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Paraspeckles are a relatively new class of subnuclear bodies found in the interchromatin
space of mammalian cells. They are RNA-protein structures formed by the interaction
between a long nonprotein-coding RNA species, NEAT1/Men 1/b, and members of the
DBHS (Drosophila Behavior Human Splicing) family of proteins: P54NRB/NONO,
PSPC1, and PSF/SFPQ. Paraspeckles are critical to the control of gene expression through
the nuclear retention of RNA containing double-stranded RNA regions that have been
subject to adenosine-to-inosine editing. Through this mechanism paraspeckles and their
components may ultimately have a role in controlling gene expression during many cellular
processes including differentiation, viral infection, and stress responses.

DISCOVERY OF PARASPECKLES

he cell nucleus is a large and complex cellular organelle with an intricate internal organization that is still not fully characterized.
One feature of nuclear organization is the
presence of distinct subnuclear bodies, each of
which contain specific nuclear proteins and
nucleic acids (Platani and Lamond 2004).
Most subnuclear bodies reside in the interchromatin space, including Cajal bodies, PML
bodies, and nuclear speckles, enriched in splicing factors (Lamond and Spector 2003).
Paraspeckles are one of the most recent subnuclear bodies identified, discovered in 2002 as
part of a study to better understand the full
biological role of the nucleolus. In a mass spectrometry based proteomic analysis of purified

T

human nucleoli, 271 proteins were identified,
30% of which were novel (Andersen et al.
2002). A follow up analysis on one of these
newly identified novel proteins, showed that it
was not enriched in nucleoli, but instead was
found diffusely distributed within the nucleoplasm as well as concentrated in 5 – 20 subnuclear foci (Fox et al. 2002). Colocalization
studies showed that these foci neither coincided, nor directly overlapped, with markers
for any previously known subnuclear structure.
The foci were thus named “paraspeckles” because they were observed in the interchromatin
space near to, yet distinct from, nuclear speckles (Fig. 1). The novel protein that localized to
these structures was subsequently named “Paraspeckle Protein 1” (PSPC1).
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Figure 1. Paraspeckles seen with fluorescent and electron microscopy. (A) Combined DIC and fluorescence

micrograph of a HeLa cell stained with anti-PSPC1 to show paraspeckles (green) and B23 nucleolar marker
(red). (B) Fluorescence micrograph of a section through a HeLa cell stained with anti-PSPC1 (green),
anti-SC35 (red), and DAPI (blue) to show the relationship between paraspeckles and nuclear speckles. (C)
Transmission electron micrograph of sections of HeLa cells immuno-gold labelled with anti-PSPC1: image
kindly provided by Sylvie Souquere and Gerard Pierron (Villejuif, France). Scale bars in A–B, 10 mm, scale
bar in C, 0.5 mm. (D) The DBHS protein family showing domain structure and indicating regions involved
in paraspeckle biology.

Considering that PSPC1 was first identified
in a proteomic screen for nucleolar factors, it
was initially surprising that localization studies
did not detect it accumulated in nucleoli. However, exploring the dynamic nature of PSPC1
revealed its nucleolar relationship. When cells
were treated with drugs that inhibit RNA Polymerase II (Pol II) transcription, PSPC1 relocalized to perinucleolar cap structures (Fox et al.
2002 and Fig. 2). Perinucleolar enrichment of
PSPC1 was also observed in newly divided cells
that had not recommenced transcription following cell division (Fox et al. 2005). Thus
PSPC1 is found in paraspeckles in transcriptionally active cells, and perinucleolar caps in
cells that are not actively transcribing Pol II
genes. Further, photodynamic studies showed
that under normal conditions PSPC1 molecules
continually traffic through nucleoli, despite

2

their steady-state enrichment within paraspeckles, explaining their presence in the nucleolar
proteome (Fox et al. 2002).
PARASPECKLE CHARACTERIZATION

Paraspeckles are small, irregularly sized, and
unevenly distributed subnuclear bodies. Depending on the cell type, paraspeckles number
between 5 and 20 foci per nucleus (for example,
HeLa contain 13– 17 foci/nucleus and NIH3T3
5 – 10 foci/nucleus, Clemson et al. 2009).
EM studies and fluorescent images show a paraspeckle size range of 0.5 – 1 mm in diameter, and
they have an irregular, sausagelike shape (Cardinale et al. 2007 and Fig. 1C). Transmission EM
of cells labeled with paraspeckle markers show
labeling of distinct nuclear structures, rich in
RNA (Prasanth et al. 2005; Cardinale et al.
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Figure 2. Perinucleolar caps observed with RNA Pol

II transcription inhibition. (A) Combined DIC and
fluorescence micrograph of HeLa cells following 4 h
treatment with Actinomycin D to inhibit RNA Pol
II transcription. Nucleolar morphology changes
under these conditions, to create a nucleolar body
and a number of perinucleolar caps (arrow). Cells
were transfected with a plasmid expressing
YFP-PSPC1 (green), that localizes to perinucleolar
caps under these conditions (large arrow); scale bar,
5 mm. (B) Perinucleolar caps form upon inhibition
of RNA Pol II transcription, see text and (Shav-tal
et al. 2005).

