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Abstract

Biomolecular condensates like U-bodies are specialized cellular structures formed through
multivalent interactions among intrinsically disordered regions. U-bodies sequester small nuclear
ribonucleoprotein complexes (snRNPs) in the cytoplasm, and their formation in mammalian cells
depends on stress conditions. Because of their location adjacent to P-bodies, U-bodies have been
considered potential sites for snRNP storage or turnover. SMN, a chaperone for snRNP biogenesis,
forms condensates through its Tudor domain. In fly models, defects in SMN trigger innate
immune responses similar to those observed with excess cytoplasmic snRNA during viral
infection in mammalian cells. Additionally, spinal muscular atrophy (SMA), caused by SMN
deficiency, is associated with inflammation. Therefore, SMN may help prevent innate immune
aberrant activation due to defective snRNP biogenesis by forming U-bodies to sequester these
molecules. Further studies on U-body functions may provide therapeutic insights for diseases
related to RNA metabolism.
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1. Introduction

1.1 Physiological Roles of Biomolecular Condensates

Biomolecular condensates are cellular characteristic structures that reflect the distinctive behavior
of proteins and RNA. Intrinsically disordered regions (IDR), which are representative of “non-
domain” regions in protein sequences, often contribute to the formation of such condensates with
RNA [1-5]. These IDRs enable weak, multivalent interactions that drive phase separation,
concentrating biomolecules into specialized compartments. This compartmentalization enhances
reaction efficiency and stabilizes stored molecules by protecting them from degradation.
Moreover, it increases the fidelity of reactions by isolating molecules in specific compartments
to prevent aberrant crosstalk between simultaneously activated pathways. However, the exact
cellular processes that require such compartmentalization for fidelity are not fully understood.
This review focuses on the role of U-body [6], a cytoplasmic condensate involved in the
biogenesis of small nuclear ribonucleoprotein complex (snRNP) (Fig. 1). We propose that U-
bodies may maintain the fidelity of the innate immune response by sequestering small nuclear
RNA (snRNA) with the help of SMN to prevent accidental activation of the cytosolic RNA
sensors. To support this hypothesis, we first provide an overview of U-bodies and snRNP
biogenesis pathway, followed by a detailed explanation of the quality control mechanism within
this pathway. In the subsequent section, we discuss the molecular function and behavior of SMN
and present a model of its function. Based on this hypothesis, we further explore the physiological
role of the U-body in light of recent publications. Finally, we examine this hypothetical role of
the U-body and SMN in the context of findings in neuromuscular disease.

1.2 U-bodies, Mysterious Condensates in the Cytoplasm

U-bodies are cytoplasmic foci that contain U snRNA and other components required for snRNP
biogenesis. However, U-body formation is limited to specific conditions. The first report of U-
body formation came from observations in Drosophila oocyte [6]. Although this study aimed to
investigate the localization of U7 snRNP, a component of the nuclear histone locus body (HLB),
it unexpectedly found that U7 snRNP localized in the cytoplasm of giant polyploid nurse cells.
This discovery revealed that U snRNPs, typically found in the nucleus, were enriched in
cytoplasmic foci, later referred to as U-bodies. Further analysis showed that these U-bodies are
formed in various cell types, including brain, gut, and testis. Moreover, U-bodies accumulated
other U snRNPs and were consistently adjacent to P-bodies, another type of cytoplasmic granules
that are constitutively formed for mRNA decapping and degradation [1,5], although not all P-
bodies are located near U-bodies. Notably, U6 snRNA, which is usually restricted to the nucleus,
was also observed in U-bodies.

The reason why different cell types form U-bodies remains unclear. In mammalian cells, stress
conditions such as amino acid starvation and bacterial infection, both of which inhibit translation
initiation, trigger the formation of U-bodies [7]. U-bodies in fly nurse cells have also been
reported to respond to nutrient stress [8]. However, the detailed mechanism by which these stress
conditions impair translation initiation and lead to U-body formation remains unclear. Moreover,
these observations raise the question of why such a response is necessary.

1.3 Overview of snRNP Biogenesis

Eukaryotic cells require intron splicing to express most genes. The spliceosome, assembled on an
intron from its subunits snRNPs, catalyzes the splicing reaction [9—11]. Five distinct snRNPs are
required to assemble a major spliceosome, each containing different uridine-rich snRNAs (U
snRNA), Ul, U2, U4, US, and U6, along with specific binding proteins. These U snRNAs are
essential components of the spliceosome, serving as scaffolds and a catalytic center for the
transesterification steps of the splicing reaction [9—11]. The spliceosome assembles on each intron
to conduct splicing, and because human genes contain an average of seven to eight introns each



[12], cells must produce a large number of snRNPs. Thus, maintaining the snRNP assembly
pathway is crucial for normal gene expression. To produce snRNPs, snRNAs follow a complex
pathway that includes an unexpected cytoplasmic stage (Fig. 2) [13—15], despite the fact that their
transcription and function occur in the nucleus. Newly transcribed snRNAs (except U6, which is
transcribed by RNA polymerase III) are exported to the cytoplasm, where they undergo
modifications, such as acquiring a ring-shaped Sm proteins complex composed of seven Sm
proteins (B/B’, D1, D2, D3, E, F, and G) on the Sm-binding sequence (Sm-site) and
hypermethylation of the 5’ cap structure. The Gemin complex, which consists of Survival Motor
Neuron (SMN), Gemin2-8, and UNRIP/STRAP[13], serves as a chaperone to assemble the
heptameric Sm protein complex on snRNA. Partially assembled sub-complexes of Sm proteins
are formed with the assistance of the 20S methylosome containing pICln. Hypermethylation of

