessory factors for transcription, including general 
transcription factors to form preinitiation complexes 
at promoters, elongation factors for efficient transcrip-
tion through genes, and termination factors to complete 
synthesis of the primary mRNA transcript (reviewed in 
(Geiduschek and Kassavetis, 1995; Thomas and Chiang, 
2006)). Transcription of specific genes is controlled by 
the actions of protein transcription factors – activators 
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Abstract
Noncoding RNAs (ncRNAs) have emerged as key regulators of transcription, often functioning as 
trans-acting factors akin to prototypical protein transcriptional regulators. Inside cells, ncRNAs are now 
known to control transcription of single genes as well as entire transcriptional programs in response to 
developmental and environmental cues. In doing so, they target nearly all levels of the transcription proc-
ess from regulating chromatin structure through controlling transcript elongation. Moreover, trans-acting 
ncRNA transcriptional regulators have been found in organisms as diverse as bacteria and humans. With 
the recent discovery that much of the DNA in genomes is transcribed into ncRNAs with yet unknown func-
tion, it is likely that future studies will reveal many more ncRNA regulators of transcription.
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and repressors that bind specific DNA sequences in 
promoters (Kadonaga, 2004).

Transcription in eukaryotes is also controlled by 
coregulatory proteins – coactivators and corepressors –  
that do not bind DNA with sequence specificity, but 
are recruited to genes by activators and repressors, 
respectively (Thomas and Chiang, 2006). Some coregu-
lators modulate transcription by communicating with 
the general transcription machinery, and others do so 
by changing the structure of chromatin, which is the 
ensemble of DNA and histone proteins that comprises 
eukaryotic genomes. Chromatin structure can be 
changed by post-translational modifications that are 
added to or removed from the histone proteins (Sterner 
and Berger, 2000; Shilatifard, 2006; Workman, 2006). 
Some regions of eukaryotic genomes are condensed 
into a compact structure referred to as heterochromatin 
that in general is transcriptionally silent, whereas tran-
scriptionally active regions of the genome, referred to as 
euchromatin, are less condensed (Grewal and Moazed, 
2003). All of the protein factors that function in setting 
levels of transcription are potential targets for regulatory 
ncRNAs.

Coincident with the recent surge in identification of 
ncRNAs that function to control transcription is the find-
ing that the vast majority of the DNA in genomes is tran-
scribed into RNA (reviewed in Carninci and Hayashizaki, 
2007; Kapranov et  al., 2007b; Pheasant and Mattick, 
2007; Vogel and Wagner, 2007). In complex organisms 
the majority of genomic DNA encodes neither proteins 
nor classical functional ncRNAs, such as rRNA or tRNA. 
Previously, it was thought that the noncoding regions 
of these genomes, as well as the antisense strands of 
genes, were not actively transcribed. Now we know that 
the majority of genomic DNA is transcribed from both 
strands, and some of the ncRNAs arising from what 
was previously considered “junk DNA” can function as 
transcriptional regulators. This raises the questions: do 
many of these newly discovered ncRNAs have functions, 
and if so, do any of them function as transcriptional 
regulators? We anticipate the answers to both questions 
will be yes.

In this review we describe natural ncRNAs that con-
trol transcription. All of the ncRNAs we discuss control 
mRNA transcription in eukaryotes, with the exception 
of three, which control eukaryotic tRNA or rRNA tran-
scription, or transcription in bacteria. We have grouped 
the ncRNAs according to their function in regulating the 
process of transcription, beginning with those that con-
trol chromatin structure and ending with an ncRNA that 
controls transcript elongation (Figure 1). We do not dis-
cuss examples in which sequences within a growing RNA 
transcript regulate its own synthesis (e.g. riboswitches). 
We also do not discuss siRNA-mediated gene silencing 
because it has been described in detail in many recent 

reviews (Wassenegger, 2005; Buhler and Moazed, 2007; 
Hawkins and Morris, 2008).

ncRNAs that facilitate chromatin 
modification

Multiple ncRNAs have been found to control trans- 
cription by mediating changes in the structure of 
chromatin in eukaryotic cells. Some of the ncRNAs estab-
lish large heterochromatin domains, thereby silencing 
many genes or even entire chromosomes, while others 
act to alter chromatin in small regions and thereby control 
single genes or groups of genes. We begin with ncRNAs 
involved in imprinting and dosage compensation, all of 
which can be considered monoallelic transcriptional 
regulators. We then consider ncRNAs that function in 
pattern formation during development. Finally, we 

Figure 1.  ncRNAs regulate transcription at many levels. Shown are 
the ncRNAs discussed in this review, grouped according to their 
function in controlling transcription. For each ncRNA, the organism 
in which it is best characterized is indicated; however, in some cases 
the ncRNA is found in related organisms (e.g. mouse and human) 
and presumed to have a similar function in both. The plus and minus 
signs in parentheses indicate whether the ncRNA functions to upreg-
ulate or downregulate transcription, respectively. The question mark 
after the plus sign associated with Drosophila Hox ncRNAs indicates 
that there are conflicting reports on the function of these ncRNAs as 
transcriptional regulators, as explained in the text.

FACILITATING CHROMATIN MODIFICATION
Establishing genomic imprinting

mouse Air RNA (-)
mouse Kcnq 1ot1 RNA (-)

mouse H19 ICR ncRNAs (-)
Establishing dosage compensation

mouse Xist RNA (-)
mouse Tsix RNA (+)

Drosophila roX RNAs (+)
Altering chromatin at developmental locl

Drosophila Hox ncRNAs (+?)
human HOTAIR RNA (-)

Silencing individual genes through chromatin modification
mouse rRNA IGS RNAs (-)

human p15AS RNA (-)

MODULATING ACTIVATOR OR COACTIVATOR FUNCTION
Controlling transcriptional activators

mouse Evf2 RNA (+)
mammalian HSR1 RNA (+)

Coactivating and corepressing transcription
human SRA RNA (+/ -)

human CCND1 ncRNAs (-)

CONTROLLING THE ACTIVITY OF TRANSCRIPTION COMPLEXES
Controlling general transcription factors

human DHFR ncRNA (-)
Controlling RNA polymerase activity

bacterial 6S RNA (-)
mouse 82 RNA (-)
human Alu RNA (-)

human RNase P H1 RNA (+)
Controlling transcript elongation

human 7SK RNA (-)
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discuss two ncRNAs that silence transcription of specific 
genes through changes in chromatin structure.