2007, Fig. 1C). These EM structures labeled with
paraspeckle markers correspond, at least partly,
to the Interchromatin Granule Associated
Zones (IGAZ – Visa et al. 1993). IGAZ are electron dense fibrillar regions closely aligned to
interchromatin granules (nuclear speckles)
with unknown function. IGAZ are reported to
contain both U1 RNA and coilin, although
there is no evidence of colocalization between
paraspeckles and either of these molecules at
the level of fluorescence (Fox et al. 2002).

Thus far, paraspeckles are only evident in
mammalian nuclei. Within mammalian tissues
and cells, paraspeckles are wide-spread: The
majority of mouse and human cell lines and
tissues examined contain paraspeckles, including transformed and primary cell lines, embryonic fibroblasts, and tumorigenic biopsies (Fox
et al. 2002; Prasanth et al. 2005; Clemson et al.
2009; Sasaki et al. 2009; Sunwoo et al. 2009
and unpublished data). Interestingly, human
embryonic stem cells (hESC) are so far the only
mammalian cell type that are reported not to
contain paraspeckles (Chen and Carmichael,
2009). Orthologs of the core paraspeckle protein components are found in other vertebrate
and invertebrate species, however, a noncoding
RNA (ncRNA) NEAT1, which is essential for
paraspeckle formation (see below) is specific
to mammals, likely explaining the restriction
of paraspeckles to this class.
Paraspeckles are observed within the interchromatin space, sandwiched between larger
nuclear speckles and chromatin. Current evidence suggests paraspeckles do not directly
overlap with sites of active transcription, as
they do not contain newly made pulse-labeled
Br-UTP containing transcripts, however paraspeckles may still form in association with some
active genes (see below) (Fox et al. 2002; Xie
et al. 2006). Quantitation of staining on ultrathin sections of labeled cells shows that paraspeckles contain inactive RNA Polymerase II
(Pol II), whereas the newly made RNA and
active RNA Pol II reside on the edge of paraspeckles (Xie et al. 2006).
The functional relationship between paraspeckles and the nucleolus is yet to be fully
elucidated, but the observed cycling of PSPC1
between paraspeckles and nucleoli, and the localization of paraspeckle proteins to perinucleolar
caps when RNA Pol II transcription is inhibited,
suggests that it may mediate some form of regulatory cross talk. Many other proteins involved
in Pol II transcription are also observed within
perinucleolar caps in cells where Pol II transcription is inactive (Shav-Tal et al. 2005). These
proteins appear to segregate into distinct cap
structures: large “dark” perinucleolar caps
containing the paraspeckle proteins, as well as
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several other RNA-binding proteins; and a
number of smaller “light” caps containing
fibrillarin, coilin, and RNA Pol I components
(Fig. 2) (Shav-Tal et al. 2005).

nuclear ncRNA, NEAT1, is an architectural paraspeckle component essential for their formation and maintenance.
DBHS Protein Family

PARASPECKLE COMPONENTS

A small number of protein and RNA components are known to be enriched in paraspeckles
(Table 1). Most of the paraspeckle proteins have
roles in Pol II transcription and/or RNA processing; including the members of the DBHS
protein family, several transcription factors, a
cotranscriptional splicing factor and a 30 RNA
cleavage factor.
There are two specific paraspeckle RNA
components, each belong to different classes:
Ctn is regulated within paraspeckles, and is implicated in the control of gene expression by
RNA nuclear retention, whereas the abundant

The core protein components of paraspeckles
are the three mammalian members of the DBHS
protein family: PSF/SFPQ, NONO/P54NRB,
and PSPC1. Both endogenous and tagged forms
of these proteins are found localized within the
nucleoplasm as well as paraspeckles in mammalian cells. Of the three DBHS proteins, PSPC1
has most often been used as the marker for paraspeckles, as it has a lower background nucleoplasmic signal in many cell types than P54NRB
and PSF. The three proteins have 50% sequence
identity within two amino-terminal RNA binding motifs and a carboxy-terminal coiled coil
domain (Fig. 1D). The DBHS proteins appear
to play a key role in the structural integrity of

