EXTENDED PDF FORMAT
SPONSORED BY

IMMUNOLOGY2013" Travel Grants
from R&D Systems ,

$1000 travel grants will be awal
10 immunology reseafchs

Apply Now! -
www.rndsystems.com

Epigenetic Regulation by Long Noncoding RNAs
Jeannie T. Lee

Science 338, 1435 (2012);

DOI: 10.1126/science.1231776

AYAAAS

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of January 14, 2013 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/338/6113/1435.full.html

A list of selected additional articles on the Science Web sites related to this article can be
found at:
http://www.sciencemag.org/content/338/6113/1435.full. html#related

This article cites 79 articles, 27 of which can be accessed free:
http://www.sciencemag.org/content/338/6113/1435.full. html#ref-list-1

This article appears in the following subject collections:
Molecular Biology
http://www.sciencemag.org/cgi/collection/molec_biol

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2012 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on January 14, 2013


http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/993180974/Top1/AAAS/PDF-R-and-D-Systems-Science-121101/RandD-130104.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/338/6113/1435.full.html
http://www.sciencemag.org/content/338/6113/1435.full.html#related
http://www.sciencemag.org/content/338/6113/1435.full.html#ref-list-1
http://www.sciencemag.org/cgi/collection/molec_biol
http://www.sciencemag.org/

Epigenetic Regulation by Long

Noncoding RNAs

Jeannie T. Lee

Recent studies show that transcription of the mammalian genome is not only pervasive but
also enormously complex. It is estimated that an average of 10 transcription units, the

vast majority of which make long noncoding RNAs (IncRNAs), may overlap each traditional
coding gene. These IncRNAs include not only antisense, intronic, and intergenic transcripts but
also pseudogenes and retrotransposons. Do they universally have function, or are they

merely transcriptional by-products of conventional coding genes? A glimpse into the molecular
biology of multiple emerging IncRNA systems reveals the “Wild West” landscape of their
functions and mechanisms and the key problems to solve in the years ahead toward

understanding these intriguing macromolecules.

NA has become widely suspected as the
Rculprit behind almost every case of ep-

igenetic regulation. There continues to be
a shift in how we conceptualize this remarkably
versatile macromolecule, once regarded primar-
ily as mere intermediary of the “central dogma”
stating that information moves unidirectionally
from DNA to RNA to protein. The latest interests
center around the genomic “dark matter” that has
for years been dismissed as transcriptional noise
(1—4). Only 1% of the mammalian genome car-
ries protein-coding potential, yet 70 to 90% is
transcribed at some point during development to
produce a large transcriptome of long noncoding
RNA (IncRNA, defined as RNA > 100 nucleotides
in length). Some estimate total membership to
exceed 200,000, whereas others suggest fewer
than 10,000 (5—8). The ENCODE project has re-
vealed an enormous complexity, with ~10 isoforms
overlapping any previously annotated genes,
thereby challenging the traditional definition of a
gene (8). Although there is now little doubt that
pervasive transcription occurs, whether this ac-
tivity is universally functional is unknown. These
transcripts are often poorly conserved, unstable,
and/or present in few copies (7, 9, 10). Nonetheless,
clear roles have emerged for some IncRNAs, and
a survey of some examples illustrates how this
class of RNA is helping to establish new para-
digms for epigenetic regulation.

Lessons from the X Chromosome

The intriguing story of IncRNAs first debuted
in the phenomena of genomic imprinting and
X-chromosome inactivation (XCI) (//—14). No-
where is the abundance of IncRNA more evident
than the X-inactivation center (Xic). To balance
X-chromosome gene expression between males
and females, the Xic on the mammalian X
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chromosome controls the initiation steps of
XCI through a series of RNA-based switches
(13, 14). Today, the Xic serves as a model for
understanding epigenetic regulation by IncRNA
(Fig. 1).