Establishing genomic imprinting

Mammalian cells have two alleles of each autosomal 
gene – one that is inherited from the mother and one that 
is inherited from the father. A small subset of genes is 
known to exhibit monoallelic expression in which a gene 
is expressed from only the maternal or the paternal allele 
rather than from both alleles. Restricting expression to a 
single autosomal allele is called genomic imprinting and 
it occurs through epigenetic mechanisms (reviewed in 
Verona et al., 2003). The term epigenetic refers to herit-
able changes in gene expression that are not caused by 
changes in the sequence of the DNA, for example, through 
post-translational modifications on histones or methyla-
tion on DNA. Approximately 80 genes in mice are known 
to be imprinted, and they are grouped in clusters con-
taining 3–15 genes (Verona et al., 2003). Typically, at least 
one gene in an imprinted cluster expresses an ncRNA. A 
role for the ncRNA in imprinting has been experimentally 
explored in three imprinted clusters (Pauler et al., 2007). 
As discussed below, ncRNAs appear to be intimately 
involved in establishing genomic imprinting; however, 
the molecular mechanisms by which the ncRNAs medi-
ate silencing at a single allele are not yet understood.

Mouse Air RNA
The Air RNA is transcribed from the imprinted Igf2r 
locus (Royo and Cavaille, 2008). This locus contains three 
maternally expressed protein-encoding genes (Igf2r, 
Slc22a2, and Slc22a3) and the Air noncoding gene, which 
is paternally expressed (Figure 2). The Air transcript is 
synthesized by Pol II from an intron in the Igf2r gene, is 
108 kb in length, and is polyadenylated but unspliced. 
Experiments in mice first implicated Air RNA in imprint-
ing because deleting the promoter of the Air gene from 
the paternal allele resulted in a loss of silencing of the 
paternal protein-encoding genes; however, deleting it 
from the maternal allele had no effect (Zwart et al., 2001). 
In these experiments, deletion of the Air promoter also 
removed a DNA element known to control imprinting. To 
more directly investigate the role of Air RNA in silencing 
the Igf2r, Slc22a2, and Slc22a3 protein-encoding genes, a 
strong polyadenylation site was inserted downstream of 
the transcriptional start site for Air RNA (Sleutels et al., 
2002). Doing so truncated Air RNA to 4% of its length. Mice 
containing a paternal truncated Air allele did not exhibit 
silencing of the neighboring protein-encoding genes. 
Mice containing a maternal truncated Air allele showed 
silencing of the Igf2r locus similar to wild type (Sleutels 
et al., 2002). Therefore Air RNA functions in silencing the 
flanking mRNA genes on the paternal allele, although the 
mechanism by which this occurs is unknown.

Mouse Kcnq1ot1 RNA
The Kcnq1 locus is also imprinted and contains several 
maternally expressed protein-encoding genes, and a 
paternally expressed ncRNA named Kcnq1ot1 (Figure 2) 
(Royo and Cavaille, 2008). The 60 kb Kcnq1ot1 RNA 
appears to be similar to Air RNA with respect to its 
silencing function. Deleting a region of the genome 
containing the Kcnq1ot1 promoter in mice led to a loss 
of silencing when the deletion was inherited paternally; 
whereas inheriting the deleted promoter maternally 
resulted in normal imprinted expression of all genes at 
the locus (Fitzpatrick et al., 2002). To determine whether 
the loss of silencing was due to a loss of the Kcnq1ot1 
RNA, as opposed to the complete loss of transcription, a 
polyadenylation site was inserted to truncate the RNA at 
1.5 kb (Mancini-Dinardo et al., 2006). Paternal chromo-
somes carrying the truncated allele showed expression 
of eight flanking genes that are typically silent, whereas 
maternal chromosomes with the truncated allele showed 
normal imprinting. Therefore, the paternally expressed 
Kcnq1ot1 RNA silences surrounding mRNA genes via a 
yet undiscovered mechanism. In a recent study, a differ-
ent truncation of the Kcnq1ot1 RNA also resulted in dis-
ruption of paternal silencing; however, normal imprinted 
expression of one gene (Cdkn1c) was observed in a sub-
set of mouse embryonic tissues (Shin et al., 2008). This 
finding led the authors to propose that silencing at the 

Figure  2.  Representations of three imprinted mouse clusters 
(Igf2r, Kcnq1, and Igf2/H19) that exhibit allele-specific expression 
of protein-encoding and non-coding genes. The maternally and 
paternally inherited alleles are designated. Yellow bars indicate pro-
tein-encoding genes that are expressed, green bars indicate protein-
encoding genes that are imprinted and silent, and black bars indicate 
genes that are not imprinted. The gray circles indicate the imprinting 
control regions, which are DNA elements that function in controlling 
monoallelic expression. Expression of the Air, Kcnq1ot1, H19, and 
H19 ICR ncRNAs are indicated. Adapted from Figure 1 in Pauler et al. 
(2007). (Figure appears in color online at www.crbmb.com). This fig-
ure was published in Trends in Genetics, Vol. 23, Pauler, F.M., Koerner, 
M.V., and Barlow, D.P., Silencing by imprinted noncoding RNAs: is 
transcription the answer? pp. 284–292, Copyright Elsevier, (2007).

Maternal
Igf2r cluster        

Kcnq1 cluster        

Kcnq1 ot1 ncRNA       

Igf2/H19 cluster

H19 ICR ncRNAs                    
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Kcnq1 locus involves two mechanisms: one dependent 
on Kcnq1ot1 RNA and one independent.

Genomic imprinting by Air and Kcnq1ot1 RNAs 
could occur through a variety of mechanisms; in fact, it 
is formally possible that silencing occurs due to the act 
of transcribing the ncRNAs, as opposed to the action of 
the ncRNAs themselves (reviewed in Pauler et al., 2007; 
Royo and Cavaille, 2008). Models that invoke the ncRNAs 
as mediators of silencing describe them as agents that 
direct recruitment of factors that add layers of repressive 
histone modifications or DNA methylations to specific 
regions of the genome. Other models suggest that RNAi 
is involved in silencing imprinted genes. Still other 
models propose that transcription of the ncRNA inter-
feres with the function of a cis-acting DNA regulatory 
element that is responsible for controlling expression of 
all imprinted mRNA genes in a particular cluster. In this 
model, the ncRNA itself would have no role in silencing. 
Future experiments, especially those that separately test 
the function of transcription versus the ncRNA, will be 
needed to further unravel the roles of ncRNAs in allele-
specific transcriptional silencing.