Table 1. Paraspeckle components
Name

Synonyms

Proteins
P54NRB

NONO, NMT55, NRB54

PSF

SFPQ

PSPC1
CoAAa
CFIM68

PSP1
PSP2, RBM14, SIP, SYTIP1
CPSF6, HPBRII-4

SOX9b
WTXa
WT1(þKTS)a

SRA1

BCL11Aa, b
RNA Pol II

CTIP1, ZNF856

RNA
NEAT1

Ctn

WAGR

Men 1/b, VINC-1

Comments

DBHS; required for paraspeckle
integrity in HeLa
DBHS; required for paraspeckle
integrity in HeLa
DBHS
Transcriptional/splicing coregulator
Cleavage factor. Also found in nuclear
speckles
Developmental transcription factor
Wilms tumor, tumor suppressor
Wilms tumor, partial colocalization
with paraspeckles
Zinc finger transcription factor
Also found associated with chromatin
and nuclear speckles
Long noncoding RNA found in
mammals; required for paraspeckle
integrity in HeLa
Mouse-specific, alternative transcript
produced from mCAT2 locus

Paraspeckle
localization reference

Fox et al. 2002
Prasanth et al. 2005
Fox et al. 2002
Fox et al. 2002
Dettwiler et al. 2004
Hata et al. 2008
Rivera et al. 2009
Dutton et al. 2006
Liu et al. 2006
Xie et al. 2006

Clemson et al. 2009;
Sunwoo et al. 2009;
Sasaki et al. 2009
Prasanth et al. 2005

a

Only overexpressed proteins have been assessed for localization in paraspeckles.
Further studies need to address if these proteins are genuine paraspeckle components, or are retargeting DBHS proteins
into different subnuclear locations.
b
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paraspeckles, because knockdown of the abundant proteins P54NRB or PSF in HeLa cells
results in a loss of paraspeckles (Sasaki et al.
2009). Within HeLa cells, PSPC1 is much less
abundant than PSF and P54NRB (Fox et al.
2005), and knockdown of PSPC1 does not affect
paraspeckles in these cells (Sasaki et al. 2009).
Reciprocal protein–protein interactions have
been reported between members of this family,
and it is likely in vivo they are found as either
homo or heterodimers (Myojin et al. 2004; Fox
et al. 2005). PSPC1 and P54NRB interact via their
coiled-coil domains, and, given the sequence similarity, it is likely that PSF also interacts through
this domain. Similarly, Hrp65, the Chironomus
tentans DBHS homolog homodimerizes through
its coiled-coil domain (Kiesler et al. 2003).
RNA-binding domains, as well as protein –
protein interaction domains are required for
members of the DBHS family to be targeted
to paraspeckles. The minimal fragment of
PSPC1 that is targeted to paraspeckles contains
at least one RRM motif, in addition to its coiledcoil domain (Fox et al. 2005 and Fig. 1D). In
contrast, neither RNA recognition motif
(RRM) is required for PSPC1 to be targeted to
perinucleolar caps on transcription inhibition.
Within the DBHS family, the specificity of
RRMs for paraspeckle targeting varies, as,
unlike PSPC1, which can use either one of its
two RRMs to be targeted to paraspeckles, only
the second RRM of PSF is sufficient to target
PSF to subnuclear foci (Dye and Patton 2001).
These findings raise the possibility that subtle
variations in affinities for different RNA targets
may allow each DBHS protein to target different
RNA species to paraspeckles.
DBHS Family Member Functions

Members of the DBHS family of proteins have
been shown to bind both double- and singlestranded DNA and RNA and have been copurified with numerous different complexes, leading to the label of “multifunctional nuclear
proteins” for this protein family (reviewed in
Shav-Tal and Zipori 2002). The paraspeckle
connection to the known DBHS functions has
not been addressed in most cases.

The DBHS family proteins are involved in
many aspects of RNA production and processing including transcription initiation, transcriptional termination, and splicing (Patton
et al. 1993; Yang et al. 1993; Peng et al. 2002;
Kameoka et al. 2004; Kaneko et al. 2007; Ito
et al. 2008). Beyond RNA production, PSF and
P54NRB also play a role in RNA surveillance:
Binding and retaining hyper-adenosine-toinosine (A-to-I) edited RNA within the nucleus
(Zhang and Carmichael 2001). Nuclear A-to-I
edited RNA is generated when double-stranded
RNA-dependent adenosine deaminases target
long (optimally 100bp) double-stranded RNA
and randomly convert up to 50% of the adenosines to inosines. In what is thought to have originated as an antiviral mechanism, the resulting
inosine-containing-RNA can be retained in the
nucleus, rather than being exported to
the cytoplasm (Zhang and Carmichael 2001).
DBHS proteins may also have roles in the
cytoplasm. PSF and P54NRB were isolated as
part of an RNA-transport granule in dendrites
(Kanai et al. 2004) and both proteins have
CRM1-independent nuclear export signals, in
addition to nuclear retention motifs, however
only P54NRB actively shuttles into the cytoplasm (Zolotukhin et al. 2003).
With roles in constitutive processes such as
splicing and transcription, the functional implications for the DBHS proteins are wideranging. One interesting example implicates
P54NRB in the control of mammalian circadian
rhythms. P54NRB is required for circadian
rhythm maintenance via association with the
PERIOD-1 protein, an essential component of
negative feedback in mammalian circadian
rhythm (Brown et al. 2005). Similarly in Drosophila melanogaster, mutants of the DBHS protein, NonA, are nearly arrhythmic, indicating
a conserved role in circadian rhythm regulation
for this protein family (Brown et al. 2005).
Other Paraspeckle Proteins