the 5" cap is mediated by TGS1, which also occurs in the cytoplasm [14]. Acquiring both the Sm-

ring and a tri-methyl cap (TMG cap) is thought to serve as a signal for snRNA nuclear import
[14], although the role of TMG cap in nuclear import varies across species and is not conserved
in yeast [16,17]. Once inside the nucleus, snRNPs accumulate in Cajal bodies (CB), where further
modifications occur on snRNA guided by small CB-specific RNAs (scaRNAs) [18-20]. These
modifications are crucial for the correct splice site selection and the efficient assembly and
activation of the spliceosome [19,20]. Additionally, the 3’ end of snRNA is processed by TOE],
3’-exoribonuclease that is activated by Sm complex and the tri-methylated 5’ cap of snRNA [21].
Fully modified snRNPs then undergo stepwise assembly to form a mature snRNP complex that is
ready for spliceosome assembly. Therefore, the Cajal body is considered the final maturation site
for snRNP before supplying fully mature U1, U2, and U4/U6.U5 tri-snRNPs for splicing. The
snRNP biogenesis pathway is conserved from yeast to humans, and yeast strains deficient in
shuttling snRNA between the nucleus and cytoplasm exhibit splicing defects due to defective
spliceosomes that incorporate immature snRNA. This suggests that the cytoplasmic stage of
snRNP biogenesis is essential to maintaining spliceosome integrity [17].

2. The Cytoplasmic Stage of snRNP Biogenesis and Quality Control

2.1 Nuclear Export and Capture of snRNA by the Gemin Complex

To achieve the nuclear export of nascent snRNA in the early stage of snRNP biogenesis, the
CRM1-dependent transport system operates with an export complex composed of the cap-binding
complex (CBC) and PHAX, formed on the monomethylated 5 cap [14]. CBC directly binds to
the cap structure, while PHAX acts as an adaptor that links CBC and CRM1 in a phosphorylation-
dependent manner [14,22]. The export complex is restricted to short RNAs with a 5’cap, such as
snRNA, because the hnRNP C tetramer blocks PHAX loading by binding to CBC when the RNA
length exceeds 300 nucleotides [23]. Once the complex reaches the cytoplasm, a cytoplasmic
phosphatase dephosphorylates PHAX, triggering the disassembly of the export complex (Fig. 3,
left) [24]. After the disassembly of the export complex, released snRNA is captured by the Gemin
complex. Biochemical and structural analysis have shown that the WD40 domains in the N-
terminal region of Gemin5, the largest subunit of the Gemin complex, capture snRNA through
direct binding to both the 5’ cap and Sm-site sequence [25]. Therefore, snRNA’s entry into the
cytoplasm is strictly regulated by leveraging key features such as length, 5’ cap, and Sm-site.
Interestingly, Gemin5 has been identified as part of a complex with NCBP1, which forms CBC
with NCBP2, suggesting that Gemin5 may capture exported snRNA before the export complex
disassembly through interaction with NCBP1 [26]. Affinity-purified Gemin5 from the lighter
cytoplasmic fraction of glycerol gradient sedimentation revealed its association with PHAX, CBC,
Gemin3, and Gemin4 but not with other Gemin complex components, including SMN [27]. This
complex is co-purified with all tested snRNA, indicating that the Gemin 3/4/5 complex
immediately surveys CBC-labeled RNA upon its arrival in the cytoplasm to capture snRNA.



2.2 Formation of the Sm-Ring Complex

Before snRNA acquires the Sm-ring complex, this ring is partially assembled with the help of
pICln and the methylosome (Fig. 3, right), which contains PRMTS and MEP50 [28]. pICIn binds
nascent SmD1, SmD2, and SmB/B’ polypeptides adjacent to the ribosome [29] and brings these
proteins to the methylosome, where pICIn forms an incomplete ring-shaped complex with Sm
proteins by fitting itself into the ring based on its protein fold, which is similar to Sm proteins
[30,31]. PRMTS, an arginine methyl transferase, in the methylosome symmetrically dimethylates
Sm proteins at arginine residues in the RG motif (composed of arginine and glycine repeats) in
the extended C-terminal regions of these Sm protein subtypes. The Gemin complex containing
SMN interacts with the incomplete pICln-Sm D1/D2/D3 complex and another complex of pICln
and SmB to assemble the final ring-shaped complex with SmE/F/G. SMN binds the
symmetrically dimethylated arginine (sDMA) of Sm proteins through its Tudor domain,
suggesting that arginine dimethylation introduced at the methylosome may accelerate the transfer
of the pICIn-Sm complex to the Gemin complex. In this intermediate complex between Gemin
and Sm proteins, Gemin2 replaces pICln in the ring and blocks spontaneous RNA binding by
covering the center region of the incomplete Sm-ring using its N-terminal domain [32]. The center
of the Sm-ring complex is the site that directly binds nucleotides in the conserved Sm-site
sequence. Although each Sm protein specifically recognizes one or two nucleotides within the
Sm site, the sequence specificity of the Sm-ring formation is not particularly stringent, potentially
leading to the spontaneous deposition of the ring on non-target RNA. Because Sm-ring deposition
could stabilize RNA [33], the N-terminal domain of Gemin2 plays a crucial role in preventing
undesired RNAs from accidentally acquiring the Sm-ring. Therefore, similar to snRNA, Sm
proteins are also carefully handled from their production until the completion of their assembly
on snRNA.

