
JCB

JCB: Report

529

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 210 No. 4 529–539
www.jcb.org/cgi/doi/10.1083/jcb.201504117

Introduction

Low complexity regions containing biased amino acid compo-
sition are abundant in the proteome, particularly in regulatory 
molecules, yet the utility and molecular mechanism of these 
largely unstructured regions has been elusive. PLDs are a sub-
set of low complexity regions, enriched in uncharged polar 
amino acids and glycines, with similarities to the yeast prion 
protein (Couthouis et al., 2011) that can be defined using a hid-
den Markov algorithm (Lancaster et al., 2014). PLDs are often 
found in RNA binding proteins that drive protein aggregation in 
neurodegenerative disorders such as amyotrophic lateral sclero-
sis (ALS; King et al., 2012).

To fully appreciate their pathophysiology and guide ther-
apeutic strategies, we need to understand the normal physio-
logical role of PLDs. An emerging concept is that PLDs allow 
proteins to “functionally aggregate,” forming higher-order as-
semblies and microscopically visible RNP granules (Toretsky 

and Wright, 2014). Concentrating proteins and RNA in a con-
strained space is believed to result in more efficient gene regu-
latory processes. The biophysical properties of PLD-mediated 
interactions may explain the liquid-like properties of RNP gran-
ules (Brangwynne et al., 2009) as PLDs expressed in vitro form 
mesh-like networks manifesting as hydrogels (Han et al., 2012; 
Kato et al., 2012). These hydrogels are reminiscent of, but dif-
ferent to, amyloid material and may represent a functional am-
yloid. Central to these discoveries has been research into the 
RNA binding protein FUS (Fused in sarcoma), with a PLD 
containing many repeats of [G/S]Y[G/S] (Kwon et al., 2013; 
Schwartz et al., 2013). The central tyrosine in the FUS repeats 
is essential for hydrogel formation and stress granule targeting 
in the cytoplasm (Kato et al., 2012).

Like cytoplasmic RNP granules, nuclear bodies also as-
semble without a membrane and are composed of proteins and 
RNA molecules selectively recruited based on protein–protein 
and protein–RNA interactions (Shevtsov and Dundr, 2011), 
although the molecular basis of these interactions is unclear. 

Prion-like domains (PLDs) are low complexity sequences found in RNA binding proteins associated with the neurodegen-
erative disorder amyotrophic lateral sclerosis. Recently, PLDs have been implicated in mediating gene regulation via 
liquid-phase transitions that drive ribonucleoprotein granule assembly. In this paper, we report many PLDs in proteins 
associated with paraspeckles, subnuclear bodies that form around long noncoding RNA. We mapped the interactome 
network of paraspeckle proteins, finding enrichment of PLDs. We show that one protein, RBM14, connects key paraspeckle 
subcomplexes via interactions mediated by its PLD. We further show that the RBM14 PLD, as well as the PLD of another 
essential paraspeckle protein, FUS, is required to rescue paraspeckle formation in cells in which their endogenous coun-
terpart has been knocked down. Similar to FUS, the RBM14 PLD also forms hydrogels with amyloid-like properties. These 
results suggest a role for PLD-mediated liquid-phase transitions in paraspeckle formation, highlighting this nuclear body 
as an excellent model system for understanding the perturbation of such processes in neurodegeneration.
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Paraspeckles are a nuclear body that are seeded by, and built on, 
the long noncoding RNA NEAT1 (Nuclear Paraspeckle Assem-
bly Transcript 1/MENε/β; Clemson et al., 2009; Sasaki et al., 
2009; Sunwoo et al., 2009). There are ∼40 known paraspeckle 
proteins—mostly abundant nuclear RNA binding proteins en-
riched in RNA recognition motifs (RRMs), zinc finger, and K 
homology domains (Naganuma et al., 2012; Fong et al., 2013). 
Paraspeckle formation is triggered by transcription of NEAT1 
followed by the recruitment of different proteins that coordi-
nately build up the paraspeckle structure (Mao et al., 2011). 
Intriguingly, FUS, TDP-43, SS18L1, HNRNPA1, TAF15, 
and EWSR1 are all genes encoding paraspeckle proteins (Na-
ganuma et al., 2012; Nishimoto et al., 2013) that contain PLDs 
and have known ALS-causing mutations (Vance et al., 2009; 
Couthouis et al., 2011, 2012; Chesi et al., 2013; Kim et al., 
2013). Paraspeckles are also apparent in ALS motor neurons, 
and NEAT1 is up-regulated in the related condition frontotem-
poral lobar degeneration (Tollervey et al., 2011; Nishimoto et al., 
2013). Furthermore, paraspeckles are stress-responsive struc-
tures induced by viral infection, proteasome inhibition, and dif-
ferentiation (Sunwoo et al., 2009; Hirose et al., 2014; Imamura 
et al., 2014). Paraspeckles influence gene expression by nuclear 
retention of RNA with inverted repeats (Prasanth et al., 2005; 
Chen and Carmichael, 2009) and by sequestration of specific 
transcription factors (Hirose et al., 2014; Imamura et al., 2014).

Given many RNA binding proteins with PLDs contain nu-
clear localization signals (King et al., 2012), we speculated that 
PLDs play a role in nuclear body formation. To identify pro-
tein–protein interactions likely mediated by PLDs, we mapped 
the interactome network of paraspeckle proteins. We found that 
RBM14 (RNA binding protein 14), an essential paraspeckle 
component, mediates a key interaction linking several other es-
sential proteins into the network. This interaction is driven via 
the PLD of RBM14, and we showed that this region possesses 
the same liquid-phase transition potential as FUS, forming 
hydrogels with amyloid-like properties in vitro. We also con-
firmed that the PLDs of both RBM14 and FUS are responsible 
for targeting these proteins to paraspeckles and are essential for 
the formation of paraspeckles.