The current definition of a paraspeckle protein
is one that colocalizes in subnuclear foci with
DBHS proteins, however, the localization pattern is not always identical. For example, the
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cleavage factor CFIm is observed in paraspeckles, but is in addition found within nuclear speckles (Dettwiler et al. 2004), and RNA
Pol II is partially localized to paraspeckles and
also to chromatin and nuclear speckles (Xie
et al. 2006). It should be noted that several of
the proteins reported to localize in paraspeckles
have only been examined following overexpression, namely BCL11A, WTX, WT1(þKTS), and
COAA (Fox et al. 2002; Dutton et al. 2006; Liu
et al. 2006; Rivera et al. 2009), therefore these
proteins cannot be considered bona fide paraspeckle components until the localization of
the endogenous factors has been examined.
Additional paraspeckle proteins identified
to date are either transcription factors or transcriptional coregulators. CoAA (PSP2/RBM14)
is a transcriptional coactivator that regulates
steroid receptor-mediated transcription and alternative RNA splicing (Iwasaki et al. 2001;
Auboeuf et al. 2004). An alternatively spliced
isoform of CoAA, termed CoAM, acts as a dominant negative antagonistic corepressor of CoAA.
Interestingly, there is evidence that PSF and
P54NRB act to influence which splice variant
is generated from the CoAA gene (Yang et al.
2007). RBM4, the mammalian homolog of the
Drosophila melanogaster Lark protein (an essential component of circadian rhythm regulation
and early development in Drosophila), forms a
fusion with CoAA, via putative trans-splicing
events (Brooks et al. 2009). This finding suggests another possible link between paraspeckles
and proteins involved in the control of circadian
rhythms. Another transcriptional coregulator
and tumor suppressor, WTX, colocalizes with
P54NRB in paraspeckles and coactivates WT1
transcription (Rivera et al. 2009). Interestingly,
an isoform of WT1 also colocalizes with some,
but not all, paraspeckles (Dutton et al. 2006).
Sox9 is a transcription factor that plays an
essential role in bone formation and interacts
with P54NRB (Hata et al. 2008). Whilst SOX9
is reported to be a paraspeckle component, its
overexpression results in altered subnuclear
localization of P54NRB and PSPC1, suggesting
that it may instead be re-targeting these proteins
out of paraspeckles to different subnuclear sites
(Hata et al. 2008). BCL11A, a transcription
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factor involved in B cell lymphoma/leukemia,
colocalizes with PSPC1 and P54NRB in subnuclear foci (Liu et al. 2006). Again, these foci do
not resemble paraspeckles—suggesting the proteins have been directed out of paraspeckles to
new complexes. Supporting this argument, in
contrast to paraspeckles observed with PSPC1
and P54NRB, RNAase treatment of BCL11A
foci does not lead to their dissolution, instead,
DNAase treatment results in a diffuse BCL11A
signal (Liu et al. 2006).
Mammalian cleavage factor I (CF Im) is an
essential factor that is required for the first step
in pre-mRNA 30 end processing, and localizes
to both paraspeckles and nuclear speckles
(Dettwiler et al. 2004; Cardinale et al. 2007).
The largest subunit of the CF Im heterodimer
contains an amino-terminal RRM and a
carboxy-terminal charged arginine- and serinerich “RS” domain, common to splicing factors.
Interestingly, the RS domain is sufficient for
nuclear speckle localization, whereas both the
RS and RRM domains are required for paraspeckle targeting (Cardinale et al. 2007).
Because the RRM domain of CF Im has been
reported to mediate protein – protein interactions (Dettwiler et al. 2004), it is likely CF Im
is targeted to these two compartments via interaction with different subsets of proteins.
PARASPECKLE RNAs

