
Nature Structural & Molecular Biology

nature structural & molecular biology

https://doi.org/10.1038/s41594-025-01533-5Article

piRNA gene density and SUMOylation 
organize piRNA transcriptional condensate 
formation
 

Chengming Zhu    1,2,5, Xiaoyue Si1,5, Xinhao Hou1, Panpan Xu1, Jianing Gao1, 
Yao Tang1, Chenchun Weng1, Mingjing Xu1, Qi Yan1, Qile Jin1, Jiewei Cheng1, 
Ke Ruan    1, Ying Zhou    1, Ge Shan    1, Demin Xu1, Xiangyang Chen    1, 
Shengqi Xiang    1  , Xinya Huang    1  , Xuezhu Feng    3   & 
Shouhong Guang    1,4 

Piwi-interacting RNAs (piRNAs) are essential for maintaining genome 
integrity and fertility in various organisms. In flies and nematodes, piRNA 
genes are encoded in heterochromatinized genomic clusters. The molecular 
mechanisms of piRNA transcription remain intriguing. Through small RNA 
sequencing and chromatin editing, we discovered that spatial aggregation 
of piRNA genes enhances their transcription in nematodes. The facultative 
heterochromatinized piRNA genome recruits the piRNA upstream sequence 
transcription complex (USTC; including PRDE-1, SNPC4, TOFU-4 and TOFU-
5) and the H3K27me3 reader UAD-2, which phase-separate into droplets to 
initiate piRNA transcription. We searched for factors that regulate piRNA 
transcription and isolated the SUMO E3 ligase GEI-17 as inhibiting and the 
SUMO protease TOFU-3 as promoting piRNA transcription foci formation, 
thereby regulating piRNA production. Our study revealed that spatial 
aggregation of piRNA genes, phase separation and deSUMOylation may 
benefit the organization of functional biomolecular condensates to direct 
piRNA transcription in the facultative heterochromatinized genome.

Piwi-interacting RNAs (piRNAs) belong to a class of small noncoding 
RNAs that form complexes with Piwi proteins to repress transposable 
elements and regulate gene expression1–9. In Caenorhabditis elegans, 
piRNAs originate from two large genomic clusters located on chro-
mosome IV (refs. 10–12). These piRNA clusters are enriched with the 
repressive histone mark H3K27me3 (ref. 13). piRNAs are indepen-
dently transcribed as short capped transcripts by RNA polymerase II, 
generating piRNA precursor transcripts10–12. The upstream sequence 

transcription complex (USTC), which is essential for piRNA transcrip-
tion, is enriched on the upstream Ruby motif of type I piRNAs and pro-
motes piRNA precursor transcription14. The USTC complex consists 
of four proteins: PRDE-1, SNPC4, TOFU-4 and TOFU-5 (refs. 10,14,15). 
These proteins generate distinct subnuclear foci that colocalize with 
piRNA clusters in the nucleus14. The chromodomain protein UAD-2 
recognizes the histone mark H3K27me3 and facilitates the recruitment 
of the USTC complex to piRNA genes16. Recent studies have shown that 
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USTC and UAD-2 foci, we designed a lacI::tagRFP–lacO labeling sys-
tem to display piRNA cluster II (Extended Data Fig. 1b,c). We gener-
ated an rps-2p::lacI::tagRFP transgene (Extended Data Fig. 1b), where 
lacI::tagRFP is expressed in the meiotic zone of the gonad (Extended 
Data Fig. 1d,e). We subsequently introduced a 256× lacO sequence into 
the middle of the cluster II at linkage group (LG) IV position 15,809,942 
(contributed by the C. Frøkjær-Jensen lab) in the lacI::tagRFP strain 
(Extended Data Fig. 1c). We observed that the UAD-2 and TOFU-4 foci 
colocalized with lacI::tagRFP, suggesting that the USTC components 
and UAD-2 may primarily accumulate on the piRNA cluster II region 
(Extended Data Fig. 1d–g). To further validate this conclusion, we used 
the SYP1 protein of the synaptonemal complex as a marker to label the 
chromosomes in pachytene cells of the gonad53. Through fluorescence 
imaging, we observed that the H3K27me3 reader UAD-2 and the piRNA 
transcription factor TOFU-4 form a single nuclear focus concentrated 
on chromosome IV, corresponding to the cluster II genome, in the 
nucleus of each pachytene germ cell (Fig. 1b,c)14,16. In contrast, cluster 
I and out-cluster regions exhibited minimal, if detectable, GFP foci.

In C. elegans, piRNA expression shows distinct sex specificity, 
with notable differences during oogenesis and spermatogenesis54,55. 
We also observed that UAD-2, PRDE-1, TOFU-4 and TOFU-5 each form 
a distinct piRNA focus per nucleus in the spermatogenesis region of 
L4-stage hermaphrodites (Extended Data Fig. 1h–k). During sper-
matogenesis in the male germline, UAD-2 and USTC also form piRNA 
foci, with only one prominent focus per nucleus in the meiotic zone 
(Extended Data Fig. 1l–o).

piRNA genes have been previously classified into type I and 
type II according to the presence of a Ruby motif in the promoter 
sequence11,13,52. We analyzed the chromatin immunoprecipitation 
sequencing (ChIP-seq) data and found that UAD-2, TOFU-4 and TOFU-5 
exhibit binding capabilities to both type I and type II piRNA genes, yet 
with a much lower affinity to type II piRNAs (Extended Data Fig. 2a–c). 
To investigate the binding affinity of UAD-2 and USTC to different 
clusters, we categorized the data by clusters and quantified the binding 
intensity of UAD-2, TOFU-4 and TOFU-5 accordingly. Our data revealed 
enriched binding of UAD-2 and the USTC components (TOFU-4 and 
TOFU-5) on the cluster II genome compared to cluster I and out-cluster 
regions (Fig. 1d).

To characterize piRNA expression, we analyzed the piRNA 
population from total small RNAs or PRG1-associated small RNAs in 
wild-type adult animals (Extended Data Fig. 2d). The expression pat-
tern of piRNAs across chromosome IV based on total small RNA and 
PRG1-immunoprecipitated small RNA displayed enriched expression 
in the two clusters (Fig. 1e,f). piRNAs in cluster II showed substan-
tially higher expression levels than those in cluster I and out-cluster 
regions. Specifically, cluster II piRNAs exhibited an average expression 
of approximately 14.2 reads per million (RPM) in the total RNA sequenc-
ing (RNA-seq) and ~80.2 RPM in PRG1-associated RNA-seq. In contrast, 
cluster I piRNAs exhibited lower expression, while out-cluster piRNAs 
displayed further reduced expression (Fig. 1g,h). Among all piRNA 
genes, the cluster I and out-cluster genomes contained 18% and 8%, 
respectively, of the total number of piRNA genes and expressed a minor 
fraction of piRNA reads (Fig. 1i). In comparison, cluster II contained 
74% of piRNA genes and expresses close to 92% (total RNA) and 94% 
(PRG1-associated RNA) of piRNA reads (Fig. 1i).

To further test whether the clustering of piRNA genes is important 
for piRNA expression, we analyzed the distribution and expression 
of piRNAs in another nematode, C. briggsae. The C. briggsae genome 
contains over 25,000 piRNAs across six chromosomes56, clustering into 
one locus on LG I and two loci on LG IV, which are termed clusters 1, 2 
and 3, respectively (Extended Data Fig. 2e). The published C. briggsae 
piRNA high-throughput sequencing data56 showed that, similarly to 
C. elegans, piRNA genes located within clusters exhibited explicitly 
higher expression compared to those of out-cluster regions. The aver-
age expression level of clustered piRNAs bound to the Piwi protein 

the localization of USTC to piRNA domains maintains high nucleo-
some density across piRNA clusters and the transcription of piRNA 
precursors and that casein kinase II-mediated phosphorylation of the 
USTC component TOFU-4 is also crucial for piRNA expression17,18. How-
ever, despite our knowledge of piRNA clusters and heterochromatic 
states being crucial for piRNA transcription, the mechanisms remain 
mysterious13,16,19–23. The underlying mechanisms of USTC assembly at 
piRNA loci and the activation of transcription in H3K27me3 domains 
are yet to be fully understood18.

In Drosophila ovarian germ cells, piRNAs are produced from 
dual-strand clusters embedded in heterochromatin marked by 
H3K9me3. The Rhino–Deadlock–Cutoff complex binds to heterochro-
matin and licenses noncanonical transcription of dual-strand piRNA 
clusters. Rhino’s chromodomain recognizes H3K9me3 (refs. 24–26). 
Drosophila ovarian somatic cells also possess unistrand piRNA clusters 
that depend on the Nxf1–Nxt1 complex for nuclear export of spliced 
piRNA precursors22,27. However, it remains unclear how piRNA genes 
evolved into specialized genomic clusters and how heterochromatin 
readers such as Rhino and UAD-2 interface with the core transcriptional 
machinery16,26.

In eukaryotes, biomolecular condensates form through liq-
uid‒liquid phase separation (LLPS) and have crucial roles in various 
processes28–34. Recent studies have revealed that the phase separa-
tion of transcription factors can mediate the formation of transcrip-
tional hubs35–37 and condensation of activators and cofactors into 
phase-separated compartments potentiates gene expression38–41. 
Hence, understanding whether and how phase separation underpins 
the compartmentalization of the heterochromatinized piRNA genome 
and transcriptional machinery will provide vital insights into the mech-
anism of gene regulation.

Small ubiquitin-like modifier (SUMO) is an essential posttransla-
tional modification that regulates diverse cellular processes, includ-
ing transcription, DNA repair, RNA processing, ribosome biogenesis, 
cell-cycle control and nuclear body formation42,43. Moreover, SUMOyla-
tion orchestrates the activity of transcription factors and phase separa-
tion of chromatin modifiers to control gene expression programs44–46. 
SUMOylation of piRNA pathway proteins provides a molecular switch 
to connect piRNA target recognition to downstream chromatin silenc-
ing machinery, enabling heterochromatin formation and transcrip-
tional silencing of piRNA target genes47–51. Defining the mechanisms 
of SUMOylation-mediated control of piRNA transcription condensate 
formation will provide critical insights into the molecular underpin-
nings of piRNA production and genome regulation.

In this work, we show that the spatial clustering of piRNA genes 
into dense genomic loci promotes piRNA transcription in C. elegans 
through phase separation of piRNA transcription factors into con-
densates at piRNA clusters. The regulated SUMOylation serves as a 
critical determinant directing USTC and UAD-2 condensation and 
piRNA synthesis. Our findings present a mechanistic model wherein 
piRNA gene clustering density, UAD-2 phase separation properties 
and SUMOylation status collaboratively assemble functional piRNA 
transcription compartments.