Results and discussion

The paraspeckle protein–protein 
interactome is rich in PLD-
containing proteins
To identify the direct protein–protein interactions underpinning 
paraspeckles, we performed a comprehensive yeast two-hybrid 
screen on the known, and some putative, paraspeckle proteins 
(Fig.  1  c and Table S1). MATa yeast containing each candi-
date fused to the LexA DNA-binding domain were mated 
with MATα yeast containing DNA–activation domain fusions 
(Fig. 1, a and b). The LacZ reporter was used to screen for in-
teractions, and interaction probability scores were assigned, 
with higher numbers reflecting the most stringent interactions 
in numerous biological replicates (Fig. 1, b–d). Interactions be-
tween key proteins were validated by cotransformation of both 
plasmids (Fig. 1 d) and, in some cases, by coimmunoprecipita-
tion in HeLa cells (Fig. S1; Naganuma et al., 2012; Passon et 
al., 2012; Kawaguchi et al., 2015). 53 interactions between 29 
paraspeckle proteins were identified that met the most stringent 
scoring criteria for reproducibility and strength, and these are 

shown in a network (Fig. 1 e). Paraspeckle proteins are unusu-
ally enriched in PLDs, as defined by the prion-like amino acid 
composition tool (Fig. S2; Lancaster et al., 2014). There is an 
overrepresentation of proteins with PLDs in the interactome 
network: 66% of network proteins have PLDs (19/29), whereas 
55% of the starting proteins had PLDs (26/47; Fig. S2).

We have previously performed siRNA knockdowns of 
the majority of the paraspeckle proteins to determine their 
importance to paraspeckle formation (Naganuma et al., 
2012; summarized in Table S1). Proteins that completely, or 
partially, ablate paraspeckles when knocked down are col-
ored on Fig. 1 e and comprise over half of the network: 52% 
of network proteins are required for paraspeckle formation 
(15/29), whereas only 36% of the starting protein pool are 
in this category (17/47; Table S1), illustrating the potential 
importance of protein–protein interactions in paraspeckle 
formation and maintenance. Furthermore, 12 of the 15 pro-
teins required for paraspeckle formation that are in the in-
teractome network also contain PLDs, indicating that these 
domains may play a key role. PLDs are emerging as import-
ant modules in gene regulation that act through a process 
of functional aggregation and phase transition, thus ex-
plaining their presence in numerous RNA binding proteins, 
transcriptional regulators, and their fusions to DNA-bind-
ing domains in chromosomal translocations in cancer. To 
investigate a potential for PLD-mediated functional ag-
gregation in the context of paraspeckle formation, we fo-
cused on the PLD-containing protein RBM14, identified 
as directly connecting two other essential proteins, NONO 
(Non-POU domain-containing octamer-binding protein) and 
SFPQ (Splicing factor, proline- and glutamine-rich), to the 
rest of the network (Fig. 1 e).

The RBM14 PLD mediates protein–protein 
interactions and paraspeckle targeting
RBM14 contains two amino-terminal RRMs and a long PLD 
in the carboxy-terminal half of the protein, which we postu-
lated was mediating protein–protein interactions. Indeed, yeast 
two-hybrid and coimmunoprecipitation experiments confirmed 
that the RBM14 PLD is required for its robust interaction with 
NONO (Fig. 2 a) and that this interaction is not dependent on 
RNA (Fig. 2 b). We used superresolution microscopy to confirm 
enrichment of NONO and RBM14 in paraspeckles (Fig. 2 c), 
albeit with distinct subparaspeckle patterns that may reflect 
unique interactions and/or functional roles. Expression of YFP-
tagged fragments of RBM14, combined with FISH to detect 
endogenous NEAT1, showed that the PLD domain is sufficient 
for paraspeckle targeting (Fig. 2 d). Although the PLD and full-
length RBM14 both colocalize with NEAT1 at paraspeckles, 
the amino-terminal fragment that contains only the RRMs (resi-
dues 1–176) does not (Fig. 2 d), suggesting that RBM14 is most 
probably recruited via protein–protein interactions.

The integrity of the RBM14 and FUS 
PLDs is critical for paraspeckle targeting 
and formation
Similar to RBM14, the PLD of FUS is required for targeting 
FUS to paraspeckles (Shelkovnikova et al., 2014). We thus 
tested the importance of PLD integrity for paraspeckle tar-
geting by these proteins, using mutants in which tyrosines 
in the PLD repeat motifs were mutated to serine (Fig. 3 a). 
FUS contains 27 repeats of Y[G/S]QQ or [S/G]Y[S/G], and 

http://www.jcb.org/cgi/content/full/jcb.201504117/DC1
http://www.jcb.org/cgi/content/full/jcb.201504117/DC1
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Figure 1. An interactome of paraspeckle proteins. (a) Schematic of the yeast two-hybrid mating strategy. (b) Example of a growth plate (left) with 48 
mated yeast spots, each containing bait protein, with different candidate fusion proteins. The code of the grid position for each candidate is in Table S1. 
At right is the filter lift for the plate, color is β-galactosidase (β-Gal) activity. (c) Interactions between paraspeckle proteins, with numerical values binned into 
grayscale, as indicated. The values reflect both the strength of the interaction as well as the number of times it occurred in the two replicate experiments, 
see Materials and methods. (d) Example of a cotransformation with candidate proteins and negative controls. (e) Network diagram of the interactome, 
excluding putative paraspeckle proteins, with a cutoff of 8 for interaction (see Materials and methods), line thickness increasing with interaction score. Color 
coding is relevance to paraspeckle formation, determined by siRNA knockdown (Naganuma et al., 2012). Asterisks indicate proteins with PLDs (Fig. S2).