Mouse H19 ICR ncRNAs
Igf2/H19 is another imprinted gene locus that has been 
widely investigated, and recent studies have identified 
new ncRNAs transcribed from this locus that function 
in silencing; however, their characteristics are distinctly 
different from the Air and Kcnq1ot1 RNAs (Schoenfelder 
et  al., 2007). At this locus, the Igf2 gene is protein-en-
coding and paternally expressed, while the H19 gene 
is noncoding and its transcript is maternally expressed 
(Pauler et al., 2007). Unlike the examples of Air RNA and 
Kcnq1ot1 RNA discussed above, it appears that the H19 
RNA does not function in imprinting at the Igf2 locus. 
Experiments in which the entire H19 promoter and gene 
were conditionally deleted in mice had little or no effect 
on Igf2 imprinting (Schmidt et al., 1999). Recently, new 
ncRNAs transcribed from the mouse Igf2/H19 locus 
have been discovered (Schoenfelder et al., 2007). These 
ncRNAs are transcribed in both directions from the H19 
ICR (imprinting control region) on both the maternal and 
paternal alleles (Figure 2). The ICR is a DNA element that 
functions in controlling monoallelic expression through 
differential epigenetic marks on either the paternal or 
maternal allele (Pauler et  al., 2007). Although the H19 
ICR ncRNAs were documented in mice, the experiments 
to characterize their function were performed in a model 
transgenic Drosophila line carrying a mouse H19 locus 
that silences expression of a reporter gene. The H19 ICR 
ncRNAs were transcribed from this locus in Drosophila, 
and knockdown of the ncRNAs by siRNA resulted in the 
loss of silencing of the reporter gene (Schoenfelder et al., 
2007). The mechanism for how the H19 ICR ncRNAs 
mediate silencing is unknown; however, silencing of 

the reporter gene was unaffected by mutations in RNAi 
pathway genes. Future studies in mice will be needed to 
test whether the H19 ICR ncRNAs establish monoallelic 
transcription at the Igf2/H19 locus, and if so, determine 
the mechanism by which this occurs.

Establishing dosage compensation

Dosage compensation is the means by which organisms 
equalize levels of gene expression from the sex chromo-
somes in males and females. Although the mechanisms 
for establishing dosage compensation differ between 
mammals and Drosophila, they are similar in that 
ncRNAs are involved in the process. Mammals achieve 
dosage compensation by silencing one of the X chro-
mosomes in females via the action of ncRNAs named 
Xist and Tsix. By contrast, Drosophila elevate levels of 
transcription from the single male X chromosome via 
the action of the roX RNAs. The functions of ncRNAs in 
mammalian and Drosophila dosage compensation are 
discussed below.

Mouse Xist and Tsix RNAs
Xist (X inactive specific transcript) is an ncRNA that 
causes X chromosome inactivation (XCI), in which one of 
the female X chromosomes is transcriptionally silenced. 
Mouse Xist is 15–17 kb, spliced, polyadenylated, and 
is associated exclusively with the inactive X chromo-
some (reviewed in Heard and Disteche, 2006). In female 
embryos, Xist transcription is upregulated on the future 
inactive X chromosome, and Xist RNA coats the chromo-
some by associating with the chromatin in the vicinity 
of its transcription site. Xist initiates XCI by facilitating 
the recruitment of silencing factors such as Polycomb 
group proteins that modify histones (Plath et al., 2003; 
Silva et al., 2003). As a result, following Xist expression, 
histones on the X chromosome lose modifications that 
mark transcriptionally active chromatin (e.g. acetylation 
of histone H3 lysine 9), and gain modifications that mark 
transcriptionally inactive chromatin (e.g. hypermethyla-
tion of histone H3 lysine 9). Ultimately, layers of chroma-
tin modifications such as histone methylation, histone 
ubiquitinylation, and deposition of histone variants, 
spread across the entire X chromosome from which Xist 
was transcribed and lead to a silent heterochromatic 
state (Heard and Disteche, 2006).

Several lines of evidence support the model that Xist 
RNA itself is a key mediator of this process (Prasanth 
and Spector, 2007). First, Xist physically associates with 
the silent chromosome and the nuclear matrix around 
it (Heard and Disteche, 2006). Second, recruitment of 
Polycomb group proteins requires Xist RNA (Plath et al., 
2003; Silva et  al., 2003). Third, an autosome that con-
tains the Xist transgene is silenced when the Xist RNA 
is expressed (Lee and Jaenisch, 1997). Lastly, a discrete 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Roles of noncoding RNAs in regulating transcription    7

region near the 5’ end Xist RNA is required for silencing, 
and other distinct regions are required for chromosomal 
association. Deleting the element required for silencing 
results in Xist RNA that still associates with chroma-
tin and coats the chromosome, but does not regulate 
repression of transcription (Wutz et al., 2002).

Xist is not the only ncRNA that is critical for proper 
execution of XCI – it works in conjunction with the Tsix 
RNA. Tsix is the antisense transcript of Xist, and their 
expression on a given X chromosome is mutually exclu-
sive (Lee et al., 1999). Tsix expression protects the active 
X chromosome from inactivation by Xist RNA (Heard 
and Disteche, 2006). At the onset of differentiation, Tsix 
RNA expression persists on the future active X chromo-
some, and expression ceases on the future inactive X 
chromosome. This loss of Tsix expression allows for the 
upregulation of Xist RNA and its spreading along the 
future inactive X chromosome. The precise mechanism 
by which Tsix regulates Xist has not yet been deciphered; 
however, the recent study described next provides a 
compelling model.

The complementarity between Xist and Tsix RNAs 
has been suggestive of the formation of dsRNA and 
a role for the RNAi pathway in XCI. A recent report 
demonstrates that this is likely the case (Ogawa et  al., 
2008). Using mouse embryonic stem cells, they detected 
short RNAs between 25 and 42 nt in length contain-
ing Xist/Tsix sequences. These short RNAs were tightly 
regulated; they were only detected while XCI was being 
established. Interestingly, double stranded Tsix/Xist 
RNA was detected before XCI and decreased as XCI pro-
ceeded, suggesting that the dsRNA was the precursor of 
the short RNAs (Ogawa et al., 2008). A link between XCI 
and the RNAi machinery was established from experi-
ments in which female embryonic stem cells lacking 
Dicer showed diminished levels of the short RNAs, and 
also showed increased Xist RNA expression. The authors 
propose a model whereby Tsix/Xist dsRNA initially 
forms at both X chromosomes. During XCI, continued 
expression of Tsix from the active X chromosome leads 
to dsRNA that is processed to short RNAs, which then 
silence the Xist gene via a mechanism akin to transcrip-
tional gene silencing (reviewed in Hawkins and Morris, 
2008). This would keep the chromosome active. On the 
inactive X chromosome, Tsix expression does not occur; 
therefore Xist is transcribed and silences the chromo-
some as described previously.