Results
Clustered piRNA genes promote piRNA expression in 
nematodes
The C. elegans genome contains approximately 15,000 annotated 
piRNA genes distributed across six chromosomes, with ~92% located 
within the two major piRNA clusters on chromosome IV (Extended 
Data Fig. 1a)11. piRNA cluster I is a 2.5-Mb region on the center of chro-
mosome IV, containing ~200 piRNA genes per 100 kb. piRNA cluster 
II is a 3.7-Mb region on the right arm of chromosome IV, containing 
~400 piRNA genes per 100 kb (Fig. 1a)13,52. In the meiotic zone, we can 
observe only one piRNA transcription focus per nucleus (Fig. 1b,c). 
To determine which part of the piRNA genome corresponds to the 
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was ~50 RPM, while out-cluster piRNAs showed an average of ~3.1 RPM 
(Extended Data Fig. 2f). Further analysis revealed that 32% of piRNA 
genes were encoded in out-cluster regions while generating only 2% 
of the total piRNA reads. In contrast, 68% of the piRNA genes were 
clustered and contributed 98% of the total piRNA reads (Extended Data 
Fig. 2g). In C. briggsae, the localization of piRNA genes within piRNA 
clusters is strongly correlated with their expression levels.

Interestingly, a recent study described a piRNA-mediated RNA 
interference (RNAi) system operating through an extrachromosomal 
array in C. elegans57, in which a short genomic region (1.5 kb) that con-
tained at least six highly expressed piRNAs and were repeated approxi-
mately 100 times in extrachromosomal arrays could promote efficient 
piRNA transcription. Notably, the piRNA density in these extrachromo-
somal arrays amounts to approximately 400 piRNAs per 100 kb, closely 
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Fig. 1 | Clustered piRNA genes promote piRNA expression in C. elegans. a, Top: 
the localization of piRNA genes (marked in red) on C. elegans chromosome IV. 
The green and purple segments indicate cluster I and cluster II loci, respectively. 
Bottom: the piRNA gene density on chromosome IV, representing the number 
of piRNA genes per 100-kb segment. b, Top: the localization of UAD-2::GFP and 
tagRFP::SYP1. Bottom: the relative fluorescence unit intensity (RFU) of UAD-2 
and SYP1 along chromosome IV, marked by a dashed line. All images were taken 
by the Leica Thunder imaging system and deconvoluted using Leica Application 
Suite X software (version 3.7.4.23463). All images are representative of more 
than three animals. c, Top: the localization of TOFU-4::GFP and tagRFP::SYP1. 
Bottom: the RFU of TOFU-4 and SYP1 along chromosome IV, marked by a dashed 
line. d, Box plots revealing the ChIP signal (log2(IP/input)) of piRNA genes for the 
indicated protein from one biological replicate. The box itself represented the 
interquartile range between 10% and 90%, thereby encompassing the middle 80% 
of the dataset. The central horizontal line within the box represents the mean 
value. Error bars represent the mean ± 1.5 s.d., indicating the variability of the 
data around the mean. Outliers are individually marked as points, representing 
data points that fall outside the range of the mean ± 1.5 s.d. A two-tailed t-test 
was performed to determine statistical significance. e, Graphs presenting the 
expression levels of total piRNAs from LG IV based on average reads from two 

biological replicates, normalized as RPM + 1. f, Graphs presenting the expression 
levels of PRG1-associated piRNAs from LG IV based on average reads from two 
biological replicates, normalized as RPM + 1. In a, e and f, the x axis unit is base 
pairs (bp), where ‘M’ denotes million. g, Box plots revealing log2(average piRNA 
reads of two biological replicates) for total piRNA across cluster I, cluster II 
and out-cluster regions, normalized as RPM + 1. The box itself represents the 
interquartile range between 5% and 95%, thereby encompassing the middle 90% 
of the dataset. The central horizontal line and the adjacent numeric value within 
the box represent the mean value. The star within the box represents the median 
value. Error bars represent the mean ± 1.5 s.d., indicating the variability of the 
data around the mean. Outliers are individually marked as points, representing 
data points that fall outside the range of mean ± 1.5 s.d. Statistical significance 
was determined using a two-sample t-test. h, Box plots revealing log2(average 
piRNA reads of two biological replicates) for PRG1-associated piRNAs across 
cluster I, cluster II and out-cluster regions, normalized as RPM + 1. Statistical 
significance was determined using a two-sample t-test. i, Graphs presenting the 
fractional distribution of piRNA genes and their corresponding expression reads 
of two biological replicates (normalized as RPM) across cluster I, cluster II and 
out-cluster loci.
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paralleling that observed in cluster II of C. elegans, further hinting that 
there may be a correlation between the gene density of piRNA genes on 
extrachromosomal arrays and their effective expression in C. elegans.

Thus, these data suggested that the clustering of piRNA genes into 
dense genomic regions may be critical for robust piRNA expression in 
both C. elegans and C. briggsae.

Intrachromosomal inversion alters piRNA expression
To test whether piRNA expression levels rely on gene density rather 
than their positions on chromosomes, we designed dual single guide 
RNA (sgRNA)-guided CRISPR–Cas9 technology to introduce chromo-
some inversion on LG IV (ref. 58). We designed four sgRNAs targeting 
the middle of cluster I and cluster II to cleave LG IV and screened for 
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Fig. 2 | Chromosomal editing alters piRNA clustering and expression.  
a, Schematic diagram displaying the CRISPR-mediated intrachromosomal 
inversion process. sgRNA1 and sgRNA2 target the center of cluster I, while 
sgRNA3 and sgRNA4 target the center of cluster II. Bottom: the inverted LG IV 
chromosome of the worm. b, Images showing the subcellular localization of 
UAD-2::GFP and mCherry::H2B in the nuclei of pachytene germ cells. In wild-type 
cells, a single UAD-2 bright spot is observed in each nucleus, whereas the inverted 
strain reveals two UAD-2 bright spots per nucleus. All images were taken by the 
Leica Thunder imaging system and deconvoluted using Leica Application Suite X 
software (version 3.7.4.23463). All images are representative of more than three 
animals. c, Graphs presenting the fractional distribution of piRNA genes and  
their corresponding expression reads of two biological replicates (normalized  
as RPM) for the indicated strains across cluster I, cluster II and out-cluster loci.  
d, Expression levels of piRNAs from cluster I between wild-type and inverted 
strains, presented using both box plots. All expression values are the average 
of two biological replicates and are normalized as RPM + 1. The box itself 
represents the interquartile range between 5% and 95%, thereby encompassing 
the middle 90% of the dataset. The central horizontal line and the adjacent 
numeric value within the box represent the mean value. The star within the box 
represents the median value. Error bars represent the mean ± 1.5 s.d., indicating 

the variability of the data around the mean. Outliers are individually marked 
as points, representing data points that fall outside the range of mean ± 1.5 s.d. 
Gray solid lines indicate reference slopes of y = 2x (left), y = x (center), and y = 
0.5x (right). Statistical significance was determined using a paired-sample t-test. 
e, Expression levels of piRNAs from cluster II between wild-type and inverted 
strains, presented using both box plots. f, Expression levels of piRNAs from 
cluster I between wild-type and inverted strains, presented using scatter plots. 
g, Expression levels of piRNAs from cluster II between wild-type and inverted 
strains, presented using scatter plots. h, Schematic diagram showing the 
CRISPR-mediated chromosomal translocation experiments. Group B piRNAs 
are translocated from cluster II of LG IV to the ttti5605 site of LG II. i–k, Box plots 
revealing log2(normalized piRNA reads + 1) for the wild type, piRNA fragment 
deletion (piF-del) strain and piRNA fragment translocation (piF-trans) strain 
across groups A (i), B (j) and C (k) from a single biological replicate. The box itself 
represents the interquartile range between 10% and 90%, thereby encompassing 
the middle 80% of the dataset. The central horizontal line within the box 
represents the mean value. Error bars represent the mean ± 1.5 s.d., indicating 
the variability of the data around the mean. Outliers are individually marked 
as points, representing data points that fall outside the range of mean ± 1.5 s.d. 
Statistical significance was determined using a paired-sample t-test.
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lines with intrachromosomal inversions in these regions using PCR 
(Fig. 2a). We obtained a strain in which cluster I-A was fused with clus-
ter II-C and cluster I-B was fused with cluster II-D, thereby forming 
two new clusters, termed cluster (A + C) and cluster (B + D) (Fig. 2a 
and Extended Data Fig. 3a). In the inversion strain, the piRNA gene 
numbers and densities were similar between the two new clusters. 
Using UAD-2::GFP as the fluorescence reporter for piRNA genome loca-
tion, we observed that the LG IV inversion strain exhibited two smaller 
foci on the same chromosome per nucleus compared to the presence 
of a single UAD-2 focus in each pachytene stage germ cell nucleus in 
wild-type worms (Fig. 2b). Small RNA-seq revealed that the proportion 
of piRNAs from the original cluster I increased from 4% in wild-type 
animals to 14% in the inverted strain, approaching the proportion of 
piRNA gene numbers (Fig. 2c and Extended Data Fig. 3b). Most piR-
NAs located in cluster I exhibited over twofold increased expression, 
with average expression rising from ~2.9 RPM in wild-type animals to 
~8.7 RPM in inverted animals (Fig. 2d–g and Extended Data Fig. 3c–f). 
Furthermore, the expression of piRNA genes located in clusters I-A 
and I-B was upregulated 2–3-fold in the inversion strain compared to 
the wild-type strain (Fig. 2d,f). However, piRNAs located in clusters 
II-C and II-D or other regions did not exhibit significant expression 
changes (Fig. 2e,g).

Translocation of the piRNA genes reduces piRNA expression
To test whether localization within a cluster is crucial for piRNA expres-
sion, we used CRISPR–Cas9 technology to delete a 4.2-kb segment 
(group B) from cluster II containing 21 actively expressed piRNA 
genes and inserted it into the ttti5605 site on chromosome II (Fig. 2h). 

piRNA-seq showed that the group B piRNAs exhibited nearly no expres-
sion in either the deletion or the translocation strains compared to 
wild-type animals. In contrast, the flanking segments, groups A and C, 
exhibited similar piRNA expression levels to those of wild-type animals 
(Fig. 2i–k).

Thus, the chromosome inversion and translocation experiments 
implied that the clustering of piRNA genes might be an important 
contributor to robust piRNA expression.