When we first identified paraspeckles, although
only protein components were known, we proposed that their function would most likely be
linked to some aspect of RNA, such as processing or transport, because several lines of evidence indicated that paraspeckles were RNAprotein bodies. First, paraspeckles were disrupted when cells were treated with RNAse (Fox
et al. 2005; Prasanth et al. 2005); second, all of
the major paraspeckle proteins contained RNA
binding motifs and had previously described
functions in RNA processing; thirdly, PSPC1
required its RNA binding domain for paraspeckle targeting (Fox et al. 2005). Finally, it was
shown that paraspeckles disassemble without
active RNA Pol II transcription and subsequently reassemble when transcription is restored.
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Two paraspeckle-associated RNA species
have since been identified, each providing clues
to paraspeckle formation and function.
Ctn RNA

The first RNA found that specifically localized
to paraspeckles was termed Ctn, described by
Spector and colleagues (Prasanth et al. 2005).
Ctn is a mouse-specific, nuclear-enriched, spliced poly(Aþ) transcript that is generated
from the mCAT2 gene locus. Ctn contains all
of the coding exons of the CAT2 (cationic amino
acid transporter 2) protein. However, compared
with the canonical mCAT2, it is generated from
a different promoter, and has a distal poly(Aþ)
site resulting in a much longer 30 untranslated
region (UTR). RNA-FISH with Ctn-specific
probes showed that it was nucleoplasmic as
well as localizing to paraspeckles in several cell
types. Why then is Ctn not subject to the usual
nuclear export fate of most mRNAs? The answer
lies in the long 30 UTR of Ctn, which contains
A-to-I edited stretches of RNA. The editing
takes place on inverted repeat elements that
form long dsRNA regions. Given that P54NRB
was known to preferentially bind inosineRNA and retain it in the nucleus (Zhang and
Carmichael 2001), the hypothesis was that
DBHS proteins would mediate the paraspeckleand nuclear retention of Ctn. Consistent with
this, both PSPC1 and P54NRB were shown to
associate with Ctn in vivo (Prasanth et al. 2005).
The nuclear retention of Ctn is linked to the
control of gene expression of mCAT2: a protein
in the nitric oxide response pathway, needed
for wound healing and defense against infection. A variety of stress signals were shown to
trigger the cleavage of the long 30 UTR from
Ctn, resulting in lower nuclear levels of Ctn,
with a concomitant rise in mCAT2 levels in the
cytoplasm, and increased mCAT2 protein
production. This gene expression control system results in a pulse of protein expression,
and effectively provides the cell with a rapid
increase in the production of protein upon the
signal being received (Fig. 3).
Although Ctn is mouse-specific, analysis of
the human transcriptome has indicated that the

control of gene expression by nuclear retention
likely also occurs in humans: as many as 50% of
all genes may produce transcripts with extended
30 UTRs that use a distal poly(Aþ) site (Iseli
et al. 2002). Moreover, the repeat elements that
are A-to-I edited in Ctn are amongst the most
abundant repetitive elements in mammalian
genomes, and a large proportion of these elements are A-to-I edited in humans (Levanon
et al. 2005; Chen and Carmichael 2008). A recent study found 333 genes in the human genome with inverted Alu repeat elements in
their 30 UTR (Alu being the most common
family of human repeat elements) (Chen et al.
2008). Amplified inverted Alus from two of
these genes were both capable of mediating
RNA nuclear retention of a reporter gene (Chen
et al. 2008). Moreover, as with Ctn, DBHS protein interaction plays a role in the retention of
the reporter RNA, within subnuclear foci that
partly overlap paraspeckles, as defined by exogenously expressed P54NRB (Chen et al. 2008).
Additionally, because there is at least one other
example of a nuclear-retained RNA that does
not have inverted repeats (Kay et al. 2005), it is
also likely that other RNA elements may mediate nuclear retention.
The exploration of the RNA nuclear retention mechanism for controlling gene expression
has only just begun. One issue is the need for a
large scale study of nuclear enriched coding and
ncRNA transcripts to determine how prevalent
nuclear retention is, and if all nuclear retained
RNAs may be associated with paraspeckles or
analogous structures. Another area that will be
important to examine is the release of RNA
from nuclear retention in paraspeckles. A recent
bioinformatic analysis has begun to address this
by determining that sequence databases contain
hundreds of examples of mRNA transcripts in
which the genome-encoded inverted repeats
have been excised, an event presumably linked
with release of these mRNAs from nuclear
retention (Osenberg et al. 2009).
NEAT1/Men 1/b RNA

We have previously speculated that a paraspeckle-specific RNA species was required for
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Figure 3. Gene expression by nuclear retention. RNA transcripts containing double-stranded RNA regions

(formed by inverted repeat elements) are subject to A-to-I editing and retained in the nucleus and within
paraspeckles. This mechanism has been shown for several endogenous genes, as well as exogenously
expressed reporter genes (Prasanth et al. 2005; Chen et al. 2008; Chen and Carmichael, 2009). Nuclear
retention of hyper-edited RNA is linked to the formation of paraspeckles, and does not occur efficiently in
human embryonic stem cells that lack paraspeckles. In the case of Ctn, stress signals mediate cleavage of the
30 UTR and release of the RNA from the nucleus (Prasanth et al. 2005).

