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ABSTRACT

Paraspeckles are mammalian-specific nuclear bodies built on the long noncoding RNA NEAT1_2. The molecular mecha-
nisms of paraspeckle formation have been mainly studied using human or mouse cells, and it is not known if the same mo-
lecular components are involved in the formation of paraspeckles in other mammalian species. We thus investigated the
expression pattern of NEAT1_2 in naked mole-rats (nNEAT1_2), which exhibit extreme longevity and lower susceptibility
to cancer. In the intestine, nNEAT1_2 is widely expressed along the entire intestinal epithelium, which is different from the
expression of mNeat1_2 that is restricted to the cells of the distal tip in mice. Notably, the expression of FUS, a FET family
RNA binding protein, essential for the formation of paraspeckles both in humans and mice, was absent in the distal part of
the intestinal epithelium in naked mole-rats. Instead, mRNAs of other FET family proteins EWSR1 and TAF15 were ex-
pressed in the distal region. Exogenous expression of these proteins in Fus-deficient murine embryonic fibroblast cells res-
cued the formation of paraspeckles. These observations suggest that nNEAT1_2 recruits a different set of RNA binding
proteins in a cell type-specific manner during the formation of paraspeckles in different organisms.
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INTRODUCTION

A large number of noncoding RNAs are transcribed from
the genomes of higher eukaryotes, constituting a signifi-
cant portion of the transcriptional output (Clark et al.
2011; Djebali et al. 2012). Noncoding RNA transcripts lon-
ger than 200 nt are collectively called long noncoding
RNAs (lncRNAs), and a series of studies revealed that
they are functionally divided into several groups (for re-
views, see Kopp and Mendell 2018; Ali and Grote 2020;

Gil and Ulitsky 2020; Nakagawa et al. 2021; Statello et al.
2021). One group of lncRNAs are epigenetic regulators
that control gene expression via association with chroma-
tin modifying complexes in cis or trans (for reviews, see
Ali and Grote 2020; Gil and Ulitsky 2020; Statello et al.
2021). Others function as molecular sponges that seques-
ter associating RNA binding proteins or microRNAs and
negatively regulate their function (for review, see Kopp
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and Mendell 2018). Architectural RNAs (arcRNAs) are an
emerging group of lncRNAs that serve as a structural com-
ponent of submicron-scale nonmembranous organelles,
which are often referred to as molecular condensates (for
review, see Nakagawa et al. 2021).
MALAT1 andNEAT1 are highly abundant lncRNAs,which

are locatedat the samesyntenic chromosomal regions in hu-
mansandmice (Hutchinsonetal. 2007).MALAT1 is localized
to nuclear speckles that are enriched in splicing regulators
such as SR proteins and UsnRNPs. WhileMALAT1 is not re-
quired for the formation of nuclear speckles (Eissmann et al.
2012; Nakagawa et al. 2012; Zhang et al. 2012), it has been
proposed to regulate pre-mRNA splicing via association
with splicing regulators (Tripathi et al. 2010). NEAT1 is the
most extensively studied arcRNA that plays an essential
role tobuildmammalian-specific nuclearbodies calledpara-
speckles (for reviews, see Fox et al. 2018; Nakagawa et al.
2018), which were originally defined as nuclear bodies en-
riched in theRNAbindingproteinPSPC1and2 (paraspeckle
protein 1 and 2) (Fox et al. 2002). Two isoforms of NEAT1,
NEAT1_1 andNEAT1_2 are transcribed from the same pro-
moter, and the longer isoform NEAT1_2 plays the architec-
tural role, whereas NEAT1_1 alone cannot induce the
formation of paraspeckles (Sasaki et al. 2009; Naganuma
et al. 2012; Li et al. 2017; Isobe et al. 2020). Paraspeckles
contain more than 30 RNA binding proteins (Naganuma
et al. 2012; Fong et al. 2013), which are radially arranged
to form spheres with characteristic core-shell structure (Sou-
quere et al. 2010; West et al. 2016). A group of paraspeckle
proteins includingNONOandFUSare indispensable for the
formationofparaspeckles (Naganumaetal. 2012;Westetal.
2016). Many of these essential paraspeckle proteins contain
distinct intrinsically disordered regions or prion-like do-
mains, which undergo phase transition in vitro to form a hy-
drogel (Hennig et al. 2015).NEAT1 induces the formation of
phase-separated condensates by recruiting paraspeckle
proteins onto distinct regions of its transcript (Yamazaki
et al. 2018). Paraspeckle spheres fuse to form sausage- or
tube-like structures with distinct radial diameters, suggest-
ing that they behave as flexible block copolymer micelles
rather than rigid complexeswithcomponents strictly located
at specific positions (Yamazaki et al. 2021).
Paraspeckles are ubiquitously observed in most cultured

cell lines (for reviews, see Fox et al. 2018; Nakagawa et al.
2018), with a fewexceptions such as ES cells that do not ex-
press enough NEAT1_2 (Modic et al. 2019). On the other
hand, prominent expressions of Neat1_2 in mice
(mNeat1_2) are restricted to a subset of particular cell
types, including distal tip cells of intestinal epithelium
and corpus luteal cells in female ovaries (Nakagawa et al.
2011; Isobeet al. 2020).mNeat1 knockoutmice exhibit var-
ious phenotypes including decreased fertility and impaired
mammary tract formation in female animals (Nakagawa
et al. 2014; Standaert et al. 2014); however, the penetrance
of the subfertile phenotype is around 50% and is variable

even in the same individuals (Nakagawa et al. 2014). In ad-
dition, the lackofmNeat1 results in an increase or decrease
in tumorigenesis in different tumor models, although the
expression of mNeat1 is under the control of the p53 path-
way in both cases (Adriaens et al. 2016; Mello et al. 2017).
These observations suggest that mNeat1 plays a physio-
logical role in a condition- or context-dependent manner
in different cell types or experimental models (for review,
see Nakagawa et al. 2018).
Given Neat1 expression and paraspeckle formation in