Mobility properties of the H3K27me3 reader UAD-2 and the 
USTC complex
Fluorescence imaging revealed that UAD-2 and the USTC component 
TOFU-5 formed distinct subnuclear foci of approximately 1 μm2 within 
each germline nucleus at 20 °C (Extended Data Fig. 4a,b). Our previ-
ous work showed that increasing temperature is detrimental to piRNA 
expression16. When the worms were cultured at 25 °C for approximately 
24 h, the piRNA foci dispersed. The piRNA foci recovered upon return-
ing the worms to 20 °C culture conditions (Extended Data Fig. 4c–f). We 
speculated that the clustered expression of piRNAs might be achieved 
through the condensation of certain transcription factors. Temperature 
might regulate piRNA transcription by modulating the aggregation 
and dispersion of piRNA transcription machinery.

First, we assessed the protein mobility of piRNA transcription 
factors in vivo using fluorescence recovery after photobleaching 
(FRAP). The rapid recovery of the photobleached UAD-2 aggregates 
revealed high mobility of UAD-2 in the nucleus (Fig. 3a,b). In contrast, 
the USTC components, including TOFU-4, TOFU-5, PRDE-1 and SNPC4, 
displayed negligible, if any, recovery after photobleaching (Fig. 3a,b). 
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Fig. 3 | UAD-2 forms a liquid droplet-like condensate at piRNA cluster loci. 
a, FRAP of UAD-2::GFP and GFP-tagged USTC components (TOFU-4, TOFU-5, 
SNPC4 and PRDE-1) was conducted using a Zeiss LSM980 confocal microscope. 
All images are representative of six animals. b, Graphs presenting the RFU 
of the control area and bleached area of UAD-2 and the USTC components. 
Quantification of FRAP data from n = 6 independent animals, presented as  
the mean ± s.d. c, Images showing germline nuclei expressing UAD-2::GFP, 

TOFU-4::GFP or TOFU-5::GFP. After release by needle disruption, the germline 
was imaged within 5 min. Germlines were treated with 10% 1,6-HD to prohibit 
phase separation. All images were taken by the Leica Thunder imaging system 
and deconvoluted using Leica Application Suite X software (version 3.7.4.23463). 
All images are representative of more than three animals. d–f, Images showing 
germline nuclei expressing UAD-2::GFP (d), TOFU-4::GFP (e) and TOFU-5::GFP (f) 
under indicated experimental conditions.
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Additionally, treating germ cell nuclei with 10% 1,6-hexanediol (1,6-HD) 
led to rapid dispersion of UAD-2 aggregates within 5 min, whereas 
the USTC foci were maintained (Fig. 3c–f). The protein mobility 

experiments suggested that the H3K27me3 reader protein UAD-2 
might have a unique function in the dynamic regulation of piRNA 
transcriptional condensates.
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respectively. b, Images showing the subcellular localization of the indicated UAD-
2::GFP and mCherry::H2B transgenes in pachytene cells. All images were taken 
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Statistical significance was determined using a paired-sample t-test. h, Images 
showing the liquid droplet formation of recombinant UAD-2 fragments in vitro. 
The incubation time before imaging for each group was 5 min. All images were 
taken using a Zeiss LSM 980 confocal microscope with a ×63 oil immersion lens. 
All images are representative of three biological replicates. i, Images showing the 
liquid droplet formation of recombinant UAD-2 fragments in vitro.
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The intrinsically disordered regions have key roles in the 
condensate formation of UAD-2
Previous work showed that the deletion of UAD-2 reduces piRNA 
expression16. To further elucidate the impact of UAD-2, we visualized 
the localization of PRDE-1::GFP in germ cells during development in 
the uad-2(ust200)-null mutant. Compared to PRDE-1 foci in wild-type 
animals, the loss of UAD-2 significantly reduced the size and fluores-
cence intensity of PRDE-1::GFP foci (Extended Data Fig. 5a,b). Deep 
sequencing of piRNAs indicated that the overall piRNA expression levels 
decreased to approximately 12% of those in wild-type animals (from 
170,000 RPM to 20,000 RPM) (Extended Data Fig. 5c–e). In addition, 
the expression levels of piRNA genes across different clusters were also 
significantly reduced. These data confirmed that UAD-2 is crucial for 
the maintenance of piRNA expression.

UAD-2 contains two intrinsically disordered regions (IDRs) and 
a chromodomain (Fig. 4a and Extended Data Fig. 6a). The chromo-
domain recognizes H3K27me3 modification. IDRs are important to 
direct the formation of membraneless condensates through LLPS9. 
Using CRISPR–Cas9 technology, we deleted each of these domains and 
determined its subcellular localization and effect on piRNA expression. 
The deletion of the short and long IDRs (IDR-S and IDR-L, respectively) 
partially disrupted UAD-2 foci, whereas the deletion of both IDRs nearly 
completely abolished focus formation and chromatin association 
(Fig. 4b). We quantified the mRNA levels of uad-2 in these mutants 
using reverse transcription (RT)–qPCR and did not find a significant 
change in the uad-2 mRNA level, suggesting that the deletion may not 
lead to uad-2 mRNA degradation by affecting splicing and inadequately 
eliciting nonsense-mediated mRNA decay (Extended Data Fig. 6b). 
UAD-2(∆Chromo) exhibited negligible, if any, expression, suggest-
ing that the chromodomain is required for the stability of the UAD-2 
protein (Fig. 4b).

To further investigate the impact of the IDR domains of UAD-2 
on USTC, we visualized mCherry::PRDE-1 in the UAD-2 IDR truncation 
mutants. In the uad-2(ust200)-null animals, PRDE-1 appeared largely 
dispersed within the nucleus (Extended Data Fig. 6c–e). The deletion 
of IDR-S led to a significant reduction in the fluorescence intensity of 
the major foci of PRDE-1 (corresponding to cluster II). The deletion of 
IDR-L and the deletion of both IDRs (ΔIDR-S&L) also caused a significant 
reduction in the fluorescence intensity of the major foci of PRDE-1. 
Moreover, we noticed the appearance of a new small focus in some 
germline nuclei, which might correspond to piRNA cluster I (Extended 
Data Fig. 6c–e). Similar to the localization of mCherry::PRDE-1, we 
observed a decrease in the major focus of TOFU-4::mCherry in the 
UAD-2 ΔIDR-L and ΔIDR-S&L mutants, as well as a new small focus 
(Extended Data Fig. 6f).

We conducted small RNA deep sequencing with two independ-
ent biological replicates to examine changes in piRNA expression in 
the UAD-2 IDR and chromodomain deletion mutants. The deletion of 
IDR-S resulted in a slight increase in the expression of piRNA genes in 
cluster I and a decrease in the expression of piRNA genes in cluster II 
(Fig. 4c,g and Extended Data Fig. 6g,k). The deletion of IDR-L caused an 
increase in piRNA gene expression in cluster I and a significant decrease 
in cluster II, which is consistent with the appearance of new small 
PRDE-1 foci and weakened PRDE-1 major foci (Fig. 4d,g and Extended 
Data Fig. 6h,k). Because the chromodomain is essential for UAD-2 rec-
ognition of H3K27me3 marks, deletion of the chromodomain led to a 
significant global decrease in piRNA expression (Fig. 4f,g and Extended 
Data Fig. 6j,k). These results suggest that the IDR sequences of UAD-2 
have important roles in the regulation of piRNA expression.

Notably, in the UAD-2 ΔIDR-S&L mutant, the major foci of 
mCherry::PRDE-1 and TOFU-4::mCherry still presented yet to a less 
extend and new small foci appeared in some nuclei (Extended Data 
Fig. 6c–f). Small RNA deep sequencing revealed a significant reduction 
in piRNA expression in both cluster I and cluster II piRNAs, similar to 
the levels observed in UAD-2 ΔChromo truncation animals (Fig. 4e,g 

and Extended Data Fig. 6i,k). Strikingly, UAD-2 ΔIDR-S&L::GFP almost 
completely failed to form foci in the nucleus (Fig. 4b). We speculated 
that, in addition to facilitating the aggregation of USTC components 
on piRNA genome, UAD-2 may help to recruit other core transcrip-
tion factors to start piRNA transcription. UAD-2 ΔIDR-S&L may fail 
to recruit core transcription factors and piRNA transcription may, 
therefore, be abolished.

To further investigate the role of the IDR sequence in UAD-2 in 
LLPS, we expressed recombinant UAD-2 segments in Escherichia coli, 
purified the proteins and conducted an in vitro phase separation assay. 
Neither the UAD-2 chromodomain nor IDR-L alone could efficiently 
elicit the formation of liquid droplets in vitro but the fusion of the 
chromodomain with IDR recombinant proteins induced the formation 
of phase-separated droplets at a 10–100 µM concentration (Fig. 4h), 
suggesting a synthetic effect of these two domains. Additionally, we 
individually expressed and purified the UAD-2 IDR-L and chromodo-
main and mixed them in the in vitro phase separation assay. At the pro-
tein concentration of 100 μM, when mixed together, the two domains 
exhibited distinct droplet formation (Fig. 4i). This result implied that 
interactions between the IDR-L and chromodomain might promote 
LLPS of UAD-2.

Collectively, these data suggested that UAD-2 may account for the 
mobility and phase separation ability in the condensation of piRNA 
transcription machinery.

GEI-17 suppresses piRNA expression
To identify piRNA transcription regulators, we conducted two forward 
genetic screens targeting factors that modulate UAD-2 aggregation. In 
pachytene germ cells, UAD-2 forms nuclear foci at 20 °C but dissipates 
after 24 h at 25 °C (Extended Data Fig. 4c). Using ethyl methanesul-
fonate (EMS) mutagenesis on UAD-2::GFP animals, we screened for 
mutants retaining UAD-2 foci at 25 °C and identified two gei-17 mis-
sense alleles from ~2,000 haploid genomes (Fig. 5a–c and Extended 
Data Fig. 7a,b). Because GEI-17 encodes a highly conserved SUMO E3 
ligase, we speculated that SUMOylation may prohibit the formation of 
piRNA foci (Fig. 5d). Indeed, knockdown of the SUMOylation gene smo-
1 recovered the formation of UAD-2, TOFU-4 and TOFU-5 foci at 25 °C 
(Fig. 5e). Consistently, GEI-17 and SMO-1 suppressed piRNA expression 
at 25 °C. In gei-17 mutants or smo-1-knockdown animals, piRNA levels 
increased (Fig. 5f–h and Extended Data Fig. 7c,d). Furthermore, we 
performed deep sequencing of pre-piRNAs and found that, in gei-17 
mutants, pre-piRNA levels increased at 25 °C, implying the regula-
tion of piRNA expression at the transcriptional level (Extended Data 
Fig. 7e,f). GFP-tagged GEI-17 primarily localized to germ cell nuclei and 
colocalized with chromosomes, suggesting its capability to modify 
potential chromatin proteins and regulate piRNA expression (Fig. 5i). 
GEI-17 was also localized in embryos and somatic tissues (Extended Data 
Fig. 7g,h). Interestingly, GEI-17 was present in the nucleolar vacuoles 
in oocyte cells (Fig. 5i)59.