paraspeckle formation, however Ctn could not
fulfill this role: first, because it is mouse-specific
and second, because knockdown of Ctn does
not disrupt paraspeckles (Prasanth et al.
2005). In 2009, three different groups reported
the discovery that NEAT1, a long nuclear
ncRNA, is essential for paraspeckle structural
integrity and formation (Clemson et al. 2009;
Sasaki et al. 2009; Sunwoo et al. 2009).
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It is now known, for mammals in particular,
that the majority of the genome is transcribed,
to generate both protein-coding and nonprotein coding RNA (Carninci et al. 2005).
NcRNAs may arise from transcribed introns of
protein-coding genes, or may be antisense to
them, or may be transcribed from their own
bona fide gene loci between protein-coding
genes (Mercer et al. 2009). In recent years the
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explosion of information related to the identity
and function of small ncRNAs has been evident,
however, we are only beginning to understand
the varying roles that long ncRNAs (.200nt)
may be playing in the cell (Prasanth and Spector
2007).
In 2007 a study aimed at identifying nuclear
ncRNA species described two abundant, ubiquitously expressed Nuclear Enriched Autosomal
noncoding Transcripts termed NEAT1 (also
known as Men1/b or VINC-1 ) and NEAT2
(also known as MALAT-1) (Hutchinson et al.
2007). RNA-FISH showed that MALAT-1 localized to nuclear speckles, whereas NEAT1 was
observed within subnuclear foci found near
nuclear speckles, shown to be paraspeckles. Both
NEAT1 and MALAT-1 ncRNAs are produced
by RNA Pol II, independently of protein-coding
genes, and their genes are conserved syntenically a short distance apart in mammalian
genomes (Fig. 4A). Two variant transcripts
of NEAT1 are transcribed, NEAT1_v1 and
NEAT1_v2 ( previously referred to as Men1
and Menb), these share approx 3– 4 kb of sequence at the 50 end that precisely delineates
NEAT1_v1, with the longer isoform, NEAT1_v2,
containing an additional approximately 20kb
of RNA (Fig. 4A). Both NEAT1_v2 RNA, as
well as MALAT-1 RNA, are cleaved very close
to their 30 ends to produce an unusual small
tRNA-like molecule (Wilusz et al. 2008; Sunwoo et al. 2009). Interestingly, bioinformatic
analysis, although not exhaustive, has not found
any other ncRNAs with this unusual 30 end, suggesting it could be specific to this duo of long
nuclear ncRNAs (Wilusz et al. 2008).
NEAT1 is found within paraspeckles in a
variety of different cell lines in both mouse
and human cells (Clemson et al. 2009; Sasaki
et al. 2009; Sunwoo et al. 2009). An essential
role for NEAT1 in paraspeckle integrity was
shown by knockdown of NEAT1 in cultured


As of 27/7/09 the official HUGO gene nomenclature symbol for this ncRNA is NEAT1 and the HUGO gene name is
“Nuclear ParaspEckle Assembly Transcript 1 (nonprotein
coding).” HUGO does not have jurisdiction on nomenclature of transcript variants, however, in line with the
HUGO recommendation, we propose the use of NEAT1_v1
for the 3.7kb variant and NEAT1_v2 for the 23kb variant.

cells, resulting in the loss of paraspeckles, as
judged by loss of DBHS protein localization to
subnuclear foci (Clemson et al. 2009; Sasaki
et al. 2009; Sunwoo et al. 2009). Moreover, paraspeckles do not re-form following reversible
transcription inhibition in the presence of the
NEAT1 knockdown, suggesting NEAT1 is also
required for paraspeckle formation (Clemson
et al. 2009; Sasaki et al. 2009; Sunwoo et al.
2009). Further evidence suggests that NEAT1 is
the nucleating factor for paraspeckles, at least
in NIH3T3 cells, as stable overexpression of
NEAT1_v1 results in an increase in paraspeckle
number (Clemson et al. 2009). NEAT1 ncRNA
is not only needed for paraspeckle integrity,
but there is evidence that paraspeckles form
near to the NEAT1 gene itself. Combined DNA
and RNA FISH showed that cells in early G1
have the first paraspeckles forming close to the
NEAT1 gene, and in interphase, clusters of paraspeckles are observed close to the NEAT1 gene
locus (Clemson et al. 2009).
As with Ctn, it appears that interaction with
DBHS proteins plays a role in NEAT1 paraspeckle localization, as coimmunoprecipitation
experiments with each of the DBHS proteins
pulled out NEAT1 to varying levels of enrichment (Clemson et al. 2009; Sasaki et al. 2009;
Sunwoo et al. 2009). The precise NEAT1 RNA
binding site for the DBHS proteins has not
been established, although recombinant DBHS
proteins can bind the NEAT1_v1 in vitro
(Clemson et al. 2009), and paraspeckles can
persist solely in the presence of NEAT1_v1
(Sunwoo et al. 2009), other evidence suggests
that the final 10kb of human NEAT1_v2 may
contain the necessary sequence for paraspeckle
formation in vivo (Sasaki et al. 2009). Interestingly, in contrast to Ctn, NEAT1 is not A-to-I
edited, indicating that the molecular interactions of the DBHS proteins to each RNA may
differ. Moreover, the NEAT1 genes in mouse
and human vary greatly in sequence,
suggesting that likely RNA structure, rather
than primary sequence, is conserved.
Changes in NEAT1 RNA levels can inform
about paraspeckle function, because NEAT1 is
linked to controlling the formation of paraspeckles. A relevant example of this is the recent
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NEAT1_v1
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NEAT1 locus
(red)