tissues of living animals have been mostly studied in
mice, it is possible that the molecular components of para-
speckles that associate withNeat1 could vary between dif-
ferent mammalian species. To investigate the molecular
conservation of paraspeckle components between spe-
cies, here we studied the expression pattern of NEAT1 in
nakedmole-rats (nNEAT1), an animal characterized by lon-
gevity and low susceptibility to cancer formation (for re-
view, see Buffenstein et al. 2022). We found characteristic
expression of nNEAT1_2 in the intestinal epithelium of na-
ked mole-rats, however this was observed throughout the
entire length of the intestinal epithelium, unlike the restrict-
ed expression in mice. In addition, nFUS, an essential RNA
binding protein needed to form paraspeckles, was absent
in the distal part of intestinal epithelium in naked mole-
rats. Instead,mRNAs of nEWSR1 and nTAF15were broadly
expressed throughout the epithelium, suggesting that the
FET family proteins substitute for the function of nFUS to
form paraspeckles in the distal regions of intestinal epithe-
lium in naked mole-rats. These observations suggest that
paraspeckle components are variable between species,
raising a possibility of species-specific function of para-
speckles in certain tissues or cell types.

RESULTS

Identification of MALAT1 and NEAT1 in naked
mole-rats

To gain insight into the role of lncRNA in naked mole-rats,
we initially tried to identify MALAT1 and NEAT1, two of
themost abundant lncRNAs, whose genes are adjacently lo-
cated in the human and mouse genome (Hutchinson et al.
2007). We performed RNA-seq analyses using RNAs ob-
tained from naked mole-rat skin fibroblast cells (NS-fibro-
blasts), and found that a large number of reads were
mapped to two distinct regions in the assembly JH602080
of the naked mole-rat genome (hetGla2), flanked by
SCYL1 and FRMD8 (Fig. 1A), which corresponds to a region
syntenic to human chromosome 11 and mouse chromo-
some 19 containing the two lncRNAs and the same neigh-
boring genes (Fig. 1A). Sequences at the 3′ regions of
naked mole-rat MALAT1 and NEAT1 (hereafter nMALAT1
and nNEAT1) exhibited remarkable homology with
mouse/human MALAT1/NEAT1 (hereafter mMalat1,
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mNeat1, hMALAT1, hNEAT1, respectively) (Fig. 1B), sug-
gesting that nMALAT1 and nNEAT1 receive 3′ processing
characteristics of these lncRNAs,which include the cleavage

by RNaseP and the formation of triple-helix structures that
stabilize the transcripts (Wilusz et al. 2008, 2012). To deter-
mine the transcription start sites of nMALAT1 and nNEAT1,

A

D

B

C

E

FIGURE 1. Identification ofMALAT1 andNEAT1 in naked mole-rats. (A) Distribution of RNA-seq reads mapped to the region of the naked mole-
rat genome syntenic to mouse chromosome 19 containingmMalat1 (mouseMalat1) andmNeat1 (mouseNeat1), which are flanked by SCYL1 and
FRMD8. Note that two regions were abundantly transcribed into RNA, which corresponded to nMALAT1 (naked mole-ratMALAT1) and nNEAT1
(naked mole-rat NEAT1), respectively. (B) Sequence alignment of the 3′ regions of NEAT1 and MALAT1 in naked mole-rats (n), mouse (m), and
human (h). The tandem U-rich motifs followed by A-rich tract, which form triple helix structures, are highlighted in shadow boxes and are highly
conserved between the three species. The arrow indicates the putative RNaseP cleavage site that generates the 3′ end of these transcripts. (C )
Sequence analyses of PCR fragments obtained by the 5′ RACE analyses. Arrows indicate the positions of the transcription start sites of nMALAT1
and nNEAT1. (D) Schematic drawing indicating the positions of probes used for northern blot and in situ hybridization studies. (E) Northern blot
analyses of nMALAT1 and nNEAT1 expression in embryonic fibroblast cells and intestine. (I) intestine, (F) fibroblasts. Asterisks show the signals
derived from degraded RNAs.

Yamada et al.

1130 RNA (2022) Vol. 28, No. 8



we performed 5′ RACE (rapid amplification of cDNA ends)
PCR. The PCR fragments were cloned into a plasmid vector
and we sequenced three clones for each gene, which yield-
ed the same sequences shown in Figure 1C. Probes de-
signed against nMALAT1 and nNEAT1 detected bands of
the same size as mNeat1 and mMalat1 by northern blot
(Fig. 1D,E), where the sizes were consistent with the afore-
mentioned prediction. Probes that detect the 5′ region of
nNEAT1 detected two bands (Fig. 1E), suggesting that na-
ked mole-rats also have a short (nNEAT1_1) and a long
(nNEAT1_2) isoform of nNEAT1, like humans and mice
(Sasaki et al. 2009; Sunwoo et al. 2009).
To further characterize nMALAT1 and nNEAT1, we ex-

amined the subcellular distribution of these transcripts in
skin fibroblast cells (NS-fibroblasts) (Fig. 2). hMALAT1/
mMalat1 is localized in nuclear speckles that are enriched
in splicing regulators (Hutchinson et al. 2007; Tripathi
et al. 2010). The localization of nMALAT1 coincided with
nSRSF1, a marker for nuclear speckles in NS-fibroblasts,
which was indistinguishable from the localization of mMa-
lat1 in mouse embryonic fibroblast cells (MEF) (Fig. 2A;
Supplemental Fig. S1). To test if nNEAT1 is localized in par-
aspeckles, weexamined if a series of antibodies that recog-
nize paraspeckle marker proteins in mice (West et al. 2016)
also recognized antigens in naked mole-rats. However,
only two of these antibodies, those that detect nNONO
and nFUS, were effective in naked mole-rats (A Yamada
and S Nakagawa, unpubl.), and both of these proteins are
essential for the formation of paraspeckles in mice.
nNEAT1_2, the architectural isoform of NEAT1, exhibited
the same localization in paraspeckles visualized by marker
proteins nNONO and nFUS in NS-fibroblasts, as was the
case for the colocalization of mNeat1_2 and these marker
proteins in MEF (Fig. 2B; Supplemental Fig. S1).
To confirm if nNEAT1 is required for the formation of par-