2.3 Quality Control of snRNA in the Cytoplasm

Given Gemin5’s role in distinguishing snRNA from other RNA species through its binding to the
5’ cap and Sm site, a shortage of either snRNA or Sm protein could stall the Gemin complex.
Additionally, defective molecules, such as truncated snRNA or misfolded Sm proteins, may affect
the complex processing pathway of snRNP assembly. Therefore, in addition to distinguishing the
genuine substrates mentioned above, cells must also possess mechanisms to discard or delay
pathways for aberrant substrates.

Indeed, such pathways have been suggested. The Gemin complex captures U1 snRNA that lacks
the 3’ end sequence, including the Sm-site, likely due to erroneous 3’ end processing. This
truncated U1 snRNA accumulates in P-bodies, exhibits a shorter half-life, and reduced expression
of SmB protein leads to the accumulation of normal Ul snRNA in P-bodies [27]. Notably, the
same study showed that the first transcribed nucleotide of truncated Ul snRNA was methylated,
similarly to the Cap2 form of mRNA [34], which may serve as a marker to degrade the labeled
snRNA retained in the cytoplasm longer than normal snRNA. Degradation pathways for these
RNAs have been identified by analyzing snRNA defective in Sm-ring assembly. These snRNAs
become substrates for decapping and degradation by exonucleases DIS3L2 and Xrnl, which
degrade RNA in both 5’-to-3” and 3’-to-5’ directions, respectively [35,36]. Similarly, variant
snRNAs with divergent 3’ end sequences that are defective in the 3’ end processing by TOE1 also
become targets for the nuclear exosome [37]. Inhibition of Sm-ring deposition through reduced
SMN expression causes the accumulation of degradation intermediates as cytoplasmic foci that
overlap with P-bodies [38,39]. These findings suggest that defects in Sm complex loading trigger
snRNA accumulation in P-bodies for degradation, with the Gemin complex acting as a
surveillance system to ensure snRNA integrity.

2.4 Strict Regulation of the Supply System of Sm Proteins
Additionally, cells strictly regulate Sm protein levels. A reduction in SMN levels causes



downregulation of Sm protein mRNA through exosome-mediated degradation, following the
tailback of Sm proteins on pICln, though it is still unclear how the exosome specifically
recognizes this mRNA [38]. This regulation may reflect a mechanism to avoid Sm protein
aggregation, as reducing pICln levels causes Sm proteins to aggregate, which are subsequently
degraded via autophagy [38]. In addition, overexpression of pICln and Gemin2, which causes the
cytoplasmic retention of Sm proteins, results in toxicity in flies, further supporting the importance
of the stoichiometry between Sm proteins and their chaperon proteins [40,41]. Interestingly,
autophagy-degraded Sm proteins are limited to SmB, D1, D2, and D3, which pICIn directly
interacts with at the ribosome to form the initial methylosome complex [29,31]. ULK1, a kinase
that initiates autophagy, phosphorylates pICln, affecting the structure of the 6S complex
containing pICln and Sm proteins. This phosphorylation enhances the link between the partially
formed Sm complex and the Gemin complex [42]. Thus, ULK1 could be a key factor in detecting
the status of the Sm protein complex. If Sm protein levels exceed pICln levels, ULK1 may be
displaced from pICln by competition, initiating autophagy near pICln to eliminate Sm protein
aggregates. This suggests that cytoplasmic Sm protein levels are strictly regulated from ribosome
to snRNA loading, preventing the spontaneous stabilization of non-target RNAs, such as viral
RNA [43]. In summary, cells prepared pathways to discard excess or defective snRNA and Sm
proteins, which raises the question: why does the cell have such a complex pathway for snRNA?
This may be explained by considering the origin of snRNA and the innate immune system.

3. The Evolutionary Origin of snRNAs and the Innate Immune System

3.1 Innate Immunity and Cellular Mechanism to Prevent Its Aberrant Activation

The innate immune system has evolved to recognize pathogens, specifically foreign RNA,
through pathogen-specific molecules. In the cytoplasm, double-stranded RNA (dsRNA) is
identified as a marker of viral infection because cellular mRNA tightly suppresses dsRNA [44].
When dsRNA accumulates in cells, it activates PKR, halting translation initiation by
phosphorylating elF2a.. This response rapidly releases mRNA from polysomes, leading to the
formation of stress granules (SGs) that transiently store mRNA under stress conditions. SGs also
play an active role in innate immune signaling [45]. Viral RNAs that activate PKR also stimulate
the cytoplasmic RNA sensors MDAS and RIG-I, which trigger a pro-inflammatory response. The
accumulation of activated RIG-I in SGs suggests that SGs act as signaling hubs for this immune
response. Interestingly, reduced ADARI expression, which binds to and dissolves dsRNA, results
in spontaneous SG formation via PKR, emphasizing that cells must avoid excessive dsRNA and
prevent aberrant activation of the innate immune system [45]. Considering their tendency to form
complex secondary structures and evolutionary background, snRNA is an intriguing ligand for
cellular RNA sensors in the innate immune system.

