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Non-membrane organelles, Yb body and nuage, play an essential role in piRNA-guided genome defense in
Drosophila gonad by mediating piRNA biogenesis and transposon silencing. Yb body, found in somatic follicle
cells, is responsible for primary piRNA processing, while nuage, located in germline cells, facilitates the ping-
pong cycle to amplify the piRNAs corresponding to both sense and antisense strands of the expressed trans-
posons. These organelles are assembled by liquid-liquid phase separation (LLPS) and protein-protein interactions,
integrating RNA helicases (Vasa, Armitage), Tudor domain-containing proteins (Krimper, Tejas, Qin/Kumo), and
proteins containing both domains (Yb, SoYb, Spn-E). Within these condensates, we summarize the protein-

protein interactions experimentally validated and predicted by AlphaFold3, providing new structural insights
into the non-membrane organelle assembly. This review highlights how the dynamic organization of Yb body
and nuage enables efficient RNA processing, ensuring transposon suppression and genome stability.

1. Introduction: non-membrane organelles in piRNA-mediated
genome defense

Transposable elements (TEs), or “jumping genes,” are mobile genetic
elements that pose a significant threat to genome stability, particularly
in germline cells where they can be inherited by the next generation. To
counteract this threat, animals that reproduce sexually have evolved
robust defense mechanisms to safeguard the genomic integrity of gam-
etes by silencing TEs through specialized RNA pathways (for reviews,
see [1,2]). Central to this defense system is the piRNA (PIWI-interacting
RNA) pathway, which utilizes small RNAs with 24-29 nucleotide length
to target and repress transposons at both transcriptional and post-
transcriptional levels. The piRNA pathway has been identified in
diverse animal species, and studies in Drosophila melanogaster and mice
have provided pivotal models for molecular dissection of piRNA func-
tion and biogenesis [3-8].

Drosophila’s genome contains over 200 distinct TEs, which are
effectively silenced by the piRNA pathway through the production of
complementary piRNAs. In Drosophila, two types of non-membrane or-
ganelles play crucial roles in piRNA biogenesis and transposon silencing:
the Yb body in somatic gonadal cells and nuage in germline cells. Ma-
jority of antisense piRNA precursors are transcribed from distinct
genomic loci, called piRNA clusters, that serve as reservoirs of

* Corresponding authors.

transposon-derived sequences [3]. These precursors are exported to the
cytoplasm, where they are processed within the nuage and Yb body.
These non-membrane compartments act as cytoplasmic hubs, coordi-
nating distinct steps of piRNA processing through compartmentalized
and dynamic mechanisms. Yb body primarily facilitates the primary
processing of piRNA precursors through phasing, generating piRNAs
[9-12]. In contrast, nuage functions as the site for secondary piRNA
amplification via the ping-pong cycle, a process that expands piRNA
pools and reinforces transposon silencing through reciprocal cleavage of
piRNA precursors and TE transcripts that are complementary to
precursor-derived piRNA [3,13,14].

Rather than providing a detail of the molecular mechanisms of TE
silencing by piRNAs—topics extensively covered in prior reviews
[1,2]—this review focuses on the structural organization and assembly
mechanisms of Yb bodies and nuage, emphasizing their roles as dynamic
RNA processing hubs. We specifically examine how these non-
membrane compartments, which lack lipid bilayers, assemble through
dynamic interactions between RNA precursors and protein components
involved in piRNA biogenesis. These structures are organized through
modular protein domains, including RNA-binding motifs, Tudor do-
mains, and scaffolding regions, which mediate protein-protein and
protein-RNA interactions.

In addition to these domain-mediated interactions, liquid-liquid
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phase separation (LLPS) plays a critical role in driving the assembly and
function of these organelles. Key components of these structures,
including the RNA helicases Yb and Vasa, (Vas) as well as Krimper

(Krimp), a Tudor domain-containing protein, exhibit features associated
with LLPS [9,13,15,16]. These proteins form dynamic condensates

through multivalent interactions and intrinsically disordered regions
(IDRs), contributing to the formation and stabilization of piRNA-
processing hubs. The pioneer study about the biochemical LLPS prop-
erties have shown that the N-terminal IDR of Vas family/DDX4 proteins
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contribute to the LLPS, and its droplet formation is negatively regulated
by the methylation on the side chain of arginine residue within the IDR
[17]. Interestingly, arginine residues on N-terminal moiety of the PIWI
family proteins are also known to be symmetrically di-methylated
[13,18]. Post-translational modifications (PTMs) such as arginine
methylation are important regulatory factors for the non-membrane

structure and function (see also below).
Although this review primarily focuses on Yb body and nuage in

Drosophila, we also briefly address related structures in other organisms
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Fig. 1. Schematic representation of piRNA pathway-related structures and proteins in the Drosophila ovary.
(A) Schematic illustration showing the organization of Drosophila ovaries: whole ovaries containing 18-20 of ovarioles (left), and an individual egg chamber (middle)