NEAT1 RNA

P54NRB

Paraspeckles
(green)

Linescan
P54NRB
NEAT1

Figure 4. Paraspeckles contain NEAT1 ncRNA and form near to the NEAT1 gene. (A) NEAT1 and MALAT-1 gene
loci on human chromosome 11 q13.1 and mouse chromosome 19qA. Two transcripts are produced from the
NEAT1 gene, 3.7kb and 23kb in humans, and 3 kb and approximately 20 kb in mouse. (B) RNA-FISH with
probes to NEAT1 ncRNA (green) and immunofluorescence against P54NRB (red) colocalizing in
paraspeckles. The line scan is taken over the line indicated in the merged image (lower panels). (C ) A HeLa
cell in interphase with combined NEAT1 RNA-FISH to mark paraspeckles (green) and chromosome 11
q13.1 DNA-FISH (red). Panels B and C are reproduced from (Clemson et al. 2009) with permission. Scale
bar in B, 10 mm, in panel C, 5 mm.

finding that human embryonic stem cells have
little or no detectable NEAT1 RNA and do not
show paraspeckles (Chen and Carmichael,
2009). However, hESCs do express all three
DBHS proteins, and hESCs also express mRNAs
containing A-to-I edited inverted repeats.
Critically, within hESCs these A-to-I edited
RNAs are not exclusively retained in the nucleus,
instead they also appear in the cytoplasm.
When the hESCs are induced to differentiate,
NEAT1 is expressed and paraspeckles appear.
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Importantly, the appearance of paraspeckles is
linked to an increase in the efficiency of nuclear
retention of the A-to-I edited mRNAs, suggesting that it is NEAT1 forming the paraspeckle
structures themselves that are critical for mediating the nuclear retention mechanism. This
study highlights the importance of organising
the DBHS proteins into paraspeckles for RNA
nuclear retention, but also reveals a clear link
between the formation of paraspeckles and cellular differentiation. A role for paraspeckles in
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differentiation was first suggested by Sunwoo
et al. (2009), who found that NEAT1 was upregulated when a cultured myoblast cell-line
was induced to differentiate into myotubes,
with a corresponding increase in paraspeckle
size. Another example of varying NEAT1 RNA
levels was reported in an earlier study that found
levels of VINC-1 RNA (subsequently found to
correspond to NEAT1) increased in the central
nervous system of mice infected with Japanese
encephalitis or rabies viruses (Saha et al. 2006).
Although changes in paraspeckles in this experimental model are yet to be evaluated, these
viruses may trigger an increase in paraspeckle
size and number, raising the possibility that certain viruses may use paraspeckles for their processing, or that paraspeckles are part of a viral
defense mechanism.

DBHS
proteins
?

Other
I-RNA

Neat1 RNA
Chromatin

Figure 5. Model of paraspeckle formation. A para-

CONCLUSIONS
Paraspeckle Formation and Function

The model for paraspeckle formation begins
with the production of NEAT1 transcripts in
daughter nuclei following cell division. Once
transcribed, NEAT1 molecules form complexes
with DBHS proteins, generally before the RNA
has had a chance to diffuse far away from its
gene locus (Fig. 5). The finished paraspeckle
likely consists of multiple copies of NEAT1
RNA-DBHS protein complexes, which form a
structural scaffold that is nevertheless dynamic,
in that individual DBHS protein molecules in
paraspeckles can exchange with a pool of DBHS
proteins in the nucleoplasm. It is possible that
both the known oligomerization propensity of
the DBHS proteins, as well as possible RNARNA intramolecular interactions in NEAT1
ncRNA both contribute to the paraspeckle
structural lattice. Without the production of
NEAT1 RNA, paraspeckles fail to form, explaining why paraspeckles are not observed when all
RNA Pol II transcription is inhibited, or in cell
types that do not express NEAT1. Conversely,
without abundant DBHS proteins, paraspeckles
are also not observed. Throughout interphase,
some paraspeckles are observed closely associated with the NEAT1 gene, however, it is not