aspeckles as has been shown in human or mouse cells (for
reviews, see Fox et al. 2018; Nakagawa et al. 2018), we
knocked down nNEAT1_2 using two different antisense ol-
igonucleotides (ASO) designed against the 5′ and 3′ re-
gions of this transcript (Fig. 2C). As expected, the
expression of nNEAT1_2was reduced by ∼90% compared
to the control cells, resulting in a decrease of paraspeckle
formation identified by the enriched localization of
nNONO (Fig. 2C–E).
To test if the paraspeckles in nakedmole-rats possess the

characteristic core-shell structures found in human ormouse
paraspeckles (Souquereet al. 2010;Westet al. 2016),weob-
served them in NS-fibroblasts using structured illumination
microscopy (Fig. 2F; Supplemental Fig. S1). Simultaneous
detection of nNEAT1 and the paraspeckle markers
nNONO and nFUS revealed that the 5′ and 3′ regions of
nNEAT1 were located at the peripheral regions of para-
speckles, whereas nNONO and nFUS were located in the
core (Fig. 2F; Supplemental Fig. S1), as was reported in pre-
vious studies in humans and mice (Souquere et al. 2010;

West et al. 2016). Taken together, we concluded we have
correctly identified homologs ofMALAT1 andNEAT1 in na-
ked mole-rats, which exhibited almost identical subcellular
distributions compared to the mouse homologs.

nMALAT1 is ubiquitously expressed in various tissues
with a variable subcellular localization

To study the expression pattern of nMALAT1 and nNEAT1
in tissues of naked mole-rats, we performed in situ hybrid-
ization using 14 different tissues (Fig. 3). Naked mole-rats
live in eusocial colonies similar to those of ants and bees,
consisting of one breeding queen, one to three breeding
males, and many nonbreeding workers. For this experi-
ment, we used one nonbreeder male and one nonbreeder
female animal, and the same expression patterns were ob-
served in all the tissues of these two animals except for re-
productive tissues. As previously reported in mice
(Nakagawa et al. 2012), intense expression of nMALAT1
was observed in a broad range of tissues and cell types in-
cluding cortical neurons in the brain,mesenchymal and ep-
ithelial cells in lung, mucus epithelial cells in digestive
system (stomach, intestine, and colon), parietal cells in
stomach, renal tube cells in kidney, cardiac and skeletal
muscles, hepatocytes in liver, brown adipose cells in brown
adipose tissue (BAT), megakaryocytes in spleen, Sertoli
and Leydig cells in testis, and granulosa cells in ovary
(Fig. 3). On the other hand, certain cell types did not ex-
press nMALAT1, which included mesenchymal cells in in-
testine and colon, and oocytes in ovary (arrows in Fig. 3).
To investigate if nMALAT1 was localized to nuclear speck-
les, we simultaneously detected nMALAT1 and nSRSF1 in
these tissues (Fig. 4; Supplemental Fig. S2). The peaks of
nMALAT1 signals generally coincided with the peaks of
nSRSF1 signals, suggesting that nMALAT1 is mostly local-
ized to nuclear speckles. However, nMALAT1 was diffus-
edly distributed in particular cell types despite the
formation of nuclear speckles identified by the enrichment
of nSRSF1, which included the bottom regions of intestinal
and colon epithelium, and skeletal muscle cells (Fig. 4;
Supplemental Fig. S2). On the other hand, nMALAT1
formedmore condensed foci in certain cell types, which in-
cluded cortical neurons, lung epithelial cells, renal tube
cells in the medulla of kidney, cardiac muscle cells in heart,
hepatocytes in liver, and a subset of granulosa cells in ovary
(Fig. 4; Supplemental Fig. S2). Theseobservations suggest-
ed that subnuclear localization of nMALAT1 is differentially
regulated in each cell type.

The expression of nNEAT1_2 is observed
in a broader range of tissues in naked mole-rats
compared to the expression in mouse tissues

We then examined the expression pattern of nNEAT1_1
and nNEAT1_2 in the tissues of naked mole-rats. As has
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FIGURE 2. The same subcellular distribution of mMalat1/nMALAT1 andmNeat1/nNEAT1 inMEF andNS-fibroblasts. (A) Simultaneous detection
of mMalat1/nMALAT1 (green) and the nuclear speckle marker Srsf1/SRSF1 (magenta) in MEF and NS-fibroblasts. Note that both mMalat1 and
nMALAT1 are enriched in nuclear speckles identified by mSrsf1/nSRSF1 expression. (B) Simultaneous detection of mNeat1_2/nNEAT1_2 (green)
and the paraspeckle markers mNono/mFus and nNONO/nFUS in MEF and NS-fibroblasts, respectively. (C ) Expression of nMALAT1 and
nNEAT1_2 in NS-fibroblasts upon treatment of ASO. The positions of ASOs are shown in the schematic drawing. Arrowheads indicate the position
of qPCR primers to detect the expression of nNEAT1_2. (D) Simultaneous detection of nNEAT1_2 (green) and nNONO (magenta) in NS-fibro-
blasts treated with ASOs. (E) Quantification of the number of paraspeckles in the NS-fibroblast upon knockdown of nNEAT1_2. Each dot repre-
sents the number of paraspeckles in each cell. (F ) Simultaneous detection of mNeat1_2/nNEAT1_2 (green) andmNono/mFus and nNONO/nFUS
(magenta) at high magnification using structural illumination microscopy. Scale bars, 10 µm in A and B and 0.5 µm in C.
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been reported inmouse tissues (Nakagawa et al. 2011), the
expressionof nNEAT1_1was rather ubiquitously observed,
whereas the expression of nNEAT1_2was limited to partic-
ular cell types (Fig. 3). However, there are several marked
differences between the reported expression ofmNeat1_2
(Nakagawa et al. 2011) and the expression of nNEAT1_2 in
terms of tissue distributions. For example, nNEAT1_2 was
observed in a subpopulation of cortical neurons (Fig. 3),
whereas mNeat1_2 expression is lacking in the same cell
type in mouse brain. In addition, nNEAT1_2 expression
was observed along the entire length of intestinal epitheli-
um in naked mole-rats (Fig. 3), which was quite different to

the restricted expression of mNeat1_2 in a small popula-
tion of distal tip cells in the mouse intestinal epithelium
(Nakagawa et al. 2011). Prominent expression of
nNEAT1_2 was also observed in parietal cells in stomach,
renal tube cells in kidney, and brown adipose cells (Fig.
3). Because paraspeckle formation is dependent on the ex-
pression of NEAT1_2 (Sasaki et al. 2009; Naganuma et al.
2012; Li et al. 2017; Isobe et al. 2020), these observations
suggested that paraspeckle formation in naked mole-rats
is more broadly observed in these cells than in mice. To
confirm this hypothesis, we investigated the colocalization
of nNEAT1_2 and the paraspecklemarker protein nNONO

