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Structural, super-resolution microscopy analysis of
paraspeckle nuclear body organization
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Paraspeckles are nuclear bodies built on the long noncoding RNA Neat1, which regulates a variety of physiological
processes including cancer progression and corpus luteum formation. To obtain further insight into the molecular
basis of the function of paraspeckles, we performed fine structural analyses of these nuclear bodies using structural
illumination microscopy. Notably, paraspeckle proteins are found within different layers along the radially arranged
bundles of Neat! transcripts, forming a characteristic core-shell spheroidal structure. In cells lacking the RNA binding
profein Fus, paraspeckle spheroids are disassembled into smaller particles containing Neatl, which are diffusely
distributed in the nucleoplasm. Sequencing analysis of RNAs purified from paraspeckles revealed that AG-rich tran-
scripts associate with Neat], which are distributed along the shell of the paraspeckle spheroids. We propose that
paraspeckles sequester core components inside the spheroids, whereas the outer surface associates with other com-
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ponents in the nucleoplasm to fulfill their function.

Introduction

The nucleus is highly structured and organized into several
nonmembranous nuclear bodies. These bodies contain discrete
sets of proteins and nucleic acids that are involved in particular
nuclear processes (Platani and Lamond, 2004). Paraspeckles
were originally described as nuclear bodies that are enriched
in the Drosophila behavior and human splicing (DBHS) family
of RNA-binding proteins (Fox et al., 2002, 2005). Paraspeckles
have since been found to be identical to interchromatin granule—
associated zone, which are observed as electron-dense struc-
tures using electron microscopy (Cardinale et al., 2007; Bond
and Fox, 2009). Neat! is a mammalian-specific, long noncod-
ing RNA (IncRNA) and serves as an architectural component
of paraspeckles. Depletion of Neatl leads to the disassembly
of these bodies (Chen and Carmichael, 2009; Clemson et al.,
2009; Sasaki et al., 2009; Sunwoo et al., 2009). Two isoforms

Correspondence to S. Nakagawa: nakagawas@pharm.hokudai.ac.jp
J.A. West's present address is Biogen, Cambridge, MA 02142.

Abbreviations used: CHART, capture hybridization analysis of RNA targets;
CLIP, cross-linking immunoprecipitation; CLIP-seq, cross-linking immunoprecipi-
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of Neatl are made from a common promoter: the longer (20
kb in mice) isoform Neatl_2 is required for the formation of
paraspeckles, whereas the shorter (3.2 kb in mice) isoform
Neatl_1 is not necessary for its architectural function (Nak-
agawa et al., 2011; Naganuma et al., 2012). To date, >40 pro-
teins are known to accumulate in paraspeckles. These proteins
can be divided into three categories depending on the extent of
paraspeckle disruption induced upon depletion of each protein
(Naganuma et al., 2012). Category I proteins are essential for
the structural maintenance of paraspeckles. They are further
subdivided into category la proteins, which are required for
the production or stabilization of Neatl_2 (e.g., Sfpq, Nono,
and Rbm14), and category Ib proteins, which do not affect the
amount of Neatl_2 (e.g., Fus/Tls and Brg1) (Sasaki et al., 2009;
Naganuma et al., 2012; Hennig et al., 2015). The depletion of
category II proteins (e.g., Tardbp) results in a substantial de-
crease in the number of paraspeckle-possessing cells. Category
IIT proteins (e.g., Pspcl) do not have an apparent effect on
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paraspeckle formation (Naganuma et al., 2012). All paraspeckle
proteins exhibit RNA-binding capacities but are not necessarily
involved in common biological processes.

At the molecular level, paraspeckles have been proposed
to sequester proteins or transcripts into the nuclear bodies,
serving as molecular sponges that modulate the levels of active
molecules in the nucleoplasm (Hirose et al., 2014; Imamura et
al., 2014). Paraspeckles have been proposed to regulate a va-
riety of cellular processes, including the nuclear retention of
hyper A-to-I-edited mRNAs (Prasanth et al., 2005; Chen and
Carmichael, 2009), the control of transcription via the seques-
tration of Sfpq (Hirose et al., 2014), and immune responses to
polyinosinic-polycytidylic acid double-stranded nucleotides in
particular cells (Imamura et al., 2014). In mice, Neatl_1 is ex-
pressed in a wide variety of cell types, whereas Neatl_2, the
architectural component of paraspeckles, is expressed only in a
subpopulation of restricted cell types (Nakagawa et al., 2011).
Accordingly, prominent paraspeckle formation is observed only
in particular cell populations that abundantly express Neat!_2,
including corpus luteal cells, which produce the steroid hor-
mone progesterone that is essential for pregnancy (Nakagawa et
al., 2011). Consistent with this expression pattern, the fertility
of female Neatl knockout (KO) mice is severely impaired as
the result of a lack of the formation of pregnant corpus luteum
and a subsequent decrease in serum progesterone (Nakagawa et
al., 2014). Paraspeckles have also been suggested to be involved
in multiple physiological processes, including mammary gland
development (Standaert et al., 2014) and prostate cancer pro-
gression (Chakravarty et al., 2014).

Previous observations using electron microscopy have
revealed that the paraspeckles are usually detected as elec-
tron-dense, irregular sausage-like structures (Souquere et al.,
2010). Interestingly, Neatl_2 is arranged in an ordered manner
in paraspeckles, with the 5’ and 3’ ends located in the periphery
and the middle of Neat/_2 found in the central paraspeckle re-
gion (Souquere et al., 2010). In addition, the length of the short
axis of paraspeckles is constrained (~360 nm in human cells),
whereas the long axis is quite variable. These observations lead
to the idea that Neatl_2 is radially arranged along the transverse
plane of the sausage-like paraspeckles, providing a structural
scaffold for the assembly of paraspeckle proteins. However, it
remains unclear how protein components of paraspeckles are
arranged in relation to the ordered architectural arrangement of
Neatl_2 transcripts and how sequestered molecules are retained
within paraspeckles. Because the diameter of a paraspeckle is
~300 nm (Souquere et al., 2010), i.e., close to the diffraction
limit of light (~200 nm), it is difficult to examine the fine inter-
nal structures of paraspeckles using conventional light micros-
copy or even confocal laser-scanning microscopy. To overcome
this limitation, several super-resolution techniques based on
different principles have recently become available, including
structured illumination microscopy (SIM), stimulated emission
depletion microscopy, and various localization microscopy
techniques such as stochastic optical reconstruction micros-
copy and photoactivation localization microscopy (Schermelleh
et al., 2010). SIM improves the resolution by a factor of two,
achieving resolution near 100 nm in the xy axis (Gustafsson,
2000). SIM is advantageous for a wide range of fluorescent
dyes that are used for simultaneous multicolor detection and
has been successfully used to elucidate the spatial distribution
of a IncRNA, Xist, and protein components involved in the
formation of the inactive X chromosome (Cerase et al., 2014;