The X-inactive-specific transcript (XIST/Xist)
was one of the first IncRNAs to be discovered in
mammals (/5). The Xist locus produces a 17- to
20-kb RNA that coats the X chromosome in cis
(Fig. 1, A and B) (16), is expressed only from the
inactive X chromosome (Xi), and is essential for
the silencing processing (/4). Its noncoding status
immediately implied that RNA itself could be an
effector of chromatin and transcriptional change,
an idea substantiated years later by the isolation of
Xist’s first interacting factors, Polycomb repressive
complex 2 (PRC2) (/7)and YY1 (18). Through a
conserved repeat motif (Repeat A, RepA), Xist
RNA directly binds PRC2 (77), the epigenetic
complex responsible for trimethylation of histone
H3 at Lys*” (H3K27me3), and targets PRC2 to
the Xi. These findings indicated that IncRNAs
may be crucial accessory factors for Polycomb
function. Like other regulatory factors, epigenetic
complexes must be targeted in space (genomic
location) and time (during development), but many,
such as PRC2, do not possess sequence-specific
DNA-binding subunits to guide them. The in-
volvement of RNA, a macromolecule with inher-
ent sequence information, would at once provide
targeting specificity and introduce new regulatory
capabilities (e.g., action in cis).

Targeting PRC2, however, is biologically sep-
arable from loading onto chromatin (/7). The 1.6-kb
RepA transcript recruits PRC2 to the Xist promoter,
but docking of PRC2 is precluded by expression
of Xist’s antisense transcript, Tsix. Only when
Tsix expression is down-regulated during de-
velopment does the Xist-PRC2 complex load
onto the Xi nucleation center within Xist’s exon
1. Loading depends on the transcription factor,
YY1, bound only to Xi (18) (Fig. 2). By cotran-
scriptionally tethering Xist RNA to the Xic, YY1
bridges the IncRNA and chromatin, accounting

< A

for the allele-specific binding of Xist RNA to
the Xi.

Xist is controlled by two other IncRNAs, one
acting negatively (Tsix), the other positively
(Jpx). Tsix determines allelic choice by repress-
ing Xist transcription on one allele (19, 20). From
numerous genetic manipulations at 75ix, it now
appears that 7six regulates Xist in several ways.
Tsix coordinates X-chromosome pairing to gener-
ate epigenetic asymmetry within the Xist locus
(21); it recruits DNA methyltransferase (Dnmt3a)
to silence Xist (22, 23); and it blocks recruit-
ment of PRC2 to Xist by RepA (17). Tsix RNA
directly binds PRC2 (/7) and also duplexes with
Xist-RepA RNA (24), thereby potentially serv-
ing as decoy for PRC2 recruitment (by titrating
Xist-RepA RNA or PRC2) in its role as repressor
of XCL

Positive regulation of Xist involves another
IncRNA, Jpx (25) (Fig. 1B). Deleting Jpx abolishes
Xist activation, its post-transcriptional knockdown
recapitulates the deletion, and autosomal expres-
sion of Jpx rescues the X-linked deletion. Thus,
Jpx is diffusible and acts in trans as an RNA.
Combined, these studies demonstrate central func-
tions for IncRNA during XCI: They directly target
repressive epigenetic complexes, act as antisense
inhibitors, and activate transcription.

Why Long Noncoding RNAs?

Although IncRNAs now dominate the Xic, this
region was once coding (26). Evolution of ran-
dom XCI 150 million years ago in eutherian mam-
mals coincided with a shift from coding to
noncoding space, suggesting that IncRNAs offer
distinct advantages over proteins for some forms
of epigenetic regulation. Allelic and cis control
were likely major driving forces behind this “reverse
evolution” (27), because XCI treats two X chro-
mosomes in diametrically opposite ways and re-
quires coordinated cis-limited silencing of genes
on the Xi. Two properties of mammalian IncRNAs
are notably relevant. One feature is IncRNA’s
tethering capabilities and fast turnover, which
enable allelic marking. LncRNAs are naturally
tethered to the site of transcription through the
RNA-DNA-polymerase (Pol II) ternary complex,
thereby enabling function as allele-specific tag
(Fig. 2). LncRNAs may have an exposed 5’ busi-
ness end to capture chromatin complexes and a
nascent 3’ tethering end to anchor the RNA-protein
complex to a locus. Inclusion of Pol II pausing
could transiently stabilize tethering. Tethering
could also be enhanced by bridge proteins, such
as YY1 (/8). Rapid degradation after transcrip-
tional termination would limit the RNA’s half-
life, thereby preventing diffusion and action at
ectopic sites. Tsix’s half-life of 30 to 60 min
indicates that the 40-kb transcript is degraded as
soon as it is created (23), likely explaining its
strict cis action, because effective concentra-
tions would only be reached at the site of syn-
thesis. Fast turnover rates and low copy numbers
are features of many IncRNAs (7—10). LncRNAs
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are thereby distinguished from proteins and small
RNAs by the possibility of allele-specific action.
Proteins do not retain allelic memory; their tran-
scriptional origin is lost when mRNA is shuttled
to the cytoplasm for translation to protein. Small
RNAs of the RNA interference (RNA1) pathway
would be ineffective tethers because of their size.

