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The H3K27me3 reader UAD-2 recruits a TAF-
12-containing transcription machinery to
initiate piRNA expression within
heterochromatic clusters
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Metazoans utilize the small RNA pathway to regulate gene expression and
maintain genome integrity. This pathway directs histone H3 lysine 9 tri-
methylation (H3K9me3) or histone H3 lysine 27 tri-methylation (H3K27me3) at
target loci to induce transcriptional gene silencing. Interestingly, some small
RNAs are generated from genomic loci enriched in H3K9me3 or H3K27me3.
However, the transcription mechanism of small RNA precursors from these
heterochromatic regions remains unclear. In C. elegans, piRNAs originate from
two genomic clusters enriched with H3K27me3 marks, which recruit the
H3K27me3 reader UAD-2 and the upstream sequence transcription complex
(USTC). Here, we demonstrate that piRNA transcription in C. elegans relies on
TAF-12, a subunit of the basal transcription factor IID (TFIID). Depletion of TAF-
12 reduces the production of both piRNA precursors and mature piRNAs. TAF-
12 interacts with UAD-2 and facilitates piRNA focus formation in germ cell
nuclei. We further show that TAF-12 triggers piRNA transcription by recruiting
the RNA polymerase Il subunit RPB-5, the Mediator complex subunit MDT-8,
and the general transcription factors GTF-2F2 and GTF-2H2C. Thus, piRNA
transcription within heterochromatic regions depends on the collaboration
between histone modification readers, piRNA-specific transcription factors,
and core transcription machinery.

PIWl-interacting RNAs (piRNAs) are functionally conserved in both transcriptional and post-transcriptional levels'’. Besides, the
metazoans, while vary in length and sequence among different species.  piRNA pathway is involved in fertility, sex determination, viral defense,
PiRNAs associate with Argonaute proteins of the PIWI clade to safe- and transgenerational inheritance'®. In C. elegans, piRNAs are also
guard genome integrity by suppressing foreign genetic elements at named 21U-RNAs, given that they are predominantly 21 nucleotides in
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length and bear a 5" terminal uridine residue**~*%. There are two types
of piRNA genes. Type-l piRNA genes are located in two piRNA clusters
on chromosome IV and possess the Ruby motif upstream of their
transcription start sites. In contrast, type-ll piRNAs are much less
abundant, often transcribed bidirectionally from the transcription
start sites of coding genes, and likely lack the Ruby motif* %,

C. elegans piRNA genes are individually transcribed by RNA
polymerase Il (Pol II). The transcription of piRNA precursors relies on
the upstream sequence transcription complex (USTC), which is com-
posed of PRDE-1, SNPC-4, TOFU-4, and TOFU-5*"%, The USTC complex
coats two piRNA clusters and forms distinct piRNA foci in germ cells.
Casein kinase Il (CK2) directly phosphorylates the TOFU-4 protein to
promote the USTC assembly?. Interestingly, piRNA clusters exhibit
signatures of facultative heterochromatin mark histone 3 lysine 27 tri-
methylation (H3K27me3)*. H3K27me3 is catalyzed by the Polycomb
repressive complex 2 (PRC2), which in C. elegans consists of MES-2,
MES-3, and MES-6*"*", Knockdown of MES-2, MES-3, or MES-6 results in
dispersed piRNA foci of the USTC complex and reduced piRNA levels®.
UAD-2 recognizes and binds to the H3K27me3 mark via its chromo-
domain, enhancing the USTC complex’s binding to piRNA clusters®>*.
UAD-2 accumulates in nuclear piRNA foci and exhibits properties of
liquid-liquid phase separation to facilitate the assembly of piRNA
transcription machinery**. Additionally, the chromatin-remodeling
factor ISW-1 recruits the USTC complex to organize the local nucleo-
some environment upstream of individual piRNA genes and maintains
high nucleosome density across piRNA clusters***. However, the
mechanism by which H3K27me3 promotes piRNA production and how
piRNA precursors are transcribed from heterochromatic clusters
remains mysterious.