Moindrot et al., 2015). These studies have demonstrated rather
distinct distributions of polycomb complex 2 and Xisz. SHARP,
a transcription factor that has recently been shown to be essen-
tial for X inactivation (Chu et al., 2015; McHugh et al., 2015),
largely overlaps with the distribution of Xist and provides cru-
cial cell biological information that complements the proposed
biochemical model of X chromosome inactivation (Cerase et
al., 2014; Moindrot et al., 2015).

To obtain further insight into the molecular mechanism
of paraspeckles, we performed fine structural analyses of these
nuclear bodies using SIM. SIM observations revealed fine core-
shell spheroidal structures and orderly distributions of proteins
and RNA transcripts along the radially oriented Neat!_2 tran-
scripts. These observations reinforce the proposed sponge func-
tion of paraspeckles and exemplify the utility of super-resolution
microscopy for fine structural analyses of submicron-sized non-
membranous cellular bodies.

To gain insight into the molecular mechanism and function of
paraspeckles, we examined their fine structure using SIM and
compared the spatial relationship between different regions of
Neatl_2 (hereafter, Neatl) and paraspeckle proteins in detail.
For this analysis, we used primary cultures of corpus luteal cells
expressing luteal marker genes (Fig. S1), as the physiological
function of paraspeckles in this cell type has been well docu-
mented in Neat! KO mice (Nakagawa et al., 2014). First, we
performed FISH and simultaneously detected the middle and
the 3’ regions of Neatl using probes that specifically detected
each region (Fig. 1 A). The signals obtained using these probes
largely overlapped when using a conventional epifluorescence
microscope (Fig. 1, B and C). However, a single focus SIM ob-
servation clearly revealed a differential arrangement of the two
regions of Neatl, with the centrally located middle region sur-
rounded by the 3’ region located peripherally, forming a core-
shell spheroidal structure (Fig. 1 C, Fig. 2 B, and Fig. S3). The
characteristic core-shell organization of Neatl was consistent
with previous electron microscopy observations (Souquere et
al., 2010), indicating the validity of SIM for the observation
and study of nuclear bodies. We also confirmed the core-shell
structure using an inverse combination of fluorescent dyes
(Fig. 1 D), suggesting that the layered organization of the two
signals was not an artifact caused by the differential diffraction
limits of the two different wavelengths of the light.

We then compared the distribution of three different re-
gions of Neatl in various combinations to further investigate the
organization of Neat! in a paraspeckle (Fig. 1 E and Fig. 2, A-D).
To reveal the position of the transcription sites, we simultane-
ously detected nascent Neat! transcripts using a probe designed
against the 3’ tail region of Neat! (Fig. 1 A), which produces
unstable short transcripts containing a tRNA-like structure that
served as a cleavage signal for Neat! (Sunwoo et al., 2009). We
typically observed two to three dots/cells with the tail probe,
suggesting that we could successfully visualize the putative tran-
scription sites of Neat1 (Fig. S2). The FISH signals obtained with
the 5 or the 3’ regions of Neat] were always located surround-
ing the middle region of Neatl. However, the signals were not
continuous and frequently interrupted, resulting in a dashed ring
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Figure 1. Core-shell arrangement of Neat1 in paraspeckle
spheres 1. (A) Schematic diagrams of the positions of FISH
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Neor.tai probes that detect differential regions of Neatl. (B and C)
- Simultaneous detection of the middle and 3’ regions of Neat1
using a conventional epifluorescence microscope (Conven-

tional) and SIM. (D) The same FISH image detected with

the converse combination of secondary antibodies as in C.
(E) Comparisons of the differential distribution of each Neat!
region in the paraspeckle spheres. Note that the middle re-
gion is located in the core of the paraspeckles, whereas the 5
and the 3’ regions are located peripherally. Asterisks indicate
the position of the putative transcription site detected with the
Neat]_tail probe. (F) Paraspeckles with a sausage-like shape
that were occasionally detected in the corpus luteal cells. (G)
Histogram of paraspeckles with different shapes (n = 187).
Bars: (B) 5 pm; (C-F) 500 nm.
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(Neatl_5" and Neatl_3' in Fig. 1 E; Fig. 2, A and B; and Fig.
S3). The FISH signals became fairly uninterrupted and formed
a continuous circular ring when these two probes detecting the
ends of Neat! were mixed and detected simultaneously using the
same fluorescent dye (Neat!_5'+3" in Figs. 1 E, 2 C, and S3).
This finding suggested that these two regions were separately as-
sembled into distinct patches and not randomly mixed at the shell
of the paraspeckle spheroids. When the 5" and 3’ regions of Neat!
were simultaneously detected using different fluorescent dyes,
they made an alternate pattern along the surface of each spheroid
(Figs. 1 E, 2 D, and S3). These observations suggested that the
5" and 3’ region of Neatl are separately bundled together and
radially arranged to form spheroidal structures. In some cases,

C O
triplet multiplet

the core-shell structure of paraspeckles was not prominent at
the sites of transcription when visualized by the tail region of
Neatl. This observation suggested that the paraspeckles were in
the process of being assembled (Fig. 1 E), consistent with pre-
vious observations that paraspeckles are formed at transcription
sites (Mao et al., 2011; Shevtsov and Dundr, 2011). Typically,
paraspeckles were detected as separate spheroids, or aggregates
of spheroids. However, they were occasionally fused to generate
a long sausage-like structure (Fig. 1, F and G), as previously
described (Souquere et al., 2010).