3.2 Group II Introns, the mobile Elements as an Origin of snRNA

The evolutionary origin of snRNA is considered to be linked to group II introns [46,47]. A
comparison of the secondary structures of catalytically important regions shows similarities with
the corresponding parts of group I1 introns. The spliceosome is a ribozyme that catalyzes reactions
using an RNA-based catalytic core. Biochemical reconstitution assays using only synthetic RNA
components demonstrated that the transesterification reaction could occur without protein
components, further supporting this hypothesis [48]. Additionally, reconstitution of the
spliceosome using U6 snRNP containing sulfur substitutions revealed that snRNA holds
catalytically essential divalent metal ions in the same positions as group II introns [49,50]. Finally,
recent cryoEM structural analyses of the spliceosome have revealed that the splicing reaction
occurs in a catalytic center formed by snRNA, consistent with that the spliceosome functions as
a ribozyme [11,51]. The structural and mechanistic similarities between snRNAs and group II
introns support the idea that snRNAs evolved from group II introns. Group II introns are selfish



genetic elements that may have originated from mitochondrial symbiosis, with their transposition
potentially causing harmful effects on the host genome. The presence of multiple copies of group
II introns in the host genome may have caused cells to become dependent on their splicing
machinery. This evolutionary pressure may have led to cells capturing the catalytic activity of
group Il introns without further transposition, resulting in ancient cells evolving to maintain group
II introns into divided short RNAs. This may have given rise to the current snRNAs, which are
catalytically inactive but become active when combined under cellular regulation. However, the
free short snRNAs could interfere with normal cellular processes, but more critically, they could
trigger the innate immune response. Therefore, a specialized pathway for snRNP biogenesis may
have evolved to prevent the accidental accumulation of immature SnRNAs.

3.2 The Potential of snRNA to Trigger the Innate Immune System

Recent studies have demonstrated that cytoplasmic accumulation of snRNA has the potential to
activate the innate immune system. One report showed that ionizing radiation, used in cancer
therapy, induces interferon (IFN) signaling, leading to growth arrest and cell death. This IFN
signaling is triggered by the cytoplasmic accumulation of snRNA, which forms a complex with
RIG-I, leading to activation of IFN signaling [52]. Another study revealed that cells infected with
influenza or respiratory syncytial virus exhibit elevated expression of Ul snRNA, particularly a
subtype of Ul snRNA transcribed from the pseudo-U1l gene RNVUI1-18. The upregulation of
RNVUI1-18 is required for host defense, as it induces IFN signaling through snRNA binding to
TRIM2S5, an E3 ubiquitin ligase that forms a complex with RIG-I, activating downstream
signaling by ubiquitinating RIG-I [53]. Thus, Ul snRNA may function as a ligand for the RIG-I
pathway, contributing to the innate immune response during viral infection. Both studies also
demonstrated that the synthetic fragments containing the stem-loop regions of Ul snRNA are
sufficient to activate RIG-I, suggesting that snRNA’s unique secondary structure makes it a
suitable substrate for cytoplasmic RNA sensors. Additionally, transfected exogenous snRNA
synthesized in vitro can induce an innate immune response through the PKR pathway in the
absence of RNA modifications [54]. These findings further highlight the necessity of a specialized
pathway to process snRNA and prevent it from accidentally triggering the innate immune system.

4. The Molecular Functions and Behavior of SMIN

4.1 SMN, the Master Regulator of snRNP Biogenesis Forms Multiple Condensates

To understand the role of U-body from the perspective of the innate immune system, it is helpful
to consider the molecular function of SMN, as this protein provides the molecular basis for
condensate formation. The SMN (survival motor neuron) protein, the gene implicated in spinal
muscular atrophy (SMA), has been extensively studied to elucidate its disease mechanism. SMN
is a key factor in snRNP biogenesis, functioning as a chaperone for snRNP assembly in the
cytoplasmic pathway and escorting snRNPs to the nuclear Cajal body. As a result, SMN needs to
shuttle between the nucleus and cytoplasm to maintain the chaperone cycle, and a unique feature
of this shuttling is its ability to form condensate in both the nucleus and cytoplasm. In the nucleus,
SMN interacts with Coilin, the major structural component of Cajal bodies, to form these nuclear
condensates. SMN also forms Gems (Gemini of Cajal bodies) in the nucleus of mammalian cells,
which is often associated with Cajal bodies but can exist independently. However, Gems do not
contain Coilin and most of snRNPs [55], unlike Cajal bodies. Overexpression of Gemin3 induces
the formation of this type of SMN foci, which contain only Gemin complex proteins, even in the
cytoplasm of flies [56]. In stark contrast, U bodies are cytoplasmic condensates that form under
specific conditions or in certain cell types and contain snRNPs (Fig. 1). While both types of
condensates share some similarities, their formation mechanisms and physiological significance
remain unclear. While the Coilin gene and Cajal body formation are not essential for spliceosome
assembly, the mechanisms of Cajal body assembly attracted interest, likely because these
subnuclear structures are constitutively formed in well-studied cell lines.



In contrast, since U-body formation occurs only under specific conditions, the molecular basis of
the U-body formation is not fully understood. However, some studies suggest that the theoretical
basis of the U-body formation is similar to that of Cajal body formation in terms of the driving
force of phase separation. In early studies that identified U-bodies in Drosophila oocytes, the
authors investigated whether sDMA modification of Sm proteins is required for U-body formation.
In Drosophila, the dart5 gene, a homolog of PRMTS, was found to reduce SDMA modification in
Sm proteins [57]. A dart5 mutant fly was unable to form U-bodies [6], suggesting that SDMA is
required for U-body formation. Additionally, SMN mutants with C-terminal domain mutations
also lacked U-body formation [58]. Given that dart5 and SMN mutants exhibit synthetic lethality
[57], their common deficiency in U-body formation suggests that SMN-sDMA interactions play
a role in both U-body formation and snRNP biogenesis. All fly homologs of the Gemin complex
also accumulate in U-bodies, further supporting the idea that SMN and the Gemin complex are
key determinants in U-body formation [59]. The reason why nurse cells and oocytes form U-
bodies remains unclear, though higher SMN expression levels may cause condensate formation.
An early study found that overexpression of an SMN mutant lacking the N-terminal 27 amino
acids caused the accumulation of snRNA and Sm proteins in cytoplasmic foci, suggesting that
transient condensation may serve to sequester delayed snRNP maturation intermediates [60],
although it is unknown if the foci are adjacent to P-bodies as seen for U-bodies. Similar
cytoplasmic SMN foci are also observed in the wild-type protein when SMN expression levels
are excessively high [61], indicating that SMN may have an intrinsic ability to form large
condensates once it reaches a threshold concentration. This property might also explain the
formation of cytoplasmic foci composed of defective snRNPs or truncated snRNAs. These
properties of SMN are further explored below in light of its molecular functions and domain
structure.