Drosophila roX RNAs
Dosage compensation in Drosophila is different from 
mammals, in that it involves upregulating expression 
from the single male X chromosome; however, like 
mammals, ncRNAs are also involved. The ncRNA, either 
roX1 or roX2 (RNA on the X1 or X2, respectively) is part 
of a protein–RNA complex named MSL (male specific 

lethal) that binds to hundreds of sites on the male X 
chromosome (Deng and Meller, 2006). One of the MSL 
subunits, MOF (male absent on first), is a histone acetyl-
transferase and acetylation of histone H4 lysine 16 is 
enriched in regions of the male X chromosome (Deng 
and Meller, 2006). roX1 and roX2 are functionally redun-
dant; dosage compensation and the proper binding of 
MSL to the X chromosome require either roX1 or roX2. 
There is little sequence similarity between roX1 (3.7 kb) 
and roX2 (multiple spliced forms, with the predominant 
form being 0.5 kb), and in the case of roX1, only rela-
tively short regions at the 5’ and 3’ ends of the RNA are 
required for dosage compensation (Stuckenholz et  al., 
2003; Deng et  al., 2005). Both ncRNAs are expressed 
from the X chromosome exclusively in males, with the 
exception of a short 2-hour window after egg laying 
during which roX1 is also expressed in females (Meller, 
2003). When either roX1 or roX2 is expressed from a 
transgene on an autosome, transcription from the male 
X chromosome is upregulated and dosage compensa-
tion occurs (Meller and Rattner, 2002); therefore, these 
ncRNAs can activate transcription in trans. Additional 
studies will likely reveal the mechanism by which the 
roX RNAs aid in localizing the MSL complex to the male 
X chromosome, as well as their precise role in upregulat-
ing transcription.

Altering chromatin at developmental loci

The Hox loci, which contain genes encoding proteins 
that orchestrate development in animals, are among 
the best studied systems of coordinated transcriptional 
regulation. It has been known for over two decades that 
ncRNAs are synthesized from the Hox loci in Drosophila 
(Lipshitz et  al., 1987). Recent studies have also identi-
fied Hox ncRNAs in humans, as well as additional Hox 
ncRNAs in flies, and have begun to shed light on their 
function. The view, however, is murky – especially in 
flies – due to two reports that contain seemingly con-
flicting results. We first summarize these two reports 
on Drosophila Hox ncRNAs and then discuss a report 
describing a function for a human Hox ncRNA.

Drosophila Hox ncRNAs
A report by Sanchez-Elsner et al. (2006) found that 
ncRNAs transcribed from TREs (trithorax response 
elements) in the fly Hox loci recruit the Ash1 protein, a 
histone methyl transferase, to the ultrabithorax (Ubx) 
gene, thereby activating its transcription in larval imagi-
nal discs (Sanchez-Elsner et  al., 2006). Three ncRNAs 
were identified (tre1-3) that ranged in size from 350 to 
1109 nt. Each of the ncRNAs bound directly to Ash1 in 
vitro and associated with the protein in cells. Treatment 
with siRNAs targeting the tre ncRNAs lowered Ubx tran-
scription and reduced recruitment of Ash1 to the TREs. 
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tre ncRNAs that were expressed from a transfected 
plasmid in Drosophila S2 cells localized to the genomic 
TREs and caused recruitment of Ash1. Together these 
results led to a model in which the tre ncRNAs recruit 
Ash1 to the TREs in larval cells, causing activation of Ubx 
transcription (Sanchez-Elsner et al., 2006).

Subsequently, Petruk et al. (2006) published a seem-
ingly conflicting report in which they concluded that 
transcription of ncRNAs from the Ubx loci (but not the 
ncRNAs themselves) caused repression of Ubx gene 
transcription (Petruk et  al., 2006). They investigated 
several ncRNAs transcribed from the intergenic region 
upstream of the Ubx gene, including the tre RNAs 
described above. Experiments showed that although 
the ncRNAs and the Ubx mRNA are present in embryos 
at the same time, they are not found in the same cells. 
siRNA knockdown of the ncRNAs did not affect Ubx 
mRNA transcription, but eliminating transcription of 
the ncRNA genes by promoter knockout caused expres-
sion of the Ubx mRNA (Petruk et al., 2006). These results 
led to a transcriptional interference model in which the 
process of transcribing the ncRNA genes represses Ubx 
mRNA transcription, and the ncRNAs themselves do not 
function as regulators of Ubx transcription.

Both Sanchez-Elsner et  al. (2006) and Petruk et  al. 
(2006) provide compelling evidence to support their 
respective models. Clearly, further study will be needed 
to clarify the relative importance of Hox ncRNAs and 
transcriptional interference in setting levels of Ubx tran-
scription in individual cells during Drosophila develop-
ment. A recent review provides a detailed discussion of 
the published results and current debate in this field, as 
well as describes a hypothetical model that can reconcile 
some of the seemingly conflicting experimental results 
by taking developmental timing into account (Lempradl 
and Ringrose, 2008).

Human HOTAIR RNA
ncRNAs arising from the human Hox loci have recently 
been identified (Rinn et al., 2007; Sessa et al., 2007), and 
one such ncRNA has been found to control transcription 
(Rinn et al., 2007). An ncRNA named HOTAIR (Hox anti-
sense intergenic RNA), which is a 2.2 kb transcript made 
from the HOXC locus on chromosome 12, acts in trans 
to silence transcription across the 40 kb HOXD locus on 
chromosome 2 (Rinn et al., 2007). siRNA knockdown of 
HOTAIR caused multiple changes throughout the HOXD 
locus including: increased transcription, decreased 
trimethylation of histone H3 lysine 27, and decreased 
occupancy of Suz12, a protein in the histone modifying 
Polycomb repressive complex 2 (PRC2). HOTAIR was 
also found to co-immunoprecipitate with Suz12. The 
results lead to a model in which HOTAIR is made from 
the HOXC locus and recruits PRC2 to the HOXD locus 
(via an unknown mechanism), leading to trimethylation 

of histone H3 lysine 27 and transcriptional silencing 
(Rinn et al., 2007). This ncRNA is unique in that it acts in 
trans to silence chromosomal domains. Future studies 
will likely reveal whether a similar mechanism is used by 
this or other ncRNAs to silence transcription at specific 
loci throughout the genome.