Another property of IncRNAs is their ability
to specify a unique address through use of a large
sequence space. Transcription factors are effec-
tive recruiting factors for epigenetic complexes,
but an advantage of IncRNAs is the possibility of
targeting to a single location. Transcription factors
recognize short DNA motifs that typically occur
thousands of times in the genome. Transcription
factors therefore necessarily act within large
networks and affect hundreds of genes at once.
By contrast, IncRNAs like Tsix and RepA/Xist
occur only once. This singularity enables deliv-
ery of epigenetic complexes to a unique address,
offering a regulatory specificity not possible with
proteins and small RNAs. Because there are no
a priori limits on length and composition, the
sequence space for IncRNA-mediated target-
ing greatly exceeds that of binding motifs for the
proteome.

Local and Genome-Wide Control

A collaboration between site-specific IncRNAs
and network-based transcription factors together
with chromatin modifiers would account for spa-
tial and temporal specificity during development.
For example, whereas the transcription factor
OCT4 responds to leukemia inhibitory factor and
bone morphogenetic protein signaling in pluri-
potent cells to activate a genome-wide trans-
cription program, local effects may be achieved
through OCT4-responsive IncRNAs, such as
Miat (28), Xite, Tsix, and Xist (21, 29). At the
Xic, for instance, OCT4 activates Tsix and Xite
and in doing so controls X-chromosome pairing
and initiation of the XCI cascade. Tsix RNA in
turn interacts with chromatin complexes, such as
PRC2 (1/7) and Dnmt3a (23), breaking the sym-
metry between the future Xa (active X) and Xi.
OCT4’s developmental specificity thereby dictates
timing of XCI (27, 29). In the same way, its
developmental specificity influences other genetic
targets, each of which initiates its own local and
genome-wide cascades. The net effect of a single
transcription factor on multiple downstream
IncRNA targets would thus be multiplied by cycles
of epigenetic reprogramming on gene-specific and
network-wide scales, with each event relying on
continuous collaborations among transcription
factors, IncRNAs, and the epigenetic complexes
recruited by the IncRNAs. The thousands of tran-
scription factors and IncRNAs operating in parallel
would then achieve the necessary local and genome-
wide changes for development and for discrete
responses to environmental signals.

Classes of LncRNAs
Genomic imprinting. Genomic imprinting is an
epigenetic phenomenon in which genes are
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Fig. 1. LncRNAs in X-chromosome inactivation. (A) The IncRNA Xist is transcribed from the Xic of the
inactive X chromosome (Xi). Xist RNA covers the entire chromosome and silences gene expression through
epigenetic modification of histones and DNA. (B) The core region of the Xic and its IncRNAs. (C) LncRNA-
protein interactions at the initiation of XCl.
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expressed from the allele of only one parent (/7, 12).
The process bears a striking resemblance to XCI
in that imprinting occurs within clusters and
requires coordinated allelic regulation within the
region, and its control regions are graced by
IncRNAs. Whether these IncRNAs function as
regulatory transcripts is currently debated. One of
the first IncRNAs to be identified, H19 (30), is
reciprocally imprinted with insulin-like growth
factor 2 (Igf2) and is highly expressed, but its

POL Il initiates transcription of INcCRNA.