Paraspeckles contain >40 proteins that exhibit RNA-bind-
ing properties. We compared the FISH signals with the spatial
distribution of seven of these proteins—Sfpq, Nono, Pspc1, Fus,

Structural analysis of paraspeckle organization
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Figure 2. Core-shell arrangement of Neatl in paraspeckle spheres
Il. Higher magnification SIM images of two of the representative single
paraspeckles stained with the Neatl_mid and the Neatl_5 probe (A),
the Neatl_mid and the Neatl_3' probe (B), the Neatl_mid and the
Neat1_5'+3 probe (C), and the Neatl_3' and the Neatl_ 5 probe (D).
Intensity profiles along the dashed lines (a and b) are shown in the graphs.
Note that the middle region of Neat] is centrally located, and the 5" and
the 3’ regions are distributed in a complementary manner along the shell
of the paraspeckle spheres. Bar, 100 nm.

Rbm14, Brgl, and Tardbp, which were detected by immunohis-
tochemistry after FISH (Figs. 3, 4, and S3). To optimize simulta-
neous detection of RNA and proteins, we omitted the proteinase
K treatment that is commonly included in the FISH protocols
using RNA probes, and this improved protocol well preserves
the epitopes recognized by antibodies against paraspeckle pro-
teins (Fig. S4). Notably, paraspeckle protein components can be
categorized into three groups depending on their position in the
paraspeckle spheroids: the core group, the patch group, and the
shell group. The core group includes Sfpq, Nono, and Pspcl,
all of which are members of the DBHS family of RNA-bind-
ing proteins (Dong et al., 1993; Shav-Tal and Zipori, 2002).
The signals of the core group proteins largely coincided with
the signals from the middle region of Neatl, which was sur-
rounded by a continuous shell as revealed by the Neat!_5'+3’
probe (Fig. 3 A; Fig. 4, A—C; and Fig. S3). Fus was also local-
ized in the core of the spheroids, as detected by an mAb raised
against the C-terminal region of the protein (Fig. 3 A; Fig. 4 D;
and Fig. S3). Proteins in the second group, Rbm14 and Brgl,
formed small patches that were primarily distributed in the core
but also in the shell of the paraspeckle (Fig. 3 A; Fig. 4, E and
F; and Fig. S3). The third group, consisting of only Tardbp, was

predominantly localized at the shell of the paraspeckle. Weak
but significant signals of Tardbp were also detected in the core
of the paraspeckle (Figs. 3 A, Fig. 4 G; and Fig. S3). To compu-
tationally validate the arbitrary classification of the paraspeckle
proteins, we used a pattern-recognition utility called wndchrm,
which enabled the calculation of similarity distances between
groups of images from a large (~2,700) set of features extracted
from each image via a machine learning algorithm (Shamir
et al., 2008). As expected, Sfpq, Nono, Pspcl, and Fus were
grouped in a branch containing the middle region of Neatl,
Rbm14 and Brgl were closely related in a separate branch,
and Tardbp was classified in a branch containing the 5’ and
3’ regions of Neatl (Fig. 3 B). Collectively, the SIM analyses
revealed fine core-shell spheroidal structures of paraspeckles.
Each paraspeckle component was distributed in a distinct posi-
tion in an ordered manner (Fig. 3 C).

Among the proteins that are essential for the formation of
paraspeckles, the category Ib proteins, including Fus, are unique
because the depletion of these proteins does not significantly
affect the levels of Neatl_2, the architectural form of Neatl
(Naganuma et al., 2012; Shelkovnikova et al., 2014). This is
in sharp contrast to the depletion of category la protein (e.g.,
Sfpq or Nono), which leads to a dramatic decrease of Neatl_2
(Naganuma et al., 2012). We thus investigated the structures
formed by Neatl_2 using mouse embryonic fibroblast (MEF)
cells prepared from Fus KO mice (Hicks et al., 2000), which
exhibit neonatal lethality caused by genomic instability. As pre-
viously reported (Prasanth et al., 2005; Nakagawa et al., 2011),
distinct formation of paraspeckles was observed in MEFs pre-
pared from wild-type (WT) embryos. Notably, we occasionally
observed Neatl-positive, paraspeckle-like nuclear bodies pre-
pared from Fus KO mice, revealed by a conventional epifluo-
rescence microscope (Fig. 5, A and B). Thus, we investigated
whether these bodies consisted of the core-shell structure we
observed in the corpus luteal cells using SIM. FISH analyses
using the region-specific Neat! probes revealed the character-
istic core-shell spheroidal structures in the MEFs derived from
WT mice. These structures were indistinguishable from the
paraspeckles in the corpus luteal cells (Fig. 5 C). However, in
the MEFs derived from Fus KO mice, Neat! accumulated at
its putative transcription sites but never formed the core-shell
structure (Fig. 5 C, asterisks indicating putative transcription
sites). Instead, numerous Neat! FISH signals were observed
throughout the nucleoplasm, and the signals for one region of
Neatl were frequently accompanied by those of the other re-
gion (Fig. 5 C, arrowheads). These observations suggested that
Neatl formed a primary unit, but failed to be assembled into
paraspeckles, being released from the putative transcription
sites in the Fus KO MEFs.

Notably, the FISH signals detected by the Neatl_mid
probe were rarely flanked by the signals detected by the
Neatl_5'+3" probe and instead were observed as neighboring
signals (Fig. 5 D), suggesting that Neat! is folded in half, rather
than forming a stretched rod, in these primary units (Fig. 5 D).
Next, we measured the distances between each region of the
Neatl in the primary units released from the putative transcrip-
tion sites. The mean distances between the 5'-3’, the 5'—middle,
and the middle-3’ were 86 + 17, 113 = 19, and 108 + 21 nm,
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Figure 3. Core-shell arrangement of protein components in paraspeckle spheres I. (A) Simultaneous detection of Neatl and seven of the protein compo-
nents of paraspeckles, including Sfpg, Nono, Pspc1, Fus, Rbm14, Brg1, and Tardbp in corpus luteal cells. Note that the paraspeckle proteins are grouped
info the core, patch, and shell components depending on their distribution in the paraspeckles. (B) Dendrogram based on pairwise class-distance matrix
generated using the machine-learning pattern-recognition tool wndchrm. The shell, core, and patch components are grouped into three distinct branches.
(C) A model for the structure of paraspeckles. Neat! folds in half with the 5 and the 3’ regions bundled independently and radially arranged to construct

scaffolds of paraspeckles. Bar, 500 nm.

respectively (n = 50), whereas the mean distance between the
midpoints of the spheroid rings was 353 + 47 nm (n = 30;
Fig. 5 E). These observations suggested that Neat/ folded into a
V-shape, and the 5" and the 3’ regions were bundled separately
and radially assembled into a larger spheroid by Fus (Fig. 5 F).