Silencing individual genes through chromatin 
modification

Mouse rRNA IGS ncRNAs
The genes from which mammalian ribosomal RNA 
(rRNA) is transcribed contain intergenic spacer (IGS) 
sequences that possess promoters for Pol I. rRNA genes 
exist in tandem arrays, and a significant portion of 
these genes are maintained in a transcriptionally silent 
heterochromatic state (Santoro, 2005). A recent study 
has shown that ncRNAs transcribed by Pol I from IGS 
sequences contribute to silencing rRNA genes (Mayer 
et al., 2006). The primary factor responsible for establish-
ing this silent state is NoRC (nucleolar remodeling com-
plex), which is an ATP-dependent chromatin remodeler 
that can recruit histone modifiers and DNA methylation 
enzymes (Santoro, 2005). Experiments showed that 
association of NoRC with chromatin required interac-
tion with RNA, which was mediated by its TIP5 subunit 
(Mayer et al., 2006). In vitro binding assays then showed 
that TIP5 tightly and specifically bound ncRNAs with 
sequences matching those of the rRNA gene promoter. 
Analysis of RNA from mouse cells revealed transcripts 
that originated from IGS sequences and contained 
regions that matched rRNA gene promoter sequences, 
as well as shorter RNAs that contained promoter 
sequences. The IGS ncRNAs co-immunoprecipitated 
with overexpressed NoRC from cells. Knockdown of the 
IGS transcripts derepressed transcription from rRNA 
genes, decreased histone modifications associated with 
silent chromatin, and disrupted nucleolar localization of 
NoRC (Mayer et al., 2006). This study provides another 
example of how ncRNAs are able to control transcrip-
tion by mediating the recruitment of protein factors that 
modify chromatin.

Human p15AS RNA
Recently, an antisense transcript from the p15 
gene (p15AS RNA) was discovered to function in 
transcriptional silencing (Yu et  al., 2008). p15 is a 
cyclin-dependent kinase inhibitor that acts as a tumor 
suppressor (Nobori et  al., 1994). In many cancers the 
p15 gene is silenced, although the mechanism by which 
this occurs was unknown (Lubbert, 2003). In Yu et al. 
(2008) the authors hypothesized that the p15AS RNA 
is involved in silencing the p15 gene in tumor cells. 
They found that p15AS levels were elevated in leukemia 
cell lines, whereas p15 mRNA levels were decreased. 
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Additionally, heterochromatic markers consistent 
with silencing were observed on the p15 gene in the 
leukemia cell lines (Yu et  al., 2008). When p15AS was 
overexpressed in cells, the p15 gene was silenced and 
the silencing was maintained even after expression of 
p15AS was eliminated, suggesting that p15AS is involved 
in initiating silencing as opposed to maintaining silenc-
ing. Given the sequence complementarity between the 
p15 mRNA and the p15AS RNA, it seemed possible that 
the RNAi pathway would be involved in silencing p15 
transcription. In mouse embryonic stem cells lacking 
Dicer, however, p15AS-induced silencing of the p15 
gene still occurred efficiently (Yu et al., 2008). A molec-
ular picture of how p15AS mediates silencing has yet to 
be revealed. Given that antisense partners exist for up 
to 70% of transcripts in cells (Katayama et al., 2005), the 
example of p15AS provides an intriguing model for how 
other antisense transcripts might function to control 
transcription.

ncRNAs that modulate transcriptional 
activator or coactivator function

In general, transcriptional activators and coactivators 
function at many genes. Therefore, the ncRNAs that 
regulate the activities of activators or coactivators have 
the potential to control entire transcriptional programs 
in cells. By contrast, it is also possible for an ncRNA to 
control the activity of a single gene by targeting an acti-
vator or coactivator that acts at the locus from which the 
ncRNA is transcribed. As a group, the ncRNAs described 
below utilize both mechanisms (Figure 3).

Controlling transcriptional activators

Mouse Evf-2 RNA
Vertebrate Dlx genes encode homeodomain proteins that 
function as transcriptional activators during neuronal dif-
ferentiation and brain and limb patterning (Panganiban 
and Rubenstein, 2002). The Dlx genes are expressed in 
bigene clusters, which contain highly conserved enhanc-
ers in the intergenic region that separates the two genes 
in the cluster. Studies found that an ncRNA named Evf-2 
was transcribed in a developmentally regulated manner 
from the highly conserved intergenic region in the Dlx-
5/6 cluster (Feng et al., 2006). Indications of a function 
for the Evf-2 RNA came from experiments showing that 
its expression was tightly linked to expression of the 
Dlx-5 and Dlx-6 genes. Further experiments in mouse 
neuronal cells showed that the Evf-2 RNA plays a role 
in activating Dlx-5/6 expression; knocking down Evf-2 
using siRNAs eliminated Dlx-5/6 transcriptional activa-
tion. Evf-2 RNA elicits it effects through interaction with 
Dlx-2, a homeodomain transcription factor known to 

induce brain patterning by upregulating the expression 
of Dlx-5/6 (Panganiban and Rubenstein, 2002). The Evf-2 
RNA and the Dlx-2 protein form a complex inside cells, 
which is thought to stabilize the interaction between 
Dlx-2 and its target sequences in the Dlx-5/6 enhancer 
(Feng et al., 2006). The complex between Dlx-2 and Evf-2 
activates transcription in a target and homeodomain 
specific manner. For example, Evf-2 RNA cannot coac-
tivate the transcription of homeodomain proteins other 
than Dlx-2, and Evf-2 does not cooperate with Dlx-2 to 
activate transcription from enhancers other than Dlx-5/6 
(Feng et  al., 2006). Therefore, Evf-2 RNA functions as a 
localized transcriptional coactivator.