4.2 The YG-Box as an Oligomerization Domain and Its Regulation

Despite its importance, the overall structure of SMN has not yet been fully solved (Fig. 4A) [62].
Due to its aggregation-prone nature, which aligns with its tendency to form condensate in cells,
crystallization of the full-length SMN protein may be challenging. The only well-characterized
domain in SMN is the Tudor domain; other protein regions are predicted to be disordered.
Structural variability in disordered regions may cause another problem in the structural analysis,
although two helices are predicted in the N-terminal region and the YG-box predicted by
AlphFold (AF-Q16637-F1) [63]. These predicted helices may reflect the conditional folding,
possibly based on a protein binding or a post-translational modification [64,65]. These unfolded,
disordered regions are divided based on their amino acid composition and protein-protein
interaction properties. These regions include the Gemin2-binding domain and the YG-box, which
mediates oligomerization. Oligomerization within the YG-box is a conserved function. Detailed
analysis using human and fission yeast SMN proteins revealed that SMN oligomerization occurs
via a “ dimers of dimers” model, resulting in oligomers ranging from tetramers to octamers,
facilitated by the glycine zipper in the YG-box [66,67]. Further studies showed that the tetramer
formed by the SMN and Gemin2 complex has two binding surfaces, enabling self-interaction and
higher-order organization of SMN [68]. The N-terminal portion of SMN likely modulates its
solubility, limiting multimerization at physiological concentrations of the SMN and Gemin2
complex, which typically ranges in the micromolar range [66,68]. In addition to its interaction
with Gemin2, RNA can bind to the N-terminal exon 2b region of SMN, and this RNA binding
was demonstrated using different sequences, suggesting that this interaction is not limited to
specific sequence [69,70]. The exon 2b region of SMN may also mediate self-interaction with the
exon 4 region [71]. Therefore, these RNA binding and self-interaction may regulate YG-box-
dependent oligomerization, which suggests that the N-terminal domain likely switches between
two conformations: one suited for solubilized dimers and another for condensed multimers. A



mutant fly carrying a mutation that disrupts multimerization exhibited severe locomotor defects
and reduced lifespan, indicating the physiological importance of SMN oligomerization [68].
Additionally, many SMA-associated mutations are found within the oligomerization domain [72].
However, when and where SMN forms multimer in the cell remains unclear.

4.3 Tudor Domain, a Key Region for Phase-Separated Condensate Formation

Aside from YG-box-mediated multimerization, the role of the Tudor domain in phase-separated
condensate formation was explored using engineered SMN protein [73]. In their study, different
regions of SMN—N-terminal, central, and C-terminal—were fused to Cry2, a light-activated
dimerization domain, to test their ability to form phase-separated droplets upon light exposure.
Interestingly, only the central region of SMN, which includes the Tudor domain, formed light-
induced phase-separated droplets. The ability to form droplets was abolished when mutations that
disrupted sDMA binding were introduced into the Tudor domain, suggesting that Tudor-sDMA
interaction drives phase separation. Other Tudor domains from different proteins also formed
droplets, though their dependency on sDMA or asymmetrical DMA (aDMA) differed across
Tudor domains, highlighting Tudor-sDMA interactions as a key mechanism in condensate
formation. Importantly, inhibiting PRMTS5 with a chemical compound disrupted the association
between the Cajal body and Gems. Since Coilin is another sDMA-modified protein associated
with SMN, this finding suggests that Tudor-sDMA interactions among SMN, Sm protein, and
Coilin are necessary to maintain the spatial proximity of these components within the Cajal body.
In the absence of these linking interactions, the separation of Gem from the Cajal body may
indicate that Gem is assembled based on a different mechanism independent of Tudor-sDMA
interactions.

4.4 Coordination of YG-box and Tudor Domain

This also raises another question: how does SMN dissociate from the Cajal body under normal
conditions when sDMA is sufficiently present? Coilin and SMN should theoretically remain
bound through Tudor-sDMA interactions. However, Courchaine et al. made a critical observation:
Coilin and SMN occupy distinct regions within the Cajal body, as shown by super-resolution
microscopy (SIM) [73]. In addition, in our own observation using SIM, we found that the relative
positioning of SMN and Coilin correlates with the size of the Cajal body. We also observed that
harmine, a beta-carboline alkaloid, induces the transient translocation of Coilin to the peri-
nucleolar compartment, which is induced by nucleolar stress while having little effect on the
localization of SMN within Gems [61]. Since harmine’s effects are reversible, we could track
Cajal body reformation after removing harmine. During this recovery period, smaller Cajal bodies
appeared as mixed SMN-Coilin foci, while larger Cajal bodies that emerged after longer recovery
times showed distinct yet connected structures—Cajal bodies labeled with Coilin and Gems with
SMN. This suggests that the gradual accumulation of SMN in Cajal bodies eventually leads to
Gem formation. Overexpression of an SMN Y272C mutant, which disrupts YG-box function,
impaired normal separation processes, resulting in irregular-shaped nuclear structures containing
both SMN and Coilin. Taken together, we proposed that Y G-box-dependent multimerization plays
arole in assembling Gems [61].

