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The splicing factor U1-70K interacts with the SMN complex and is

required for nuclear gem integrity

Eva Stejskalova'? and David Stanék'*

ABSTRACT

The nuclear SMN complex localizes to specific structures called
nuclear gems. The loss of gems is a cellular marker for several
neurodegenerative diseases. Here, we identify that the U1-snRNP-
specific protein U1-70K localizes to nuclear gems, and we show that
U1-70K is necessary for gem integrity. Furthermore, we show that
the interaction between U1-70K and the SMN complex is RNA
independent, and we map the SMN complex binding site to the
unstructured N-terminal tail of U1-70K. Consistent with these
results, the expression of the U1-70K N-terminal tail rescues gem
formation. These findings show that U1-70K is an SMN-complex-
associating protein, and they suggest a new function for U1-70K in
the formation of nuclear gems.

KEY WORDS: Cajal bodies, Gems, Nuclear structure, SMN,
U1 snRNP, U1-70K

INTRODUCTION
The Ul small nuclear ribonucleoprotein particle (Ul snRNP)
is an essential component of the spliceosome, a large
macromolecular complex responsible for catalyzing pre-mRNA
splicing (Will and Lithrmann, 2011). The Ul snRNP is composed
of the Ul snRNA, a ring of seven Sm proteins and a set of
specific proteins — UlA, UIC and Ul-70K. Ul snRNA is
transcribed by RNA polymerase II and exported to the cytoplasm,
where the Sm ring is loaded (Fischer et al., 2011). Sm formation
is promoted and controlled by the SMN complex, which consists
of the survival of motor neuron (SMN) protein, seven Gemin
proteins (Gemin2—Gemin8) and unrip (also known as STRAP)
(Fischer et al., 1997; Otter et al., 2007; Cauchi, 2010). After Sm
ring assembly and additional maturation steps, the core Ul
snRNP is transported back into the nucleus (Fischer and
Lithrmann, 1990; Neuman de Vegvar and Dahlberg, 1990;
Fischer et al., 1993). The SMN complex stays associated with
the core snRNP in the cytoplasm and assists during nuclear
import (Massenet et al., 2002; Narayanan et al., 2004).
Consistent with its role in snRNP biogenesis, the SMN
complex localizes to the cytoplasm. However, the SMN
complex is also found in the nucleus, where it accumulates in
structures called ‘Gemini of Cajal bodies’ (gems) (Liu and
Dreyfuss, 1996). Nuclear gems are non-membranous bodies
distinct from splicing speckles and other structures in the nucleus
(Malatesta et al., 2004; Navascues et al., 2004). They often
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localize adjacent to Cajal bodies, the sites of snRNP modification
and processing (Machyna et al., 2013). In addition to the SMN
complex proteins, the only additional gem residents identified to
date are ‘fused in sarcoma’ (FUS) and TDP-43, which are both
involved in amyotrophic lateral sclerosis (Tsuiji et al., 2013). In
addition, the loss of gems correlates with increased severity of
spinal muscular atrophy and amyotrophic lateral sclerosis (Shan
et al., 2010; Kariya et al., 2012; Achsel et al., 2013).