IncRNA

f

PRC2
binding motif

LncRNA binds and targets PRC2 to the locus.
Tethering via POL-Il enables action in cis.
Pausing could increase tethering half-life.

Pause site

The RNA-PRC2 complex is loaded onto chromatin

co-transcriptionally, via factors such as YY1.

Loading site

Methylation (& & &) occurs exclusively in cis.
Linked Gene B is silenced.

Rapid IncRNA turnover would prevent diffusion of

IncRNA and PRC2 recruitment to ectopic loci.

Fig. 2. LncRNAs tether epigenetic complexes to chromatin,
enabling allele- and locus-specific regulation. LncRNA that is
synthesized binds to an epigenetic complex (such as PRC2) and,
together, are loaded onto chromatin cotranscriptionally through
DNA-bound factors (such as YY1 for Xist RNA). Epigenetic mod-
ifications then silence the gene, and rapid IncRNA turnover

prevents its diffusion to other loci.
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deletion has no phenotype (37). H19 now ap-
pears to function as microRNA (miRNA) pre-
cursor (32). In mice, the Igf2 receptor gene (Igf2r)
is regulated by the antisense Airn gene (33). Some
genetic studies suggest that Airn regulates Igf2r
through its act of transcription rather than through
its IncRNA (34, 35). However, a biochemical study
proposes that Airn RNA recruits the histone
methyltransferase, G9a, to silence Igf2r (36). By
using formaldehyde—cross-linked chromatin, the
study left open the possibility that
the contacts occur indirectly through
a chromatin-bound intermediary
rather than directly between IncRNA
and G9a. Within the Beckwith-
G Wiedemann syndrome locus, a long
antisense transcript (Kncqlotl) may
likewise associate with G9a and
PRC2 (37). A genome-wide analysis
using RNA immunoprecipitation-
sequencing (RIP-seq) suggests that
thousands of IncRNAs associate
with PRC2 (38): At the Diki-G1l2
locus, Gtl2 RNA may target PRC2
to the reciprocally imprinted DIkl
locus in cis; in the Nesp/Gnas clus-
ter, the antisense transcript of Nesp
(Nespas) may recruit PRC2 to control
Nesp (38). Because the mechanisms
of action remain to be investigated
in detail, it is too soon to state wheth-
er these noncoding elements will
have universal roles as IncRNAs in
genomic imprinting.

Beyond allelic phenomena.
LncRNA’s function is not limited
to the control of allelic expression
(Table 1). In addition to the RIP-
seq analysis identifying thousands
of RNAs in the PRC2 transcriptome
(38), analysis of RIP products on a
microarray (RIP-chip) suggests that
PRC2 and the LSD1/REST/coREST
complex associate with hundreds of
RNA (39-41) and that promoters
of Polycomb target genes often make
short transcripts that also associate
with PRC2 (42). These PRC2 tar-
gets include hundreds that map to
nonallelically regulated loci, includ-
ing those involved in cancer and
stem cell differentiation (38). The
biochemically distinct Polycomb com-
plex, PRC1, also interacts with RNA.
The INK4b/ARF/INK4a tamor sup-
pressor locus is controlled by PRCI
in a manner dependent on ANRIL
IncRNA (43). Interestingly, interac-
tions between a PRC1 subunit (PC2)
and MALATI and TUG IncRNAs
occur during movement of genes be-
tween nuclear compartments and
during gene activation (44).