4.5 A Model for Switching SMN Function

Since fission yeast SMN lacks the Tudor domain, the Tudor-sDMA pathway involved in forming
phase-separated condensates may be an evolutionary addition to SMN, suggesting that its
essential molecular function as a chaperone in snRNP assembly relies on its oligomerization
ability of the YG-box. This ability is combined with its capacity to bind the Gemin complex, Sm
proteins, and snRNA [74,75]. Consistent with this hypothesis, sSDMA modification of Sm proteins
has been shown to be dispensable for snRNP assembly in flies [57]. Therefore, SMN’s
fundamental role as an assembly chaperone is to enhance encounters between Sm proteins and



snRNA by concentrating them in multimerization-driven condensates (Fig. 4B). Since SMN’s
oligomerization is likely modulated by its N-terminal domain, prolonged binding of Gemin2 and
assembled snRNPs may lead to the release of the snRNP-SMN complex from the multimer. Based
on this, we hypothesize that Tudor-sDMA interactions may weaken SMN’s multimerization
properties (Fig. 4B). SMN likely alternates between two conformations, with the “Tudor-ON”
open form weakening its multimerization, while the “Tudor-OFF” closed form enhances
multimerization via the YG-box (Fig. 4B). RNA binding at SMN’s N-terminus may shift SMN
from closed to open form, allowing Tudor domain interactions with sDMA-modified proteins to
stabilize this conformation and trigger phase separation. At higher SMN concentrations, the
closed form spontaneously reappears, facilitating multimerization-driven condensates. This
model accounts for the separation of Gems from Cajal bodies during maturation. SMN’s shift
back to a closed form upon snRNP release might explain why snRNPs ultimately accumulate in
Cajal bodies and Gem-associated SMN is snRNP-free [61]. This model further suggests that
condensate formation through Tudor-sDMA interactions has the ability to sequester complexes
containing sSDMA proteins, such snRNPs, within the condensate—an ability that likely was not
present in ancestral SMN. Tudor-sDMA interactions are an evolutionary “add-on” function of
SMN; therefore, considering the function of other Tudor domain proteins can help to clarify the
role of U-bodies.

5. Tudor Domain and sDMA, a Possible Unit for Cellular Short Memory

5.1 Most Tudor Domains Are Involved in piRNA Biogenesis

The Tudor domain is a conserved domain characterized by its phenylalanine residues, which form
an aromatic cage structure that binds dimethylated arginine or methylated lysine. Although the
human genome contains fifteen Tudor domain-containing proteins [76], many of these proteins
are expressed in germ cells to assist in piRNA biogenesis. piRNA is a short RNA that contains
sequences complementary to transposable elements [77,78]. Drosophila oocytes serve as a model
system for piRNA production, revealing diverse pathways for piRNA generation. In follicle cells,
piRNA is produced in Yb-bodies by processing RNA transcribed from piRNA clusters [78], while
in germ cells, piwi family proteins digest transposon mRNA to generate piRNA. Three piwi
proteins—Aub and AGO3— reciprocally cleave transposon mRNA in a process known as “the
ping-pong cycle” in nuage, a germ cell-specific, membrane-less organelle that surrounds the
nucleus [78]. In either pathway, the piRNA complexed with piwi protein recognizes transposable
elements via complementarity to piRNA, silencing them by cleavage or transcription repression
following nuclear import, thus protecting the genome from transposon.

5.2 Nuage in Immune Regulation and Autoimmunity Prevention

Piwi family proteins contain dimethylated arginine at their N-termini, and several Tudor domain
proteins bind these dimethylated sites with specific affinity [76]. These interactions are essential
for generating a diverse piRNA repertoire, which is necessary for preventing transposon
mobilization. Given that Tudor domain-sDMA interactions can induce phase-separated
condensates [73], these interactions likely contribute to the formation of nuage, a cytoplasmic
granule for piRNA production. In mammalian male germ cells, TDRD1, a Tudor domain protein,
is essential for forming phase-separated condensates via self-interactions through its C-terminal
coiled-coil domain and interactions between its Tudor domain and SDMA in other proteins. These
condensates function in the piRNA pathway and are critical for male fertility [79]. Recent studies
highlight the importance of compartmentalizing piRNA-related granules for maintaining piRNA
pathway fidelity. While Yb-bodies differ from nuage as they form through the phase separation
of the IDR of Vasa/DDX4 protein [80], Yb, a component of Yb-bodies controls RNA substrate
specificity for piRNA production by interacting with ATP-dependent RNA helicase Armi, which
recognizes piRNA precursor [81]. When YD is absent, or when mutant Armi lacks ATPase activity,



Armi binds promiscuous RNA, leading to the production of non-transposon targeting piRNA.
This suggests that the piRNA-dependent immune system can turn against the genome itself in the
absence of correct compartmentalization [81]. Comparative studies of closely related species
indicate an evolutional trade-off between the efficiency of transposon sensing and autoimmunity
prevention [82]. This emphasizes the importance of compartmentalization in ensuring piRNA
system fidelity and avoiding deleterious autoimmune responses [83]. Thus, the addition of Tudor-
sDMA interactions to SMN may be advantageous in avoiding crosstalk between snRNA
biogenesis and other RNA processing machinery, particularly piRNA pathways in germ cells.
This is consistent with the observation that U-bodies are constitutively formed in Drosophila
oocytes. Indeed, nuage and U-bodies have been observed in the same Drosophila nurse cells,
suggesting the necessity of separating these components into distinct compartments via different
Tudor-DMA interactions [84]. In mouse dendritic cells, short RNAs (18-24 nucleotides) derived
from snRNA have been identified, some of which are processed by Dicer, suggesting that snRNA
might be treated as miRNA precursors [85]. Partitioning snRNA away from piRNA precursor into
separate compartments may prevent misincorporation into the piRNA processing.