We next examined the localization of paraspeckle pro-
teins in Fus KO MEFs (Fig. 6 A). The core group proteins Sfpq,
Nono, and Pspcl accumulated at the Neat! putative transcrip-
tion site (Fig. 6 A), suggesting that they were tightly associated
with Neat!l even in the absence of Fus. Similar accumulations
at putative transcription sites were also observed with Tardbp
(Fig. 6 A). However, Brgl and Rbm14, comprising the patch
components, were not enriched at the putative transcription site
(Fig. 6 A), suggesting that Fus stabilized the interaction of these
proteins with nascent Neat! transcripts during the formation
of paraspeckle spheres.

To confirm the function of Fus is conserved in human
cells, we examined the organization of NEAT1 and NONO
in paraspeckles using HAP1 cells that lack the expression
of FUS. Similar to MEFs, the middle region of NEAT1 or
NONO was located in the core of the paraspeckle spheres,
surrounded by the 5" and 3’ regions of NEAT1 located in the
shell (Fig. 6 B). The core-shell structure was disrupted in the
HAP1 cells deleted with FUS (AFUS; Fig. 6 B), suggesting
that human FUS is also required for the highly ordered fine
structure of paraspeckles.

To gain more insight into the properties of Fus, we reintro-
duced full-length or mutant forms of FUS (Fig. 5, C and D) into
MEFs derived from Fus KO mice. As expected, full-length FUS re-
stored the core-shell structure of paraspeckles, whereas this effect
was not observed with mutant molecules that lack N'-located pri-
on-like domain (PrLLD) of FUS (NA; Fig. 6 E), which was consistent
with a previous finding that PrLLD is essential for the paraspeckle
formation (Shelkovnikova et al., 2014). We also found that the C’
located RNA binding region including the arginine (R)-glycine-gly-
cine domains and RNA recognition motifs is also required for the
assembly of Neatl RNPs into paraspeckle spheroids (CA; Fig. 5 E).

We then examined the localization of this protein using
another antibody that specifically recognizes epitopes in the
PrLLD of Fus at the N-terminal region of this protein (Fig. 6, F
and G). Interestingly, the signals obtained using this antibody
largely differed from the signals detected using the mAb rec-
ognizing the C-terminal region of Fus. The N-terminal signals
were observed as discrete dots distributed within and around
the areas revealed by the antibody recognizing the C terminus
of Fus (Fig. 6 C). These observations suggested that the N-ter-
minal regions of Fus were pinned into small areas surrounded
by the C-terminal regions of this protein. Alternatively, the ac-
cess of the antibody to the epitope located in the N-terminal
PrLD was prevented by the formation of a hydrogel, which has
been proposed to play essential roles in the formation of RNA-
containing nuclear bodies (Han et al., 2012; Kato et al., 2012).

Structural analysis of paraspeckle organization
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Figure 4. Core-shell arrangement of protein components in paraspeckle spheres Il. Higher magnification SIM images of two of the representative single
paraspeckles stained with the Neat! 5'+3' probe and Sfpq (A), Nono (B), Pspc1 (C), Fus (D), Rom14 (E), Brg1 (F), and Tardbp (G). Intensity profiles along
the dashed lines (a and b) are shown in the graphs next to the images. Bar, 100 nm.

Although the protein components of paraspeckles are
well-characterized, limited information is available regarding
their RNA components. To systematically identify RNA mol-
ecules that associated with paraspeckles, we purified the RNP
complexes of Neat! using a method termed capture hybridiza-
tion analysis of RNA targets (CHART; Fig. 7 A), which was
originally developed to identify the genomic binding sites of
particular IncRNAs using antisense oligonucleotides designed
against particular IncRNAs (Simon et al., 2011, 2013; West et

, 2014). We used oligonucleotides designed against the 5’
region of Neat! (Fig. 7 B) because this region was the most
sensitive to RNaseH digestion upon addition of the antisense
oligonucleotides and was therefore expected to be accessible
during the CHART purification (West et al., 2014). The Neatl
RNPs were purified from primary cultures of corpus luteal cells
using two different sets of antisense oligonucleotides. The co-
purified RNAs were subsequently analyzed using a massively
parallel sequencing (RNA sequencing) (Fig. 7 A). The 5’ region
of Neatl was predominantly enriched by CHART purification
(Fig. 7 B), suggesting that partial RNP fragments and not the
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Figure 5. Fus is required for the assembly of the

core-shell structure of paraspeckles. (A) Simultaneous
detection of Fus and Neat] in a mixture of MEFs pre-
pared from WT and Fus KO mice using a conven-
tional epifluorescence microscope (Conventional).
Yellow boxes indicate the areas shown at a higher
magnification in B. Note that Neat] forms discrete nu-
clear body-like structures in Fus KO MEFs. (B) Higher
magnification images shown in yellow boxes in A. (C)
SIM observation of Neatl in WT and Fus KO MEFs
using the region-specific probes. Note that the char-
acteristic core-shell structure was not observed in the
Fus KO MEFs. Asterisks indicate the position of the
putative transcription sites detected with the Neat]

tail probe. Arrowheads indicate Neat! primary units
containing both of the detected regions of NeatI. (D)
Models of the Neat! primary unit and higher mag-
nification images of FISH signals obtained with the
Neat]_5+3 probe in Fus KO MEFs. Note the close
association of the two signals. (E) Measurement of the
distance between the two different regions of Neat]
in Fus KO MEFs. Note that the distance between the
5’ and 3’ region of Neat! is shorter than the distance
between the 5’ and the middle or the middle and the
3’ regions of Neat]. The median is indicated with a
horizontal line in a box that represents the first and
third quartiles. Outliers are indicated as circles, and
the maximum and minimums are indicated at the end
of the whiskers. Each dot represents each signal of
Neatl particle. (F) A model of the organization of
Neat] in paraspeckle spheres. Bars: (A) 10 pm; (B) 1
pm; (C) 500 nm; (D) 100 nm.
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entire paraspeckle were recovered using this method. Interest-
ingly, the 3’ region of Neat] was also enriched to some extent by
the CHART purification (Fig. 7 B), which was consistent with
the aforementioned observation that the 5’ and the 3’ regions
of Neatl constitute the shell of the paraspeckle (Figs. 3 C and
5 F). We subsequently selected candidate RNA transcripts that
were copurified with both of the two different sets of antisense
oligonucleotide conditions (Fig. 7, C and D; Fig. S5; and Tables
S1 and S2) to avoid artificial purification of specific RNA mole-
cules via direct binding of the oligonucleotide to complementary
sequences regardless of paraspeckles. These analyses revealed
that two different types of RNA transcripts—spliced mRNAs,
such as Trim44 and Numal, and specific introns of particular