Each egg chamber contains germline cells (15 nurse cells and one oocyte) and a monolayer of somatic follicle cells. Amorphous nuage (orange) localizes around nurse
cell nuclei. The inset (right) depicts somatic follicle cells containing Yb bodies (blue) in their cytoplasm. (B) piRNA processing at Yb body in somatic follicle cells. Yb
protein catches piRNA precursors, Armi, SoYb/Vret are sequentially assembled, and finally Piwi binds to the precursor, forming functional Yb body. This pre-piRISC
and Armi then translocate to mitochondria adjacent to Yb body, owing to Armi-Daed/Gasz binding. After cleaving and phasing of piRNA precursors by Zuc, Piwi-
PiRISC enters the nucleus and silences transposon transcription through downstream proteins. (C) piRNA processing in germline nurse cells. Vas_Tej and Spn-E_Tej
complexes interact with piRNA precursor and localize it in nuage. Aub and Ago3 cooperate to generate piRNA and silence transposon post-transcriptionally by

cleaving piRNA precursor and transposon transcript. Qin and Krimp facilitate the shuttling of RNA intermediates between Aub and Ago3, promoting the ping-pong

cycle. Aub- and Armi-bound pre-piRNA translocate to mitochondria where they are phased and loaded onto Piwi, which then silences transposons transcriptionally in

the nucleus, while Ago3 and Aub are engaged predominantly for pong-pong cycle, leading post-transcriptional silencing.
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to provide additional context. For example, the chromatoid body in
mouse spermatocytes performs comparable functions in piRNA
biogenesis [19]. Similarly, perinuclear P granules in C. elegans produce
piRNAs, albeit through distinct mechanisms specific to nematodes.
Despite these differences, C. elegans piRNAs associate with PIWI family
proteins and Tudor domain-containing proteins, underscoring
conserved roles in transposon repression [4,5]. These comparisons
highlight the functional diversity of non-membrane organelles while
illustrating their shared roles in RNA-guided genome defense.

Here, we discuss the molecular architecture of Yb body and nuage,
highlighting key protein components such as RNA helicases, Tudor
domain proteins, Lotus domain-containing proteins, and scaffolding
factors [15,20-24]. We examine their biochemical properties and
domain structures, focusing on how these features drive LLPS assembly
and RNA processing. To complement experimental findings, we inte-
grate structural predictions using AlphaFold3 server (https://alpha
foldserver.com/) to propose hypotheses about interaction networks
and protein complexes within these organelles [25,26]. Through this
approach, we aim to provide a framework for understanding how dy-
namic molecular condensates regulate piRNA pathways, protecting
genome from transposon activity.

2. Yb body: The hub for primary piRNA processing in somatic
gonadal cells

The piRNA pathway also operates to repress TEs in Drosophila so-
matic follicle cells, as several LTR family members, such as Zam and
Gypsy, are known to often invade to oocytes via vitellogenin secretion
pathway, posing a direct threat to genomic stability in the germline
[27,28]. In somatic follicle cells, piRNAs are produced by a mechanism
called “Primary Processing” (reviewed in [1,2]). First, long single-
stranded precursor transcripts are transcribed from piRNA clusters,
which are specialized genomic loci that contain sequences comple-
mentary to various transposon RNAs (Fig. 1A, B) [3]. For example,
precursors are abundantly transcribed from flamenco (flam) locus, a
canonical piRNA cluster, in somatic cells [3,29]. These transcripts
accumulate in a non-membranous structure termed Flam body or Dot
COM, which forms near the flam locus and is juxtaposed to the Yb body
[30,31]. The Flam body was reported in the cytoplasm of ovarian so-
matic cells (OSCs) [30], while Dot COM was identified in the nucleus of
in vivo follicle cells [31]. This difference in subcellular localization may
reflect the distinct properties of cultured OSC cells versus native follicle
cells in vivo. After reaching the cytoplasm, flam transcripts are processed
at Yb body and mitochondrial surface to produce short piRNAs
[11,32,33]. Upon their maturation, piRNA bound Piwi proteins trans-
locate into the nucleus, and repress transposon transcriptions at their
genomic loci [34,35].

2.1. Structural features of Yb body components

Yb body is a non-membrane organelle assembled via LLPS that plays
a central role in the primary processing of piRNA precursors in somatic
follicle cells of the Drosophila ovary (Fig. 1A, B) [9]. It serves as a dy-
namic platform for piRNA biogenesis, organizing RNA substrates and
protein components into a phase-separated condensate, where sub-
strates are selectively engaged in further processing. Yb body is
composed of four major proteins: Yb, Armitage (Armi), Sister of Yb
(SoYb), and Vreteno (Vret), three of which—Yb, Armi, and SoYb—are
RNA helicases, while Vret acts as an assembly factor. Knockdown studies
in OSCs have shown that Yb depletion disrupts granule formation,
whereas knockdowns of the other proteins do not [9]. This suggests that
Yb serves as the key organizer of Yb body, by recruiting protein com-
ponents and RNAs to assemble into processing hubs.

YD protein contains four well-defined domains: the Hel-C domain at
its N-terminal region, an RNA helicase domain, another Hel-C domain,
and an extended Tudor (eTud) domain at its C-terminus (Fig. 2A).
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Except for the N-terminal Hel-C domain in Yb, the following domains,
helicase, Hel-C, ZnF motif, Tudor, are highly conserved among TDRD12
family members. Notably, there are two Yb paralogs, somatic SoYb and
germline BoYb. SoYb is also a component of Yb body as described below.
BoYb was shown to localize to nuage, a piRNA factory in Drosophila
germline cells although its precise function remains elusive [36]. Yb
appears to be an RNA helicase, but the typical DExD motif required for
ATP hydrolysis is not conserved (DNLN instead of DExD), whereas the
ATP-binding motif, known as motif I, is conserved [30]. Structural
prediction of Yb monomer, registered in the AlphaFold Protein Structure
Database (Q9W4W2) [37], suggests that the region between N-terminal
Hel-C and the helicase domain is an IDR, which may enhance phase-
separation properties. The previous studies have shown that all three
structured domains are necessary for Yb body formation. Two Yb mu-
tants in the helicase domain, Q399A and D537A, lost the binding affinity
to RNA and could not form Yb body foci in OSCs [30]. Both Yb mutants
lacking either Hel-C or eTud domain were also dispersed in the cyto-
plasm without forming a granule [9].