Noncoding RNAs frequently
localize to gene promoters. These
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promoter-associated short RNAs (PASRs) are
typically short (50 to 200 nt) and have been
considered abortive transcripts made by stalled
or paused polymerases (42, 45—48). Pausing or
stalling could prolong tethering and facilitate
recruitment of factors (Fig. 2). For example,
short IncRNAs made from CCND! (cyclin D1)
may tether a transcription repressor, TLS, to the
CCNDI promoter and allosterically modify the
repressor to turn off transcription (49). LncRNAs
also occur in exons, introns, and other unusual
spaces (8). In the plant Arabidopsis thaliana, the
1.1-kb intronic COLDAIR transcript controls
flowering time by targeting PRC2 to silence FLC
(Flowering Locus C) (50). In mice, RepA (within
Xist’s first exon) targets PRC2 to the Xist pro-
moter (/7). Antisense transcripts may originate
anywhere within or downstream of the genes
they regulate [e.g., Tsix and Bdnf-as (19, 51)].
LncRNAs also originate within retrotransposons,
the ubiquitous repetitive elements once regarded
as junk. Transcription from short interspersed ele-
ment (SINE) B2, for example, may form a chro-
matin boundary for the growth hormone locus (52).
LncRNAs as activators. LncRNAs also serve
as activators of gene expression. The brain-
specific Ev2 originates within an enhancer be-
tween DIx5 and DIx6 and is proposed to aid
DIx2-mediated activation of DIx5/DIx6 (53). In
XCI, Jpx RNA is required to induce Xist ex-
pression (25). From the Hox4 cluster, two IncRNAs
could recruit H3K4 trimethylases: Interaction
between MLL and Hottip RNA is proposed to
control activation of proximal HoxA4 genes (54),
and interaction between MLL and Mistral
RNA is thought to activate neighboring HoxA6
and HoxA7 genes (55). Recent studies showed
abundant transcription through neuronal enhancers
(56) and enhancer-like regions (6). Principles
governing repressive IncRNA could also apply
to activating IncRNAs, but much work remains to
be done in this area because mechanistic details are
currently lacking. In some cases, activation may
depend on the act of transcription through
associated chromatin rather than on the transcript.
Pseudogenes as regulators. Long regarded as
a genomic graveyard, pseudogene space may
turn out to be a vast repository of regulatory
IncRNAs. For example, a pseudogene of Makorinl
makes a truncated noncoding transcript that
could stabilize the mRNA of the parent gene
(57). The asOct4-ps5 pseudogene could regulate
Oct4 by hybridizing with the Oct4 mRNA,
thereby targeting silencing complexes to the
Oct4 promoter (58). Pseudogenes of the tumor
suppressor, Pten, have been proposed as decoys
for miRNAs that bind to and down-regulate Pten
mRNA (59). The proposed mechanisms remain
controversial and require further investigation.

Fundamental Differences: Cis Versus Trans

LncRNAs operate not only in cis but also in trans
(Table 1). Fundamental differences exist be-
tween these two categories. Cis-acting RNAs are
restricted to the site of synthesis and directly act
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on one or several linked, generally contiguous,
genes on the same chromosome. By contrast,
trans-acting RNAs diffuse from the site of syn-
thesis and can act directly on many genes at great
distances, including at other chromosomes. In
doing so, trans-acting RNAs, like transcription
factors and small RNAs, are more likely to
converge on and act within large genic networks.
Both mechanisms imply direct action on target
genes rather than secondary downstream effects.
Whereas cis-acting IncRNAs are exemplified by
mammalian XCI, trans-acting IncRNAs are ex-
emplified by fruit fly dosage compensation, which
occurs by hypertranscribing the single male X
chromosome and which therefore does not re-
quire allelic discrimination. Indeed, the IncRNAs,
roX1 and roX2 (60, 61), scatfold the MSL-MOF
protein complex, which in turn binds hundreds of
X-linked sites (62, 63).

Whether mammalian IncRNAs generally work
in cis or trans has been debated (6, 7, 40, 56, 64, 65).
There will likely be many members in each class.
Some might even blur the distinction. Xist RNA,
for example, acts in cis to repress genes on Xi in
the normal context but could diffuse to ectopic
sites when Xist transgenes are introduced de novo
(18). This observation indicates that Xist is actually
diffusible but is prevented from acting in trans by

developmental programming that masks non-Xic
YY1-binding sites. Thus, cis-acting transcripts
may operate in cis only to the extent that they are
properly anchored and ectopic sites masked.