After piRNA transcription initiation, the RNA polymerase Il sub-
unit RPB-9 recruits the integrator complex to terminate the tran-
scription of piRNA precursors®**. These precursors are exported from
the nucleus and bound by the PICS/PETISCO complex, which is enri-
ched in the E granule, to stabilize piRNA precursors®*2, piRNA pre-
cursors are then cleaved at their 5~terminal by the PUCH complex®.
After the removal of the 5" m’G-cap and the first two nucleotides,
PiRNA precursors are loaded onto the PIWI protein PRG-1°. The 3~
terminal of piRNA precursors is trimmed by the conserved exonu-
clease PARN-1 and 2-O-methylated by the RNA methyltransferase
HENNI to generate mature piRNAs***°, The processing and maturation
of piRNAs may occur sequentially in distinct perinuclear germ
granules™.

In Drosophila melanogaster, most piRNA genes are transcribed
from dual-strand piRNA clusters enriched in the heterochromatic
H3K9me3 mark®’. Rhino, a paralogue of heterochromatin protein-1
(HP1), specifically binds to H3K9me3-enriched chromosomal regions
through its chromodomain®-2, The zinc finger protein Kipferl recruits
Rhino to guanosine-rich DNA motifs present at piRNA source loci and
stabilizes it on chromatin®. Rhino interacts with Deadlock and Cutoff
(known as the RDC complex) to promote non-canonical transcription
from these loci***". The RDC complex further recruits the germline-
specific TFIIA-L paralogue Moonshiner, the transcription factor TFIIA-
S, and the TATA-box binding protein (TBP)-related factor TRF2 to
initiate piRNA transcription®. Interestingly, the H3K27 methyl-
transferase E(z) guides Rhino to Kipferl-independent piRNA source loci
to regulate transposable element expression and piRNA production in
Drosophila germ cells*, suggesting that the mechanism by which
heterochromatin marks promote piRNA transcription is evolutionarily
conserved across species.

Pol Il initiates transcription as part of the pre-initiation complex
(PIC), which consists of Pol I, the Mediator complex, and a set of
general transcription factors (GTFs), including TFIIA, TFIIB, TFIID,
TFIIE, TFIIF, and TFIIH**%2, Among these GTFs, the TATA binding
protein (TBP), a subunit of TFIID, binds directly to core promoters,
facilitating promoter melting and transcription initiation. This process

is stabilized by TFIIA and TFIIB through direct contacts with TBP. TFIIB
further recruits Pol II, TFIIE, TFIIF, and TFIIH. Finally, Mediator binds to
GTFs that occupy the enhancer to yield a functional PIC. However, in C.
elegans, most piRNA source loci are located in facultative hetero-
chromatin regions, suggesting that the initiation mechanism of piRNA
transcription may differ from that of protein-coding genes.

Here, we identify that the H3K27me3 reader UAD-2 directly
interacts with the TFIID transcription factor TAF-12 to drive piRNA
transcription. UAD-2 utilizes its C-terminal domain to bridge TAF-12
and TOFU-4. TAF-12 accumulates in piRNA foci, and its localization is
dependent on UAD-2 and the USTC complex. TAF-12 contains a
histone-fold domain and a conserved C-terminal domain, both of
which are essential for TAF-12’s function in piRNA production. Addi-
tionally, the RNA Pol Il subunit RPB-5, the Mediator complex subunit
MDT-8, the TFIIF subunit GTF-2F2, and the TFIIH subunit GTF-2H2C
promote piRNA production by forming a transcription complex with
TAF-12. Overall, our data provide key insights into the transcription
mechanism of piRNAs within heterochromatic regions.