RESULTS AND DISCUSSION
The U1 snRNP protein U1-70K localizes to nuclear gems and
interacts with the SMN complex
It has previously been shown that all major spliceosomal
snRNAs, except the Ul snRNA, accumulate in Cajal bodies
(Carmo-Fonseca et al., 1991; Matera and Ward, 1993). To
better understand the nuclear distribution of the Ul snRNP, we
expressed the Ul-specific protein Ul-70K tagged with GFP in
three different cell lines and analyzed its localization with respect
to gems and Cajal bodies (supplementary material Fig. S1A). In
addition, we used Kyoto HeLa cells stably expressing Ul-70K—
GFP from a bacterial artificial chromosome, which preserves the
endogenous U1-70K promoter and exon-intron structure. In all
cell lines, U1-70K—GFP localized to the nucleus and accumulated
in distinct foci, which colocalized with nuclear SMN. In cells
with separated Cajal bodies and gems, Ul-70K—GFP always
accumulated in gems and not Cajal bodies, which is consistent
with previous findings (Carmo-Fonseca et al., 1991; Matera and
Ward, 1993). To avoid possible artifacts of the ectopic expression
of Ul-70K-GFP, we performed super-resolution microscopy
using immunofluorescently labeled endogenous Ul1-70K. Our
data showed that endogenous U1-70K accumulates in gems as
well (Fig. 1A). To test whether other components of Ul snRNP
are present in gems, we localized Ul snRNA by in-situ
hybridization and ectopically expressed GFP-tagged UlA and
UIC. The Ul snRNA localized to gems, but we did not observe
any gem-specific accumulation of either UIA or U1IC (Fig. 1A;
supplementary material Fig. S1B). To our knowledge, U1-70K is
the first example of an snRNP protein accumulating in gems.
To analyze how Ul1-70K is targeted to gems, we assessed the
association of Ul-snRNP-specific proteins with the SMN protein.
We expressed Ul-70K, UlA and UIC tagged with GFP,
immunoprecipitated them using anti-GFP antibodies and probed
blots for SMN, which specifically co-precipitated with U1-70K—
GFP (Fig. 1B). Next, we showed that endogenous U1-70K co-
precipitated with all major components of the SMN complex
(Fig. 1C), except for unrip, which is known to reside mainly in
the cytoplasm (Grimmler et al., 2005). Similar SMN complex
proteins were co-purified with ectopically expressed Ul-70K—
GFP (supplementary material Fig. S2A). The interaction between
Ul-70K and SMN was RNA independent (supplementary
material Fig. S2B), suggesting that Ul-70K associated with
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Fig. 1. U1-70K localizes into nuclear gems and interacts with the SMN complex. (A) Super-resolution image of nuclear gems containing SMN protein
(blue), U1 snRNA (red) and U1-70K protein (green). The gem marked by the arrow is magnified 2.5x in insets. Scale bars: 5 um. (B,C) U1-70K interacts with the
SMN complex. (B) GFP-tagged U1 snRNP proteins were transiently expressed in HelLa cells and immunoprecipitated (IP) by using anti-GFP antibodies. Co-
precipitated proteins were assayed by western blotting. Non-transfected cells were used as a negative control (—). (C) Endogenous U1-70K was
immunoprecipitated from cell lysates and co-precipitated proteins were assayed by western blotting. Ctrl, control. (D,E) U1-70K interacts with SMN in gems.
(D) Cells were transiently co-transfected with U1-70K—CFP or U1C-CFP and SMN-YFP. YFP was bleached specifically in gems, and the CFP fluorescence was
measured before and after bleaching. a.u., arbitrary units. Scale bars: 5 um, insets are magnified 2x. (E) FRET efficiency was measured in three independent
biological replicates, each containing at least ten cells. Data show the mean*s.e.m. SMN self-interaction was used as a positive control, and empty CFP

with SMN-YFP served as a negative control.

the SMN complex through protein—protein interactions
independently of the Ul snRNA.

It was recently shown that the protein FUS interacts with both
SMN and the Ul snRNP. FUS has been proposed to bridge the
SMN complex with the Ul snRNP, but the interaction between
the SMN complex and the Ul snRNP has not been directly tested
(Yamazaki et al., 2012). Here, we showed that FUS depletion by
RNA interference (RNAIi) did not interfere with the association
between U1-70K and SMN (supplementary material Fig. S2C).

To probe whether Ul-70K interacts with SMN in gems, we
employed Forster resonance energy transfer (FRET), which has
been utilized previously to detect snRNP interaction partners
in Cajal bodies (Stanék and Neugebauer, 2004; Huranova
et al., 2009). We expressed YFP-tagged SMN protein together
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with CFP-tagged U1-70K and measured for increased CFP
fluorescence after YFP bleaching (Fig. 1D). FRET efficiency
between Ul-70K and SMN in gems was comparable to FRET
signals detected between SMN proteins (Dundr et al., 2004),
which was used as a positive control, whereas FRET between
SMN and the non-interacting U1C was at the background level
(Fig. 1E). These FRET data show that Ul-70K associates with
SMN in gems.