genes, such as the third intron of Actr3 and the first intron of
Prss35—copurified with Neat! (Fig. 7, C and D; and Fig. S5).
Interestingly, Multiple Em for Motif Elicitation (MEME) analy-
ses revealed that all CHART-enriched RNAs contained AG-rich
sequence motifs that were arranged in tandem (Fig. 7, E and F).
No other features, including exon—intron organization or chro-
mosomal positions, were shared between the CHART-enriched
RNAs. To confirm the paraspeckle localization of the first intron
of Prss35, one of these candidate paraspeckle-enriched RNAs in
corpus luteal cells, we performed FISH using probes designed
to detect the sequences located outside the AG-rich sequence
motifs. Conventional microscopic observation revealed that
subpopulation of the Prss35 signals was overlapped with Neatl

Structural analysis of paraspeckle organization
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Figure 6. Fus-independent and dependent recruitment of paraspeckle proteins. (A) Simultaneous detection of Neatl and seven of the protein components
of paraspeckles, including Sfpg, Nono, Pspc1, Fus, Rbm14, Brg1, and Tardbp, in MEFs derived from WT and Fus KO mice. Note that DBHS family proteins
(Sfpg, Nono, and Pspc1) and Tardbp, but not Rbm14 and Brg1, are recruited to the putative transcription site in the absence of Fus. Arrowheads indicate
paraspeckle-like nuclear bodies formed at the putative Neat! transcription site in Fus KO MEFs. (B) Simultaneous detection of various forms of NEAT1
and NONO in HAP1 cells and FUS-deleted HAP1 cells (AFUS HAP1). Probes used to detect NEAT1 are shown in the top boxes. (C) Schematic drawing
of fulllength and mutant FUS protein exogenously expressed by lentiviruses. AN FUS lack the PrlD and AC FUS lack the RNA binding domains including
RNA recognition motifs (RRM) and arginine (R)-glycine-glycine domain (RGG) as well as zinc finger domain (ZF). (D) Western blot analyses of lysate from
the cells infected with control EGFP (C), full-length FUS (FL), AN FUS (AN), and AC FUS (AC). Note that migration of FL and AN are much slower than
predicted molecular mass (57 and 35 kD, respectively), probably because of the presence of PrLD in these molecules. (E) Simultaneous detection of Neat]
5+3 and Nono in Fus KO MEFs expressing various forms of FUS protein. Note that the core-shell structure of paraspeckles was rescued with FL FUS, but
not with mutant molecules that lack either PrLD or RNA binding domains. (F) Confirmation of the specificity of polyclonal [Fus (poly)] and monoclonal (Fus)
antibodies against Fus. Mixtures of MEFs derived from WT and KO mice of Fus were stained with each antibody. Note the complete absence of signals
in the Fus KO MEFs (arrowheads). The positions of the epitope of these antibodies are shown in the schematic drawing of the domain structure of Fus.

(G) Simultaneous detection of Fus using polyclonal antibodies and mAbs that recognize the N- and Cterminal region of the protein, respectively. Bars: (A,
B, E, and G) 500 nm; (F) 200 pm.
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Figure 7. Identification of novel paraspeckle RNA components by CHART RNAseq. (A) Schematic cartoon showing the CHART purification of paraspeckle

fragments. The Neatl complexes were purified using antisense oligonucleotides, and copurified RNAs were analyzed by RNAseq. (B) Schematic of the
Neat] locus showing the position of the oligonucleotide sets (oligos_A and oligos_B) used for the CHART purification and mapped reads of the input and
CHART-purified RNAs. The scales are automatically adjusted in the top panel and adjusted to a distinct value (0-2,000) in the bottom panel. Note that
the 5’ region of Neat! is predominantly enriched by the CHART purification, whereas the 3’ region is also moderately enriched by both oligonucleotide
sefs. Mapping of CHART-enriched RNAseq reads at the genomic loci of Trim44, Numal, Actr3, and Prss35. Note that the reads are mapped to exons in
Trim44 and Numal (C), whereas they are mapped to the third and the first infron of Actr3 and Prss35, respectively (D). MEME-identified AG-rich sequence
motifs and their distribution along the exon-enriched (E) and intron-enriched (F) genes. Partial regions of each intron containing the AG-rich motifs are

shown in F. Bar, 500 nm.

(Fig. 8, A and B, left), suggesting that they were indeed en-
riched in the paraspeckles. In contrast, the signals obtained with
probes that detect exons of Prss35 did not coincide with Neatl
(Fig. 8, A and B, right), suggesting that spliced introns, but not
pre-mRNAs, were enriched in the paraspeckles. Subsequently,
we analyzed the distribution of the AG-rich motif-containing
transcripts in corpus luteal cells using SIM. Notably, all of the
AG-rich RNAs localized at the shell of the paraspeckle spheres,
as revealed by the Neatl_5'+3" probe (Fig. 8, C and D; and
Fig. S5). The signals of the AG-rich RNAs were discontinuous,
observed as dots and aligned along the surface of the paraspeck-
les (Fig. 8, C and D; and Fig. S5). As shown in Fig. 8§ A, we
noticed only a subpopulation of AG-rich RNAs was colocal-
ized to paraspeckles, suggesting that the paraspeckles did not
entirely sequester these target RNAs but rather trapped them

when they were encountered in the nucleoplasm. Consistent
with this hypothesis, we could not detect significant changes in
the amount of CHART-enriched AG-rich RNAs in the nuclear
or cytoplasmic fractions of the corpus luteal cells prepared from
Neatl KO mice (Fig. 8 E).