Results

Identification of TAF-12 interacting with UAD-2 to drive piRNA
transcription

To elucidate the molecular mechanism of UAD-2 in piRNA transcrip-
tion, we performed immunoprecipitation (IP) experiments from
whole-worm lysates of uad-2:gfp::3xflag animals and identified puta-
tive UAD-2-interacting partners through quantitative mass spectro-
metry (MS). The most enriched protein was TAF-12, a TBP-associated
transcription factor (Fig. 1a and Supplementary Fig. 1a). Using FLAG-
tagged TAF-12 as bait, we conversely substantiated the interaction
between UAD-2 and TAF-12 via the IP-MS method (Fig. 1b). TAF-12
contains a histone-fold domain and is highly conserved in metazoans
as a component of the general transcription factor complex TFIID
(Fig. 1c), which plays a central role in RNA polymerase Il (Pol II)-
dependent transcription initiation®> . In contrast to uad-2 mutants,
which are viable with developed gonads, taf-12 mutants are embry-
onically lethal’’. Thus, we utilized the auxin-inducible degron (AID)
system to specifically deplete TAF-12 proteins in the germline (Fig. 1d).
The knockdown of TAF-12 dramatically reduced UAD-2::GFP fluores-
cence intensity and abolished piRNA focus formation of UAD-2
(Fig. 1e). This also resulted in the reduction of uad-2 mRNA and UAD-
2::GFP protein levels (Fig. 1f and Supplementary Fig. 1b, c). The TAF-
12::tagRFP (LG II) rescue experiment confirmed that TAF-12 is essential
for the formation of UAD-2 condensates (Fig. 1e).

In C. elegans, PRG-1 is the only functional PIWI clade Argonaute
protein and can be loaded with piRNAs to silence transposable
elements®. The expression level and perinuclear localization of PRG-1
depend on piRNA accumulation. Loss of piRNA biogenesis factors,
such as PRDE-1, KIN-3, and TOFU-6, dramatically reduces the expres-
sion level of PRG-12?"%%, Thus, we utilized gfp:;prg-1 animals as a piRNA
reporter. The knockdown of TAF-12 disrupted the perinuclear locali-
zation of PRG-1 and caused a remarkable reduction in PRG-1 protein
levels (Supplementary Fig. 1d, e). Small RNA sequencing further
revealed a decrease in both piRNA precursors and mature piRNAs
following germline-specific knockdown of TAF-12 (Fig. 1g, h and Sup-
plementary Fig. 1f). Thus, TAF-12 interacts with UAD-2 and is crucial for
piRNA production.

piRNA focus formation of TAF-12, UAD-2, and the USTC complex
is interdependent

Given its interaction with UAD-2, we hypothesized that TAF-12 is
enriched at the nuclear piRNA foci in germ cells, similar to UAD-2 and
the USTC complex. To test this, we then inserted a gfp::3xflag tag to the
taf-12 genomic locus and examined the expression pattern of TAF-12.
In embryos, somatic cells, and germ cells, TAF-12 is constitutively
expressed and colocalizes with the histone protein HIS-58
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Fig. 1| TAF-12 interacts with UAD-2 to drive piRNA transcription. Scatter plots
showing (a) GFP-tagged UAD-2 and b 3xFLAG-tagged TAF-12 interaction partners
by immunoprecipitation followed by mass spectrometry (IP-MS). Y-axis, Log;o (WD
score). X-axis, Molecular weight (kDa) of UAD-2 or TAF-12 co-immunoprecipitating
proteins. ¢ Phylogenetic tree of TAF-12 in indicated species. TAF-12 encodes a dis-
ordered region (gray) and a histone-fold domain (purple). d Schematic of the taf-
12::AID knock-in allele (Chr III, in situ) generated by CRISPR-Cas9 technology in
ieSi38 [sun-1p:TIRI:mRuby::sun-1 3UTR + Cbr-unc-119(+)] (Chr IV) background.