http://www.jcb.org/cgi/content/full/jcb.201504117/DC1
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Figure 2. The RBM14 PLD mediates interaction with NONO and paraspeckle targeting. (a) Various truncations of RBM14 were tested for their ability to 
interact with NONO in the yeast two-hybrid assay, and the RBM14 PLD (residues 350–669) was the only fragment to recapitulate the interaction seen 
with full-length RBM14. (b) Western blotting for NONO showing that it is coimmunoprecipitated on GFP-trap resin from lysates containing YFP-RBM14 
(lanes 2 and 5), or YFP-RBM14-PLD (lanes 3 and 6), but not YFP (lanes 1 and 4). Lysates in lanes 4–6 were treated with RNase A, which was effective at 
degrading RNA ∼30-fold over untreated samples, see Materials and methods. IP, immunoprecipitation; WB, Western blot. (c) Superresolution fluorescence 
micrograph of a HeLa nucleus: green, RBM14; red, NONO; blue, DAPI. Boxes are higher magnifications. Bars: (main image) 3 µm; (insets) 1 µm. (d) 
Fluorescence micrographs of representative HeLa cells transiently expressing YFP-RBM14 (top), YFP-RBM14-1-176 (middle), or YFP-RBM14-PLD (bottom). 
NEAT1 detected with FISH (red) to label paraspeckles. Green, YFP fluorescence; blue, DAPI. Both YFP-RBM14 and YFP-RBM14-PLD colocalize with 
paraspeckles, as indicated by yellow foci on overlays and arrows. Graph shows quantification of localization (see Materials and methods). Bars: (main 
images) 10 µm; (insets) 2 µm.
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RBM14 has 21 Y[G/N/A/S]AQ or [S/G]YG motifs (Table 
S1). The mutants we tested were either partial Y→S (half 
of the tyrosines mutated) or all Y→S. Fig. 3 (b and d) shows 
that tyrosine mutations in FUS PLD abolish paraspeckle 
targeting, similar to cytoplasmic stress granule targeting 
by FUS (Kato et al., 2012). Thus, there is likely a common 
PLD-dependent mechanism mediating FUS recruitment to 
RNPs in both subcellular compartments. RBM14 PLD mu-
tants showed a similar trend to FUS, with YFP-RBM14-PLD 
partial Y→S localization showing significantly diminished 
paraspeckle targeting and YFP-RBM14-PLD all Y→S failing 
to target to paraspeckles (Fig. 3, c and d). The overexpressed 
PLD mutants did not disrupt paraspeckles, suggesting their 
expression cannot dislodge the endogenous RBM14 protein 
from its normal role (Fig. 3 c and Fig. S3 a). The RBM14 PLD 
can also promote aggregation independent of paraspeckles, 
as seen with numerous, additional, non-NEAT1–containing 
foci in cells overexpressing YFP-RBM14 PLD (Fig. S3 b). 
Consistent with the notion that NONO binding may be im-
portant for RBM14 paraspeckle targeting, we observed that 
neither RBM14 PLD tyrosine mutant could coprecipitate 
NONO from cell lysates (Fig. 3 e).

To assess whether the FUS and RBM14 PLD is required 
for paraspeckle formation, we tested the ability of wild-type 
and mutant constructs to rescue the ablation of these bodies by 
siRNA knockdown of endogenous FUS, or RBM14. We first 
demonstrated that knockdown of the endogenous proteins re-
sults in significantly diminished paraspeckle numbers in HeLa 
cells, as determined by counting NEAT1 foci. We then showed 
that wild-type FUS, or RBM14, but not the vector control, 
could rescue paraspeckle formation (Fig. 3 f). In contrast, the 
FUS or RBM14 PLD mutants could not rescue paraspeckle for-
mation, giving results more similar to the vector control than 
wild-type FUS or RBM14 (Fig. 3 f), confirming that the PLDs 
of FUS and RBM14 play a critical role in paraspeckle forma-
tion. Given potential nuclear enrichment for many proteins with 
PLDs, nuclear body formation may represent one of the most 
important functions of PLDs.

The RBM14 PLD forms a hydrogel with 
amyloid-like properties in vitro
Given the FUS PLD can form hydrogel in vitro, we next 
tested whether the RBM14 PLD shares this property. GFP-
tagged RBM14-PLD and PLD mutants were expressed and 
purified, with GFP-FUS-PLD as a positive control (Fig. 4 a). 
When the samples were concentrated and cooled, all proteins, 
with the exception of GFP-RBM14-PLD all Y→S, formed 
hydrogels, composed of full-length GFP-PLDs, with a strong 
bias against presence of any degradation products (Fig. 4 b). 
Examination of their biophysical attributes confirmed sim-
ilarities of RBM14 to FUS hydrogels, with scanning EM 
(SEM), revealing the fibril mesh networks characteristic of 
amyloids (Fig. 4 c) and x-ray diffraction showing the typi-
cal amyloid signature of diffraction rings at ∼4.6 and 10 Å 
(Fig. 4 d). Unlike pathological amyloids, however, hydrogels 
are relatively soluble in SDS. Fig. 4 e shows that the RBM14 
and FUS hydrogels were all relatively soluble in 2% SDS, 
whereas aggregated huntingtin protein, typical of a patholog-
ical aggregate, was not. Collectively, these results confirm 
that the RBM14 PLD can form hydrogels in vitro in a simi-
lar manner to FUS PLD and that this attribute is dependent 
on a structurally intact PLD. Together, these findings pro-

vide new evidence for the importance of functional “tamed 
amyloids” in cell biology.

Nuclear body and RNP granule formation are highly 
dynamic processes, but the molecular basis for this remains 
unclear. Given the abundance of tyrosine and serine residues 
in PLDs, phosphorylation could play a role in regulating 
PLD-mediated interactions underpinning bodies. Suggestive 
of this, we observed different SDS-PAGE mobility for RBM14 
PLD mutants expressed in HeLa cells (Fig. 3 e) and found evi-
dence that RBM14 PLD is phosphorylated in cells (Fig. S3 c). 
Furthermore, the FUS PLD can be phosphorylated (Gardiner 
et al., 2008), and phospho-FUS hydrogels have weaker in-
teractions (Han et al., 2012).