We have demonstrated that paraspeckles consist of core-shell
structures in which protein and RNA components are regularly
arranged in characteristic spheroidal structures. These findings
represent a significant extension to previous electron micros-
copy observations (Souquere et al., 2010). We newly found that:
(a) paraspeckles consist of stretches or aggregates of spheroids

Structural analysis of paraspeckle organization
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Figure 8. FISH analyses of the localization of paraspeckle-enriched AG-rich RNAs. (A and B) Simultaneous detection of Neat1 and the exons and the first
intron of Prss35 in corpus luteal cells using confocal microscopy. A single optical section image is shown. Note that subpopulation of Prss35 intron signals
colocalized with Neat1-positive paraspeckles, whereas exon signals were mostly observed in the cytoplasm and did not coincide with the Neat1 signals.
Intensity profiles along the yellow dashed line are shown in B. Dashed white curving lines indicate position of the nucleus. Note that the bright round signals
in the cytoplasm are derived from autofluorescence of lipid droplets, some of which are shown by asterisks and are clearly identifiable in a different channel
overexposed for Neat1 signals. Bar, 10 pm. (C and D) Simultaneous detection of AG-rich RNA and Neat]_5'+3' in corpus luteal cells using SIM. Intensity
profiles along the dashed line are shown in the graphs adjacent to the images. Bars, 500 nm. (E) Box and whisker plots showing the expression of Neat1
and AG-rich RNAs in the cytoplasm (cyto) or nucleus (nuc) of corpus luteal cells from WT and Neat! KO mice. The median is indicated with a horizontal
line in a box that represents the first and the third quartiles. Outliers are indicated as circles, and the maximum and the minimums are indicated at the end
of the whiskers. Each blue dot represents a sample from an individual mouse.

that occasionally fuse to form sausage-like structures; (b) the
5" and 3’ regions of Neatl are distinct in paraspeckle shells,
suggesting bundles of Neatl RNAs; and (c) paraspeckle spher-
oid cores consisting of DBHS family proteins are separated
from the nucleoplasm by paraspeckle shells containing the 5’
and 3’ regions of Neatl and Tardbp, occasionally bridged by
patches of Rbm14 and Brgl. Importantly, paraspeckles have
been proposed to function as a molecular sponge to indirectly
regulate target gene expression; this is achieved by sequestering
Sfpq that serves as a negative or positive regulator of transcrip-
tion in different contexts (Hirose et al., 2014; Imamura et al.,
2014). In this study, the observed internal localization of Sfpq
in paraspeckle spheres is consistent with the proposed sponge

function of paraspeckles. In addition, proteins that are essen-
tial for the structural maintenance of paraspeckles (categories
Ta and Ib in Naganuma et al., 2012) are localized to the core or
patches, but not the shell of the paraspeckles, suggesting that
the former components play architectural roles, whereas the
shell components associates with nucleoplasmic components to
fulfill their function. Given that the core-shell structure of the
paraspeckle sphere is functionally important, the ordered struc-
ture might be used as a marker of functional paraspeckles. We
observed a disrupted organization of Neat! in the MEFs derived
from the Fus KO mice. However, the Neatl transcripts were
observed to form aggregates containing DBHS family proteins.
It would be interesting to determine whether paraspeckles could
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preserve the characteristic core-shell structures in certain ab-
normal conditions, such as in cancerous cells.

Recent advances in sequencing technology, such as
high-throughput sequencing of RNA isolated by cross-linking
immunoprecipitation (CLIP), has enabled the identification of
RNA sequences that associate with particular proteins of inter-
est. The genome-wide CLIP-sequencing (CLIP-seq) data for
certain paraspeckle proteins are available in public databases,
including those for Tardbp and Fus. Interestingly, the highest
peaks for the Tardbp binding sites have been found at the 5" and
3’ regions of Neatl (Polymenidou et al., 2011; Tollervey et al.,
2011), consistent with the strong Tardbp signals in paraspeckle
sphere shells observed by SIM. In the case of Fus, the CLIP-
seq signals have been rather uniformly observed throughout the
Neatl_1 transcript with a bias for the 5’ region of Neatl (Hoell
et al., 2011; Lagier-Tourenne et al., 2012; Rogelj et al., 2012).
However, these data were obtained from brain tissues, which
do not express high levels of Neat/_2 and thus lack paraspeck-
les (Nakagawa et al., 2011). Because Fus is recruited to RNA
polymerase II during transcription (Schwartz et al., 2012), these
CLIP-seq reads may have been derived from nascent Neat! in
the high-throughput sequencing of RNA isolated by CLIP anal-
yses. Alternatively, based on our recent observations that Neat !
is extremely insoluble even in highly denaturing solution used
for RNA extraction, such as TRIzol (Thermo Fisher Scientific;
unpublished data), the Fus-bound Neat! transcripts embedded
in the core of the paraspeckles may not be solubilized in the
CLIP buffer and thus are not represented in the CLIP data. Re-
gardless of the mechanism, it would be informative to compare
the results obtained using biochemical approaches, such as
CLIP-seq, with the spatial information obtained by SIM obser-
vations to validate our model in the same cell type.

Although we have found that miscellaneous AG-rich tran-
scripts associate with paraspeckles, their physiological signifi-
cance (e.g., their architectural role in the formation of paraspeckle
spheres) remains unknown. We have confirmed the paraspeckle
localization of the 16 highest CHART-enriched AG-rich tran-
scripts, all of which, excluding Mrpl11, are transcribed in trans
from chromosomes without Neatl. Because paraspeckles are
constructed at the transcription site of Neatl, the AG-rich RNAs
transcribed from genomic loci distinct from the Neat! locus are
not likely involved in the active formation of paraspeckles. We
also failed to detect any significant changes in the subcellular
distribution of the AG-rich transcripts in Neat! KO corpus lu-
teal cells that lack paraspeckles, at least under normal culture
conditions. It would be intriguing to examine whether certain
environmental stresses affect the fate of AG-rich transcripts in a
manner dependent on the formation of paraspeckles.

Previously, paraspeckles have been proposed to be en-
riched in hyper A-to-I-edited transcripts containing inverted
repeat insertions (Prasanth et al., 2005; Clemson et al., 2009).
However, these transcripts were not enriched by our CHART
purification, and indeed are not highly expressed in these mu-
rine corpus luteal cells (unpublished data). Because we designed
the oligonucleotides against the 5’ regions of Neatl, it is also
possible that the hyper A-to-I edited RNA was associated with
the core of the paraspeckles but not with the shell component of
the paraspeckles (including the 5’ region of NeatI). Indeed, the
5’ region of Neat! was predominantly enriched by the CHART
purification, whereas the central region of Neat! was rarely re-
covered. CHART purification using different antisense oligo-
nucleotides designed against various regions of Neat! would

likely further reveal the subdomain organization of paraspeck-
les, similarly to the elucidation of the module structure of roX1
and roX2 using ChIRP, a comparable technique (Quinn et al.,
2014). To further clarify these points, future studies should be
designed to develop new methods to isolate entire paraspeckles
and not partial fragments of Neat!.