5.3 Arginine Methylation as a Short Memory to Discriminate Self and Non-self

For accurate discrimination between self and non-self molecules, Tudor-sDMA-mediated phase
separation may be highly effective. A metabolomic analysis demonstrated that the turnover rate
of arginine methylation is much slower than that of phosphorylation [86]. This slow turnover
allows sDMA to function as a label, certifying that proteins have spent a significant amount of
time in host cells, whereas acute viral proteins cannot acquire the label as rapidly. This mechanism
likely enables cells to distinguish snRNA from viral RNA by decorating sDMA-modified Sm-
ring. A similar principle has also been observed for RNA methylation at the first coding nucleotide
of mRNA, forming Cap1l and Cap2, which marks cellular RNA as distinct from acute viral RNA,
although in the case of snRNA, it may function as a degradation tag. The slower kinetics of
methylation are also employed in bacterial chemotaxis adaptation as a short-time memory [87],
highlighting the general use of methylation as a memory mechanism reflecting elapsed time. The
addition of the Tudor-sDMA module to SMN would have allowed the cell to accumulate host
components related to snRNP assembly in U-bodies, segregating from other RNA and proteins
potentially derived from mobile elements and viruses. Additionally, U-bodies are often attached
to P-bodies, likely through interactions with SDMA proteins [6], which could facilitate the transfer
of defective snRNP components to P-bodies for degradation, preventing the innate immune
system from mistakenly responding to these RNAs. Alternatively, the induction of U-bodies under
stress conditions [7,8] may increase the sensitivity of the innate immune system to nascent U
snRNA, such as RVUI-18, by sequestering the Gemin complex. Moreover, U-bodies could
support RIG-I pathway activation as a signaling hub, similar to stress granules. In the next section,
we will further discuss this topic, focusing on a recent study that uses Drosophila SMA models
with mutations in the SMN gene.

6 Autoimmune Response and Spinal Muscular Atrophy

6.1 Innate Immune Response in SMA Disease Models

The potential for snRNA to activate the innate immune system suggests that defects in SMN or
the Gemin complex could trigger inflammation. The fly Phax mutant, which is defective in
snRNA export and causes splicing changes similar to the SMN mutant, did not show any
transcriptional stress response as observed in the SMN mutant. This finding suggests that the
immune reaction to snRNA may be mediated by the cytoplasmic sensor system [88]. Furthermore,
a recent study of a Drosophila SMA model provided a detailed analysis of how reduced SMN
levels activate the innate immune system [89]. SMN hypomorphic flies exhibited hyperactivation
of innate immunity, revealed by proteomic and transcriptomic analyses, alongside an increase in



melanotic masses, a defense response to pathogens or tissue damage. The correlation between the
number of melanotic masses and the severity of SMN mutations suggests that innate immune
response occurs in the absence of infection. Importantly, this innate immune activation was
derived from SMN-hypomorphic condition in hemocytes and the fat body, an immune organ in
flies, but not in neurons and muscle cells, indicating that SMN is required to directly suppress
spontaneous innate immune activation. Further genetic interaction studies by RNAi combining
SMN with other innate immune-related genes showed that reduction of Gemin3, 4, 5 and dart5 (a
Drosophila PRMTS5 homolog) suppresses the innate immune response triggered by hypomorphic
SMN. The Gemin3/4/5 complex captures snRNA upon its arrival in the cytoplasm via interactions
with CBC and PHAX. Reduction of SMN causes a delay of SMN recruitment to the Gemin3/4/5
complex, which is essential to progress into further steps, and the accumulation of this first survey
complex may result in presenting snRNA to the innate immune system. Additionally, Gemin3
and Gemin4 form a complex with Drosophila IMD [90], an adaptor protein inducing immune
signaling, raising the possibility that the snRNA-Gemin 3/4/5 complex could actively play a role
as an immune sensor. Consistently, in the absence of SMN, Gemin5 binds to Sm-deficient U1l
snRNA, leading to its accumulation in P-body [39]. Furthermore, Gemin5 is also known as a
translation modulator through its ability to bind the 5° cap structure and viral IRES, and it is
cleaved by viral protease during foot-and-mouth disease virus infection [91,92], suggesting that
GeminS5 also functions in survey cytoplasmic RNA beyond its role in snRNP biogenesis.
Considering that both sDMA modification of Sm proteins and U-body formation are absent in the
dartS mutant [6,93], the loss of SMN function causes the spontaneous deposition of sSDMA-
modified Sm proteins on RNA, which may further enhance the innate immune response. The
SMN Tudor domain may mask these proteins, facilitating U-body assembly. These results suggest
that SMN functions as both a chaperone and a quality control checkpoint for genuine snRNA.
Therefore, SMN deficiency leads to disrupted RNA sorting and an aberrant innate immune
response.