Beyond paraspeckle formation, RBM14 is important in 
coregulation of transcription and splicing, centriole formation, 
and DNA repair (Iwasaki et al., 2001; Auboeuf et al., 2004; 
Yuan et al., 2014; Shiratsuchi et al., 2015). Re-examining these 
papers, we find the RBM14 PLD required for three out of four 
of these functions. Although the role of the RBM14 PLD in 
DNA repair is yet to be assessed, it is an attractive hypothe-
sis that functional aggregation is involved in the dynamic for-
mation of localized DNA repair assemblies. Notably, another 
essential paraspeckle protein, SFPQ, also implicated in DNA 
repair, requires functional aggregation via a coiled-coil motif 
for optimal DNA binding (Lee et al., 2015).

The regulation of RNP granule formation is emerging 
as a potential therapeutic application for cancer and neuro-
degenerative disorders. Of particular relevance is ALS, as-
sociated with cytoplasmic aggregates of normally nuclear 
PLD-containing proteins and caused in many cases by mu-
tations within PLD-containing proteins. Also important is 
the recent discovery of the most common genetic cause of 
ALS: a repeat expansion in C9ORF72, resulting in formation 
of toxic nuclear RNA granules that sequester RNA binding 
proteins and production of mutant proteins that bind hydro-
gels (Donnelly et al., 2013; Kwon et al., 2014). Paraspeckles 
now join stress granules and C9ORF72 foci as RNP gran-
ules implicated in ALS pathobiology (Tollervey et al., 2011; 
Nishimoto et al., 2013). Six paraspeckle proteins are known 
to cause ALS when mutated. It is thus possible that other 
paraspeckle proteins are putative candidates for novel ALS 
genes. This growing appreciation of the importance of func-
tional aggregation mediated by PLDs in RNA binding pro-
teins in ALS is opening the door for future studies into how 
these processes are perturbed in disease.

Until now, the common feature for paraspeckle pro-
teins was the presence of RNA binding domains, whereas 
the long noncoding RNA NEAT1 was thought to be the key 
structural determinant of paraspeckle formation. Our data do 
not diminish the importance of NEAT1, rather they suggest 
that in addition to protein–RNA interactions, there are also 
PLD-mediated protein–protein interactions, and together, 
these give rise to a dynamically regulated structure. In-
deed, many paraspeckle proteins associate within cells in an 
RNA-dependent manner (Chesi et al., 2013; Shelkovnikova 
et al., 2014). Questions remain about the repeat motifs 
within different PLDs and how differences in these relate 
to functional aggregation into RNPs and other assemblies. 
Paraspeckle targeting could join yeast aggregation and tox-
icity as a useful assay to address the relative contributions 
of different residues within PLDs to functional aggregation 
(Table S1; Couthouis et al., 2011).

http://www.jcb.org/cgi/content/full/jcb.201504117/DC1
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Figure 3. The RBM14 PLD is essential for paraspeckle formation. (a) Schematics of secondary structure, consensus repeat motifs and mutational strategy 
for FUS and RBM14. ZNF, Zinc finger. (b and c) Fluorescence micrographs of representative HeLa cells transiently expressing YFP-NLS-FUS-PLD or YFP-
RBM14-PLD (top), YFP-NLS-FUS-PLD partial Y→S mutant or YFP-RBM14-PLD partial Y→S mutant (middle), and YFP-NLS-FUS-PLD all Y→S mutant or YFP-
RBM14-PLD All Y→S mutant (bottom). NEAT1 RNA detected with FISH (red) to label paraspeckles. Green, YFP fluorescence; blue, DAPI. The paraspeckle 
targeting by FUS or RBM14 PLD is lost when tyrosines are mutated. Bars, 10 µm (d) Quantification of colocalization for experiments in b and c, see 
Materials and methods. (e) Western blot for NONO showing it is coimmunoprecipitated on GFP-trap resin from lysates expressing YFP-RBM14 (lane 2) or 
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Materials and methods

Yeast two-hybrid interaction screen
The combinatorial yeast two-hybrid interaction screen was per-
formed adopting a method similar to Golemis et al. (2011) 

and Vojtek et al. (1993). In brief, yeast strains L40 (genotype: 
MATa, his3-Δ200, trp1-901, leu2-3, 112, ade2-101, LYS2::(lex-
Aop)4-HIS3, URA3::(lexAop)8-lacZ, GAL4) and AMR70 (geno-
type: MATα, his3-Δ200, ade2-101, trp1-901, leu2-3, 112, gal4Δ, 
met-, gal80Δ, MEL1, URA3::GAL1UAS -GAL1TATA-lacZ) were 

YFP-RBM14-PLD (lane 3) but not YFP protein (lane 1) or either of the RBM14 PLD mutants (lanes 4 and 5). Bottom panels show anti-GFP Western of the same 
blot. WB, Western blot. (f) Schematic of paraspeckle rescue experiment and graph showing that transient, overexpressed, wild-type FUS or RBM14 can 
rescue paraspeckles after knockdown of endogenous FUS or RBM14, whereas the vector control or the Y→S mutant cannot. **, P < 0.02; means ± SD. 