FIGURE 3. Expression of nMALAT1 and nNEAT1 in various tissues of naked mole-rats. Expression patterns of nMALAT1, nNEAT1_1, and
nNEAT1_2 in brain, lung, stomach, intestine, colon, kidney, skin, cardiac muscle, skeletal muscle, liver, brown adipose tissue (BAT), spleen, testis,
and ovary of naked mole-rats detected by in situ hybridization. All tissues are from a nonbreeder male animal (1 yr 8 mo) except for the ovary,
which is derived from a non-queen female animal (1 yr 11 mo). Black squares represent areas shown in insets at a higher magnification.
Arrows in the nMALAT1 panels indicate the cells that do not express nMALAT1. Scale bars are 100 µm for large panels and 10 µm for insets.
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(Fig. 5; Supplemental Fig. S3). Simultaneous detection of
nNEAT1_2 and nNONO indeed confirmed the formation
of paraspeckles in these cells expressing nNEAT1_2 (Fig.
5; Supplemental Fig. S3). We noticed, however, there
were certain cell types that highly express Neat1_2 in

mice but not in nakedmole-rats. For example, megakaryo-
cytes in spleen did not express nNEAT1_2 and thus lacked
the formationof paraspeckles (Figs. 3, 5; Supplemental Fig.
S3). The expression of nNEAT1_2 was also absent in the
ovary of naked mole-rats (Figs. 3, 5; Supplemental Fig.

FIGURE4. Subnuclear localization of nMALAT1 exhibit various patterns in different cell types. Simultaneous detection of nMALAT1 and a nuclear
specklemarker nSRSF1 in various tissues of nakedmole-rats. Note that nMALAT1was diffusedly distributed in the bottom regions of intestinal and
colon epithelium and skeletal muscle cells, despite the speckled distribution of SRSF1. Scale bar, 10 µm.
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FIGURE 5. Formation of paraspeckles in various cell types in naked mole-rat tissues. Simultaneous detection of nNEAT1_2 and a paraspeckle
marker nNONO in various tissues of naked mole-rats. Prominent paraspeckle formations identified by the colocalization of nNEAT1_2 and
nNONOwere observed in a wide range of cell types. Arrows indicate the large nNONO foci in the bottom regions of colon epithelium that lacked
the expression of nNEAT1_2. Arrowheads indicate a subset of granulosa cells that lacked the expression of nNONO, where nNEAT1_2 was dif-
fusedly localized in the nucleus. Scale bar, 10 µm.
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S3), where the strongest expression of mNeat1_2 is ob-
served in ovaries in mice. Weak expression of nNEAT1_2
was observed in a subset of granulosa cells, but these cells
lacked the expression of nNONO, and nNEAT1_2
transcripts were diffusedly localized in the nucleus without
forming paraspeckles (arrowheads in Fig. 5; Supplemental
Fig. S3). Along with these atypical expressions of
nNEAT1_2, we found that the paraspecklemarker nNONO
formed distinct large foci in the cells located at the bottom
region of colon epithelium, even though they lacked the
expression of nNEAT1_2 (arrows in Fig. 5; Supplemental
Fig. S3).

The essential paraspeckle protein FUS is not
expressed in the distal regions of intestinal
epithelium despite the formation of paraspeckles
in naked mole-rats

As described above, the expression of NEAT1_2 in intesti-
nal epithelium of naked mole-rats was very different to
that of mNeat1_2 in mice, which exhibited highly restricted
expression, only in the distal tip cells of the intestinal epithe-
lium (Fig. 6A,B). We thus decided to further investigate the
expression of nNEAT1_2 and paraspeckle marker proteins
in this tissue. As previously reported, colocalization of
mNeat1_2 and mNono was found only in the tip of the in-
testinal epithelium in mice (Fig. 6C; Supplemental Fig.
S1). On the other hand, nNEAT1_2 signals overlapped
with nNONO, both in the distal tip, and the bottom region
of the intestinal epithelium (Fig. 6D; Supplemental Fig. S1).
These observations suggested that paraspeckle formation
is differentially regulated by species-specific expression of
NEAT1_2 in particular tissue or cell types in each species.
To further confirm the formation of paraspeckles in the basal
region of intestinal epithelium in nakedmole-rats, we exam-
ined the localization of nFUS, an essential component of
paraspeckles that assembles the NEAT1 ribonucleoprotein
complex to build the nuclear bodies (Naganuma et al. 2012;
Shelkovnikova et al. 2014; West et al. 2016). Unexpectedly,
the expression of nFUS was not detected in the distal re-
gions of intestinal epithelium in naked mole-rats (Fig. 6F,
H), despite the distinct formation of paraspeckles confirmed
by the colocalization of nNEAT1_2 and nNONO (Fig. 6D;
Supplemental Fig. S1). On the other hand, mFus was ubiq-
uitously expressed in the entire region of intestinal epitheli-
um in mice (Fig. 6E,G). The lack of nFUS expression in the
paraspeckle-forming cells was rather inconsistent with a pre-
vious observation showing that hFUS/mFus is essential for
the formation of paraspeckles in human and mouse (Naga-
numa et al. 2012; Shelkovnikova et al. 2014; West et al.
2016).