6.2 Systemic Inflammation in SMA Due to Innate Immune Response?

While the primary symptom of SMA is muscular atrophy resulting from lower motor neuron
degeneration, the reduction of SMN can affect all cell types due to its role in snRNP assembly.
Indeed, abnormalities in peripheral tissues have also been observed in SMA mouse models [94].
SMA mice with reduced SMN expression specifically in motor neurons exhibit milder disease
phenotypes compared to models with ubiquitous SMN deficiency [94]. This suggests that SMN
deficiency in peripheral tissues may contribute to disease progression. Systemic inflammation has
been observed in SMA mouse models, partly due to bacterial translocation into the bloodstream
caused by increased intestinal permeability [95]. However, systemic inflammation occurs in early
stages of the disease, making it difficult to fully attribute this inflammation to gut permeability
alone. Global gene expression analysis in the liver also revealed activation of innate immune
responses, although inflammation could also be driven by secreted factors from damaged tissues
or immune system dysfunction [95].

Recent analyses of serum and cerebrospinal fluid (CSF) from SMA patients have shown increased
levels of pro-inflammatory cytokines, which were attenuated following Nusinersen treatment
[96-98]. This suggests that reduced SMN levels may induce innate immune responses in various
cell types. SMA mouse models also exhibited elevated pro-inflammatory cytokine levels in serum
[99,100]. Neuroinflammation, resulting from excessive microglial activity during motor circuit
development, has been implicated in the development of SMA motor neuron phenotypes [101].
In amyotrophic lateral sclerosis (ALS), another neuromuscular disease characterized by motor
neuron degeneration, mutant genes associated with familial ALS cause cytoplasmic snRNA
accumulation. For example, mutant FUS protein forms cytoplasmic complexes with Ul snRNA
[102—-104], while toxic dipeptide repeats from C9ORF72 induce U2 snRNP cytoplasmic
translocation [105]. SMA and ALS share molecular hallmarks reflecting defects in snRNP



biogenesis, such as Gem depletion [106]. Further analysis investigating whether prolonged
retention of these RNPs in the cytoplasm triggers innate immune activation would shed light on
the neuroinflammation observed in ALS.

In this review, we have discussed the roles of U-bodies in preventing snRNA from being
misrecognized by the innate immune system (Fig. 5) and focused on the molecular basis of SMN
in regulating the assembly mechanism of U-bodies. Our hypothesis suggests that U-bodies
function as part of a physiological mechanism to recognize and retain snRNA as self-RNA.
Further studies into the roles of these condensates are needed, as they may pave the way for new
therapeutic strategies targeting diseases caused by RNA metabolism abnormalities.
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Figure Legends

Figure 1

Top: In contrast to Cajal body formation, U-body formation is condition-dependent. In
mammalian cells, nutrient stress and bacterial infection both suppress translation initiation, which
leads to U-body formation. The mechanism by which the suppression of translation initiation
affects snRNP biogenesis remains unclear. Bottom: Images of U-bodies. U-bodies induced in
HeLa cells by thapsigargin treatment were visualized using an anti-SMN antibody (left).
Simultaneously, DDX6, a marker of P-bodies, was observed using an anti-DDX6 antibody
(middle). U-bodies were detected in a subset of cells (indicated by arrowheads), whereas P-bodies
were present in all cells. A magnified view of the cell outlined in the yellow box shows merged
signals from SMN (green) and DDX6 (magenta) (right). Green foci in the nucleus indicate Cajal
bodies/Gems, while white foci represent cytoplasmic U-bodies. Notably, the number of P-bodies
is significantly higher than that of U-bodies, and all U-bodies are associated with P-bodies.

Figure 2

Overview of snRNP biogenesis. Nascent snRNA is transported to the cytoplasm, where it acquires
an Sm ring and undergoes hypermethylation on its 5’ cap structure, resulting in a partially mature
snRNP. This complex is then imported into the nucleus, likely with SMN and part of the Gemin
complex. Nuclear imported snRNPs are further modified in the Cajal body, and fully matured
snRNPs exit the structure to assemble the spliceosome. The cytoplasmic processing steps are
highlighted with a box, and further details are provided in Figure 3.

Figure 3

Both snRNA and Sm proteins are strictly regulated throughout their biogenesis pathway.
Chaperone proteins continuously associate with these molecules, guiding them through each
sequential step.

Figure 4

(A) Schematic structure of human SMN protein. Annotated domains are indicated as colored
boxes. The structure predicted by Alphafold (AF-Q16637-F1) is shown with colors indicating
each domain. The Tudor domain is magnified on the right to indicate the binding position of
sDMA. (B) A model for the molecular behavior of SMN. Intrinsically disordered regions (IDRs)
flanking the Tudor domain accommodate two states: a closed form that abrogates sDMA
interactions of the Tudor domain and an open form stabilized by RNA and sDMA interactions.
SMN in the open form contributes to the formation of phase-separated droplets, such as the
Cajal body and U-body, while the closed form tends to oligomerize, leading to physically distinct
condensates, such as Gem. This oligomerization-dependent chaperone function may represent the
original role of SMN, with the Tudor domain adding a novel regulatory function. (C) Hypothesis
on thesepration of Gem from Cajal body. Concentrated SMN in the Cajal body may spontaneously
dissociate from Coilin and oligomerize in the closed form, forming a larger condensate recognized
as Gem.

Figure 5

A model for the physiological roles of the U-body. Excessive or defective snRNA in the cytoplasm
can be detected by cytoplasmic RNA sensors, potentially triggering an innate immune response.
Sequestration of these molecules in the U-body may prevent autoactivation of innate immune
signaling. SMN-sDMA interactions trigger U-body formation, and defects in SMN function may
lead to innate immune activation, resulting in inflammation in SMA
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