Armi is another highly conserved 5’ to 3' RNA helicase belonging to
the superfamily I helicases [38]. It is a major protein component of Yb
body and is recruited by Yb protein, engaging substrate RNAs to process
[10,33]. Studies have shown that Armi is essential for substrate speci-
ficity, as ATP hydrolysis drives selective binding to piRNA precursors
while excluding degraded RNAs [33,39]. Loss-of-function mutations in
its ATPase activity led to indiscriminate RNA binding, including
degraded RNA fragments, and impair piRNA biogenesis [12]. Armi
contains two helicase domains belonging to the Upfl superfamily and an
N-terminal oligonucleotide-binding (OB) fold domains that are pre-
dicted to facilitate RNA binding [40]. Armi also harbors an Ig-like
domain, which resembles motifs in MOV10 helicases, a protein
involved in RNA remodeling and silencing pathways [41]. This suggests
that Armi may contribute to RNA structure remodeling and complex
assembly, preparing substrates for downstream processing.

SoYb, a paralog of Yb, also contains DExD-box RNA helicase and
Tudor domains but includes an additional eTud domain at the N-ter-
minus and a CS domain at the C-terminus (Fig. 2A) [36]. The CS domains
are also found near the C-terminal regions in the mouse and silkworm
(Bombyx mori) orthologs, which belong to the TDRD12 family [36,42].
BmTdrd12 localizes in a non-membrane granule of germline derived
BmN4 culture cells, whereas BmTdrd12 mutant lacking the CS domain
lost the localization ability and diffused in the cytoplasm [42]. These
results indicated that the CS domain is required for localization to the
non-membrane granule in BmN4 cells, although the molecular mecha-
nism remain elusive [42].

Vret lacks helicase activity but features two eTud domains and an
RNA recognition motif (RRM) [36]. These domains are predicted to
enhance RNA-binding affinity and scaffold interactions between Yb
body components and piRNA precursors. Vret has been shown to bind
with SoYb independently with Yb and Armi [9]. AlphaFold3 also pre-
dicted the SoYb_Vret heterodimer model suggesting interactions be-
tween their N- and C-terminal domains, respectively (Fig. 2D). The ipTM
score is the confidence score (ranging from O to 1) for the interacting
region of the complex and the SoYb_Vret dimer shows the moderate
confidence score of 0.61. Furthermore, the Predicted Aligned Error
(PAE) plot generated by AlfaFold3, which represents the reliability of
the relative position of residues to identify rigid domains and evaluate
inter-domain or inter-protein interactions, indicates that Vret-N region
containing the RRM domain has a fixed position relative to the N- and M-
regions of SoYb, while the Vret-C region containing the two eTud do-
mains is defined relative to the SoYb-C region containing the CS domain
(Fig. 2A, D, right panel). Thus, SoYb and Vret may act cooperatively and
reinforcing RNA binding and protein-protein interactions essential for
Yb body stability.


https://alphafoldserver.com/
https://alphafoldserver.com/

S. Kawaguchi et al.

A

BBA - General Subjects 1869 (2025) 130811

Yb m IDR m Piwi
< >
Hel-C b Sm:ﬁ
eTud 1042aa Armi ‘ Iq,
. / Vret =
Armi N m C
SoYb ‘
& e 3 & £©
0B 4 120728 Q &g
SoYb N M C
< > | < > | < > Yb-N
eTud eTud v 147628 Yb-C Score
\ -~ Vret-N -
S / Vret-C !as
Vret N c Armi-N 04
Armi-C [ 02
(v Sovo-n w
eTud eTud  691aa SoYb-M
SoYb-C
Experimental results «—» Prediction by AlphaFold3 <—> e QQ‘ OO L D
NI R I P P S\ N
ARG NN

D

Vret_SoVb (ipTM=0.61) VreR

SoYb

1083

Aligned Residue

1448 |~

1805

1083 1444 1805 2166
Scored Residue

I ]

o s o 15 2 25 30
Expected Position Error (Angstroms)

Yb-C Armi-C

Aligned Residue

1179 358 537 716 895 1074 1253 1432
Scored Residue

[ |

o s 1 15 20 25 30
Expected Position Error (Angstroms)

Aligned Residue

3

i

1 219 43 657 876 1095 M 1533
Scored Residue

EE———

o s 10 15 20 25 30
Expected Position Error (Angstrams)

E

Aligned Residue

1199 398 597 79 995 moa 1393
Scored Residue

o 5 1 5 2 25 30
Expected Position Error (Angstroms)

Armi-FL_Armi-N (ipTM=0.50) Armi-FL - Armi-N

Aligned Residue

1205 410 615 820 1025 1230 1435 1640

Scored Residue

I ]
o 5 1 15 20 2 30
Expected Position Error (Angstroms)

I ©

A\Q} (,,0

2660

3040

1380 760 1140 1520 1900 2280 2660 3040
Scored Residue.

[ —
o s 1 15 20 25 30
Expected Position Error (Angstroms)

Fig. 2. The structural features and possible interactions among Yb body components.
(A) Schematic representation of the domains and IDR of Yb body components. Each protein is divided into two or three segments for domain-domain interaction

analysis using AlphaFold3. Red arrows indicate experimentally validated interactions between domains, while blue arrows represent interactions predicted by
AlphaFold3. Double-headed circular arrows denote the self-oligomerization. (B) The ipTM score for the protein-protein dimer model predicted by AlphaFold3. (C)
The ipTM score for the domain-domain complex model predicted by AlphaFold3. (D~I) Three-dimensional structure models predicted by AlphaFold3. (D) Vret_SoYb,
(E) Yb-C homodimer, (F) Yb-C_Armi-C, (G) Armi_Armi-N, (H) Piwi_Vret, and (I) Piwi_Vret_SoYb_RNA. PAE plots are also shown on the right for each structure model.