Thus, these data suggested that SUMOylation suppresses the 
aggregation of piRNA transcription machinery and piRNA produc-
tion at 25 °C.

TOFU-3 is required for UAD-2 condensates and  
piRNA production
We conducted a second forward genetic screening to search for factors 
that are required for UAD-2 foci formation at 20 °C. We mutagenized 
UAD-2::GFP animals using EMS and isolated two tofu-3 missense alleles 
and one prde1 allele from approximately 2,000 haploid genomes, in 
which UAD-2 foci were depleted in germ cells at 20 °C (Fig. 6a–c and 
Extended Data Figs. 7a and 8a,b). A complementation assay involving 
multiple tofu-3 alleles and a transgene rescue experiment confirmed 
that TOFU-3 is essential for the formation of UAD-2 condensates 
(Extended Data Fig. 8c,d). tofu-3, also known as ubiquitin-like pro-
tease (ulp-5), encodes a conserved deSUMOylation peptidase located 
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Fig. 5 | Forward genetic screening identifies GEI-17 suppressing piRNA 
expression. a, Schematic diagram displaying the forward genetic screening 
for UAD-2 focus suppressors in C. elegans germline nuclei at 25 °C. b, Images 
showing pachytene cells of the indicated adult animals grown at 25 °C. All images 
were taken by the Leica Thunder imaging system and deconvoluted using Leica 
Application Suite X software (version 3.7.4.23463). All images are representative 
of more than three animals. c, Diagram illustrating the gei-17 exon and domain 
structure. The ust439 allele changes tryptophan 7 to a stop codon and is likely a 
null allele. ust419 modifies the second base of the last intron. d, Summary of the 
SUMOylation pathway in C. elegans. e, Images showing pachytene cells of the 
dsRNA-treated animals grown at 25 °C. f, Graphs presenting the expression levels 
of total piRNAs from LG IV of the indicated adult animals grown at 25 °C from a 
single biological replicate, normalized as RPM + 1. The x axis unit is base pairs 

(bp), where ‘M’ denotes million. g,h, Box plots revealing log2(piRNA RPM + 1)  
of the indicated adult animals (gei-17(ust419) (g) and gei-17(ust439) (h)) from 
a single biological replicate. The box itself represents the interquartile range 
between 5% and 95%, thereby encompassing the middle 90% of the dataset.  
The central horizontal line and the adjacent numeric value within the box 
represent the mean value. The star within the box represents the median value. 
Error bars represent the mean ± 1.5 s.d., indicating the variability of the data 
around the mean. Outliers are individually marked as points, representing data 
points that fall outside the range of mean ± 1.5 s.d. Statistical significance was 
determined using a paired-sample t-test. i, Images displaying the germline of 
adult animals. GFP::FLAG::Degron::GEI-17 (green) partially colocalized with the 
chromatin marker mCherry::H2B (magenta).
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on LG I (Fig. 6c and Extended Data Fig. 8e). Knockdown of ulp family 
members showed that TOFU-3/ULP-5 is likely the only deSUMOylation 
peptidase involved in UAD-2 focus formation (Extended Data Fig. 8f). 
Small RNA-seq indicated that TOFU-3 is specifically required for the 
expression of the two clusters but not the out-cluster-localized piRNA 
genes (Fig. 6d,e and Extended Data Fig. 8g,h).

We generated an in situ 3×FLAG::GFP-tagged TOFU-3 by CRISPR–
Cas9 technology. TOFU-3 was predominantly expressed in mitotic 
and transition zones, was weakly expressed in early pachytene cells 
and formed nuclear foci that colocalized with PRDE-1 (Fig. 6f,g). The 
mutation of prde1 prevents the formation of TOFU-3 foci (Fig. 6h). On 
the other hand, the formation of TOFU-4, TOFU-5 and PRDE-1 foci also 
depends on TOFU-3 (Fig. 6i,j and Extended Data Fig. 9a,b). These find-
ings suggest a mutual dependency between TOFU-3 and the USTC com-
plex for localization, indicating that TOFU-3 may be part of the piRNA 
transcription machinery. Although identified in a genome-wide RNAi 
screen for piRNA expression, TOFU-3 was not detected in PRDE-1 or 
TOFU-5 IP–mass spectrometry or in SNPC4 yeast-two-hybrid assays14,60. 
Further investigation using proteomics or yeast-two-hybrid methods 
could clarify how TOFU-3 is recruited to piRNA foci.

To assess the role of TOFU-3-mediated deSUMOylation in piRNA 
transcription, we performed smo-1 RNAi in tofu-3 mutants. smo-1 deple-
tion restored UAD-2 focus formation and significantly increased piRNA 
expression (Fig. 6k,l and Extended Data Fig. 9c).

In wild-type nuclei, UAD-2 is enriched at piRNA gene clusters with 
minimal colocalization to other chromatin regions. In tofu-3 mutants, 
UAD-2 aggregation is lost, showing increased global chromatin asso-
ciation compared to the wild type (Extended Data Fig. 9d–f). These 
findings suggest that TOFU-3 loss disrupts UAD-2 condensation but 
not its chromatin-binding ability.

SUMOylation coordinates piRNA expression
At 20 °C, wild-type germ cells displayed one explicit UAD-2 focus, cor-
responding to cluster II piRNA loci, in pachytene nuclei. However, we 
did not observe a second explicit UAD-2 focus corresponding to cluster 
I piRNA loci (Figs. 1b and 7a). Strikingly, gei-17 mutants displayed an 
additional pronounced UAD-2 focus corresponding to cluster I piRNA 
loci (Fig. 7b,c). Consistently, cluster I piRNAs were substantially upregu-
lated in gei-17 mutants at 20 °C (Fig. 7d–f). Similarly, smo-1 knockdown 
led to the formation of two UAD-2 foci and USTC foci in each pachytene 
nucleus (Extended Data Fig. 10a–f) and a significant upregulation of 
cluster I piRNA levels (Extended Data Fig. 10g,h).

To further investigate the role of SUMOylation in regulating piRNA 
expression, we introduced a single-copy transgene with strong mex5 
promoter-driven mCherry::TOFU-3 into the germline of wild-type 
worms. The introduction of mex5p::mCherry::TOFU-3 resulted in the 
overexpression of TOFU-3 (Extended Data Fig. 10i), increased global 

pre-piRNA levels at 25 °C (Extended Data Fig. 10j) and increased UAD-2 
binding to the two piRNA clusters when cultured at 20 °C (Fig. 7g). 
Therefore, the effects of the loss of the SUMOylation E3 ligase GEI-17 
or the overexpression of the SUMOylation peptidase TOFU-3 at 25 °C 
suggest that SUMOylation could regulate piRNA expression at the 
transcriptional level.

Our data indicate that, at 20 °C, SUMOylation suppresses cluster 
I piRNA expression (Fig. 7e,f,h), whereas, at 25 °C, SUMOylation sup-
presses piRNA expression from both clusters (Fig. 5g,h).

These findings indicate that SUMOylation may have a crucial role 
in repressing piRNA gene expression.

To further test the regulatory role of SUMOylation in piRNA tran-
scription, we conducted FRAP and 1,6-HD treatment experiments upon 
knocking down smo-1. At 20 °C, reducing SUMOylation levels by smo-1 
RNAi led to less mobility of UAD-2 foci (Extended Data Fig. 10k–m), 
suggesting that SUMOylation increased UAD-2 mobility. Although 
the predicted UAD-2 IDRs were shown to promote robust USTC foci 
formation and efficient piRNA expression, the density of piRNA genes, 
SUMOylation and protein–protein interactions may all facilitate the 
assembly of USTC foci and piRNA expression and may even have more 
important roles than condensate formation per se.

Together, these data suggested that GEI-17-mediated SUMOyla-
tion and TOFU-3-mediated deSUMOylation bilaterally modulate the 
aggregation of piRNA transcription machineries and coordinate piRNA 
expression (Fig. 7i).

Discussion
This study demonstrated that piRNA gene clustering density is crucial 
for piRNA expression in C. elegans, supported by cross-species com-
parisons and chromosome manipulation assays. UAD-2 undergoes LLPS 
to form dynamic condensates at piRNA clusters, with SUMOylation 
regulating their assembly and dynamics. TOFU-3, a SUMO protease, 
is essential for UAD-2 focus formation and piRNA production, while 
the SUMO E3 ligase GEI-17 opposes condensate integrity. These find-
ings suggest that regulated SUMOylation serves as a molecular switch 
controlling UAD-2 aggregation and piRNA transcription (Fig. 7i). In 
summary, we showed that piRNA gene density, UAD-2 phase separation 
properties and SUMOylation status constitute an intricate regulatory 
circuit that cooperatively orchestrates piRNA transcription factory 
and piRNA production. We proposed that UAD-2 condensates at dense 
piRNA clusters and enhances transcription, a process fine-tuned by 
SUMOylation (Fig. 8).

piRNA transcription from the heterochromatinized genome
The mechanism of transcription from heterochromatic regions 
remains poorly understood. In Drosophila ovarian germ cells, piRNAs 
are produced from dual-strand clusters embedded in heterochromatin 