Interaction between U1-70K and the SMN complex is
mediated by the unstructured N-terminal part of U1-70K
Next, we addressed which part of U1-70K interacts with the SMN
complex. We found that the SMN complex interaction domain
lies in the N-terminal half (amino acids 1-200) of U1-70K
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Fig. 2. The N-terminal tail of U1-70K interacts with SMN. (A) A schematic representation of the U1-70K N-terminal half within the U1 snRNP, based on

Pomeranz Krummel et al.,

2009. SL, stem loop; aa, amino acids. (B) A schematic representation of the U1-70K deletion constructs used in this study. FL, full

length; N-half, N-terminal half. (C) Transiently transfected GFP-tagged U1-70K mutants were immunoprecipitated (IP) using anti-GFP antibodies, and co-
precipitated proteins and the U1 snRNA were visualized by western blotting and silver staining, respectively. Non-transfected cells served as a negative control
(—). Protein bands with correct size are marked by asterisks. The band around 55 kDa corresponds to antibody heavy chains. (D) HeLa cells expressing GFP-
tagged U1-70K mutants (green) stained with the anti-SMN antibody (red) marking nuclear gems. Details of selected gems (marked by arrows) are shown in
insets. Nuclear outlines are shown in white. IF, immunofluorescence. Scale bars: 5 um, insets are magnified 2.5x.

(Fig. 2; data not shown). The N-terminal half contains an RNA
recognition motif (RRM), a-helical region and the unstructured
N-terminal tail (Fig. 2A). The RRM and the o-helical region
bind to the Ul snRNA stem loop 1, and the unstructured tail
interacts with Sm ring proteins (Stark et al., 2001; Pomeranz
Krummel et al., 2009). To further define the SMN-interacting
domain, we tagged four different parts of the N-terminal half of
Ul-70K with GFP (Fig. 2B), expressed them in HeLa cells
and immunoprecipitated using anti-GFP antibodies. The co-
precipitated SMN protein was detected by western blotting as a
marker of the SMN complex (Fig. 2C).

The minimal domain of U1-70K that interacted with the SMN
complex consisted of the first 60 amino acids and correlated with
the gem-targeting domain (Fig. 2D). By contrast, the mutant
lacking the first 60 amino acids and containing the o-helix and
RRM was not able to co-precipitate the SMN complex and
did not accumulate in gems. However, the o-helix and RRM
domain still interacted with the Ul snRNP, as indicated by

co-precipitation of the Sm proteins and the Ul snRNA (Fig. 2C,
lower panels). These results show that U1-70K incorporation into
the Ul snRNP does not correlate with U1-70K interaction with
the SMN complex, indicating that U1-70K—SMN association is
not mediated by other Ul snRNP components.

In addition to its role in snRNP biogenesis, the SMN complex
was suggested to be directly involved in in vitro pre-mRNA
splicing or recycling of post-spliceosomal complexes (Meister
et al., 2000). Moreover, the SMN complex was recently identified
in the early spliceosomal complexes (Makarov et al., 2012). Ul-
70K is a core splicing protein found specifically in early splicing
complexes (Will and Luhrmann, 2011). Our data provide a direct
link between the SMN complex and early spliceosomes and could
explain how the SMN complex associates with the spliceosome.