To investigate themolecularmechanisms that lead to the
formationof paraspeckles in the absenceof nFUS in thedis-
tal regionof intestinal epithelium innakedmole-rats,weex-
amined the expression of nEWSR1 and nTAF15, the two

other members of the FET (FUS, EWS, and TAF15) protein
family that share similar domain structures characterized by
amino-terminally located long prion-like domains (PrLD)
followed by RNA recognition motifs (RRM), zf-RanBP
domain, and the second PrLD containing RGG repeats
(Fig. 7A; Supplemental Fig. S4A; Schwartz et al. 2015).
The putative amino acid sequences of naked mole-rat
FET family proteins were highly homologous to human or
mousegenes, showing>95% identity at the amino acid lev-
el (Fig. 7B; Supplemental Fig. S2B). Because antibodies
that recognize nEWSR1 and nTAF15 in naked mole-rats
were not available as far as we tested, we analyzed RNA-
seq data and compared RPKM (reads per kilobase of tran-
script, per million mapped reads) for each FET family pro-
tein in the intestine of mice and naked mole-rats (Fig. 7C,
D). We found that the RPKM of mFus was similar to that
of mEwsr1 in mouse intestine, whereas RPKM of nEWSR1
was greater than nFUS in naked mole-rat intestine (Fig.
7C,D). The RPKM of TAF15 was smaller compared to the
other two FET family proteins both in mice and naked
mole-rats (Fig. 7C,D). To examine the spatial expression
pattern of mRNAs of FET family proteins in the intestine
of mice and nakedmole-rats, we then performed in situ hy-
bridization using RNA probes specific to these genes. In
mice,mFuswaswidely expressed in theentire intestinal ep-
ithelium (Fig. 7E,G). On the other hand, the expression of
nFUS was high in the crypt region of intestinal epithelium
where proliferating stem cells reside, but only weak signals
were detected in the other part of the epithelium (Fig. 7F,
H). These observations were consistent with the gradual
decrease of nFUS expression in the distally located cells
that are displaced during the turnover of the epithelium
(Fig. 6F). Almost complete lack of nFUS protein in the distal
tip cells (Fig. 6H)might bedue to translational repression or
protein degradation, because we detected faint nFUS
mRNA signals in this area (Fig. 7H). In contrast, nEWSR1
was highly expressed throughout the entire length of the
intestinal epithelium, whereas only weak signals of
nTAF15 were observed (Fig. 7F,H). These observations
suggested that nEWSR1 functions redundantly in the distal
regions of intestinal epithelium in naked mole-rats to com-
pensate for the lack of nFUS expression during the forma-
tion of paraspeckles in this area.

FET family proteins redundantly regulate the
formation of paraspeckles in MEF derived
from mFus knockout mice

Finally, we examined if mEwsr1 or mTaf15 can redundantly
induce the formation of paraspeckles using MEF derived
from mFus knockout (KO) mice (West et al. 2016).
Because only putative protein sequences were available
for naked mole-rats (i.e., RefSeq ID with suffix XP), we
used FET family genes from mouse for the rescue experi-
ments (Fig. 8A). As we have previously reported (West
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FIGURE 6. nNEAT1_2 is expressed in the entire regions of intestinal epithelium in naked mole-rats, whereas the essential paraspeckle compo-
nent nFUS is not expressed in the distal region of intestinal epithelium in naked mole-rats. (A,B) In situ hybridization analyses of mNeat1/nNEAT1
in intestine of mice (A) and nakedmole-rats (B). Note that the expression of mNeat1_2 is restricted to the distal tip cells in the intestinal epithelium
ofmice, whereas the expression of nNEAT1_2 is broadly observed throughout the epithelium in nakedmole-rats. (C,D) Simultaneous detection of
mNeat1_2/nNEAT1_2 (green) and the paraspeckle marker mNono/nNONO (magenta) in the top and the bottom regions of intestinal epithelium
in mice (C ) and naked mole-rats (D). Paraspeckle formation was observed in the bottom region of intestinal epithelium in naked mole-rats. (E,F )
The expression of mFus/nFUS (magenta) in intestinal epithelium in mice (E) and naked mole-rats (F ) and schematic drawing of the expression of
mFus/nFUS and mNeat1_2/nNEAT1_2 (green) in the epithelium. DIC: differential interference contrast images. (G,H) Simultaneous detection
mNeat1_2/nNEAT1_2 (green), and mFus/nFUS (magenta) in the top and the bottom regions of intestinal epithelium in mice (G) and naked
mole-rats (H). Note the formation of paraspeckles in top region of the epitheliumof nakedmole-rats despite the lack of the expression of essential
paraspeckle protein nFUS. Scale bars, 100 µm in A, B, E, F and 10 µm in C, D, G, H.
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et al. 2016), the exogenous expression of mFus restored
the formation of paraspeckles, which was confirmed by
colocalization of mNeat1_2 and mNono (Fig. 8B). The for-
mation of paraspeckles was also observed in the mFus KO
MEF expressing mEwsr1 and mTaf15 (Fig. 8B), indicating
that the FET family proteins redundantly function to regu-
late the formation of paraspeckles.

DISCUSSION

Herewe have revealed the expression patterns and subcel-
lular localizations of the homologs of the two abundant
lncRNAs, nMALAT1 and nNEAT1, in naked mole-rats.
While the expression of nMALAT1 was almost the same
as the expression of mMalat1, we observed striking