S. Kawaguchi et al.
2.2. Formation and organization of Yb body

After being transcribed by RNA polymerase II and spliced, piRNA
precursors are exported to the cytoplasm, where they accumulate in Yb
body (Fig. 1A, B) [9,43]. Their recruitment to Yb body is mediated by
specific sequence motifs and structural elements in their untranslated
regions (UTRs). For instance, a stem-loop structure, called as T-hairpin,
in the 3' UTR of traffic jam (tj) mRNA, another piRNA precursor, has been
identified as a cis-acting element for the piRNA production [44]. Similar
structural features also exist in the major piRNA precursor, flam RNA,
although this requires further investigation.

First, Yb body assembly is triggered by the binding of Yb protein to
the cis-acting elements in the piRNA precursors. Then these RNA-protein
complexes nucleate phase-separated granules. LLPS-driven granule
formation often associated with the self-oligomerization of the compo-
nents. In the case of Yb, N-terminal Hel-C domain facilitates its self-
oligomerization [9]. However, Hel-C domain is not the sole determi-
nant for the phase separation and Yb body formation relies on the most
part of Yb protein including Hel-C, RNA helicase and eTud domains,
suggesting that RNA binding and cooperative oligomerization via other
domains are required to form Yb body [9]. Interestingly, structural
predictions by AlphaFold3 did not support Yb’s dimerization through
the N-terminal Hel-C domain alone but instead predicted that dimer-
ization via Yb-C region containing RNA helicase and eTud domains,
which seemingly do not interfere its RNA binding ability (Fig. 2A, C, E).

Once Yb_RNA granules are formed, Armi is further localized there by
the Yb protein, facilitating precursor RNA selection and processing.
While Armi’s RNA-binding ability is dispensable for its localization, its
interaction with Yb’s eTud domain is crucial [9,33]. AlphaFold3 pre-
dicts an interaction between the C-terminal helicase domain of Armi and
the eTud domain of Yb (Fig. 2F), although the predicted model requires
experimental validation. In addition, predicted Armi oligomerization
predicted by AlphaFold3 suggests that Armi-C region interacts with
Armi-N region of another Armi molecule and higher-order assemblies
may stabilize its association with Yb and enhance RNA processing
(Fig. 2G).

Subsequently, Armi further recruits the other two components, SoYb
and Vret, completing Yb body assembly. While the precise roles of SoYb
and Vret remain unclear, both contain RNA-binding motifs that likely
retain RNA substrates in Yb body and enhance processing efficiency
[36]. In addition, AlphaFold3 showed the rather high score for the
interaction between Armi-C and SoYb-M regions (ipTM score = 0.63)
while Vret domains were predicted in low scores with Armi domains
(Fig. 2C). These predictions suggest Armi preferentially interact with
SoYb to Vret. Although the detail binding model must be examined
further, these protein-protein interactions, coupled with RNA-binding
capabilities, stabilize the condensate and promote efficient processing
of RNA precursors under phase-separated conditions.

Following RNA selection and processing in Yb body, Piwi binds to the
5" ends of the cleaved piRNA precursors by unknown mechanism [45]
and form pre-piRNA precursor RISC (pre-piRISCs) complexes [33]. Armi
subsequently joins the complex and is exported to the mitochondrial
surface. Notably, deletion of the N-terminal 34 residues of Armi prevents
pre-piRISC from exiting the Yb body, suggesting that this region is
essential for pre-piRISC translocation to mitochondria [33,46]. Further
study indicated that the N-terminal region of Armi is required to bind to
Daed on the mitochondria surface for the stable transfer of pre-piRISC
[46]. Interestingly, AlphaFold3 predicted the additional interactions
between Armi-C and SoYb-M and between Piwi and Vret (Fig. 2B, C, H).
These interactions may help the multi-protein complex formation
together with RNA precursors [9]. AlphaFold3 also predicted the
Piwi_Vret SoYb_RNA model (Fig. 2I), suggesting that the binding of
Vret_SoYb to Piwi does not hinder the piRNA binding ability of Piwi. N-
terminal region of Piwi is intrinsically disordered, contains nuclear
localization signal, and undergo the methylation on Arg residues. These
characteristics are important to regulate Piwi’s function. In the
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Piwi_Vret_ SoYb_RNA model (Fig. 2I), N-terminal region of Piwi protein
is still exposed and seems flexible. The prediction of a multi-protein
complex may be useful to speculate the functional model, although
the precise molecular mechanisms underlying these interactions remain
uncertain and warrant further investigation.

Yb body, therefore, acts as a dynamic hub that integrates RNA se-
lection, protein recruitment, and RNA processing. Its phase-separated
nature not only facilitates substrate recognition and piRNA precursor
maturation but also coordinates downstream processing at mitochon-
dria, ensuring the efficient generation of piRNAs required for transposon
silencing [47].

3. piRNA processing at mitochondria: compartmentalization
and evolution

Not only non-membrane structures such as Yb body and nuage,
PiRNA processing operates also on the mitochondrial outer membrane.
This cellular compartmentalization plays an essential role in the precise
regulation of the piRNA pathway. In Drosophila melanogaster, three
proteins—Zuc, Daed, and Gasz—contain a single transmembrane
domain to be anchored to the mitochondrial outer membrane (Fig. 1B,
C) [32,46,48]. In addition, Armi possesses an N-terminal domain that
interacts with Daed and Gasz, enabling it to shuttle between nuage/Yb
body and the mitochondrial outer membrane [32,46]. This coordinated
processing across multiple cellular compartments is a characteristic
feature of both somatic and germline cells.