The U1-70K N-terminal tail is important for gem integrity

To test whether Ul-70K is important for gem integrity, we
depleted U1-70K by RNAi and stained for SMN (supplementary
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material Fig. S2D). Nuclear gems disappeared after U1-70K
knockdown, and SMN localized diffusely in the cytoplasm and the
nucleus. We tested two different small interfering (si)RNAs against
U1-70K in three different cell lines and, in all cases, gem number
decreased after the siRNA treatment (Fig. 3A; data not shown). To
quantify the phenotype, we employed high-content microscopy,
which revealed that U1-70K depletion reduced the average number
of gems per cell in HeLa KN (Hebert et al., 2002), U20S and
HepG2 cells, whereas Cajal body number was not significantly
affected (Fig. 3B; supplementary material Fig. S2G). As reported
previously, we observed Cajal body and gem loss after SMN
knockdown (Fig. 3B; supplementary material Fig. S2G). Cajal
body reduction after SMN knockdown was previously connected
with impaired snRNP biogenesis (Shpargel and Matera, 2005;
Girard et al., 2006; Lemm et al., 2006). Because Cajal body
number was not changed after U1-70K knockdown, we suggest
that U1-70K downregulation does not affect snRNP biogenesis.
The expression of the SMN protein was not reduced after the
knockdown of U1-70K (supplementary material Fig. S2D),
indicating that the gem loss was not due to downregulation of
the SMN protein. To test whether U1-70K is important for the
integrity of the SMN complex, we knocked down Ul-70K and
analyzed the Gemins that co-precipitated with SMN (Fig. 3C). All
of the tested components of the SMN complex co-purified with the
SMN protein to a similar extent as in cells treated with a negative
control siRNA, which suggests that gem loss is not due to the
disintegration of the SMN complex.

To confirm the role of UI-70K in gem formation, we expressed
siRNA-resistant Ul-70K mutants and analyzed gem formation
after UI-70K downregulation (Fig. 4A,C). The expression of the
full-length protein, its N-terminal half or the first 1-60 amino
acids, all of which interact with the SMN complex (see Fig. 2),
rescued the average number of gems, which increased to almost
70% of the original value. By contrast, the mutant 57—-196, which
does not bind to the SMN complex, was unable to rescue the
phenotype above that observed following expression of the empty
GFP control. These results suggest that the N-terminal fragment
of the U1-70K protein, which interacts with the SMN complex, is
important for gem integrity. To test whether the loss of U1-70K
can be compensated for by SMN overexpression, we ectopically
expressed SMN-YFP, which rescued gem formation (Fig. 4B,D).
This result suggests that U1-70K induces gems indirectly, e.g. by
increasing a local concentration of SMN or by enhancing the
oligomerization properties of SMN.

Taken together, here, we identify U1-70K as an SMN complex
interaction partner, which is required for gem formation. It was
recently shown that several proteins involved in amyotrophic
lateral sclerosis, such as TDP43 and FUS, are important for gem
formation (Shan et al., 2010; Kariya et al., 2012; Yamazaki et al.,
2012; Tsuiji et al., 2013). As far we know, no mutation of Ul-
70K has been connected with amyotrophic lateral sclerosis to date
(Finsterer and Burgunder, 2014). However, our findings suggest a
potential link between U1-70K and neurodegenerative diseases,
and U1-70K mutations might be a potential target for screening in
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the sporadic amyotrophic lateral sclerosis patients who have an
unidentified genetic basis of disease.

MATERIALS AND METHODS

Plasmid construction

Full-length U1-70K—GFP was described previously (Huranova et al.,
2010). UIA-GFP and U1C-GFP (or CFP) were amplified from cDNA
and inserted into the pEGFP-N1 (or pECFP-N1) vectors (Clontech,
Mountain View, CA) using the EcoRl/BamH]I and Xhol/EcoR] restriction
sites, respectively. U1-70K—CFP was generated by recloning the U1-70K
sequence from full-length U1-70K-GFP into pECFP-N1 using the EcoRl/
BamHI restriction sites. The Ul-70K GFP-tagged mutants were
generated by PCR amplification of the desired sequences and
subsequent cloning into pEGFP-N1 using the EcoRl/BamHI restriction
sites. Two silent point mutations, G414A and G417T, were introduced
into the siRNA-binding site of U1-70K by site-directed mutagenesis to
generate siRNA-resistant constructs. SMN-CFP-C1 was a gift from
Miroslav Dundr (Dundr et al., 2004).