Mammalian HSR1 RNA
Transcription of mRNAs encoding mammalian heat 
shock proteins is rapidly and highly upregulated dur-
ing heat shock and other types of cell stress (Morimoto, 
1998). A primary regulator of this process is the tran-
scriptional activator HSF1 (heat shock factor 1). Prior 
to heat shock HSF1 is predominantly monomeric, 
which is its inactive conformation. In response to heat 
shock, HSF1 is localized in the nucleus as a homotrimer 
where it is bound to specific DNA elements in the pro-
moters of genes upregulated in response to heat shock 
(Voellmy, 2004). A search for factors that regulate HSF1 
activity revealed an ncRNA, named heat shock RNA 1 
(HSR1) (Shamovsky et al., 2006). Experiments showed 
that HSR1 works in conjunction with the translation 
factor eEF1A to promote HSF1 trimerization and DNA 
binding; neither factor alone was sufficient to activate 
HSF1. Decreasing levels of HSR1 in mammalian cells 
by antisense or siRNA resulted in loss of products from 
heat-shock activated genes, and decreased survival 
after prolonged heat shock (Shamovsky et  al., 2006). 
It appears that mammalian cells have evolved to use 
ncRNAs as key regulators of gene expression during 

Figure  3.  A model depicting the protein targets of several ncRNAs 
that regulate Pol II transcription. ncRNAs have been shown to 
regulate transcription using mechanisms as diverse as controlling: 
chromatin modifications, the oligomerization state of an activator, 
interactions with co-regulators, sequestration in RNPs, and the activ-
ity of Pol II itself. Figure 1 indicates whether these ncRNAs stimulate 
or repress transcription. See the text for a more detailed description 
of each ncRNA and how it regulates transcription.
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cell stress since several ncRNAs have now been dis-
covered to regulate transcription during the mamma-
lian cell stress response: HSR1, 7SK, and B2/Alu RNAs 
(the latter three are discussed later). Interestingly, 
these ncRNAs target distinctly different steps in the 
transcription process and regulate different classes of 
genes.

Coregulating transcription

Human SRA RNA
Steroid receptor RNA activator (SRA) was one of the first 
ncRNAs discovered as a regulator of Pol II transcrip-
tion (Lanz et al., 1999). It functions as a coregulator for 
nuclear receptors, which are ligand-activated transcrip-
tion factors (e.g. the estrogen, glucocorticoid, and vita-
min D receptors). The transcriptional activity of nuclear 
receptors is heavily controlled by coregulators (reviewed 
in (McKenna and O’Malley, 2002)). SRA is thought to 
function as an ncRNA scaffold, using several stem-loop 
structures to bring together nuclear receptors and pro-
tein coregulators at target genes (Colley et  al., 2008). 
Although first identified as a coactivator for nuclear 
receptors, SRA has now been shown to mediate tran-
scriptional repression as well. To add another layer of 
complexity to SRA’s ability to control transcription, this 
ncRNA is subject to post-transcriptional modification. 
SRA is the substrate for two pseudouridine synthases, 
enzymes that catalyze the isomerization of uridine to 
pseudouridine (Zhao et al., 2004). The prevailing model 
is that differential pseudouridylation of SRA by the two 
enzymes acts as a regulatory switch to influence SRA’s 
ability to interact with coregulator proteins (Zhao et al., 
2007).

SRA interacts with a diverse set of coregulator proteins 
to mediate nuclear receptor-driven transcription, and 
new ones continue to be identified. For example, a search 
for novel SRA-binding proteins identified SLIRP (SRA 
Stem-Loop Interacting RNA binding Protein) (Hatchell 
et al., 2006). SLIRP functions as a corepressor in an SRA-
dependent manner, and SLIRP recruitment to endog-
enous nuclear receptor-dependent promoters requires 
SRA. In a second example, a nuclear receptor corepres-
sor named SHARP (SMRT/HDAC1 Associated Repressor 
Protein) was found to interact with SRA through three 
RNA recognition motifs (Shi et  al., 2001). These motifs 
are required for SHARP to repress SRA-mediated nuclear 
receptor activity. Thirdly, the RNA binding DEAD-box 
proteins p68/p72 were found to bind SRA in vitro and 
co-purify with SRA from cell extracts (Watanabe et  al., 
2001). Experiments in cells showed that p68/p72 func-
tion with SRA to coactive transcription mediated by the 
estrogen receptor. Interestingly, SRA along with p68/p72 
also function as coactivators of MyoD, a transcription 
factor that facilitates muscle cell differentiation, but is 

not a member of the nuclear hormone receptor family 
(Caretti et al., 2006). These findings suggest that SRA is 
a general transcriptional coregulator that likely controls 
the expression of many genes.

Human ncRNACCND1

While searching for regulators of histone acetyltrans-
ferases, an RNA binding protein named TLS was 
found to associate with CBP and p300 and inhibit their 
acetyltransferase activities (Wang et  al., 2008). The 
inhibition was sensitive to RNase treatment in vitro, 
indicating that the function of TLS in regulating CBP/
p300 is RNA-dependent. Subsequent cell-based stud-
ies showed that TLS is recruited to the cyclin D1 gene 
(CCND1) and that siRNA knockdown of TLS increased 
both CCND1 mRNA and levels of acetylated histone 
H3 at the CCND1 promoter (Wang et  al., 2008). The 
authors searched for ncRNAs transcribed from the 
CCND1 upstream region that could potentially regulate 
TLS – the idea being that an ncRNA transcribed locally 
could bind TLS at the CCND1 promoter and cause it 
to decrease the acetyltransferase activity of CBP/p300, 
thereby lowering CCND1 mRNA transcription. The 
authors identified multiple ncRNAs (as a group named  
ncRNA

CCND1
) that are transcribed from the CCDN1 

upstream region and induced by ionizing radiation, a 
condition under which CCND1 transcription is down-
regulated (Wang et al., 2008). ncRNA

CCND1
 are polyade-

nylated but not capped, heterogeneous in size (200 nt, 
330 nt, and larger), present at a low copy number (2–4 
copies per cell), and mainly associated with chromatin, 
perhaps via regions of RNA–DNA hybrid. RNA oligonu-
cleotides corresponding to regions of ncRNA

CCND1
 bound 

TLS in vitro and caused TLS to inhibit p300 histone acetyl-
transferase activity. Knockdown of ncRNA

CCND1
 by siRNA 

decreased TLS recruitment to the CCND1 promoter, 
increased acetylation of histone H3 lysine 9 and lysine 
14, and increased levels of CCND1 mRNA (Wang et al., 
2008). These results led to a model in which ncRNA

CCND1
 

act at the CCND1 gene by binding to and activating TLS. 
In its active form, TLS binds CBP/p300 and inhibits their 
acetyltransferase activities, which decreases histone H3 
acetylation and lowers CCND1 mRNA transcription.

ncRNAs that control the formation  
or activity of transcription complexes

The ncRNAs below all regulate components of the general 
transcription machinery; therefore, they have the poten-
tial to control transcription of many genes across the 
genome (Figure 3). Indeed, all but one of the ncRNAs act 
as trans factors that broadly regulate transcription. The 
exception is the DHFR ncRNA, which is thought to act 
near its site of synthesis in a gene-specific fashion. Three 
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of the ncRNAs described below (6S, B2, and Alu RNAs) 
function as trans repressors of the polymerase itself and 
globally control transcription in response to changing 
cellular conditions, yet they are from organisms as dis-
tant as bacteria and humans.