Several nonmembranous cellular bodies were initially
described by electron microscopy and have been subsequently
confirmed by the localization of specific proteins or nucleic acids
(Spector, 2006). The sizes of these cellular bodies are typically
at submicron levels, and hence it is difficult to investigate fine
internal structures using conventional light microscopy. The
emergence of super-resolution microscopy has enabled the rapid
observations of internal structures of cellular bodies by simulta-
neous detection and comparison of the signals of each compo-
nent within the bodies. Recently, super-resolution observations
of nuclear speckles have revealed ordered internal structures con-
taining an IncRNA, Malatl, and Srsfl protein (Prasanth, K.V.,
personal communication), further confirming the usefulness of
this technology for fine structural analyses of cellular bodies.
Notably, many of these cellular bodies contain specific sets of
RNA molecules (Spector, 2006). Because the visualization of
different regions of RNA molecules is feasible using region-
specific FISH probes, the combination of FISH detection and
super-resolution microscopy will provide an extremely useful
tool for the structural analyses of cellular bodies as long as cer-
tain RNA molecules are regularly arranged, as is the case for
paraspeckles. These techniques can be applied for the obser-
vation of other RNA-containing bodies, including polycomb
bodies, Cajal bodies, P-bodies, and Nuage in germ cells.

All experiments using animals and recombinant DNA were approved
by the safety division of RIKEN. Nucleotide sequences for primers and
oligonucleotides are shown in Table S3.

Cell culture

To prepare a primary culture of corpus luteal cells, female mice be-
tween the ages of 3 to 4 wk were injected with 5 IU PMSG. The ova-
ries of mice sacrificed by cervical dislocation were dissected 48 h after
injection. The granulosa cells were recovered by squeezing the ovaries
through a cell strainer (100-um mesh size; Falcon; Corning) using the
plunger of a 1-ml syringe in culture medium (1:1 mixture of DMEM
and Ham’s F12 supplemented with penicillin/streptomycin, 10% FBS,
and B27; Gibco) seeded onto a 12-well plate. We typically plated gran-
ulosa cells from one individual mouse (two ovaries) into 4 wells of the
12-well plate. After 48 h, forskolin was added at a concentration of
10 pg/ml to induce the differentiation of corpus luteal cells. The culture
was maintained for 48 h before fixation. MEFs were prepared from
WT or Fus KO embryos (embryonic day 14.5; Hicks et al., 2000) and
cultured in a 1:1 mixture of DMEM and Ham’s F12 supplemented with
penicillin/streptomycin. HAP1 cells and mutant HAP1 cells that lack
the expression of FUS are obtained from Horizon Genomics, and they
were cultured in Iscove’s Modified Dulbecco’s Medium in the presence
of 10% FCS and penicillin/streptomycin.

Generation of FUS-expressing retroviruses

Retrovirus vectors expressing full-length or mutant FUS molecules
that lack the PrLLD or RNA-binding regions were generated using Vira-
Power Lentiviral Expression System (Invitrogen) according to the

Structural analysis of paraspeckle organization
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manufacturer's instructions. In brief, full-length FUS with N-termi-
nal-tagged FLAG sequences were amplified by PCR from plasmid
vector containing FLAG-FUS and subcloned into pENTR (Invitrogen)
to generate pENTR-FUS. Mutant molecules were generated using
primer sequences that are designed to delete 3-267 and 285-500 of
FUS to generate pENTR AN FUS and pENTR AC FUS, respectively.
After cloning into pLenti6/V5-DEST, the expression vector together
with helper plasmids were transfected into 293 cells using Fugene
(Promega). Culture supernatants containing the virus were collected
72 h after the transfection. To infect MEF cells, cells (0.5 x 10*) were
cultured in 0.5 ml undiluted virus solution for 9 h and further cultured
for 48 h in a fresh culture medium. Basically, all of the cells expressed
the tagged FUS proteins under this condition.

FISH

FISH was performed as previously described (Mito et al., 2016). In
brief, 0.17-mm-thick coverslips were washed in detergent using an
ultrasonic washer and coated with 0.5 mg/ml poly-L-lysine overnight
at 4°C. After washing three times with distilled water, the coverslips
were coated with 0.1% gelatin for 5 min at room temperature, washed
once with distilled water, and then placed into 12-well plates before
seeding with cells. Cells on the coverslips were fixed in 4% PFA in
a Ca?*- and Mg**-free saline buffered with Hepes (HCMF; pH 7.4) at
room temperature for 10 min, washed twice with PBS, and permea-
bilized in 0.1% Triton X-100 (35501-15; Nacalai Tesque) in PBS for
10 min. After washing with PBS, the cells were incubated in a pre-
hybridization buffer for 2 h and hybridized with digoxigenin (DIG),
FITC, or biotin-labeled RNA probes diluted in hybridization buffer
at 5-10 pug/ml overnight at 55°C. After hybridization, the cells were
washed twice with 55% formamide/2x SSC for 30 min, treated with
1 pg/ml RNaseA in buffer (500 mM NaCl, 10 mM Tris [pH 8], and
1 mM EDTA) for 1 h at 37°C, washed twice with 2x SSC at 55°C for
30 min, and washed twice with 0.2x SSC at 55°C for 30 min. The hy-
bridized probes were immunohistochemically detected using primary
antibodies against DIG (anti-DIG mouse monoclonal [21H8] antibody;
420; Abcam), FITC (anti-FITC rabbit polyclonal antibody; ab19491;
Abcam), and secondary antibodies (Cy3-conjugated anti-mouse IgG,
AP124C; Merck Millipore; and Cy2-conjugated anti-mouse IgG,
ab6944; Abcam). Biotin-labeled probes were directly detected using
CyS5-labeled streptavidin (PA45001; GE Healthcare). For the simul-
taneous detection of paraspeckle proteins, the following antibodies
were used: mouse mAb against Sfpq (clone B92; Abcam), mouse mAb
against Nono (Souquere et al., 2010), mouse mAb against Pspcl (clone
1L4; Sigma-Aldrich), mouse mAb against Fus (clone 4H11; Santa
Cruz Biotechnology, Inc.), rabbit polyclonal antibody against Fus
(ab84078; Abcam), rabbit polyclonal antibody against Brgl (A300-
813A; Bethyl Laboratories, Inc.), rabbit polyclonal antibody against
Tardbp (10782-2-AP; Proteintech), and rabbit polyclonal antibody
against Rbm14 (A300-311A; Bethyl Laboratories, Inc.). The stained
samples were postfixed in 4% PFA in HCMF for 10 min at room tem-
perature, washed with PBS, and mounted in 97% 2,2’-thiodiethanol
containing 2% 1,4-diazabicyclo[2.2.2]octane. For the calibration of
multicolor signals, TetraSpeck beads (T7280; Thermo Fisher Scien-
tific) were added at a ratio of 1:100 in the mounting medium.