In Drosophila somatic follicle cells, Yb body is positioned near
mitochondria, facilitating efficient processing. The processing occurs in
a sequential manner: first, the Armi_Piwi-pre-piRNA precursor complex
forms within Yb body [33]. This complex is then tethered to the mito-
chondrial surface through interactions between the N-terminal domains
of Armi and Daed [46]. Subsequently, Zuc catalyzes the cleavage of the
piRNA precursor, generating both 3' and 5' ends of the piRNA [49-51].
The resulting piRNA-Piwi complex dissociates from the mitochondrial
surface and undergoes maturation through Henl-mediated methylation
of the piRNA ends [52]. This mature piRISC then translocate to the
nucleus, where it suppresses transposons at the transcriptional level
(reviewed in [2]). If the binding of Piwi and Armi to piRNA precursors is
compromised, the complex remains trapped within Yb body. Interest-
ingly, Armi remains associated with the cleaved piRNA precursor on the
mitochondrial surface, facilitating the recruitment of additional Piwi
molecules and subsequent Zuc-mediated cleavage events [32].

In Drosophila germline cells, the spatial arrangement of nuage and
mitochondria differs significantly from that in follicle cells; while nuage
localizes around the nuclear envelope, mitochondria are broadly
distributed throughout the cytoplasm [30,53,54]. Despite this spatial
separation, pre-piRISCs efficiently shuttle between these compartments.
Specifically, Armi binds to the Aub-piRNA precursor complex in nuage
and facilitates its recruitment to the mitochondrial surface [53]. How-
ever, the precise mechanism of this inter-compartmental transport re-
mains elusive. A significant observation is that while Armi localizes to
both nuage and mitochondria, Aub is detected only in nuage of germline
cells [53]. The pre-piRISC, once tethered to mitochondria, undergoes
Zuc-mediated cleavage like the somatic pathway. Subsequently, the
Aub-piRNA complex returns to the nuage to participate in the “ping-
pong cycle” described below. Current models suggest that Armi disso-
ciates from the Aub-piRNA complex after cleavage and returns to the
nuage to seek new partners [53]. In Drosophila, while the protein
composition of germline nuage and somatic Yb body differs, the mito-
chondrial factors, Zuc, Daed and Gasz, and the shuttling factor Armi are
commonly used. This suggests that the fundamental mechanism of pri-
mary processing is shared between both cell types.

Studies in mammals, particularly in mice, have revealed a structure
called the inter-mitochondrial cement (IMC), a non-membrane organelle
between mitochondrial outer membranes that serves as a site for piRNA
processing (reviewed in [55,56]). A distinctive feature of the IMC, best
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characterized in mouse spermatogenic cells, is that phase separation
mediated by the coiled-coil domain of TDRD1 (a homolog of Drosophila
Vret) is essential for both structural formation and piRNA processing
[571. Within this structure, MIWI (a mouse Piwi ortholog) is recruited by
TDRKH on the surface of mitochondria outer membrane and binds to
pre-piRNAs cleaved by mitoPLD/PLD6, the mammalian Zuc homolog
[58-60]. The piRISC undergoes maturation through 3’ end trimming by
PNLDC1 exonuclease and methylation by HENMT1, followed by MIWI
arginine methylation-dependent translocation to the chromatoid body
near the nuclear envelope [58,61,62]. The functional conservation of
key factors like Zuc/mitoPLD and the post-translational modifications
mentioned in Introduction suggests fundamental similarities in the
molecular mechanisms of piRNA biogenesis across species.

4. Nuage: assembly and piRNA processing mechanisms in
germline cells

Nuage is a non-membrane, perinuclear organelle found in germline
cells across a wide range of animals, including Drosophila melanogaster
and mice, and serves as a hub for piRNA biogenesis and transposon
silencing (Fig. 1A, C) [6,63]. Similar structures, such as chromatoid
body in mice and perinuclear germ granules in C. elegans, share func-
tional parallels and molecular compositions; however, the latter exhibits
fundamentally distinct mechanism of piRNA production [64]. In addi-
tion to Aub and Ago3, the two PIWI family proteins central to piRNA
amplification, various nuage-localized factors have been identified
which, similar to Yb body, assemble with piRNA precursors into dense
granules [36,65]. These structures enable localized RNA processing,
providing efficient spatial organization for enzymatic activity to amplify
the mature piRNA bound with PIWI family proteins [66]. While LLPS
contributes to their assembly, nuage organization also relies on addi-
tional mechanisms, including RNA-protein scaffolding and multivalent
interactions [67].

4.1. The ping-pong amplification cycle

Nuage serves as the central hub for the ping-pong amplification
cycle, a process critical for piRNA biogenesis and transposon silencing in
germline cells (Fig. 1C). The cycle initiates when piRNA precursor
transcripts from piRNA clusters are localized to the perinuclear nuage
region through interaction with Vas_Tejas (Tej) and/or Spindle-E (Spn-
E)_Tej complexes [21]. These precursors are loaded onto Aub to form
pre-piRISC complexes, which associate with Armi and translocate to
mitochondria for phasing-dependent processing [12,53]. The matured
PiRISCs subsequently return to nuage, where they cleave transposon
transcripts, although the mechanisms governing this return remain to be
elucidated. Krimp and Qin/Kumo facilitate the reciprocal RNA exchange
between Aub and Ago3. Notably, Krimp’s two eTud domains separately
bind to Aub and Ago3, while Krimp forms homodimers, thereby
enhancing the RNA transfer between these PIWI family proteins [13].
Qin specifically prevents homotypic Aub-Aub RNA transfer, thus pro-
moting heterotypic Aub-Ago3 interactions, though the precise mecha-
nism remains elusive [23]. Following 3’ end trimming by exonucleases
and methylation, Ago3-bound transposon transcripts mature into piR-
ISCs and cleave piRNA precursors to generate piRNA, which are com-
plementary to transposon sequences and are retained in nuage by
Tej_Spn-E and Tej_Vas complexes [3,21,52,68]. This sophisticated
RNA-protein interaction network effectively suppresses transposons at
the post-transcriptional level, a process enabled by nuage’s unique
properties as both a phase-separated compartment and a biomolecular
condensate.