DHFR ncRNA controls the activity of a general  
transcription factor

The human DHFR gene contains two promoters. The 
downstream major promoter directs transcription of 
the DHFR mRNA, while the upstream minor promoter 
directs synthesis, at a much lower level, of an ncRNA 
that terminates within the second intron of the DHFR 
gene (Martianov et  al., 2007). In vitro transcription 
assays revealed that when these two promoters were in 
tandem, with the minor promoter upstream, transcrip-
tion from the major promoter was inhibited. The DHFR 
ncRNA interacted directly with the general transcription 
factor TFIIB in vitro, and this interaction destabilized 
preinitiation complexes at the major DHFR promoter 
(Martianov et al., 2007). Moreover in cells, ChIP assays 
revealed decreased occupancy of TFIIB at the major 
promoter that depended on the presence of both the 
minor promoter and the ncRNA transcribed from it. 
Interestingly, a stable triplex structure between the 
DHFR ncRNA and the DNA of the major promoter was 
observed in vitro, supporting a model in which formation 
of the triplex on chromatin might facilitate promoter tar-
geting and transcriptional repression in cells (Martianov 
et al., 2007). Recent studies have revealed an abundance 
of transcripts that originate from the upstream promoter 
regions of genes (Guenther et al., 2007; Kapranov et al., 
2007a). Given this observation, it is possible that the 
mechanism of transcriptional regulation described for 
the DHFR gene could occur elsewhere in the genome.

Controlling RNA polymerase activity

Bacterial 6S RNA
Bacterial RNA polymerases (RNAPs) contain a dissoci-
able subunit, the  subunit, which together with the core 
enzyme, binds the promoters of genes, melts the DNA 
to form open complexes, and initiates transcription 
(Mooney et  al., 2005). The predominant  factor in E. 
coli is 70. 6S RNA is a bacterial ncRNA that binds the 70-
RNAP to represses transcription in late stationary phase 
(Wassarman and Storz, 2000). The secondary structure of 
6S RNA contains a single-stranded bulge that mimics the 
conformation of melted promoter DNA (Barrick et  al., 
2005; Trotochaud and Wassarman, 2005). Mechanistic 
studies showed that 6S RNA represses transcription by 
preventing 70-RNAP from binding to promoter DNA 
(Wassarman and Saecker, 2006). Surprisingly, 6S RNA 
serves as a template for RNA-dependent RNA synthesis 

(Wassarman and Saecker, 2006; Gildehaus et al., 2007). 
In vitro experiments showed that RNAP produced 
14–20 nt de novo transcripts named pRNAs that initi-
ated from a specific site within the bulge region of 6S 
RNA (Wassarman and Saecker, 2006). Upon synthesis of 
pRNAs, the 70 subunit was released and the remaining 
complex between core RNAP and 6S RNA was unstable. 
This suggests that synthesis of pRNA releases RNAP from 
6S RNA, thereby derepressing transcription. Consistent 
with this model, 6S RNA/pRNA hybrids were detected in 
extracts prepared from E. coli cells that had been released 
from stationary phase (Wassarman and Saecker, 2006). 
Hence, the transcriptional repressor 6S RNA serves as a 
template for the synthesis of its own derepressive RNA.

Mouse B2 RNA and human Alu RNA
Mouse B2 RNA and human Alu RNA are discussed 
together because they share a common function as 
general transcriptional repressors in response to 
heat shock, although these ncRNAs are not simi-
lar in sequence or secondary structure (Allen et  al., 
2004; Espinoza et  al., 2007; Mariner et  al., 2008). The 
abundance of B2 and Alu RNAs increases sharply in 
response to heat shock and other cellular stresses 
(Liu et  al., 1995). B2 and Alu RNAs were found to 
bind tightly to Pol II and function as transcriptional 
repressors of mRNA genes in response to heat shock in 
mouse or human cells, respectively (Allen et al., 2004; 
Espinoza et  al., 2004; Mariner et  al., 2008). The inter-
action between Pol II and the ncRNAs occurs with low 
nM affinity in vitro and does not require other factors, 
although the interaction is likely to be regulated inside 
cells, such that transcriptional repression in response 
to heat shock is promoter-selective. The ncRNAs do 
not prevent the polymerase from being recruited to 
promoter DNA; instead, biochemical experiments 
showed that B2 and Alu RNAs enter complexes with 
Pol II at promoters where they repress RNA synthesis 
(Espinoza et al., 2004; Mariner et al., 2008). Consistent 
with this finding, ChIP assays in mouse and human 
cells showed an increase in the occupancy of Pol II at 
the promoters of repressed genes upon heat shock. In 
addition, B2 and Alu RNAs were found to occupy the 
promoters of genes repressed during heat shock in 
mouse and human cells, respectively, using a modified 
ChIP assay designed to detect the locations of ncRNAs 
associated with chromatin in cells (Mariner et  al., 
2008). Experiments indicate that B2 or Alu RNA, while 
allowing complexes to form at promoters, keeps Pol II 
from properly interacting with promoter DNA, thereby 
repressing transcription (Espinoza et al., 2007).

Deletion analysis has defined regions of B2 and Alu 
RNAs that are involved in either high-affinity binding to 
Pol II or transcriptional repression. Within each ncRNA 
these regions are distinct from one another; removing a 
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region required for transcriptional repression results in 
an ncRNA that can still bind tightly to Pol II and assem-
ble into complexes on promoter DNA, however, cannot 
repress transcription (Espinoza et  al., 2007; Mariner 
et al., 2008). Interestingly, the regions of Alu RNA that 
repress transcription are modular: they can be fused 
to an ncRNA that binds Pol II and enable that RNA to 
inhibit transcription (Mariner et  al., 2008). This prop-
erty is reminiscent of protein transcriptional regula-
tors, which have DNA binding domains and regulatory 
domains that can be mixed and matched.