Fig. 6 | TOFU-3 is required for UAD-2 condensate formation and piRNA 
production. a, Schematic diagram displaying the forward genetic screening for 
mutants without UAD-2 focus in C. elegans germline nuclei at 20 °C. b, Images 
showing pachytene cells of the indicated adult animals grown at 20 °C. All images 
were taken by the Leica Thunder imaging system and deconvoluted using Leica 
Application Suite X software (version 3.7.4.23463). All images are representative 
of more than three animals. c, Diagram illustrating the ulp-5/tofu-3 exon and 
domain structure. The alleles ust238, ust235 and tm3068 are highlighted. tm3068 
was likely a null allele and was used as a reference allele. d, Graphs presenting 
the expression levels of total piRNAs from LG IV of the indicated adult animals 
grown at 20 °C from a single biological replicate, normalized as RPM + 1. The 
x axis unit is base pairs (bp), where ‘M’ denotes million. e, Box plots revealing 
log2(piRNA RPM+1) of the indicated adult animals from a single biological 
replicate. The box itself represents the interquartile range between 5% and 95%, 
thereby encompassing the middle 90% of the dataset. The central horizontal line 
represents the mean value. Error bars represent the mean ± 1.5 s.d., indicating 
the variability of the data around the mean. Outliers are individually marked as 

points, representing data points that fall outside the range of mean ± 1.5 s.d.  
Statistical significance was determined using a paired-sample t-test. f, Images 
displaying the germline of adult animals. Dashed boxes indicate the regions 
magnified in the panels below. TOFU-3::GFP::3×FLAG (green) partially 
colocalized with the chromatin marker mCherry::H2B (magenta). All images are 
representative of more than three animals. g, Images showing colocalization 
of TOFU-3::GFP::3×FLAG (green) with mCherry::PRDE-1 (magenta) in mitotic 
and meiotic germline nuclei of adult animals. All images are representative of 
more than three animals. h, Images of representative meiotic germline nuclei of 
the indicated adult animals. TOFU-3::GFP::3×FLAG failed to form piRNA foci in 
prde1(mj207) animals. All images are representative of more than three animals. 
i,j, Images of representative meiotic germline nuclei of the indicated adult 
animals. TOFU-4::GFP (i) and TOFU-5::GFP (j) failed to form piRNA foci in tofu-
3(tm3068) animals. k,l, Subcellular localization of UAD-2::GFP and mCherry::H2B 
in pachytene cells from wild-type worms fed L4440 and tofu-3 (tofu-3(ust235) (k) 
and tofu-3(tm3068) (l)) mutant worms fed L4440 and smo-1 dsRNA bacteria. All 
images are representative of more than three animals.

http://www.nature.com/nsmb


Nature Structural & Molecular Biology

Article https://doi.org/10.1038/s41594-025-01533-5

marked by H3K9me3, which is recognized by the chromo protein 
Rhino. Here, we found a similar clustering mechanism to maintain 
efficient piRNA transcription from H3K27me3-enriched genomic 
loci, which are recognized by the chromo protein UAD-2, in C. elegans. 
The unique biophysical properties of UAD-2, including high intrinsic 
disorder and mobility, allow it to access and dynamically regulate 
clustered piRNA loci. Patel et al. also reported from Hi-C data that 
piRNA clusters could form transcription hubs through long-distance 
interactions61. Together, these results suggest that eukaryotes may 
use a universally conserved strategy to boost piRNA transcription 
through the spatial aggregation of piRNA genes to enhance gene 
density and proximity.

Phase separation regulates transcriptional condensates
Transcription occurs in a compartmentalized manner through ‘tran-
scription factories’ to facilitate subnuclear localized transcription 
factors. Specific genomic clustering of short noncoding RNA genes may 
promote compartmentalization and efficient gene expression. Thus, 
piRNA transcription condensates provide an ideal model to dissect the 
mechanism(s) by which phase separation regulates transcription in vivo 
and how chromatin organization and posttranslational modifications 
(for example, SUMOylation) orchestrate gene expression. Integrative 
application of multidisciplinary approaches to address these questions 
will provide deeper mechanistic insights into the phase-separated 
control of noncoding RNA synthesis and transcription.
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SUMOylation and piRNA production
SUMOylation regulates LLPS through multivalent interactions medi-
ated by SUMO and SUMO-interacting motifs (SIMs), promoting the for-
mation of biomolecular condensates42,46,62. In vitro experiments showed 
that combining polySUMO and polySIM results in phase-separated 

droplets. In vivo observations revealed that stress could induce 
SUMOylation and the assembly of biomolecular condensates, such 
as the promyelocytic leukemia nuclear body44,63. Our study demon-
strated that SUMOylation in C. elegans germline cells suppresses piRNA 
transcription condensate formation, inhibiting piRNA transcription. 

Distance (µm)
0 2 4 6

0
2,000
4,000
6,000
8,000

RF
U

0
2,000
4,000
6,000
8,000

RF
U

0
4,000
8,000

12,000
16,000

RF
U

8 10

UAD-2 H2B Merge

gei-17(ust439), 20 °C

1 µm

0
200
400
600 WT piRNA of LG IV, 20 °C

0
200
400
600 gei-17(ust419) piRNA of LG IV, 20 °C

0
200
400
600 gei-17(ust439) piRNA of LG IV, 20 °C

0 2.0M 4.0M 6.0M 8.0M 10.0M 12.0M 14.0M 16.0M

20 °C 20 °C

20 °C

0
1
2
3
4
5
6
7
8
9

10
11

lo
g 2(

pi
RN

A 
re

ad
s

pe
r m

ill
io

n+
1)

P = 3.85 × 10–80
P = 1.20 × 10–50

P = 8.91 × 10–8

WT gei-17(ust439)

Cluster I Cluster II Out-cluster

3.8
7.5

14.2 12.5

1.9
2.6

cba

e f

d

3.8

9.9
14.2 18.8

1.9
3.5

0
1
2
3
4
5
6
7
8
9

10
11

lo
g 2(

pi
RN

A 
re

ad
s

pe
r m

ill
io

n+
1)

P = 5.74 × 10–86
P < 1.0 × 10–99

P = 1.56 × 10–9

WT gei-17(ust419)

Cluster I Cluster II Out-cluster

g

Low

 SUMOylation level

High

Cytoplasm

Nucleus
Chr IV

Medium

gei-17 mutants/
TOFU-3(mex-5p) WT tofu-3 mutants

Cytoplasm

Nucleus
Chr IV Cluster II

Cluster I

Cytoplasm

Nucleus
Chr IV Cluster II

Cluster I

h i

2.8
4.3

7.9 5.9

1.3 1.4

Cluster I Cluster II Out-cluster
0
1
2
3
4
5
6
7
8
9

10
11
12

TOFU-3(mex-5p)

P = 1.19 × 10–34

P = 2.25 × 10–5

P = 0.277

lo
g 2(

pi
RN

A 
re

ad
s

pe
r m

ill
io

n+
1)

WT

TOFU-3
(mex-5p)

Control

UAD-2
H2B/

TOFU-3 Merge

mCherry TOFU-3
mex-5p tbb-2 utr

Chr IV

Chr IV

USTC foci

1 µm

UAD-2 H2B Merge

Wild type, 20 °C

Distance (µm)

mCherry
 GFP

mCherry
 GFP

mCherry
 GFP

0 2 4 6

1 µm

UAD-2 H2B Merge

gei-17(ust419), 20 °C

0 2 4 6

Distance (µm)

1 µm

Fig. 7 | SUMOylation suppresses cluster I piRNA expression. a–c, Top: 
subcellular localization of UAD-2::GFP with mCherry::H2B in pachytene cells 
of the indicated animals (wild type (a), gei-17(ust419) (b) and gei-17(ust439) 
(c)) maintained at 20 °C. Bottom: RFU as indicated by dashed lines along 
chromosome IV in the top panel. All images were taken by the Leica Thunder 
imaging system and deconvoluted using Leica Application Suite X software 
(version 3.7.4.23463). All images are representative of more than three animals. 
d, Expression levels of total piRNAs from LG IV of the indicated adult animals 
maintained at 20 °C from a single biological replicate, normalized as RPM + 1.  
The x axis unit is base pairs (bp), where ‘M’ denotes million. e,f, Box plots 
presenting log2(piRNA RPM + 1) of the indicated adult animals (gei-17(ust439) (e) 
and gei-17(ust419) (f)) from a single biological replicate. The box itself represents 
the interquartile range between 5% and 95%, thereby encompassing the middle 

90% of the dataset. The central horizontal line and the adjacent numeric value 
within the box represent the mean value. The star within the box represents the 
median value. Error bars represent the mean ± 1.5 s.d., indicating the variability 
of the data around the mean. Outliers are individually marked as points, 
representing data points that fall outside the range of mean ± 1.5 s.d. Statistical 
significance was determined using a paired-sample t-test. g, Top: diagram 
illustrating mCherry::TOFU-3 by the mex5 promoter and tbb2 untranslated 
region (TOFU-3(mex5p)). Bottom: subcellular localization of UAD-2::GFP with 
mCherry::H2B/mCherry::TOFU-3 in pachytene cells of the indicated animals 
maintained at 20 °C. h, Box plots presenting log2(piRNA RPM + 1) of the indicated 
adult animals. Statistical significance was determined using a paired-sample 
t-test. i, Schematic diagram of the SUMOylation level regulating UAD-2::GFP and 
USTC complex condensation.
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We propose that SUMOylation of diverse proteins induces varying 
physicochemical changes, with polySUMO and monoSUMO exerting 
distinct effects on condensate formation. Using C. elegans as a model 
to study SUMOylation’s role in regulating biomolecular condensates 
and transcription offers valuable insights into its in vivo biological 
functions.

Previous studies in both Drosophila and C. elegans identified the 
SUMOylation process as crucial for piRNA-mediated transcriptional 
silencing by suppressing target genes47–51. However, our findings sug-
gest that SUMOylation can also modulate piRNA production. While 
SUMOylation inhibits piRNA transcription, the specific deSUMOylation 
enzyme, TOFU-3, promotes piRNA transcription. Thus, SUMOylation 
may exert different regulatory roles across these separate processes. 
How SUMOylation serves as a repressive force in RNA polymerase II (Pol 
II)-driven piRNA expression processes requires further exploration.

piRNAs are noncoding small RNAs with specialized functions dur-
ing distinct phases of germ cell development, necessitating meticulous 
transcriptional control. At developmental stages, it becomes impera-
tive to precisely modulate piRNA transcription. In such scenarios, the 
transient binding affinity of UAD-2 combined with the suppressive 
effect of SUMOylation can effectively terminate piRNA transcription. 
Under specific environmental stresses, the inherent mobility of UAD-2 
and the effects of SUMOylation may facilitate the organism’s adapta-
tion through gene expression modulation.