4.2. Domains and physical interactions of Nuage components

Given that Aub and Ago3 have been extensively reviewed elsewhere
[1,2], they will not be the focus of this review. Instead, this section
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provides an overview of the major constituent proteins of nuage, dis-
cussing their structure and function from the perspective of their do-
mains and interactions.

Vas is a germline-specific DEAD-box RNA helicase that has long
served as a molecular marker for germline cells in many species [69].
The N-terminal region of Vas, spanning approximately 200 residues, is
intrinsically disordered (Fig. 3A) [70]. Following this region, Vas con-
tains a helicase core domain and a Hel-C domain responsible for RNA
binding and remodeling activities. Structural analysis of Vas bound to
single-stranded RNA (seven uridine residues) has revealed the detailed
RNA-binding interface (PDB: 2DB3) [71]. Vas interacts with eLOTUS
domain-containing proteins, such as Oskar (Osk) and Tej. Although
eLOTUS of Osk, a protein critical for germ plasm assembly, binds to the
Hel-C domain of Vas and enhances its helicase activity, whether Tej’s
eLOTUS binding affects Vas’s activity remains unclear [72]. Computa-
tional prediction using AlphaFold3 also indicates a moderate confidence
score for the interaction between Vas and Tej (Fig. 3B), consistent with
experimental evidence [15,21].

Tej, a fly homolog of TDRDS5, is a germline-specific protein localized
to nuage [21,22]. Its domain architecture includes an eLOTUS domain at
the N-terminus and an extended Tudor (eTud) domain at the C-terminus
(Fig. 3A). These domains are connected by an IDR, which provides
flexibility but does not appear to mediate direct interactions between
two domains. Recent structural predictions and experimental data
indicate that Tej’s SRS (Spn-E Recruiting Sequence) adopts a helical
conformation, serving as the binding interface for Spn-E helicase
(Fig. 3A) [21]. Namely, Tej has binding abilities to both Vas and Spn-E,
these two proteins, however, do not bind simultaneously to Tej, sug-
gesting a regulated exchange mechanism although the dynamic control
of such complexes within cells remains unclear [21]. Emerging studies
have also implicated the LOTUS domain in recognizing specific G-
quadruplex RNA structures [73], suggesting a broader role in RNA
substrate selection.

Spn-E is a fly homolog of mammalian TDRD9 containing DEAH
helicase motif. Unlike Vas, Spn-E lacks IDR but contains three domains,
Hel-C, HA2 and eTud, at its C-terminal region (Fig. 3A). Its Hel-C domain
mediate interactions with Tej [21]. Spn-E has nuclear localizing signal
and is dynamically shuttles between the nucleus and cytoplasm, a pro-
cess that may regulate precursor RNA transport [74]. Co-
immunoprecipitation and mass spectrometry analysis with ovary
lysate revealed that Spn-E interacts with Aub, Ago3, and other piRNA
pathway proteins, including Qin and Squash (Squ), a less-characterized
protein required for sufficient piRNA production [74]. AlphaFold3
predictions support direct 1:1 interactions between Spn-E and Qin, as
well as Spn-E and Squ (Fig. 3B). The direct interaction between Spn-
E_Squ has been characterized in S2 cells overexpressing these two pro-
teins [26]. Possibly, the binding of Squ to Spn-E may regulate the Spn-
E’s helicase activity and RNA hand off.

Qin is a large nuage protein containing N-terminal RING and B-box
domains followed by five Tudor domains at the C-terminus [23,24]. It is
unique among nuage proteins in possessing a RING domain, typically
associated with ubiquitin-like ligase activity, although its biochemical
function in piRNA pathway remains unknown. Co-immunoprecipitation
in S2 cells detected Qin’s interactions with Spn-E and Aub, both medi-
ated by its eTud domains [24]. AlphaFold3 predicted a moderate-
confidence dimer structure for Qin_Spn-E, which Qin appears to sur-
round the whole Spn-E (Fig. 3C).

Krimp localizes to nuage and facilitates piRNA transfer between Aub
and Ago3 [13,75]. It dimerizes or oligomerizes through its N-terminal
coiled-coil region, contributing to granule assembly (Fig. 3A). Krimp has
two eTud domains (eTudl and eTud2) and the eTudl interact with
AGO3 while eTud?2 associates Aub [76].

4.3. Phase separation and dynamic assembly of Nuage

During these decades, the molecular functions of the piRNA-related
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(A) Schematic representation of the domains and IDR of nuage proteins. Red arrows indicate experimentally validated interactions between domains, while blue
arrows represent interactions predicted by AlphaFold3. Double-headed circular arrows denote the self-oligomerization. (B) The ipTM score for the protein-protein
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dimer, (F) Homopentamer of Krimp-N containing coiled-coil region. PAE plots are also shown on the right for each structure model.
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and nuage-localizing proteins has been revealed, but the assembly and
their cooperative functions are poorly characterized. This section fo-
cuses the potential roles of the nuage-localizing protein in LLPS. Unlike
spherical droplets commonly associated with LLPS, nuage exhibits
irregular shapes, suggesting the coexistence of stable scaffolding struc-
tures and dynamic fluidity [66]. This structural complexity allows nuage
to integrate rigid frameworks with dynamic compartments, optimizing
its role in RNA processing and transposon silencing. Among proteins
composing nuage, Vas has been extensively studied for its role in nuage
assembly and piRNA processing [20,21,77]. Studies using S2 cells have
shown that overexpression of Vas results in the formation of droplet-like
granules, demonstrating its ability to undergo LLPS in the absence of
other germline-specific proteins [15]. Importantly, both the IDR region
and RNA binding are essential for Vas’ droplet formation, supporting the
hypothesis that Vas interacts directly with RNA to scaffold phase-
separated condensates [70]. Studies in Bombyx mori (BmN4 cells) have
further refined this model. Truncated Vas mutants lacking the N-ter-
minal IDR fail to assemble granules and instead remain diffusely local-
ized in the cytoplasm. Besides, FRAP (fluorescence recovery after
photobleaching) assays in Drosophila suggest that Vas exhibits relatively
high mobility within nuage, implying that its interactions with RNAs
and proteins are transient and dynamic [21]. These findings support the
idea that LLPS enhances RNA-binding and hand off efficiency, facili-
tating piRNA biogenesis.