The similarities between the mechanisms by which 
mammalian B2/Alu RNAs and bacterial 6S RNA repress 
transcription are striking, but perhaps not surprising; 
mammalian and bacterial protein transcriptional regu-
lators share may features. B2, Alu, and 6S RNAs all bind 
directly to an RNA polymerase, block the ability of the 
polymerase to properly associate with promoter DNA, 
and as a result repress transcription. Moreover, all three 
ncRNAs act as somewhat global repressors of transcrip-
tion in response to a specific cellular condition (e.g. they 
act at many genes as opposed to acting locally at one 
or two). It remains to be determined how repression by 
B2 and Alu RNAs is overcome when mouse and human 
cells recover from heat shock. It is possible that the 
mechanism(s) will involve RNA-directed RNA synthesis, 
and as such, be related to the mechanism used by bacte-
rial RNAP to recover from 6S RNA-mediated repression 
during the exit from stationary phase.

Human RNase P (H1 RNA)
RNase P has long been recognized as an important fac-
tor involved in tRNA processing; it functions to remove 
5′ leader sequences from precursor tRNAs (Xiao et al., 
2002). Eukaryotic RNase P is a large ribonucleoprotein 
complex that consists of a catalytic RNA (H1 RNA) and 
approximately 10 protein subunits. More recently, a 
new function for RNase P in controlling transcription 
by Pol III has been revealed (Reiner et  al., 2006). The 
precise role of H1 RNA in this process, compared to the 
protein subunits of RNase P, has not yet been defined; 
nonetheless this study defines an exciting new function 
for a ribonucleoprotein complex as a transcriptional 
regulator.

Studies found that RNase P enzymatic activity co-im-
munoprecipitated with Pol III from human cells (Reiner 
et al., 2006). Further in vitro experiments revealed that 
nuclear extracts depleted of RNase P no longer sup-
ported transcription of tRNA genes as well as several 
other ncRNA genes transcribed by Pol III. Moreover, 
addition of exogenous partially purified RNase P to 
depleted extracts restored Pol III activity in a manner 
dependent on intact H1 RNA. ChIP assays showed that 
RNase P subunits localized to tRNA and 5S rRNA genes, 
but not to U6 snRNA or 7SL genes in cells (Reiner et al., 

2006). siRNAs targeting various subunits of RNase P 
inhibited Pol III transcription in human cells; however, 
Pol III could still occupy the promoters of tRNA and 
5S rRNA genes after siRNA treatment. This suggests 
that RNase P is not required for Pol III recruitment to 
these genes, but it is required a subsequent step in the 
transcription reaction. The authors propose a model in 
which RNase P acts as a general transcription factor for 
Pol III (Reiner et al., 2006). The precise mechanism by 
which RNase P controls transcription by Pol III, the role 
of H1 RNA in the process, and whether Pol III transcrip-
tion can be coupled to tRNA processing remain to be 
determined.

7SK RNA Controls transcript elongation

7SK snRNA plays a role in regulating the availability of 
the transcription factor P-TEFb (positive transcription 
elongation factor b), which controls transcript elonga-
tion at most mRNA genes (Peterlin and Price, 2006). 
P-TEFb is a cyclin-dependent kinase that phosphor-
ylates the C-terminal domain of Pol II, thereby allowing 
productive elongation and co-transcriptional mRNA 
processing (Peterlin and Price, 2006). A role for 7SK 
snRNA in transcription was initially revealed when it 
was found to bind to P-TEFb and inhibit its kinase activ-
ity (Nguyen et al., 2001; Yang et al., 2001). Subsequent 
studies found that 7SK snRNA negatively regulates 
P-TEFb by sequestering it in an snRNP complex that 
also contains the protein HEXIM1 or HEXIM2 (Yik et al., 
2003; Michels et  al., 2004). The inactive complex con-
taining P-TEFb, 7SK RNA, and HEXIM predominates 
over free P-TEFb in many cell lines, and the release of 
P-TEFb from this complex occurs when cells are treated 
with stress-inducing agents, such as actinomycin D 
(Yik et al., 2003). Therefore, 7SK regulates the reservoir 
of P-TEFb by controlling the equilibrium between its 
active and inactive forms; this equilibrium is thought to 
be important for cell growth and viability (Peterlin and 
Price, 2006).

Two recent reports provide insight into how disruption 
of the 7SK snRNP allows cells to respond to changing 
growth conditions and transcriptional demand. One 
study found that a La-related protein, PIP7S, stably 
associates with the 7SK snRNP (He et al., 2008). Loss of 
PIP7S, which occurs in many tumors, shifts the P-TEFb 
equilibrium to the active state and results in malig-
nant transformation. A second report revealed that in 
response to UV treatment, two phosphatases involved 
in Ca2+-dependent signaling (PP2B and PP1) work 
cooperatively to dephosphorylate P-TEFb, resulting in 
disruption of the 7SK snRNP (Chen et  al., 2008). This 
allows P-TEFb to be recruited to promoters where it can 
regulate transcript elongation. Therefore, controlling the 
formation and disruption of the 7SK snRNP is critical for 
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regulating the amount of active P-TEFb, which globally 
controls transcript elongation.

Concluding remarks

ncRNAs are now known to be key regulators of tran-
scription, and as a group function at many different 
levels from regulating chromatin structure to controlling 
transcript elongation. To date only a limited number of 
ncRNA transcriptional regulators have been identified 
in a small set of organisms; however, the observations 
that different ncRNAs with related functions have been 
identified in a single organism (e.g. Air and Kcnq1ot1 
RNAs) and that ncRNAs with similar function have been 
identified in diverse organisms (e.g. bacterial 6S RNA, 
mouse B2 RNA, and human Alu RNA) support the notion 
that ncRNAs will ultimately be discovered as pervasive 
regulators of transcription across biology. Since RNAs 
with little sequence similarity can have similar function, 
identifying transcriptional regulatory ncRNAs that share 
a function in different or similar species might be more 
difficult than identifying homologous proteins, which 
have often been found by sequence comparison. Given 
the vast number of ncRNAs now known to exist in cells, 
most with unknown function, we imagine that many are 
ncRNA transcriptional regulators awaiting discovery.
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