SIM observations and image processing

The SIM images were obtained using an Elyra system with 100x objec-
tive lens (NA 1.46; ZEISS) as previously described (Mito et al., 2016).
To observe paraspeckles, 20 of the Z-series images were obtained at
100-nm intervals, and the SIM images were calculated using default
settings with theoretically predicted point spread function parameters.
To align the multicolor images, an alignment file was generated for each

sample (e.g., each glass slide). The SIM images were discarded when
one of the channels of the multicolor images was obviously shifted in
one direction even after channel alignment. To classify the Neat! sig-
nals, 20 equivalently sized (30 x 30 pixels) paraspeckle sphere images
were cropped from single-focus Z sections and analyzed using wnd-
chrm. A distance tree was drawn according to the similarity distance
matrix calculated by wndchrm.

CHART purification and RNA sequencing

3% formaldehyde cross-linked and sonicated nuclear extracts were
prepared as previously described (Simon et al., 2011; Davis and West,
2015). The extracts were then incubated with Neat! or control capture
oligonucleotide cocktails and hybridized overnight. The hybridized
material was captured with magnetic streptavidin resin (Invitrogen).
Bound materials were washed and eluted with RNase H (New England
Biolabs, Inc.) as previously described (West et al., 2014; Davis and
West, 2015). To prepare RNA from the CHART-enriched material, two
consecutive phenol/chloroform/isoamyl alcohol washes followed by
two chloroform/isoamy]l alcohol rinses were performed. Subsequently,
RNA was ethanol precipitated and resuspended in 100 ul water. RNA
was further rinsed and concentrated using an RNA Clean and Con-
centration kit according to the manufacturer’s instructions (Zymo Re-
search). Resuspended RNA was subsequently used for downstream
analyses. After purification with RNA Clean XP (Beckman Coulter),
they were quantified with Qubit RNA HS Assay kit (Thermo Fisher
Scientific) on a Qubit Fluorometer (Thermo Fisher Scientific). These
enriched RNAs (22.2 ng for each, based on the measurement with
Qubit), together with nonenriched input RNA (222 ng), were indi-
vidually subject to library preparation with the TruSeq RNA Sample
Prep kit v2 (Illumina). Library preparation was processed following the
manufacturer’s instruction until adapter ligation, except that the initial
step for poly-A selection was skipped. After the adapter ligation, the
optimal number of PCR cycles for each library was estimated using
an aliquot (3 pl) of the product from the previous step with the Real-
Time Library Amplification kit (Kapa Biosystems, Inc.). The rest of
the adapter-ligated DNA was amplified with seven PCR cycles for the
enriched samples and five cycles for the input sample. The amplifica-
tion products were sequenced in a single lane on a HiSeq 1000 (Illu-
mina) in the High Output mode with the proportion of 1:1:2 in molar
quantity for oligo_A—enriched, oligo_B—enriched, and input samples,
respectively. The sequencing was performed using TruSeq SR Clus-
ter kit v3-cBot-HS (Illumina) and TruSeq SBS kit v3-HS (50 cycle;
Illumina) with 51 SBS cycles to produce single reads. Image analysis
and base calling were processed with the standard Illumina software
consisting of HiSeq Control Software version 1.5.15.1 and Real-Time
Analysis version 1.13.48.

Data analyses of CHART RNA sequencing

Low-quality reads were removed using FASTQ Quality Filter (80%
of bases are above quality 25), and unique reads were mapped onto
the mouse genome assembly mm9 using TopHat version 2.0.4 using
GTF and bowtie index files downloaded from iGenome (http://support
.illumina.com/sequencing/sequencing_software/igenome.html). The
BED file for intron sequences were obtained using the table browser
of the University of California Santa Cruz Genome Bioinformatics site
(http://genome.ucsc.edu/index.html). The read counts were calculated
using Cufflinks for Refseq genes and HTseq for intron regions. To select
candidate introns, genes were filtered by the number of read counts
(>2,000) and the fold change compared with input sample (>2.5), for
both oligo_A- and oligo_B-purified samples. Among 69 genes that
satisfied these criteria, 8 genes were arbitrarily selected and used for
subsequent FISH analyses (Table S1, sheet Selected candidates). To
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select candidate Refseq genes, genes were filtered by the fold change
compared with input samples (>9.9), and 8 genes were randomly
selected for subsequent FISH analyses among the top 100 genes that
were most highly enriched (Table S2, sheet Selected mRNAs). To
identify enriched motifs, MEME analyses (http://meme-suite.org/tools
/meme) were performed using full-length cDNA sequences for exon-
enriched genes and sequences of each intron containing the peak of the
mapped reads for intron-enriched genes.

The sequencing data have been deposited in the DNA Data Bank
of Japan under accession no. DRA004262.

Online supplemental material

Fig. S1 shows marker expression in primary cultures of corpus luteal
cells. Fig. S2 shows detection of putative transcription sites by Neat!
tail probe. Fig. S3 shows series of optical sections of paraspeckles.
Fig. S4 shows immunohistochemical detection of paraspeckle
proteins before and after the FISH treatment. Fig. S5 shows mapping
of RNA sequencing reads and the shell-distribution of CHART-
enriched AG-rich RNAs. Table S1 is a list of the number of CHART
RNA sequencing (RNAseq) reads mapped to introns of Refseq genes.
Table S2 is a list of the number of CHART RNAseq reads mapped
to mRNAs of Refseq genes. Table S3 is a list of primers and
oligonucleotides used in this study. Online supplemental material is
available at http://www.jcb.org/cgi/content/full/jcb.201601071/DCI1.
Additional data are available in the JCB DataViewer at http://dx.doi
.org/10.1083/jcb.201601071.dv.
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