Although mechanistically and consequential-
ly very different, the Xist case illustrates why cis
versus trans IncRNAs are not always easily dis-
tinguished. Complicating the matter is a lack of
knowledge of how the vast majority of IncRNAs
work. One key unanswered question is whether
trans-acting IncRNAs could also target chromatin
complexes. The property of targeting is reserved
for cases in which RNA is directly involved in
guiding a complex to a specific locus. Targeting
is easier to conceive for cis-regulatory RNAs,
which are naturally tethered to the site of tran-
scription (Fig. 2). A targeting role for diffusible,
trans-acting RNA is possible, however, if they en-
gage in RNA:DNA triplex formation via Hoogsteen
base-pairing, as has been proposed for pRNA
(promoter-associated)—-mediated recruitment of
DNMT3b to ribosomal gene (rDNA) promoters
(66). Another hypothesized targeting mechanism
involves hybridization between complementary
RNA strands of the antisense Oct4 pseudogene
and the target Oct4 mRNA (58).

Site-specific targeting seems unlikely to be a
property of most trans-acting IncRNAs. Existing

Table 1. Emerging themes in IncRNA regulation. Potential groupings of IncRNA based on proposed
interactions, functions, and mechanisms. Representative IncRNAs of each group are shown.

Functions Examples Action Hypothes'lzed
mechanisms
Cis-tether RepA, Xist, Tsix, Cis Co-transcriptional
cis-targeting Gtl2, Kenglotl, targeting of
Airn, Hottip, chromatin factors;
ANRIL, Oct4-ps5, allelic and locus-
COLDAIR, Evf2, specific action;
BDNF-AS repressive or
activating
Trans-targeting pPRNA, asOct4-ps5 Trans RNA:DNA triplex
via Hoogsteen base
pairing or
sense:antisense
Watson:Crick base
pairing
Enhancer Xite, ncRNA-a7, Cis Mediated by RNA,
eRNAs transcriptional
force, or chromatin
intermediaries
Decoy PTEN-ps Trans Competitive
Tsix Cis inhibition of target
protein or RNA
Scaffold MALAT1, TUG1, Trans RNA subunit of
NEAT1, HOTAIR, effector complex
roX1, roX2
Allosteric TLS Cis (trans also Alters conformation
modification possible) and activity of
protein partners
Coactivator or SRA, SINE B2, Trans (cis also Accessory factor for
co-repressor Jpx, pRNA possible) transcriptional

activation or
repression

examples suggest that many have functions akin
to those of protein factors. Steroid receptor RNA
(SRA), a “subunit” of nuclear hormone receptors
for estrogen, androgen, glucocorticoid, and pro-
gesterone (67), functions as a coactivator in the
same way as traditional protein-based coactiva-
tors such as p300 and the transcription factor
cyclic adenosine monophosphate (cCAMP) response
element binding protein (CREB). SINE B2 RNAs,
a product of retrotransposons, directly bind Pol 11
and down-regulate Pol II activity at mammalian
heat-shock genes, thereby functioning like protein-
based co-repressors (68). LncRNAs also scaffold
protein complexes. HOTAIR from the HOX-C
locus (39) scaffolds PRC2 and LSDI (a histone
H3K4 demethylase) (41, 69), and genome-wide
analyses show that it localizes to thousands of
sites in disease states (62, 70) as well as to the
HOX-D cluster in trans (39). Other functions of
trans-acting IncRNAs are only beginning to
emerge, and many remain incompletely defined.
The expression of an IncRNA called LincRNA-
p21 and the p21-associated ncRNA DNA damage—
activated (PANDA) IncRNA (71, 72) are induced
during the p53 response and correlate with gene
expression changes. The abundant MALAT1 and
TUGI IncRNAs differentially interact with meth-
ylated and unmethylated forms of PC2 (PRCI
subunit) to relocate growth-control genes between
nuclear substructures for transcription activation
(44). Thus, unlike the site-specific cis-acting IncRNAs,
trans-acting transcripts operate within large genic
networks.