Recent studies have highlighted Tej as a critical scaffold protein in
nuage assembly and RNA trafficking. Its IDR regulates the mobility of
nuage components and may contribute to LLPS of nuage [15,21]. In S2
culture cells, Tej forms spherical granules, suggesting that it can self-
assemble independently with other germline specific proteins. Alpha-
Fold3 predicts that Tej forms homodimer via its eTud domain, further
supporting its role in scaffolding and condensate formation (Fig. 3B, D).
Tej mutant lacking its eTud domain, however, fails to form granules,
emphasizing the role of Tudor domain-mediated multivalent in-
teractions in condensate formation. Conversely, constructs containing
only the eTud domain form irregular aggregates, lacking the liquid-like
properties of phase-separated droplets. This suggests that Tej’s IDR en-
dows flexibility to these assemblies, balancing structural integrity with
dynamic exchange [21]. These observations suggest that Tej is a scaffold
protein and employs a dual mechanism, using its eTudor domain for
stable multivalent interactions and its IDR for dynamic fluidity. Func-
tional studies in ovaries have further elucidated Tej’s role. Loss of Tej
disrupts the localization of Vas and Aub in nuage, leading to their
dispersion into small, diffuse aggregates. Similarly, Spn-E becomes
mislocalized, predominantly accumulating in the nucleus rather than in
cytoplasmic nuage. These observations suggest that Tej anchors Spn-E
and integrates it into nuage, stabilizing its interactions with RNA heli-
cases and piRNA precursor [22].

Spn-E is another RNA helicase localized in nuage. Unlike with Vas
RNA helicase, Spn-E does not independently undergo LLPS. When
expressed alone in S2 cells, Spn-E localizes diffusely in the nucleus. Co-
expression studies reveal that Tej recruits Spn-E into cytoplasmic gran-
ules by protein-protein interaction through Tej’s SRS domain [21].
Furthermore, Spn-E co-localizes and bind to Squ, which forms cyto-
plasmic foci. This suggest that Squ contributes phase-separation prop-
erties to Spn-E, even though Squ itself does not readily form granules
[26]. AlphaFold3 predicted no recognizable structured domains for Squ,
but its IDR may contribute for the LLPS property in nuage.

Krimp plays a pivotal role in piRNA transfer and phase separation
through its eTudor domains and coiled-coil regions [13]. AlphaFold3
also predicts the interaction through its N-terminal region although its
ipTM score is low (Fig. 3E). When homo-oligomerization of the N-ter-
minal alpha-helix region was predicted, the homo-pentamer showed the
relatively high score (ipTM = 0.52) (Fig. 3F), suggesting the higher
order homo-oligomerization of Krimp in the condensed granule, like a
nuage. Interestingly, FRAP assays suggest that Krimp exhibits low ex-
change rates, implying reduced mobility compared to Tej and Spn-E
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[13]. This observation raises questions about whether Krimp functions
as a rigid scaffold that stabilizes interactions within nuage rather than
dynamically reorganizing like Vas [77]. Further investigation is
required to determine whether Krimp undergoes partial LLPS or depends
primarily on multivalent protein interactions.

4.4. Molecular coordination of Nuage assembly and piRNA biogenesis by
PTMs and chaperones

Of note, nuage proteins exhibit hierarchical dependency relation-
ships for their localization at perinuclear nuage. Genetic analyses
revealed that deficiency in upstream factors involved in piRNA precur-
sor recruitment to nuage, such as Spn-E, Vas, or Tej, causes delocaliza-
tion of other nuage components from perinuclear aggregates, leading to
either diffusion into the cytoplasm or cytoplasmic aggregation, ulti-
mately disrupting functional nuage formation [21,22]. Conversely, loss
of downstream factors in the ping-pong amplification cycle, such as
Krimp and Ago3, does not affect the localization of these upstream
components [13,77]. These observations suggest that nuage formation
follows a stepwise, hierarchical process that reflects the sequential na-
ture of the ping-pong amplification cycle of piRNA, rather than resulting
from simple LLPS.

Similar to the Drosophila ovarian germline cells described above,
testicular germline cells also possess perinuclear nuage, albeit with
distinct spatiotemporal organization. This difference is primarily re-
flected in protein expression patterns during spermatogenesis. Notably,
while one of the two key PIWI family protein, Aub is expressed from
germline stem cells (GSCs) to spermatocytes and retain its localization at
nuage, the other Ago3 can be observed only in GSCs and spermatogonia
(SGs) but not in spermatocytes. Several studies suggest that even in the
absence of Ago3, Aub can process piRNAs through homotypic Aub-Aub
ping-pong cycles [78,79]. This observation indicates that while some
proteins are sufficient for piRNA biogenesis, they may not all be strictly
necessary.