Figure 4. The RBM14 PLD forms a hydrogel with amyloid-like properties. (a) Coomassie blue staining of SDS-PAGE of purified recombinant proteins with 
evidence of some degradation for RBM14. GFP-FUS-PLD (lane 2), GFP-RBM14-PLD (lane 3), GFP-RBM14-PLD partial Y→S (lane 4), and GFP-RBM14-PLD All 
Y→S (lane 5) are shown. Size markers are shown in lane 1. (b) Photos of hydrogels formed by cooled, concentrated preparations of soluble GFP-FUS-PLD 
(left), GFP-RBM14-PLD (middle), and GFP-RBM14-PLD partial Y→S (right). The GFP-RBM14-PLD All Y→S was incapable of forming hydrogels (bottom). Bar, 
2 mm. (right) Coomassie blue staining of hydrogel material, denatured and subject to SDS-PAGE, showing that hydrogels are enriched in full-length pro-
teins. (c) Representative SEM images showing the fibrillar nature of hydrogels made with GFP-FUS-PLD (left), GFP-RBM14-PLD (middle), and GFP-RBM14-PLD 
partial Y→S (right). Bars, 200 nm. (d) X-ray diffraction of hydrogels made with GFP-FUS-PLD (left), GFP-RBM14-PLD (middle), and GFP-RBM14-PLD partial 
Y→S (right), showing the typical amyloid rings at 4.6 and 10 Å. (e) SDS solubility assay showing GFP-FUS-PLD, GFP-RBM14-PLD, or GFP-RBM14-PLD partial 
Y→S hydrogels are soluble in 2% SDS, whereas the pathological form (Htt46Q) of Huntingtin protein is not.
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individually transformed with all of the candidates in each of the 
yeast two-hybrid vectors and grown on synthetic dropout (SD) se-
lection agar plates. The resulting 48 AMR70 transformants were 
grown overnight in 2  ml SD-W liquid media in deep well blocks 
(5  ml). One of the L40 transformants was grown in SD-W liquid 
media (15 ml tube). For the mating process, an SD-L-W agar plate 
was prewarmed at 30°C. The L40 interactor was diluted to OD600 = 
1, and 2-µl drops were applied in a 6 × 8 grid on the warm agar plate. 
Although the drops were drying, the L40 interactors were diluted to 
OD600 = 1, and subsequently, 2 µl of the mixture was applied on top 
of the AMR70 yeast on the plate. Plates were incubated at 30°C for 
∼4 d. Mating of the two strains resulted in diploid yeast growing on 
the selection media carrying both yeast two-hybrid plasmids. These 
were then tested for β-galactosidase activity. The process was re-
peated until all L40 transformants were tested against the grid of 
AMR70 candidates. The nuclear laminar protein Lamin was among 
the candidates and thereby served as negative control throughout 
the whole screen. This entire analysis was performed as a biological 
duplicate. Filter lift assays were performed as described in Golemis 
et al. (2011). β-Galactosidase activity was observed after 2  h and 
overnight incubation at 30°C in humidified chambers.

Yeast two-hybrid interaction screen analysis
Analysis was performed on pictures of the colored X-Gal filter lifts 
as well as the yeast growth on agar plates before the filter lift assay. 
Candidates that gave a strong blue color for all possible interactions, 
including the Lamin negative control, were deemed to be auto-ac-
tivating the β-galactosidase reporter gene and therefore discarded 
from further screen analyses.

All other interactions were scored on an intensity scale from 
1 to 4. As each interactor was screened as bait against all others and 
also present as prey within the grid, reciprocal interactions could 
be observed in most cases. Numerical values were assigned to each 
potential interaction using several rules. First, the scores based on 
the intensity of β-galactosidase assays were added together (in this 
case, the maximum was 4 + 4 + 4 + 4, in which both replicates 
showed maximal interaction, with bait and prey in both orienta-
tions). Second, to give greater value to recurring interactions, we 
multiplied the summed scores with the number of times an interac-
tion was observed (either during the screen repetition or as duplicate 
within the reciprocal screen design). In this way, the example above 
would score (4 + 4 + 4 + 4) × 4 = 64. The NONO–SFPQ interaction 
was the only one to reach this value of 64 (Fig. 1 e). Thus, an overall 
higher score indicated a higher probability for interaction, as false 
positives should not reoccur during experimental repetition (either 
in the biological duplicate or within the reciprocal screen arrange-
ment) and will occur just once in the intensity scoring. Fig. 1 e was 
made only with interactions of a minimum score of 8. One-off false 
positive interactions cannot reach our threshold of 8 because a one-
off maximum intensity score of 4 will only ever score 4 (4 × 1 = 4), 
whereas interactions with low intensity on the reporter assay, yet 
occurring in more than one replicate or bait–prey orientation could 
easily reach the threshold to occur in the network shown in Fig. 1 e 
(for example, (1 + 1 + 1) × 3 = 9, (2 + 1 + 1) × 3 = 12, (2 + 2) × 2 = 
8, (3 + 1) × 2 = 8, (4 + 1) × 2 = 10).

The resulting interactome heatmap was created using Excel and 
manual binning into eleven greyscales with increasing scores of 8. Net-
work arrangement was performed from interactions scoring higher than 
8 using Cytoscape 3.1.0 (National Resource of Network Biology). Line 
thickness and transparency corresponds to the scoring value starting 
from 8. Graphical adjustments (e.g., font type, layout, coloring) were 
made using Inkscape (v0.48).

Yeast two-hybrid interaction validation
To validate selected interactions, combinations of candidate genes 
(1 µg plasmid each) were cotransformed into the L40 strain and 
grown on SD-L-W agar plates. Lamin and A62 both served as nega-
tive controls in the yeast bait and prey plasmids (Ingley et al., 1999). 
Subsequently, all growing transformants were tested for β-galactosi-
dase activity. Blue color compared with negative controls indicated 
protein–protein interaction.