Limitations and perspectives of the study
While our study has advanced the understanding of piRNA regulation, 
several key questions remain. Identifying the substrate(s) of SUMOyla-
tion will illuminate the key molecular switches governing compartment 
dynamics. In addition, TOFU-3-mediated deSUMOylation and the UAD-2 
IDR may promote USTC foci formation through different mechanisms. 
The loss of TOFU-3 nearly eliminates PRDE-1 foci in both the mitotic and 
meiotic zones. However, in the UAD-2 ΔIDR-S&L mutant, the intensity 
of PRDE-1 in the piRNA foci was modestly reduced and a second smaller 

PRDE-1 focus appeared in some nuclei. The identification of the sub-
strates for TOFU-3 may help to illustrate these differences. Although 
TOFU-3 colocalizes with USTC at piRNA clusters during mitotic and 
early meiotic germ cells, we currently lack evidence showing that 
TOFU-3 directly interacts with UAD-2 or USTC components. We specu-
lated that UAD-2 or USTC components may not be the direct substrate 
of TOFU-3. Some other factors, which requires identification, may be 
involved in SUMOylation and piRNA regulation. Elucidating the interac-
tion and regulatory relationship involving the histone reader UAD-2, 
the USTC complex and the core transcription machinery is crucial 
for understanding the mechanism of piRNA transcription. Addition-
ally, investigating whether and how specific transcription factors are 
involved in piRNA transcription will greatly benefit the understanding 
of heterochromatic genome expression.
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Methods
Strains
Bristol strain N2 was used as the standard wild-type strain. All strains 
were grown at 20 °C unless otherwise specified. For the heat stress 
treatment, worms were cultured at 25 °C. The strains used in this study 
are listed in Supplementary Table 1.

Construction of deletion mutants and chromosome editing 
technology
For gene deletions, triple or quadruple sgRNA-guided chromosome 
deletion was conducted as previously described58. To construct sgRNA 
expression vectors, the 20-bp unc119 sgRNA guide sequence in the 
pU6::unc119 sgRNA(F + E) vector was replaced with different sgRNA 
guide sequences. Addgene plasmid 47549 was used to express the 
Cas9 II protein. Plasmid mixtures containing 30 ng µl−1 of each of the 
three or four sgRNA expression vectors, 50 ng µl−1 Cas9 II-expressing 
plasmid and 5 ng µl−1 pCFJ90 were coinjected into UAD-2::GFP::3×FLAG 
(ustIS151) animals. Deletion mutants were screened by PCR amplifica-
tion and confirmed by sequencing. The sgRNA sequences are listed in 
Supplementary Table 2.

Dual sgRNA-mediated chromosome inversion and translocation 
were conducted as described previously64. Inversion and transloca-
tion mutants were screened by PCR amplification and confirmed by 
sequencing. The sgRNA sequences are listed in Supplementary Table 3.

Construction of plasmids and transgenic strains
For the in situ transgene expressing GFP::3×FLAG-tagged TOFU-4, 
SNPC4, PRDE-1 or TOFU-3, a GFP::3×FLAG region was PCR-amplified 
from SHG326 genomic DNA. The coding sequence of GFP::3×FLAG was 
inserted before the stop codon using the CRISPR–Cas9 system. The 
sgRNA target sequences are listed in Supplementary Table 2. The Clon-
Express MultiS one-step cloning kit (Vazyme, C113-02) was used to con-
nect these fragments with the vector, which was amplified with 5′-TGT 
GAA ATT GTT ATC CGC TGG -3′ and 5′- CAC ACG TGC TGG CGT TAC C 
-3′ from L4440. The injection mix contained PDD162 (50 ng µl−1), repair 
plasmid (50 ng µl−1), pCFJ90 (5 ng µl−1) and two sgRNAs (30 ng µl−1). The 
mix was injected into young adult N2 animals. The transgenes were inte-
grated into the C. elegans chromosome by the CRISPR–Cas9 system.

Forward genetic screening
Forward genetic screening experiments were conducted as previously 
described65. Briefly, to identify the factors that can negatively or posi-
tively regulate UAD-2 focus formation, we mutagenized GFP::UAD-2 
animals by EMS and searched for mutants that either reformed UAD-2 
foci at 25 °C or depleted UAD-2 foci at 20 °C by clonal screening. The 
F2 progeny worms were visualized under a fluorescence microscope 
at the gravid adult stage. Mutants revealing UAD-2 foci at 25 °C or no 
UAD-2 foci at 20 °C were selected. Both gei-17 and tofu-3 were identified 
by single-nucleotide polymorphism mapping followed by resequenc-
ing of the genome.

RNAi
RNAi experiments were performed at 20 °C or 25 °C by placing syn-
chronized embryos on feeding plates as previously described66. HT115 
bacteria expressing the empty vector L4440 (a gift from A. Fire) were 
used as controls. Bacterial clones expressing double-stranded RNAs 
(dsRNAs) were obtained from the Ahringer RNAi library and sequenced 
to verify their identity. All RNAi feeding experiments were performed 
for one generation from L1 to the gravid adult stage. Images were col-
lected using a Leica DM4B microscope with a Leica Thunder image- 
processing system.

FRAP
FRAP experiments were performed using a Zeiss LSM980 laser scanning 
confocal microscope at room temperature. Worms were anesthetized 

with 2 mM levamisole. A region of interest (ROI) was bleached with 30% 
laser power for 5 ms and the fluorescence intensities in these regions 
were collected every 5 s and normalized to the initial intensity before 
bleaching. For analysis, image intensity was measured by the mean and 
further analyzed by Origin software.

1,6-HD treatment experiments
Adult worms were gently disrupted using a needle to release 
the germline nuclei. To preserve the integrity and activity of the 
released nuclei, imaging was promptly performed within a narrow 
window of 5 min after disruption using a Leica DM4B microscope 
with a Leica Thunder image-processing system. Dissected gonads 
were treated with 10% 1,6-HD supplemented with 0.4× M9 and  
100 mM NaN3.

Imaging
Images were collected using a Leica DM4B microscope with a Leica 
Thunder image-processing system. All worms were imaged at the gravid 
adult stage unless otherwise specified.

Fluorescence intensity quantification
Images of the germline mitotic region of C. elegans were captured 
using a Leica DM4B microscope. The acquired images were processed 
in ImageJ by adjusting brightness and contrast to enhance piRNA foci 
visibility. The ROI was manually selected and piRNA foci within the 
ROI were quantified using the ‘analyze particles’ tool, with a uniform 
threshold value set for all images to differentiate foci from background 
fluorescence. The average fluorescence intensity per piRNA foci was 
then recorded for statistical analysis.

Recombinant protein expression and purification
The UAD-2 chromodomain (aa 56–129), the UAD-2 IDR (aa 130–519) 
and the UAD-2 chromodomain + IDR (aa 56–129) were PCR-amplified 
and cloned and inserted into a plasmid (pET-28a-N8×H-MBP-3C 
vector) and expressed in E. coli BL21(DE3) cells. Protein expression 
was induced by 0.5 mM IPTG at 16 °C for 24 h. The recombinant 
proteins were affinity purified through Ni-NTA His-binding resin  
(GE Healthcare) and the maltose-binding protein tag was cleaved  
off using PreScission protease. The eluted proteins were further  
purified using size-exclusion chromatography with a Super-
dexTM75 Increase 10/300 GL column or SuperdexTM200 Increase 
10/300 GL column (GE Healthcare) on an ÄKTA pure chromatography 
system.

In vitro UAD-2 droplet formation assay
Purified recombinant proteins were incubated with the fluorochrome 
Alex488 (Thermo Fisher Scientific) overnight at 4 °C and diluted to 
varying concentrations in buffer containing 100 mM NaCl, 25 mM 
NaH2PO4, 2 mM EDTA and 5 mM DTT, pH 7.0. Protein solution (6 µl) 
was loaded onto a glass-bottom confocal dish (Biosharp). The droplet 
was imaged by a Zeiss LSM 980 confocal microscope with a ×63 oil 
immersion lens.

ChIP-seq ChIP-seq
ChIP-seq experiments were conducted previously16,67 and the UAD-2, 
TOFU-4 and TOFU-5 ChIP-seq data were downloaded from the China 
National Center for Bioinformation National Genomics Data Center 
under accession numbers CRA004102 and CRA009179.

Total RNA isolation
Synchronized late young adult worms were washed in M9 and ground 
with homogenizer lysis buffer (20 mM Tris-HCl pH 7.5, 200 mM NaCl, 
2.5 mM MgCl2 and 0.5% Nonidet P-40). The eluates were incubated with 
TRIzol reagent (Invitrogen) followed by isopropanol precipitation and 
DNase I digestion (Qiagen).
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Decapping total RNA with RppH for piRNA precursor 
sequencing
Total RNA was treated with FastAP thermosensitive alkaline phos-
phatase (Thermo Fisher Scientific, EF0651) according to the vendor’s 
protocol. RNA was extracted and precipitated overnight as described 
for decapping treatment with RppH (New England Biolabs, M0356) 
according to the vendor’s protocol. The resulting RNA was used as 
input for small RNA library preparation.

RT–qPCR
Synchronized late young adult worms were washed in M9 medium 
and ground with homogenizer lysis buffer (20 mM Tris-HCl pH 7.5, 
200 mM NaCl, 2.5 mM MgCl2 and 0.5% Nonidet P-40). The eluates were 
incubated with TRIzol reagent (Invitrogen) followed by isopropanol 
precipitation and DNase I digestion (Qiagen). Complementary DNAs 
(cDNAs) were generated from RNAs using the HiScript III RT SuperMix 
for qPCR (Vazyme, R323) according to the vendor’s protocol. qPCR was 
performed using an LightCycler 96 real-time PCR system (Roche) with 
LightCycler 480 SYBR green I master (Roche, 04707516001). Levels of 
mRNA of eft-3 or ama-1 mRNA were used as controls for sample nor-
malization. The data analysis was performed using a ΔΔCt approach. 
The primer sequences are listed in Supplementary Table 2.

Isolation of PRG1-associated RNA
Synchronized late adult GFP::3×FLAG::PRG1 animals were ground by 
a homogenizer in lysis buffer (20 mM Tris-HCl pH 7.5, 200 mM NaCl, 
2.5 mM MgCl2 and 0.5% Nonidet P-40). The lysate was precleared with 
protein G–agarose beads (Roche) and then incubated with anti-FLAG 
M2 magnetic beads (Sigma, M8823). The beads were washed exten-
sively and GFP::3×FLAG::PRG1 and associated RNAs were eluted with 
100 μg ml−1 3×FLAG peptide (Sigma). The eluates were incubated with 
TRIzol reagent (Invitrogen), followed by isopropanol precipitation.