Cell culture and transfections
Cell lines were maintained in DMEM supplemented with 10% fetal calf
serum and 1x penicillin-streptomycin (Invitrogen, Carlsbad, CA). We

used two different HeLa subclones — HeLa Kyoto and HeLa KN (Hebert
et al., 2002). Unless specified otherwise, all experiments were performed
using HeLa KN cells.

Plasmids were transfected by using Lipofectamine LTX (Invitrogen),
and cells were assayed 24 h after transfection. siRNAs (Ambion, Austin,
TX) were transfected using Oligofectamine (Invitrogen) according to the
manufacturer’s instructions and assayed after 48 h. The siRNA sequences
are as follows: Ul-70K siRNA#1, 5'-GGUCUACAGUAAGCGGU-
CATT-3" (s13211); Ul-70K siRNA#2, 5'-CGGACCUAUCAAAAGA-
AUATT-3" (s13212); FUS siRNA, 5'-AGCCCAUGAUUAAUUUGU-
ATT-3" (s5401). Ambion negative control siRNA #5 was used. SMN
esiRNA (EHU148811) was from Sigma Aldrich (St Louis, MO).

Antibodies

Primary antibodies used in this study were against: Gemin 2 (clone 3F8)
and GFP [clone B-2 (western blotting)] (both from Santa Cruz
Biotechnology, Santa Cruz, CA); Gemin 3, Gemin 4 (clone 3El),
Gemin 6, Gemin 8, unrip, SMNI1 [clones 2B1 (immunofluorescence,
immunoprecipitation) and 2B11 (western blotting)] and FUS (all from
Sigma Aldrich); U1-70K [Sigma Aldrich (immunofluorescence, western
blotting); Santa Cruz Biotechnology (immunoprecipitation)]; Gemin 5
(clone 10G11; Millipore, Temecula, CA); B-actin (Abcam, Cambridge,
UK); coilin (clone 5P10; from Maria Carmo-Fonseca, Instituto de
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Medicina Molecular, Lisbon, Portugal). Antibody against SmB/B’ was
produced in the Institute of Molecular Genetics antibody facility from a
hybridoma cell line obtained from Karla Neugebauer (Yale University,
New Haven, CT). Anti-GFP antibodies (immunoprecipitation) were
obtained from David Drechsel (Max Planck Institute of Molecular Cell
Biology and Genetics, Dresden, Germany).

Secondary antibodies conjugated to DyLight 488, DyLight 549 or CyS5
were used for immunofluorescence staining, and secondary antibodies
conjugated to horseradish peroxidase (Jackson ImmunoResearch
Laboratories, West Grove, PA) were used for western blotting.

Fixed-cell staining and image acquisition

Cells were fixed and labeled, and images were acquired as described
previously (Novotny et al., 2011). Ul snRNA was visualized by
fluorescent in situ hybridization as described previously (Schaffert
et al., 2004). High-content microscopy was performed as described
previously (Novotny et al., 2012). FRET measurement by acceptor
photobleaching was performed as described previously (Stanék and
Neugebauer, 2004).

For super-resolution microscopy, samples were stained as described
above and mounted in anti-fade mounting medium [5% (w/v) n-propyl
gallate in 20 mM Tris-HCI pH 8.5 in 86% glycerol (optical grade)].
Acquisition was performed on the Delta Vision OMX (Applied Precision,
Issaquah, WA), equipped with three-dimensional structured illumination
(3D-SIM) and a 60x 1.42 NA objective. 0.125-um optical sections were
acquired. For image reconstruction, we used SoftWorx software
implemented with the 3D SI Reconstruction function. Reconstructed
images were processed and analyzed using ImagelJ software.

Immunoprecipitation

Immunoprecipitation was performed as described previously (Huranova
et al., 2009). RNA was extracted using phenol:chloroform, resolved on a
7 M urea denaturing polyacrylamide gel and silver stained. Proteins were
resolved by SDS-PAGE and detected by western blotting.
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