Plasmid construction
All candidate genes are human sequences. Some candidate gene 
cDNAs for yeast two-hybrid experiments were amplified from human 
cDNA or from plasmid sources and cloned into the pDONR entry 
plasmid (Life Technologies). Other candidate genes were provided as 
gateway entry clones in pENTR (Zhu et al., 2009; Naganuma et al., 
2012). These gene sequences are published on the Human Gene and 
Protein Database website (HGPD; http://www.HGPD.jp). Sequence 
variations or isoforms are indicated in Table S1. Subcloning of all can-
didate genes into pBTM-GW and pVP-GW yeast two-hybrid gateway 
destination vectors was performed by the LR-Clonase strategy accord-
ing to the manufacturer’s instructions (Gateway system; Life Technol-
ogies). pBTM-GW and pVP-GW destination vectors were provided 
by Zhu et al. (2009). Truncations of RBM14 were amplified by PCR 
using primers with gateway compatible overhangs followed by BP re-
combination into the pENTR vector. After sequence verification, LR 
reactions were performed into yeast expression vectors and a mam-
malian YFP expression vector.

Bacterial expression plasmids encoding the FUS PLD mutants 
were a gift of S. McKnight (University of Texas Southwestern, Dal-
las, TX; Kato et al., 2012). These were used as templates for PCR 
amplification to clone mutated FUS 1–215 into the YFP-C1-NLS 
plasmid, or to replace the endogenous FUS 1–215 sequence in pcD-
NA5-Flag-FUS, performed with Gibson cloning (Naganuma et al., 
2012). RBM14 PLD mutants (residues 350–669) were generated by 
gene synthesis (GenScript). RBM14 Partial Y→S has the following 
changes: Y365S, Y384S, Y402S, Y417S, Y432S, Y449S, Y474S, 
Y498S, and Y528S. RBM14 Full Y→S has the following changes: 
Y356S, Y365S, Y377S, Y384S, Y395S, Y402S, Y410S, Y417S, 
Y425S, Y432S, Y442S, Y449S, Y460S, Y474S, Y486S, Y498S, 
Y504S, Y528S, and Y540S. After synthesis, the mutant RBM14 PLD 
cDNAs were then PCR amplified and cloned into peYFP-C1-NLS 
using the Gibson cloning reaction (New England Biolabs, Inc.). To 
make full-length RBM14 mutants that were siRNA resistant, first, 
a Flag-tagged RBM14 construct was made with silent mutations 
(aAtcAgcTgcGtcGtcTctTgcAta) across the siRNA target sequence 
(5′-AGTCTGCAGCCTCCTCACTAGCTTA-3′). Subsequently, the 
Gibson method was used to replace the wild-type 350–669 residues 
in RBM14 with the PCR amplified partial Y→S and full Y→S 350–
669 regions. To make plasmids for expressing recombinant RBM14 
PLD (residues 350–669), as well as mutants, the relevant regions 
were PCR amplified and cloned into pHis-GFP FUS vector (gift of 
S. McKnight) digested with KpnI and XhoI using the Gibson method 
(New England Biolabs, Inc.).

Cell culture and transfection
HeLa cells were grown in DMEM supplemented with 10% fetal calf 
serum and 100 U/ml penicillin and streptomycin (Life Technologies). 
Cells were transfected with plasmids using Lipofectamine 2000 (Life 
Technologies) according to the manufacturer’s instructions. For im-
aging experiments, cells were transfected with plasmids followed by 
fixation the next day. For RBM14 siRNA knockdown experiments, 
cells were grown on coverslips in 8-well plates and then transfected 
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with siRNA against RBM14 (Life Technologies) using Lipofectamine 
RNAiMAX (Life Technologies) according to the manufacturer’s in-
structions. 48 h after siRNA transfection, cells were then transfected 
with FLAG-tagged RBM14, RBM14 partial Y→S, and RBM14 full 
Y→S, and pcDNA5-Flag-EGFP as a vector control followed by fixa-
tion and processing for NEAT1 FISH 16 h later. For FUS siRNA knock-
down experiments, cells were grown on coverslips in 8-well plates and 
then transfected with siRNA against FUS (sense, 5′-UAGGAUUUC-
CGGAGAAUUCUUUACC-3′ and antisense, 5′-GGUAAAGAAUU-
CUCCGGAAAUCCUA-3′; Life Technologies) using Lipofectamine 
RNAiMAX (Life Technologies) according to the manufacturer’s 
instructions. 48 h after siRNA transfection, another round of siRNA 
transfection was performed. 48 h later, cells were transfected with Flag-
tagged FUS, FUS all Y→S, and pcDNA5-Flag-EGFP as a vector con-
trol followed by fixation and processing for NEAT1 FISH 24 h later.

Microscopy, FISH, and immunofluorescence
For standard microscopy, images were captured using a microscope 
(DeltaVision Elite; GE Healthcare) using a 60×/1.42 NA objective 
lens, camera (CoolSNAP HQ2; Photometrics), and the softWoRx 6.0 
software (GE Healthcare). Images shown are deconvolved maximum 
intensity projections of z stacks through each nucleus, captured at RT.

Immunofluorescent microscopy on HeLa cells was performed 
by first fixing cells, grown on coverslips, in 4% paraformaldehyde (in 
PBS). This was followed by permeabilizing in 1% Triton X-100 (in 
PBS) and then incubation with mouse anti-NONO (Souquere et al., 
2010) and rabbit anti-RBM14 (BETHA300-331; Bethyl Laboratories, 
Inc.) diluted in PBS/0.05% Tween 20 for 1 h at RT. After washing, cov-
erslips were incubated with anti–mouse Alexa Fluor 643–conjugated 
antibody, and anti–rabbit Alexa Fluor 488 (both Life Technologies), 
for 1  h, and then counterstained with DAPI and mounted with Vec-
torshield medium (Vector Laboratories). Superresolution microscopy 
was performed using the DeltaVision OMX V4 Blaze-SIM (Structured 
Illumination Microscopy) system (GE Healthcare). Images were taken 
using the 60× objective lens. Before every experiment, a reference 
image using TetraSpeck fluorescent microspheres (Life Technologies) 
was taken and used to calibrate the system, correcting for position shift. 
Immersion oil with a refractive index between 1.512 and 1.516 was 
used to match the calibrated system. Z-series images were taken at 4.5-
µm optical thickness with 0.25-µm intervals. Images were taken with 
varying exposure times using the DAPI, FITC, and Cy5 filters. Decon-
volution, followed by a quick projection, was applied on all images 
using the softWoRx software (GE Healthcare).