Unique molecular index small RNA-seq
Given the large number of piRNA genes and the significant differences 
in expression levels between different piRNA genes, we chose unique 
molecular index (UMI) small RNA-seq for a more accurate and reli-
able quantification of piRNA expression. A total amount of 200 ng of 
RNA per sample was used as input material for the small RNA library 
construction. The sequencing libraries were generated using a QIAseq 
microRNA (miRNA) library kit following the manufacturer’s recom-
mendations and index codes were added to attribute sequences to 
each sample. Briefly, a preadenylated DNA adaptor was ligated to 
the 3′ ends of miRNA, small interfering RNA (siRNA) and piRNA. After 
the 3′ ligation reaction, another RNA adaptor was then ligated to the 
5′ end. The RT primer containing an integrated UMI subsequently 
binds to a region of the 3′ adaptor and facilitates conversion of the 
3′/5′ ligated miRNAs, siRNA and piRNA into cDNA while assigning a 
UMI to every small RNA molecule. During RT, a universal sequence is 
also added that is recognized by the sample indexing primers during 
library amplification. After RT, the cDNA was cleaned using a stream-
lined magnetic bead-based method. PCR amplification was performed 
using the universal forward and reverse primer-containing index. After 
library amplification, another cleanup of the library was performed 
using a streamlined magnetic bead-based method. Next, library qual-
ity was assessed on the Agilent Bioanalyzer 2100 system using DNA 
high-sensitivity chips. The clustering of the index-coded samples was 
performed on a cBot cluster generation system using TruSeq SR cluster 
kit v3-cBot-HS (Illumina) according to the manufacturer’s instructions. 
After cluster generation, the library preparations were sequenced on 
an Illumina platform and 150-bp paired-end reads were generated. Raw 
data were transformed into clean reads by cutting the first 100 bases 
and removing low-quality reads. Subsequently, clean reads with correct 
UMI patterns were extracted using UMI tools version 1.0.0, serving as 
the basis for all downstream analyses to ensure high quality. Lastly, the 

extracted reads were mapped to the reference sequence with Bowtie 
and deduplicated using UMI tools on the basis of the mapping coordi-
nates and the attached UMI.

Small RNA-seq
Small RNAs were subjected to deep sequencing using an Illumina 
platform (Novogene Bioinformatics Technology). Briefly, small RNAs 
ranging from 18 to 30 nt were gel-purified and ligated to a 3′ adap-
tor (5′-pUCGUAUGCCGUCUUCUGCUUGidT-3′; p, phosphate; idT, 
inverted deoxythymidine) and a 5′ adaptor (5′-GUU CAG AGU UCU 
ACA GUC CGA CGA UC-3′). The ligation products were gel-purified, 
reverse-transcribed and amplified using Illumina’s small RNA primer 
set (5′-CAA GCA GAA GAC GGC ATA CGA-3′; 5′-AAT GAT ACG GCG 
ACC ACC GA-3′). The samples were then sequenced using an Illumina 
Hiseq platform.

RNA-seq analysis
The Illumina-generated raw reads were first filtered to remove adap-
tors, low-quality tags and contaminants to obtain clean reads at Novo-
gene. For piRNA analysis, clean reads ranging from 17 to 35 nt were 
mapped to the C. elegans transcriptome assembly WS243 using Bowtie2 
with default parameters. The numbers of reads targeting each tran-
script were counted using custom Perl scripts. piRNAs were counted 
using custom Python scripts dependent on the piRNA annotation 
from Supplementary Table 3. The number of total reads mapped to 
the transcriptome minus the number of total reads corresponding to 
sense ribosomal RNA (rRNA) transcripts (5S, 5.8S, 18S and 26S) was 
used as the normalization number to exclude the possible degradation 
fragments of sense rRNAs.

piRNA gene annotations
piRNA annotations and genomic coordinates of piRNA genes were 
obtained by SAMtools against the C. elegans ce10 genome assem-
bly. Information on piRNA clusters and piRNA Ruby motif scores was 
obtained from previous publications11,52.

Statistics
Bar graphs with error bars are presented as the mean and s.d. and 
described in the figure legends. All of the experiments were conducted 
with independent C. elegans animals for the indicated times and 
described in the figure legends. The details of box plots are described in 
the figure legends. Statistical analysis is described in the figure legends.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The raw sequence data reported in this paper were deposited to the 
Genome Sequence Archive in National Genomics Data Center, China 
National Center for Bioinformation and Beijing Institute of Genomics, 
CAS under accession numbers CRA012796 and CRA018177. Source data 
are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | UAD-2 and USTC form distinct foci corresponding to 
piRNA Cluster II during spermatogenesis in hermaphrodites and males.  
a, Genome-wide distribution of piRNA genes (n = 15365) in C. elegans.  
b, Diagram illustrating LacI::tagRFP driven by the rps-2 promoter and unc-54 
UTR inserted at the LG IV ttti5605 site. c. Diagram illustrating 256x LacO inserted 
into piRNA cluster II (LG IV position: 15,809,942, contributed by the Christian 
Frøkjær-Jensen lab). d. Images showing the subcellular localization of UAD-2::GFP 
and LacI::tagRFP in the nuclei of pachytene germ cells from wild-type animals. 
All images were taken by the Leica THUNDER imaging System and deconvoluted 
using Leica Application Suite X software (version 3.7.4.23463). All images are  
representative of more than three animals (see also in Extended Data Fig. 1e-o).  

e. Images showing the subcellular localization of TOFU-4::GFP and LacI::tagRFP 
in the nuclei of pachytene germ cells from wild-type animals. f. Images showing 
the subcellular localization of UAD-2::GFP and LacI::tagRFP in the nuclei of 
pachytene germ cells from animals with 256xLacO insertions. g. Images showing 
the subcellular localization of TOFU-4::GFP and LacI::tagRFP in the nuclei of  
pachytene germ cells from animals with 256xLacO insertions. h-k. Images 
displaying the subcellular localization of UAD-2 and USTC components 
alongside the chromatin marker mCherry::H2B in the spermiogenesis region 
of the germline in L4 stage hermaphrodite animals. l-o. Images displaying the 
subcellular localization of UAD-2 and USTC components alongside the chromatin 
marker mCherry::H2B of the germline in adult male animals.
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Extended Data Fig. 2 | ChIP-seq profiles of UAD-2 and USTC in C. elegans; 
piRNA gene localization correlates with expression in C. briggsae.  
a. Heatmap of ChIP-seq binding profiles of UAD-2 around type I and type II piRNA 
transcription start sites (TSSs). b. Heatmap of ChIP-seq binding profiles of TOFU-
4 around type I and type II piRNA transcription start sites (TSSs). c. Heatmap of 
ChIP-seq binding profiles of TOFU-5 around type I and type II piRNA transcription 
start sites (TSSs). d, A flowchart for UMI piRNA sequencing. e, Genome-wide 
distribution of piRNA genes (n = 25883) in C. briggsae. f, Boxplots presenting 
log2(mean of piRNA reads from two biological replicates) for Cbr-PRG-1-
associated piRNAs across Cluster 1, Cluster 2, Cluster 3, and out-Cluster in  
C. briggsae. The box itself represented the interquartile range between 5% 

and 95%, thereby encompassing the middle 90% of the data set. The central 
horizontal line and the adjacent numeric value within the box represent the 
mean value. The star within the box represents the median value. Error bars 
represent the mean ± 1.5 standard deviations (SD), indicating the variability 
of the data around the mean. Outliers are individually marked as points, 
representing data points that fall outside the range of mean±1.5 SD. Statistical 
significance was determined using a two-sample t test. g, Graphs presenting the 
fractional distribution of piRNA genes and their corresponding expression reads 
(normalized as reads per million from two biological replicates) across Cluster 1, 
Cluster 2, Cluster 3, and out-Cluster in C. briggsae. Source data are provided as a 
Source Data file.
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Extended Data Fig. 3 | CRISPR/Cas9-mediated chromosome inversion and 
translocation alter piRNA expression. a, Diagram showing sequence details  
of intrachromosomal inversion in LG IV. b, Graphs presenting the expression 
levels of total piRNAs from Cluster I of the indicated animals, based on average 
reads from two biological replicates, normalized as reads per million+1.  
c-e, Scatter plots displaying the expression levels of Cluster I, Cluster II, and 
out-Cluster piRNAs in the wild-type (x-axis) and inversion strain (y-axis), based 
on the log2(average piRNA reads of two biological replicates), normalized 
as reads per million+1. f, Boxplot revealing log2(average piRNA reads of two 
biological replicates) for both the wild-type and inversion strains across Cluster 

I, Cluster II, and out-Cluster loci. Normalized as reads per million+1. The box itself 
represented the interquartile range between 5% and 95%, thereby encompassing 
the middle 90% of the data set. The central horizontal line and the adjacent 
numeric value within the box represent the mean value. The star within the 
box represents the median value. Error bars represent the mean ± 1.5 standard 
deviations (SD), indicating the variability of the data around the mean. Outliers 
are individually marked as points, representing data points that fall outside the 
range of mean±1.5 SD. Statistical significance was determined using a paired-
sample t test.
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Extended Data Fig. 4 | UAD-2 and the USTC complex form liquid droplet-like 
condensates at piRNA cluster loci. a, The upper panel shows the localization 
of UAD-2::GFP and mCherry::H2B in pachytene cells. The lower panel shows the 
localization of TOFU-5::GFP and mCherry::H2B in pachytene cells. All images 
were taken by the Leica THUNDER imaging System and deconvoluted using Leica 
Application Suite X software (version 3.7.4.23463). All images are representative 
of more than three animals (see also in Extended Data Fig. 4c-f). b, Statistical 

analysis of the focus area for UAD-2::GFP and TOFU-5::GFP in pachytene cells. 
Quantification of size data from n = 3 independent animals, error bars represent 
the mean ± 1.5 standard deviations (SD), indicating the variability of the data 
around the mean. Source data are provided as a Source Data file. c-f, The images 
reflect the subcellular localization of the mentioned proteins in pachytene cells 
under the indicated culture conditions.
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Extended Data Fig. 5 | UAD-2 is required for PDRE-1 foci formation and piRNA 
expression. a and b. Images displaying the subcellular localization of PRDE-
1::GFP and the chromatin marker mCherry::H2B in the germline from wild-type 
animals and uad-2(ust200) mutants. c. Scatter plots displaying the expression 
levels of Cluster I, Cluster II, and out-Cluster piRNAs in the wild type (x-axis) and 
uad-2(ust200) mutants (y-axis), based on the log2(reads per million+1) from a 
single biological replicate. d. Boxplots revealing total piRNA reads per million 
of the indicated adult animals from a single biological replicate. e. Boxplots 