A

D

E F

G H

B C

FIGURE 7. mRNAs of FET family proteins are redundantly expressed in intestine of nakedmole-rats. (A) Domain structures of FET family proteins.
PrLD: prion like domain, RRM: RNA recognition motif, zf-RanBP: zinc finger motif in Ran binding protein. The PrLD were predicted using PLAAC
(Lancaster et al. 2014). (B) Phylogenetic tree of FET family proteins of human (h), mouse (m), and naked mole-rat (n). Scale bar indicates the amino
acid substitution ratio per residue. (C ) Quantification of gene expression of FET family proteins. The expression was estimated by RNA-seq anal-
yses for mouse intestine and NS-fibroblasts. RPKM: reads per kilobase of transcript per million mapped reads. Note the higher expression of
nEWSR1 compared to nFUS in naked mole-rats. Orange bars represent the mean value, blue dots represent the value of each sample, and black
bars represent standard deviations. (D) Distribution of RNA-seq reads (blue) mapped to FET family genes in the genome of mice (mm10) and
naked mole-rats (hetGla2). Gene structures are shown in black color in the bottom track. (E–H) In situ hybridization analyses of the expression
of FET family proteins in the intestine of mice (E,G) and naked mole-rats (F,H). Dashed boxes in E and F indicate the regions shown at a higher
magnification in G and H. Note that nEWSR1 was expressed in the distal tip cells of the intestinal epithelium of naked mole-rats. Scale bars, 100
µm in E and F, and 10 µm in G and H.
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differences between the expression of nNEAT1 and
mNeat1 in intestinal epithelium. nNEAT1_2 was broadly
expressed along the entire length of the epithelium, and

paraspeckle formation was ubiquitous-
ly observed in the nNEAT1_2 express-
ing cells. The expression pattern of
nNEAT1_2 is quite different from that
ofmNeat1_2, which is highly restricted
to thedistal tip cells of the intestinal ep-
ithelium in mice. On the other hand,
the uniform expression of nNEAT1_1/
mNeat1_1 was commonly observed
in both mice and naked mole-rats.
The production of hNEAT1_2 in HeLa
cells is controlled by opposing activi-
ties of CPSF6 and HNRNPK that pro-
mote and inhibit the use of the
alternative polyadenylation site re-
quired for hNEAT1_1 production, re-
spectively (Naganuma et al. 2012).
However, it remains unknown if a simi-
larmechanism is operating in tissues of
living animals, because the two RNA
binding proteins are ubiquitously ex-
pressed in all of the intestinal epitheli-
um in mice (S Nakagawa, unpubl.),
despite the variable ratios of the ex-
pression of mNeat1_1 and mNeat1_2
in different tissues and cell types (Isobe
et al. 2020).

It should be noted that the half-life
of p53 is 10 times longer in embryonic
fibroblast cells from naked mole-rats
when comparedwith humanormouse
embryonic fibroblast cells, resulting in
constitutive accumulation of p53 in
the nucleus in the absence of DNA
damage (Deuker et al. 2020). Consid-
ering mNeat1 is regulated under the
control of p53 (Adriaens et al. 2016;
Mello et al. 2017), the increased
amount of p53 possibly leads to hy-
per-activation of nNEAT1 promoter
in naked mole-rats. The overproduc-
tion of nNEAT1 may induce preferen-
tial readthrough of 5′ located
polyadenylation, resulting in the pro-
duction of nNEAT1_2 in a broader
range of cells in the intestinal epitheli-
um. It is alsopossible that species-spe-
cific modification of HNRNPK and/or
CPSF6 may modulate the activity of
these proteins, resulting in the differ-
ential use of the polyadenylation sig-
nal in mice and naked mole-rats. It

will be essential to investigate the expression pattern of
paraspeckleproteins andother regulatoryproteins in detail
to further clarify the molecular mechanisms that lead to

A

B

FIGURE 8. FET family proteins redundantly rescue the formation of paraspeckles in MEF lack-
ing the expression of mFus. (A) Simultaneous detection of mNeat1_2, exogenously expressed
FLAG-tagged FET family proteins, and the paraspeckle marker mNono in MEF derived from
mFus KO mice. Note the absence of paraspeckle formation in mFus KO MEF and the rescue
of the paraspeckle formation in the cells expressing FET family proteins. The cytoplasmic sig-
nals in the green channel (mNeat1_2 channel) were derived from cross-reactions of streptavi-
din to endogenous biotinylated proteins in the mitochondria. (B) Merged images of
exogenously expressed FLAG-tagged FET family proteins (blue), mNeat1_2 (green), and para-
speckle marker mNono (red), and the intensity profile plots. Yellow lines indicate the region
analyzed in the intensity profile plots. X-axis represents the number of pixels and y-axis repre-
sents arbitrary units for the intensity of the signals of each channel. Scale bars, 10 µm.
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rather ubiquitous formation of paraspeckles in the intestine
of naked mole-rats.

Although the distal region of the intestinal epithelium
lacked the expression of nFUS in naked mole-rats, distinct
formation of paraspeckles was nevertheless observed
there. This observation contradicted the prior observations
from mice and cell lines that hFUS/mFus plays an essential
role to build paraspeckles (Naganuma et al. 2012;
Shelkovnikova et al. 2014; West et al. 2016). We have
shown that two FET-family RNA binding proteins,
nEWSR1 and nTAF15, were expressed in the nFUS-nega-
tive distal regions, at least at the mRNA level, in naked
mole-rats, and the expression of these proteins rescued
the formation of paraspeckles in MEF lacking the expres-
sion of mFus. The formation of paraspeckles may thus be
regulated by differential expression of paraspeckle pro-
teins that have redundant functions in particular cell types
in different species. While the domain structures of FET
family proteins are conserved between the three proteins,
the amino acid compositions of the PrLD are diverse. The
amino-terminal PrLD is enriched in G, Q, S, Y residues in all
FET family proteins; however, a much higher ratio of P and
T is observed in EWSR1. The carboxy-terminal PrLDs com-
monly contain multiple RGG sequences, but an additional
heptapeptide repeat of YGGDRGG is observed in TAF15.
A recent study has shown that FET family proteins undergo
a phase transition and form liquid droplets in vitro at differ-
ent protein concentrations: FUS formed liquid droplets at
the lowest concentration and EWSR1 at the highest concen-
tration among the FET family proteins, and this property
was regulated by the amino acid compositions of the ami-
no-terminal PrLD (Wang et al. 2018). It would be intriguing
to study if the dynamics and biophysical properties of para-
speckles are regulated by differential combinations of FET
family proteins, which may result in cell type- or species-
specific biological functions of paraspeckles.