NEAT1 FISH was performed with two different methods. For 
all experiments with the exception of that shown in Fig. 3 e, FISH with 
labeled probes (Stellaris Quasar-570–conjugated NEAT1 probe; Bio-
search Technologies) was performed on HeLa cells according to the 
manufacturer’s instructions. In brief, HeLa cells on coverslips were 
washed with PBS and fixed with 4% paraformaldehyde (in PBS) at 
RT for 15 min. The cells were then rinsed in PBS and permeabilized in 
70% ethanol overnight at 4°C. Hybridization of probes at the manufac-
turer’s recommended dilution was performed overnight at 37°C in 100 
mg/ml dextran sulfate and 10% formamide in 2× SSC. After washing, 
cell nuclei were counterstained with DAPI (Sigma-Aldrich).

For Fig. 3 e, NEAT1 FISH and subsequent immunofluorescence 
was performed as described in Naganuma et al. (2012). In brief, NEAT1 
probes were made by NEAT1 cDNA fragment (Naganuma et al., 2012) 
using Fluorescein RNA Labeling Mix (Roche) according to the man-
ufacturer’s instructions. Hybridization of NEAT1 FITC-labeled probes 
were performed for 16 h at 55°C in 2× SSC/50% formamide with Den-
hardt’s, 10 mM EDTA, 100 µg/ml yeast tRNA, 0.01% Tween 20, and 
5% Dextran. Slides were washed two times in 2× SSC/50% formamide 

for 30 min at 55°C and one time in NTET buffer (10 mM Tris-HCl, 
pH 8.0, 1 mM EDTA, 500 mM NaCl, and 0.1% Tween 20) for 15 min 
at 37°C before incubating with 10 µg/ml RNase in NTET buffer for 
1 h at 37°C. After washing once in 2× SSC/0.01% Tween 20 for 30 
min at 55°C and twice in 0.01% SSC/0.01% Tween 20 for 30 min at 
55°C, slides were incubated with mouse anti-FLAG (1:1,000 dilution; 
Sigma-Aldrich) and rabbit anti-Fluorescein (1:1,000 dilution; Abcam) 
overnight at 4°C. After washing in TBST for 5 min at RT, slides were 
incubated with anti–mouse Alexa Fluor 488 goat anti–rabbit antibody 
and Alexa Fluor 568 goat anti–mouse antibody (1:1,000 dilution; both 
obtained from Life Technologies) for 1 h at RT in shielding light. Slides 
were washed three times with TBST in shielding light before mounting 
VECTASHIELD with DAPI. Images were taken using a microscope 
(FV1000D-IX81) and FV10-ASW software (both obtained from Olym-
pus). Numbers of NEAT1 foci were counted in FLAG-positive cells in 
about one hundred cell nuclei. The cells with more than four NEAT1 foci 
in a nucleus were counted as cells with normally formed paraspeckles.

For quantification of fluorescence colocalization, linescan anal-
ysis was performed for red (NEAT1 FISH) and green fluorescence 
(YFP proteins) channels. For each YFP fluorescent protein, 40 trans-
fected cells were chosen in an unbiased manner. Colocalization was 
determined quantitatively by analyzing coincidence of fluorescence 
peaks in linescans. Peaks were identified where the first derivative of 
the fluorescence signal passes through 0 and thresholded using 1 SD 
of the cumulative first derivative as a cutoff. Cells were scored “full 
colocalization” if, for every red (NEAT1) peak, there was a coincident 
green fluorescent (YFP protein) peak; scored “partial colocalization” if 
only some red peaks had a corresponding green peak, even if only just 
above background fluorescence; and “no colocalization” if there was 
no green peak for any red peak.

Coimmunoprecipitation experiments
HeLa cells were transfected with YFP-fusion plasmids in 6-well plates. 
The next day, cells were washed with PBS and lysed with radioimmu-
noprecipitation assay buffer (100 mM Tris-HCl, pH 7.5, 500 mM NaCl, 
0.5% SDS, 0.5% sodium deoxycholate, 1% NP-40, and protease in-
hibitor cocktail tablet [Roche]) on ice for 15 min. Lysates were passed 
through a QIAshredder (QIAGEN). The lysates of YFP, YFP-RBM14 
partial Y→S and YFP-RBM14 full Y→S were diluted with mock trans-
fected lysate to adjust for the amount of extracted YFP fusion proteins. 
In some cases, the lysates were incubated with 50 µg/ml RNase A for 
15 min at 30°C before immunoprecipitation. RNase A was demon-
strated to be efficient at degrading RNA by spectrophotometric analysis 
of total RNA levels as a result of purifying RNA in control and treated 
samples using a RNA column (QIAGEN) according to the manufac-
turer’s instructions. Lysates containing equal amounts of YFP fusions 
were incubated with 20 µl magnetic GFP-Trap beads (ChromoTek) at 
4°C for 1 h under constant mixing. The beads were washed three times 
with radioimmunoprecipitation assay buffer and two times with wash 
buffer (10 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.5 mM EDTA, and 
0.05% NP-40). For phosphatase treatment, the beads in each immuno-
precipitation were split, one half was resuspended in CutSmart phos-
phatase buffer, and the other half was resuspended in CutSmart buffer 
plus calf intestinal alkaline phosphatase (New England Biolabs, Inc.); 
both samples were incubated at 37°C for 1  h.  Bound proteins were 
eluted by directly adding SDS loading buffer to the beads. The resul-
tant protein mixtures were separated by 1D SDS-PAGE and transferred 
onto membranes for Western blotting. Coimmunoprecipitated proteins 
were detected with mouse anti-NONO antibody (Souquere et al., 2010), 
and immune-precipitated YFP fusions were detected with anti-GFP 
(Roche) and anti–mouse antibody (800 nm; LI-COR Biosciences). The 
signal was visualized with the Odyssey imager (LI-COR Biosciences).
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For Fig. S1, HeLa cells (107 cells) were lysed with lysis buffer 
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, Com-
plete EDTA-free [Roche], and PhoSTOP [Roche]) and placed on ice 
for 30 min, and the supernatant was recovered by centrifugation at 
10,000  g for 10 min. Antibodies were mixed with Dynabeads pro-
tein G (Invitrogen) for 1  h followed by washing twice in lysis buf-
fer. The remaining supernatants were mixed with antibody–beads 
conjugates and rotated overnight at 4°C, and then the beads were 
washed five times with lysis buffer. Immunoprecipitations were 
performed with rabbit polyclonal antibody to RBM14 (Bethyl Lab-
oratories) and mouse monoclonal to HNRNPK (Abcam). Western 
blotting was carried out with rabbit polyclonal to HNRNPK (Bethyl 
Laboratories), rabbit polyclonal to HNRNPUL1 (Abcam) and rabbit 
polyclonal to RBMX (Abcam).