speckle forms near the NEAT1 gene locus within
the interchromatin space, abutting a nuclear speckle.
The paraspeckle is formed via interactions between
the NEAT1 RNA and DBHS proteins. Additional
RNA species regulated within paraspeckles and elsewhere in the nucleus, such as A-to-I edited mRNA,
are likely recruited via interaction with DBHS proteins, and traffic through the paraspeckle. Under
steady-state conditions the DBHS proteins are
dynamic, and exchange between paraspeckles, the
nucleoplasm and the nucleolus. When RNA Pol II
transcription is inhibited, DBHS proteins accumulate at perinucleolar caps.

known if these are exclusively newly formed paraspeckles, nor is it known what mechanism may
be holding the paraspeckles close to the locus.
A major function of paraspeckles likely relates to their other known RNA component,
namely the mRNA containing dsRNA structures, generally formed by inverted repeats, and
A-to-I edited. The RNA nuclear retention
mechanism may be involved in many cellular
processes such as stress responses, viral infection and circadian rhythm maintenance. Perhaps most significantly, given the link between
paraspeckles and two different models of differentiation, it is likely that paraspeckles are playing a part in the reprogramming of a cell that
takes place with differentiation, possibly by
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altering the expression of key proteins via RNA
nuclear retention. The corollary of this is that
the absence of both NEAT1 and paraspeckles
can potentially be used as a marker for pluripotency (Chen and Carmichael 2009).
As yet, the roles of non-DBHS proteins
known to localize to paraspeckles have not been
addressed within the context of paraspeckle
function. Some proteins could be involved in
the control of gene expression through nuclear
retention, for example, CFIm may be the cleavage factor mediating release of RNA, whereas
others proteins with roles in transcription may
be involved in recruiting paraspeckles to certain
active gene loci.
Nuclear RNA and Disease

As yet there are no examples of diseases caused
by the absence or presence of paraspeckles,
however, there are several RNA dominant diseases associated with the production of toxic
nuclear RNAs (Osborne and Thornton 2006).
An example is myotonic muscular dystrophy,
in which RNA transcribed from mutated genes
with expanded CTG-repeats is retained in the
nucleus within subnuclear foci. The repeats
form RNA hairpins that are bound by the
muscleblind-like family of proteins. The toxicity arises as the muscleblind-like proteins are
effectively sequestered in the foci and are no
longer able to carry out their roles as modulators of alternative splicing (O’Rourke and
Swanson 2009). These CUG-repeat foci do not
colocalize with paraspeckles in patient-derived
cells (Clemson et al. 2009). However, the parallels to paraspeckles are striking: specific RNAprotein interactions, retention of RNA in the
interchromosome space and splicing functions
of the proteins. These parallels suggest that the
cell has common themes in nuclear retention
of RNA that are apparent in both normal cell
function and disease.
Paraspeckles as a Paradigm for a Class of
Subnuclear Bodies

Given that the complexity of the mammalian
transcriptome is only just beginning to be
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explored, including the full extent of long
ncRNA production, it is exciting to speculate
that paraspeckles will not be the only example
of a subnuclear structure formed around a
long ncRNA. Indeed, there already exist
examples of long ncRNA localizing to unique
subnuclear foci, although in these cases no corresponding protein partners are known (Royo
et al. 2007; Sone et al. 2007). One interesting
possibility is that the IGAZ (structures labeled
in the EM by paraspeckle markers) may not be
solely composed of paraspeckles, but may also
include other subnuclear bodies akin to paraspeckles, each containing distinct structural
ncRNAs, specific RNA-binding proteins and
having different species of RNA regulated/
retained within them. The lack of identified
marker ncRNAs and proteins for these bodies
may have so far prevented their detection and
characterization. Further studies on long
ncRNAs and their subcellular localization will
in future provide a fuller picture of these structures and their roles in the cell.
CONCLUDING REMARKS

Paraspeckles were identified as recently as 2002,
making them one of the ‘youngest’ nuclear
structures known. However, already in the short
time since their discovery, much has been
learned about their composition, formation
and function. Paraspeckles are the first, but
likely not the last example of a subnuclear
body that forms dependent on a long ncRNA,
whose function, at least at this point, appears
to be to form this subcellular structure. Paraspeckles are also critical for a novel mechanism
for controlling gene expression, i.e., the nuclear
retention of otherwise translation-competent
RNA. We suggest that many key molecules
may be regulated in this manner and discovering their identity and functions will be of great
interest in the years to come.
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