We observed atypical expression of paraspeckle com-
ponents nNEAT1_2 and nNONO in naked mole-rats. In
the bottom regions of colon epithelium, nNONO formed
distinct large foci despite the lack of nNEAT1_2 expres-
sion. These foci did not overlap with markers for the nucle-
olus (S Nakagawa, unpubl.), and may represent novel
nuclear bodies. Considering that the formation of nuclear
bodies are regulated by architectural noncoding RNAs
(Nakagawa et al. 2021), it will be intriguing to investigate
if the formation of these nNONO foci is sensitive to
RNase treatment. Another atypical example for the locali-
zation of paraspeckle components was the expression of
nNEAT1_2 in granulosa cells in naked mole-rat ovary. In
mice, corpus luteal cells in the ovary express the highest
level of mNeat1_2 among the tissues we examined
(Nakagawa et al. 2011). Considering that only queen fe-
males can reproduce (Buffenstein et al. 2022), this cell
type seems to be absent in the ovary of the nonbreeder fe-
male we examined, due to the lack of estrus cycle. Instead,

we observed weak but distinct signals of nNEAT1_2 in a
subset of granulosa cells that lacked the expression of
nNONO. Because NONO is required for the stabilization
of NEAT1_2 in human or mouse cells, the signals we de-
tected with probes against nNEAT1_2 might be derived
frompartially degraded transcripts that failed to form para-
speckles. Alternatively, nNONO function as a type Ib para-
speckle protein (Naganuma et al. 2012), which is required
for assembly of nNEAT1_2 ribonucleoprotein complex but
is not involved in the stabilization of this transcript in this
particular cell type. Whichever the case is, these observa-
tions raise the possibility that the formation and regulation
of paraspeckles are differentially regulated in different cell
types in the tissues of living animals.

MATERIALS AND METHODS

Animals

All experiments were approved by the safety divisions of
Hokkaido University (#2015-079 and #14-0065) and Kumamoto
University (A30-043 and A2020-042). C57BL6/N were used for
all experiments for mouse studies. The naked mole-rat colonies
were maintained in Hokkaido University and Kumamoto
University. For anesthetization, medetomidine-midazolam-butor-
phanol (Kawai et al. 2011) was intraperitoneally injected at a vol-
ume of 10 µL/g of bodyweight. Animals used are as follows: BC16
(1 yr 8 mo, male) and GH42 (1 yr 11 mo, female) for expression
studies shown in Figures 3–5; D21 (13 mo, male) and D22 (13
mo, male) for expression studies shown in Figure 6; R19 (14 mo,
male) and R20 (14 mo, male) for expression studies shown in
Figure 7; and L83 (12 mo, male) and CG14 (12 mo, male) for
RNA sequencing and northern blot analyses shown in Figures 1
and 7.

Cell culture

NS-fibroblasts were prepared from adult skin as previously de-
scribed (Miyawaki et al. 2016). NS-fibroblasts were cultured in
DMEM (high glucose, Sigma #D5796) at 32°C under a humidified
atmosphere containing 5%CO2 and 5%O2.MEFwere cultured in
DMEM/HamF12 (Wako #044-29765, Japan) at 37°C in 5% CO2

and 20% O2 conditions.

Deep sequencing and data analyses

Total RNAs were extracted from NS-fibroblasts and intestine us-
ing TRIzol (Thermo Fisher Scientific #15596018). The cellular ly-
sate in TRIzol was incubated at 50°C for 5 min to enhance
solubilization of semi-extractable lncRNAs as previously de-
scribed (Chujo et al. 2017). RNA-seq libraries were made follow-
ing a standard protocol using a Ribo-Zero Gold rRNA Removal
Kit (Human/Mouse/Rat) (Illumina) and a TruSeq Stranded mRNA
Library Prep (Illumina) for DRA013388; and a TruSeq Stranded
Total RNA Library Prep Gold 20020598 for DRA014061. Deep se-
quencing was performed using HiSeq 4000 in QB3 Genomics at
UC Berkeley for DRA013388 and at Macrogen for DRA014061.
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Sequence reads were mapped to the hetGl2 genome using
HISAT2 (Kim et al. 2019). To identify nMALAT1 and nNEAT1,
the syntenic region of the naked mole-rat genome containing
SCYL1 and FRMD8 was identified by searching the gene names
using the UCSC Genome Browser (https://genome.ucsc.edu/),
and mapped reads in the corresponding genomic regions were
visualized using the IGV Genome Browser (https://software
.broadinstitute.org/software/igv/). To estimate the expression of
FET family proteins, the number of reads mapped to each gene
was counted using featureCounts (Liao et al. 2014) and normal-
ized with the total number of reads and the length of the genes.
For gene annotation, NCBI RefSeq GTF files were downloaded
from the UCSC Table Browser. The sequencing data obtained
in this study are available at DRA013388 and DRA014061. For
the quantification of the expression of FET family protein
mRNAs in mouse intestine, fastq files in a public database
(SRR18508210, SRR18508211, SRR18508212) were used for the
analyses.

5′′′′′ RACE

5′ RACEwas performed using the SMARTer RACE 5′/3′ Kit (Takara
#634858) following the manufacturer’s instructions. cDNAs were
synthesized using random primers and used for subsequent
adapter ligation and nested PCR to obtain the 5′ end fragments.
Obtained PCR products were cloned into a plasmid vector, and
the sequences were determined following standard procedures.
Primers used for the first round of PCR and the second nested
PCR are listed in Supplemental Table S1.

Probe preparations

DNA was extracted from the finger of naked mole-rats using a
standard protocol. cDNA was synthesized using ReverTra Ace
(Toyobo #TRT-101) following manufacturer’s instructions. To pre-
pare templates for the probes, PCR was performed using Quick
Taq HS DyeMix (Toyobo #DTM-101) and genomic DNAs or
cDNAs as templates. Primers used to amplify the probe sequenc-
es are listed in Supplemental Table S1. PCR conditions used were
predenatured at 94°C for 2min, followed by 30 cycles of denature
at 94°C for 30 sec, annealing at 58°C for 30 sec, and extension at
68°C for 1 min. Amplified PCR fragments were cloned into pCRII-
TOPO using a TOPOTACloning Kit (Thermo Fisher #452640) fol-
lowing manufacturer’s instructions. To prepare templates for RNA
probe synthesis, PCR was performed using the M13 forward and
reverse primers and the plasmid DNAs as templates, and the am-
plified DNA fragments were purified using theWizard SV Gel and
PCR Clean-Up System (Promega #A9282). DIG-labeled RNA
probes were synthesized using T7 or SP6 RNA polymerase and
DIG RNA Labeling Mix (Roche #11277073910), and free-nucleo-
tides were removed using Centri-Sep Spin Columns (Princeton
Separations #CS-901).