Prospects and Conclusions

The IncRNA field, once a boutique field for im-
printing and dosage compensation, has now grown
to include mainstream biochemists, genomicists,
and computational biologists. The accelerated dis-
covery of thousands of IncRNAs over the past
5 years is outpacing our ability to vet function
and mechanism. Indeed, few IncRNA knockouts
have yielded robust phenotypes. H/9 knockout
mice have a normal phenotype (37). A HoxC
deletion including Hotair does not abolish PRC2
targeting (73). Knockouts of Malatl and Neatl,
two of the most abundant nuclear IncRNAs,
yielded normal, viable mice (74-76). Although
these findings lead some to question the impor-
tance other IncRNAs, they do not exclude the pos-
sibility of developmental compensation, as often
happens in knockout models, nor do they exclude
the possibility that subtle effects would emerge in
tissue-specific studies.

Related issues are the inherent differences in
comparing knockout to knockdown phenotypes.
Before RNAI, gene deletions were the staple of
proving function in vivo. Reduction of gene ex-
pression by small RNAs may not recapitulate
knockouts, especially because nuclear IncRNAs
are often difficult to knock down and residual
levels of IncRNAs after a knockdown could yield
phenotypes different from knockouts that com-
pletely eliminate IncRNA production. Analysis
of IncRNA function would ideally also include
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gain-of-function experiments, because exagger-
ated phenotypes would bolster arguments for
proposed effects.

Equally important considerations include
experiments to distinguish among RNA, tran-
scriptional activity, and underlying chromatin as
the mechanism of action for a noncoding locus.
Because they are inextricably linked, distinguish-
ing among them may not be trivial. The move-
ment of Pol IT unwinds the DNA duplex, alters
chromatin structure, and could effect epigenetic
change independently of the nascent transcript.
For example, transcript truncation experiments
have shown that the IncRNA made from 73ix’s
enhancer, Xite, does not equate with deleting Xite,
suggesting that Xite operates through its transcrip-
tion or chromatin change rather than through Xite
RNA (77). A similar conclusion was reached re-
garding transcription of Airn (35). Thus, tran-
script truncation experiments might be generally
helpful in analysis of IncRNA function. When
the RNA per se is shown to be necessary, what
they recruit and how they interact with protein
partners would need elucidation before general
principles could be articulated. To date, few mam-
malian IncRNAs have been tested in these ways.

Examples discussed herein caution against
treating all IncRNAs as a single class of mol-
ecules. Some classification schemes have been
based on geography, resulting in the coinage of
catchy names like PASR for promoter-associated
short RNAs (45), NAT for natural antisense
transcripts (78), lincRNA for large intervening
noncoding RNA (2), and eRNA for enhancer-
associated RNAs (6, 56). Yet a transcript’s lo-
cation may not instruct function or mechanism.
Jpx resides in cis to Xist, but Jpx acts in trans (25),
and an antisense orientation does not necessar-
ily imply repressive effects (6). Distinction by cis
versus trans action might be a logical first step.
Eventually, it will be useful to think in terms of
transcriptomes. Although a transcriptome has so
far only been identified for PRC2 (17, 3840, 42),
those for other epigenetic complexes would not
be difficult to envision.

The mechanisms outlined in Table 1 likely
provide only a glimpse of the full range of
IncRNA functions as others await discovery. In
addition to the more traditional roles in scaffold-
ing, coactivation, and co-repression of trans-
acting RNAs, cis-acting IncRNAs are now known
to perform crucial targeting functions in a site-
specific manner. Until recently, the proteome
was thought to possess its own targeting speci-
ficity. LncRNAs are now known to confer a degree
of temporal and spatial specificity not possible
with proteins and small RNAs. Allelic and locus-
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specific control might have been a major driv-
ing force behind the genome-wide fixation of
IncRNAs. Eventually, IncRNAs may be seen to
play roles as far-reaching as small RNAs and
proteins, given that disease-associated mutations
occur more often in coding than noncoding space
(79) and that species-specific differences among
organisms now appear to originate more in
noncoding space than in the few thousand coding
genes we share. With the site-specific action of cis-
acting IncRNAs, drugs designed against IncRNAs
could circumvent pleiotropic effects that plague
many current treatment modalities that target
enzymatic activities within epigenetic complexes.
Indeed, the Wild West is a rich landscape wait-
ing to unfold.
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