Protein expression and purification
GFP-FUS PLD, GFP-RBM14 PLD, and GFP-RBM14 PLD mutant 
proteins were overexpressed in Escherichia coli BL21(DE3) cells with 
0.5 mM IPTG at 16°C overnight. Harvested cells were resuspended in 
lysis buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 20 mM imid-
azole, 100 mM DTT, 0.1 mM PMSF, and protease inhibitor cocktail, 
EDTA-free [Roche]) and incubated at 60°C for 10 min with agita-
tion at 2-min intervals, to heat denature proteases. Cells were lysed 
using a high-pressure homogenizer (EmulsiFlex-C5; Avestin) at 200 
kPa. The lysates were spun at 24,000 g at 4°C for 30 min. The sol-
uble fraction was mixed with preequilibrated Profinity IMAC Ni2+-
charged resin (Bio-Rad Laboratories, Inc.) at 4°C for 30 min. The resin 
mixture was poured into a Econo-Pac gravity-flow column, washed 
with 10× resin volume of lysis buffer, and the bound proteins were 
eluted with elution buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 
500 mM imidazole, 100 mM DTT, 0.1 mM PMSF, protease inhibitor 
cocktail, and EDTA-free [Roche]). EDTA was added to a final con-
centration of 0.5 mM. Samples were subject to 1D SDS-PAGE and 
stained with Coomassie blue.

Formation of FUS and RBM14 hydrogels
The purified proteins were concentrated using Amicon Ultra Cen-
trifugal filters (EMD Millipore) to ∼40 mg/ml. The protein solutions 
were then dialyzed against gelation buffer (20 mM Tris-HCl, pH 7.5, 
200 mM NaCl, 100 mM DTT, 0.5 mM EDTA, and 0.1 mM PMSF) at 
4°C for 2 h. The dialyzed protein solutions were left in 0.2-ml PCR 
tubes at 4°C for ≥48 h to gelate.

X-ray diffraction
GFP-FUS, GFP-RBM14, and GFP-RBM14 partial Y→S mutant hy-
drogels were dialyzed against distilled water overnight. The hydro-
gels were then lyophilized, and the solid materials were mounted on a 
nylon CryoLoop. X-ray diffraction images were collected at RT using a 
Bruker MICROSTAR generator (wavelength = 1.54 Å) equipped with 
a Mar345dtb detector. The sample to detector distance was 350 mm. 
Each of the samples was oscillated 1° during a 20-min exposure.

SEM
GFP-FUS, GFP-RBM14, and GFP-RBM14 partial Y→S mutant hy-
drogels were mounted onto 10-mm coverslips that were coated with 
poly-l-lysine. The hydrogels were then fixed with 2.5% glutaraldehyde 
at 4°C for 2 h before they were dehydrated in a series of ethanol washes 
(50%, 70%, 90% and twice in absolute “dry” ethanol). The samples 
were critical point dried, mounted on SEM aluminum stubs with dou-
ble-sided carbon tape, and coated with gold. Images were collected 
using a variable-pressure field-emission scanning electron microscope 

(1555; Carl Zeiss; Centre for Microscopy, Characterisation and Analy-
sis, University of Western Australia) at 10 kV.

Htt46Q-CFP aggregation and SDS solubility assay
6 µmol of purified Htt46Q-CFP protein was incubated at 37°C for 72 h 
with 0.1% sodium azide to induce aggregation. For the SDS solubility 
assay, Htt46Q aggregate material and hydrogel fragments of GFP-FUS, 
GFP-RBM14 wild type, and GFP-RBM14 partial mutant were incu-
bated with and without 2% SDS at 37°C for 10 min. The samples were 
then passed through a 0.2-μm spin filter to remove solid material, and 
the UV absorbance of the flow through was measured to monitor the 
amount of monomeric protein that passed through the filter.

Online supplemental material
Fig. S1 shows selected coimmunoprecipitations for validation of the 
yeast two-hybrid screen. Fig. S2 shows the PLD prediction algorithm 
output for each of the proteins used in this study. Fig. S3 shows that 
RBM14 PLD mutants do not act as dominant negatives to disrupt en-
dogenous paraspeckles, but that wild-type RBM14 PLDs are capable 
of aggregating in the absence of NEAT1, and that RBM14 PLD is 
phosphorylated in vivo. Table S1 is a list of proteins and their attri-
butes used in this study and is provided online as an Excel file. On-
line supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.201504117/DC1.
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