Northern blot analyses

Fivemicrograms of total RNAs were separated on 1% agarose gel
containing 2% formaldehyde, and gels were treated with 0.05 N
NaOH for 20 min to enhance transfer of high molecular weight

RNAs, which step was essential to detect mNeat1_2/
nNEAT1_2. RNAs were transferred on a positively charged
Nylon membrane (Merck #11209299001) using standard proto-
col, and probe hybridization and detection were performed using
DIG Easy Hyb (Merck #11603558001), anti-Dig AP (Merck
#11093274910), and CSPD-Star (Merck #11685627001) following
manufacturer’s instructions. Chemiluminescence signals were de-
tected with the ChemiDoc Touch Imaging System (Bio-Rad).

In situ hybridization and immunofluorescent staining

In situ hybridization was performed as previously described (Mito
et al. 2016). Briefly, cultured cells were fixed in 4% paraformalde-
hyde in calcium-freeHepes-buffered saline HCMF (10mMHEPES
[pH 7.4], 137 mMNaCl, 5.4 mM KCl, 0.34 mMNa2HPO4, 5.6 mM
glucose) for 10 min at room temperature, permeabilized with
0.1% TritonX-100 for 10min at room temperature, and hybridized
with DIG- or FITC-labeled probes overnight in 2× SSC containing
50% formamide at 55°C. After washing in 2× SSC containing 50%
formamide, probes nonspecifically bound to the cells were re-
moved by RNaseA treatment, and further washed in 2× SSC
and 0.2× SSC for 30 min at 55°C. Hybridized probes and proteins
were detected with primary and secondary antibodies listed in
Supplemental Table S1. To detect mRNAs on tissue sections, tis-
sues were embedded in OCT compounds (Sakura) and fresh-fro-
zen in ethanol with dry ice. Cryosections at a thickness of 8 µm
were collected on PLL-coated slide glasses, and fixed overnight
in 4% paraformaldehyde in HCMF. The samples were then treat-
ed with 0.2N HCl, 3.3 µg/mL of proteinase K in a 10× TE buffer
(100 mM Tris-Cl [pH 8.0] and 10 mM EDTA), and were acetylated
with acetic anhydride in triethanolamine buffer before hybridiza-
tion, as previously described (Mito et al. 2016). Probes were de-
tected by chromogenic reaction using alkaline phosphatase-
conjugated anti-DIG antibody and NBT/BCIP as substrates, or
by antibodies against DIG or FITC followed by detection with
fluorescently labeled secondary antibodies using standard immu-
nofluorescent method. nFUS/mFUS and nNONO/mNono were
detected using the post-hybridization tissue sections or cultured
cells, because it gave stronger signals than normally fixed and
permeabilized cells. The primary antibodies against these pro-
teins were mixed with the primary antibody that detects FITC-la-
beled probes and detected with fluorescently labeled secondary
antibodies. The fluorescent and DIC images were obtained using
an epifluorescent microscope (BX51; Olympus) equipped with a
CCD camera (DP74). Profiling of the signal intensity was mea-
sured by the “Color profiler” tool of Fiji (https://imagej.net/
software/fiji/). The numbers of paraspeckles in the control and
nNeat1_2 depleted cells were counted by processing the signals
of nNONOwith the “FindMaxima” function of Fiji, with the prom-
inence parameter set as 40, which was optimized so that we could
get the same number of paraspeckles with signals of nNONO and
nNEAT1_2 in the control cells.

Depletion of nNEAT1_2 by ASO

ASO-mediated knockdown of nNEAT1_2 was performed follow-
ing the procedures described previously (Ishida et al. 2015).
Gapmer antisense oligonucleotides (ASOs) were synthesized by
Integrated DNA Technologies. Briefly, ASOs were mixed with
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Lipofectamine 2000 (Thermo Fisher), and NS-fibroblast cells were
reverse-transfected with the complex following the manufactur-
er’s instructions. After 24 h, cells were fixed and processed for
in situ hybridization or were lysed in TRIzol to purify RNAs. The se-
quences of ASOs are shown in Supplemental Table S1.

RT-qPCR analyses

cDNAs were synthesized using ReverTra Ace qPCR RTMaster Mix
with gDNA Remover (Toyobo #FSQ-301) following manufactur-
er’s instructions. An amount of 500 ng of total RNAs was used
as templates and 1/50 volumes of synthesized cDNAs were
used for subsequent qPCR analyses. qPCR reactions were per-
formed using the THUNDERBIRD SYBR qPCR Mix (Toyobo
#QPS-201) and the CFX Connect Real-Time System (Bio-Rad)
with the following conditions: 95°C for 1 min followed by 40
cycles of 95°C for 15 sec and 60°C for 60 sec. The qPCR primers
used in this study are listed in Supplemental Table S1. Relative ex-
pression for each gene was calculated by the ΔCt method using
Gapdh as a standard.

Production and infection of lentivirus

Lentiviruses were prepared using the ViraPower Lentiviral
Expression System (Thermo Fisher) according to the manu-
facturer’s instructions. FLAG-tagged full-length cDNA sequences
of mFus, mEwsr1, and mTaf15 were obtained by PCR using prim-
ers listed in Supplemental Table S1 and cloned into pLenti6/V5-
DEST using the Gibson Assembly system, following the manufac-
turer’s instruction. For lentiviral infection, mFus KO MEF cells
were incubated overnight with culture supernatants obtained
from virus-producing 293T cells transfected with packaging vec-
tors, and were further incubated for 48 h in a fresh medium.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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