As described in Introduction, nuage formation might also involve
post-translational modifications (PTMs) such as arginine methylation,
which have been shown to regulate PIWI family protein recruitment and
RNA loading, predominantly through their binding to Tudor-domain
proteins [18]. Another PTM, SUMOylation, has been reported for
several piRNA pathway components [80]. Proteomics analysis of
Drosophila ovaries detected SUMOylation of more than 1000 proteins,
including piRNA-related proteins such as Piwi, Panoramix (Panx),
Maelstrom (Mael), and Spn-E. Although SUMOylation of Panx is
required for transposon silencing via interaction with Sov in hetero-
chromatin formation [81], the molecular role of SUMOylation on other
components, such as Spn-E, remains unclear. While SUMOylation is
known to regulate LLPS in various contexts (reviewed in [82]), its
function in nuage or Yb-body formation has not been established. Future
research will clarify its biological significance in these non-membrane
structures involved in piRNA production.

In addition to PTMs, chaperone complexes play a crucial role in
piRNA biogenesis and nuage organization. Hsp90 and its co-chaperone
Shutdown are required for proper PIWI protein function, facilitating
piRNA loading and ensuring efficient RNA processing within nuage.
Without chaperone assistance from co-chaperones, PIWI proteins fail to
be loaded with piRNA precursors, leading to disrupted transposon
silencing and defective nuage formation in Drosophila [83]. The function
of Hsp90 and its cofactors is also required for piRNA production during
the ping-pong cycle in nuage across different species. In mice, MIWI2-
bound piRNAs and transposon repression depend on co-chaperone
function. In the silkworm germline cell line BmN4, Hsp90 is essential
for the removal of 16-nt ping-pong byproducts and for additional 5-end
trimming by a nuclease during the ping-pong cycle [84]. Taken together,
these studies highlight a conserved role of molecular chaperones in
piRNA biogenesis. The interaction of these chaperones with PIWI pro-
teins may also contribute to the dynamic assembly of nuage, as loss of
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Hsp70 or Hsp90 leads to altered nuage morphology and PIWI protein
mislocalization. However, the precise molecular mechanisms by which
chaperones coordinate with other piRNA pathway factors to regulate
nuage assembly and function remain to be fully elucidated.

5. The landscape of non-membrane RNA processing granules

Various non-membrane RNA granules exist across cell types, facili-
tating RNA metabolism. While Yb body and nuage provide environ-
ments for piRNA processing as described above, other cytoplasmic RNA
granules regulate mRNA translation, storage, and decay. Stress granules,
formed in response to stress, sequester stalled translation complexes and
contain translation factors, polyA-binding protein, and small ribosomal
subunits, whereas P-bodies function as mRNA decay centers, containing
decapping enzymes, the exonuclease XRN1, and Argonaute proteins
(reviewed in [85]). P-bodies are often found to colocalize with piRNA/
nuage/chromatoid bodies, forming cytoplasmic non-membrane struc-
tures called pi-bodies in Drosophila [86] piP-bodies in silkworm (Bombyx
mori) [87] and in mice [88], where components of the piRNA pathway
and mRNA decay machinery are spatially organized to facilitate piRNA
biogenesis and transposon silencing. In the nucleus, specialized RNA-
processing condensates, including Cajal bodies, nuclear speckles, para-
speckles, nucleolus and histone locus bodies (HLBs), organize enzymatic
activities involved in RNA splicing, processing, modification, and tran-
scription. Cajal bodies promote snRNP assembly and telomerase RNA
processing by clustering RNA-processing enzymes via scaffold proteins
such as Tudor-domain containing Coilin and SMN [89-91]. Nuclear
speckles serve as hubs for splicing factors, including SC35 and SR pro-
teins, facilitating their recruitment to active transcription sites
(reviewed in [92]). Paraspeckles, in contrast, sequester specific tran-
scripts to regulate their stability, assembling around NEAT1 IncRNA to
retain hyperedited or unprocessed RNAs [93,94]. HLBs facilitate histone
mRNA maturation through NPAT, FLASH, and U7 snRNA [95].

Despite their differences, these RNA granules share key organiza-
tional principles. Not only do they rely on LLPS, but they also utilize
multivalent interactions and scaffold proteins to cluster enzymatic
complexes, forming localized environments that regulate RNA meta-
bolism. In other words, the RNA processing is effectively performed in
the non-membrane organelles by increasing the local concentrations of
RNA helicases/RNA-binding proteins and assembling them in the
appropriate special arrangement. Among many components comprising
such RNA granules, Tudor-domain proteins play a central role in
condensate formation by binding symmetrically dimethylated (sSDMA)
or unmethylated arginine residues [96]. Notably, Tudor-domain pro-
teins in nuage and Yb body contain additional RNA-binding motifs and
enzymatic features, such as the Lotus domain (Tej/TDRD5), RNA heli-
case motifs (Spn-E/TDRD9, Yb, SoYb/TDRD12), RING domain (Qin/
TDRD4), and RRM domain (Vret/TDRD1) [36]. In Cajal bodies, SMN,
which contains a Gemin2-binding domain, binds Sm proteins and Coilin
via its Tudor domain to mediate snRNP biogenesis and transport [97]. In
HLBs, TDRD3, which contains an OB-fold domain, bridges chromatin
modifiers (e.g., methylated histones H3R17me2) with RNA-processing
complexes, influencing transcription and RNA stability [98]. Similarly,
in Yb body and nuage, Tudor-domain proteins play essential roles in
organizing piRNA pathway components. These findings highlight the
conserved role of Tudor-domain proteins in scaffolding diverse non-
membrane condensates while integrating RNA-binding and enzymatic
functions.

Advancements in super-resolution microscopy, live-cell imaging,
proteomics, and computational structure prediction continue to refine
our understanding of RNA granules. While Yb bodies and nuage are
well-characterized in piRNA pathways, the molecular mechanisms un-
derlying non-membrane RNA granules remain an active area of
research. Investigating how phase separation, post-translational modi-
fications, and RNA-protein interactions drive condensate formation will
provide deeper insights into RNA regulation and cellular dynamics.
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