revealing log2(piRNA reads per million+1) of the indicated adult animals form 
a single biological replicate. The box itself represented the interquartile range 
between 5% and 95%, thereby encompassing the middle 90% of the data set. The 
central horizontal line and the adjacent numeric value within the box represent 
the mean value. Error bars represent the mean ± 1.5 standard deviations (SD), 
indicating the variability of the data around the mean. Outliers are individually 
marked as points, representing data points that fall outside the range of 
mean±1.5 SD. Statistical significance was determined using a paired-sample t test.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Predicted UAD-2 IDRs are important for PRDE-1 foci 
formation and piRNA expression. a, IUPred2 prediction of UAD-2 and the USTC 
components using the IUPred2 long disorder option. b, qRT-PCR analysis of 
UAD-2 mRNA in wild-type animals and uad-2 deletion mutants. The levels were 
normalized to eft-3. Quantification of qRT-PCR data from n = 3 independent 
animals, presented as Mean ± SD. Statistical significance was determined using 
a paired-sample t test. Source data are provided as a Source Data file. c. Images 
showing the subcellular localization of the indicated UAD-2::GFP variants and 
mCherry::PRDE-1 in pachytene cells. All images were taken by the Leica THUNDER 
imaging System and deconvoluted using Leica Application Suite X software 
(version 3.7.4.23463). All images are representative of more than three animals 
(see also in Extended Data Fig. 6f). d, Graphs presenting the relative fluorescence 
unit intensity (RFU) of mCherry::PRDE-1 for wild-type animals and the indicated 
UAD-2 variants. The fluorescence intensity threshold is set to 8–255. Three worms 
were analyzed for each strain. Statistical significance was determined using 
a two-sample t test. Source data are provided as a Source Data file. e. Graphs 

presenting the relative fluorescence unit intensity (RFU) of wild-type animals 
and the indicated UAD-2 variants, marked by the dashed line. f. Images showing 
the subcellular localization of the indicated UAD-2::GFP variants and TOFU-
4:mCherry in pachytene cells. g-j. Scatter plots displaying the second biological 
replicate expression levels of Cluster I, Cluster II, and out-Cluster piRNAs in the 
wild-type (x-axis) and indicated mutants (y-axis), based on the log2(reads per 
million+1). k. Boxplots revealing log2(piRNA reads per million+1) of the indicated 
adult animals of the second biological replicate. The box itself represented the 
interquartile range between 5% and 95%, thereby encompassing the middle 90% 
of the data set. The central horizontal line and the adjacent numeric value within 
the box represent the mean value. Error bars represent the mean ± 1.5 standard 
deviations (SD), indicating the variability of the data around the mean. Outliers 
are individually marked as points, representing data points that fall outside the 
range of mean±1.5 SD. Statistical significance was determined using a paired-
sample t test.
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Extended Data Fig. 7 | Forward genetic screening identifies factors 
suppressing UAD-2 foci formation. a, Forward genetic screening procedures 
for UAD-2::GFP regulators at 20 °C and 25 °C. b, Complementation test for two 
alleles of gei-17 at 25 °C. All images were taken by the Leica THUNDER imaging 
System and deconvoluted using Leica Application Suite X software (version 
3.7.4.23463). All images are representative of more than three animals (see also in 
Extended Data Fig. 7g and h). c, Expression levels of total piRNAs from LG IV in WT 
worms fed L4440 and smo-1 dsRNA at 25 °C, normalized as reads per million+1. 
d, Boxplots illustrating log2(piRNA reads per million+1) for WT worms fed with 
L4440 and smo-1 dsRNA at 25 °C from a single biological replicate. The box itself 
represented the interquartile range between 5% and 95%, thereby encompassing 

the middle 90% of the data set. The central horizontal line and the adjacent 
numeric value within the box represent the mean value. Error bars represent the 
mean ± 1.5 standard deviations (SD), indicating the variability of the data around 
the mean. Outliers are individually marked as points, representing data points 
that fall outside the range of mean±1.5 SD (see also in Extended Data Fig. 7e and 
f). Statistical significance was determined using a paired-sample t test. e and 
f, Boxplots illustrating log2(pre-piRNA reads per million+1) for WT worms and 
gei-17 mutants at 25 °C. Statistical significance was determined using a paired-
sample t test. g and h, Images displaying GFP::FLAG::Degron::GEI-17 (green) and 
mCherry::H2B (magenta) in embryos and larval animals.
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Extended Data Fig. 8 | Forward genetic screening identified TOFU-3 as 
required for UAD-2 condensate formation and piRNA production.  
a. Schematic representation summarizing piRNA genes and alleles identified 
from the two forward genetic screens. b. Images of the meiotic region of the 
indicated adult animal germline grown at 20 °C. All images were taken by the 
Leica THUNDER imaging System and deconvoluted using Leica Application Suite 
X software (version 3.7.4.23463). All images are representative of more than three 
animals (see also in Extended Data Fig. 8c, d and f). c, Complementation test of 
two alleles of tofu-3 at 20 °C. d, Images of pachytene cells of the indicated adult 
animals grown at 20 °C. mCherry::TOFU-3 rescued UAD-2::GFP foci formation 

in tofu-3(tm3068) cells. e, Sequence alignment of the TOFU-3 (ULP-5) protein. f, 
Subcellular localization of UAD-2::GFP in pachytene cells in eri-1(mg366);UAD-
2::GFP worms fed the indicated RNAi bacteria. n, the number of independent  
animals tested. Source data are provided as a Source Data file. g, Deep 
sequencing of total small RNAs of the indicated adult animals from one biological 
replicate. Blue dashed lines indicate piRNAs. h, Scatter plots depicting the 
expression levels of Cluster I, Cluster II, and out-Cluster piRNAs in the wild-
type (x-axis) and tofu-3 mutant strains (y-axis) from one biological replicate, 
normalized as reads per million+1.
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Extended Data Fig. 9 | UAD-2 is required for PDRE-1 foci formation and 
piRNA expression. a and b. Images displaying the subcellular localization of 
PRDE-1::GFP and the chromatin marker mCherry::H2B in the germline from 
wild-type animals and tofu-3(tm3068) mutants. All images were taken by the 
Leica THUNDER imaging System and deconvoluted using Leica Application Suite 
X software (version 3.7.4.23463). All images are representative of more than 

three animals (see also in Extended Data Fig. 9d–f). c, Expression levels of total 
piRNAs from LG IV of the indicated adult animals cultured at 20 °C, normalized 
as reads per million+1 from one biological replicate. d-f, Subcellular localization 
of UAD-2::GFP and mCherry::H2B in pachytene cells from WT, tofu-3(ust235) and 
tofu-3(tm3068) mutant worms.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | SMO-1 suppresses piRNA expression and increases 
UAD-2 mobility. a-c, Subcellular localization of UAD-2::GFP, TOFU-4::GFP and 
TOFU-5::GFP with mCherry::H2B in pachytene cells of WT worms fed L4440 and 
smo-1 dsRNA at 20 °C. All images were taken by the Leica THUNDER imaging 
System and deconvoluted using Leica Application Suite X software (version 
3.7.4.23463). All images are representative of more than three animals (see also in 
Extended Data Fig. 10m). d-f, Relative fluorescence unit intensity (RFU) indicated 
by dashed lines along chromosome IV of (a-c). Source data are provided as a 
Source Data file. g, Expression levels of total piRNAs from LG IV in specified 
adult animals grown at 20 °C, normalized as reads per million+1. h, Boxplots 
illustrating log2(piRNA reads per million+1) for the indicated adult animals 
from one biological replicate. The box itself represented the interquartile range 
between 5% and 95%, thereby encompassing the middle 90% of the data set. 
The central horizontal line within the box represents the mean value. Error bars 
represent the mean ± 1.5 standard deviations (SD), indicating the variability of the 
data around the mean. Outliers are individually marked as points, representing  
data points that fall outside the range of mean±1.5 SD (see also in Extended Data 
Fig. 10j). Statistical significance was determined using a paired-sample t test. 
i, qRT-PCR analysis of tofu-3 mRNA in wild-type animals and mCherry::TOFU-3 

animals. The levels were normalized to eft-3. Quantification of qRT-PCR data 
from n = 3 independent animals, error bars represent the mean ± 1.5 standard 
deviations (SD), indicating the variability of the data around the mean. Statistical 
significance was determined using a paired-sample t test. Source data are 
provided as a Source Data file. j. Boxplots illustrating log2(pre-piRNA reads 
per million+1) for wild-type worms and mCherry::TOFU-3 animals at 25 °C 
from one biological replicate. Statistical significance was determined using a 
paired-sample t test. k, Fluorescence recovery after photobleaching (FRAP) of 
UAD-2::GFP under L4440 and smo-1 RNAi was conducted using a Zeiss LSM980 
confocal microscope. All images are representative of 6 animals. l, Graphs 
presenting the relative fluorescence unit intensity (RFU) of the control area and 
bleached area of UAD-2 under L4440 and smo-1 RNAi. Quantification of FRAP data 
from n = 6 independent animals, error bars represent the mean ± 1.5 standard 
deviations (SD), indicating the variability of the data around the mean. Source 
data are provided as a Source Data file. m, Images showing germline nuclei 
expressing UAD-2::GFP. After release by needle disruption, the germline was 
imaged within 5 minutes using a Leica Thunder imaging system. Germlines were 
treated with 10% 1,6-hexanediol to prohibit phase separation.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Leica  LAS Microscope Software (version  X) were used to acquire images. 

Data analysis small RNA-seq was performed by Bowtie2 with default parameters. Quantification of Relative fluorescence unit intensity (RFU) by Leica  LAS 
Microscope Software (version  X)  image process system.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 
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National Center for Bioinformation / Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRA012796) and are publicly accessible at https://
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Reporting on sex and gender No human research participants were involved.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

No human research participants were involved.

Population characteristics No human research participants were involved.

Recruitment No human research participants were involved.

Ethics oversight No human research participants were involved.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size For experiments involving imaging and quantification, numbers of animals were > =3.

Data exclusions No data were excluded from the analysis.

Replication Phenotype experiments were repeated at least 3 times. All attempts of replication were successful.

Randomization Animals used in the experiments were cultured simultaneously on the same plates and selected randomly to control or experimental groups.

Blinding The investigators were blinded to group allocation during data collection and analysis.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Anti-GFP antibody (abcam ab290, lot # GR3320917-1), used at 1.5:1000

Validation Anti-GFP antibody (abcam ab290) antibody has been validated by abcam by demonstrating Western blot and Immunocytochemistry 
(see website). This antibody was also validated in our previous works (Weng et al., 2019 and Huang et al., 2021).
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Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Caenorhabditis elegans. Adult staged animals were used in small RNA-seq and imaging.

Wild animals No wild animals were used in this study.

Reporting on sex Hermaphrodite animals were used in this study.

Field-collected samples No field-collected samples were used in this study.

Ethics oversight Caenorhabditis elegans was used in this study and no ethical approval was required.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes No plant  was involved in this study.

Seed stocks No plant seed stocks  were involved in this study.

Authentication No plant  was involved in this study.

Plants
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