e Widefield fluorescence microscopy analysis of an adult hermaphrodite expres-
sing UAD-2::GFP and TAF-12::AID with or without auxin treatment, indicating
localization and fluorescence intensity of UAD-2::GFP. TAF-12::tagRFP (LG II) res-
cued UAD-2::GFP focus formation under auxin treatment. Germlines are outlined
by white dashed lines. Scale bar, 50 pum. The zoom-in view showed UAD-2::GFP in

TAF-12::AID;UAD-2::GFP

meiotic germ cells. Scale bar, 10 um. n = 6 independently imaged worms over three
independent experiments with similar results. f Western blotting analysis of the
expression levels of UAD-2::GFP::3xFLAG and B-actin with or without auxin treat-
ment using anti-FLAG and anti-B-actin antibodies. B-actin was used as a loading
control. Each experiment has been repeated three times with similar results. Source
data are provided as a Source Data file. The relative abundance of g mature piRNAs
from individual type-I (n =4434) and type-ll (n =23,785) piRNA loci and h piRNA
precursors (n =28,219) in young adult hermaphrodites expressing UAD-2::GFP and
TAF-12::AID with or without auxin treatment. The central horizontal line within the
box represents the median piRNA abundance. Each box displays the interquartile
range of the data (between the 25th and 75th percentile). Unpaired Wilcoxon test
was used to derive p values. ***p value < 2.2x107%,
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Fig. 2| The aggregation of TAF-12, UAD-2, and the USTC complex at piRNA foci
is interdependent. a Pachytene germ cells from animals expressing UAD-2::GFP
and TAF-12::tagRFP. TAF-12 aggregates in piRNA foci and colocalizes with UAD-2.
n=6 independently imaged worms over three independent experiments with
similar results. b, ¢ Pachytene germ cells from animals expressing TAF-12::GFP and
tagRFP::SYP-1 in the indicated genetic backgrounds. SYP-1 is a component of the
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synaptonemal complex and is used as a marker to label the chromosomes. n=6
independently imaged worms over three independent experiments with similar
results. d Fluorescence images of representative pachytene germ cells of the
indicated animals expressing TOFU-4::GFP, SNPC-4::GFP or PRDE-1::GFP and TAF-
12::AID (with or without auxin treatment). Scale bar, 5 pm. n =4 independently
imaged worms over three independent experiments with similar results.

(Supplementary Fig. 2a-c). As expected, TAF-12 colocalizes with UAD-2
at the piRNA foci in germ cells (Fig. 2a).

We used the synaptonemal complex protein SYP-1 as a marker to
label chromosomes in pachytene cells®® and examined the cellular
localization of TAF-12::GFP in uad-2 and ustc mutants. In the absence of
UAD-2, TOFU-4, or PRDE-1, TAF-12 failed to form piRNA foci (Fig. 2b, c).
The knockdown of TAF-12 also prevented TOFU-4, SNPC-4, and PRDE-1
from forming piRNA foci (Fig. 2d and Supplementary Fig. 2d). The
protein level of TAF-12 remained largely unchanged in uad-2 and tofu-4
mutants, but was reduced to approximately 37% in prde-1 mutants
(Supplementary Fig. 2e, f). Together, these results reveal that the
enrichment of TAF-12, UAD-2, and the USTC complex at piRNA foci is
mutually dependent.

UAD-2 binds TAF-12 and the USTC complex through its
C-terminal domain

To assess the molecular connections between TAF-12, UAD-2, and the
USTC complex, we examined protein-protein interactions among

these factors using yeast two-hybrid (Y2H) assays. Consistent with
previous work, TOFU-4 interacts with PRDE-1 in the Y2H assay*. In
addition, we identified that TAF-12 interacts with UAD-2 as well (Fig. 3a
and Supplementary Fig. 3a). Notably, UAD-2 also interacts with TOFU-4
(Fig. 3a and Supplementary Fig. 3a), which supports with the mutual
dependency between UAD-2 and the USTC complex for piRNA focus
formation.

Besides the chromodomain that recognizes H3K27me3, UAD-2
contains a C-terminal domain (CTD) that may facilitate protein-protein
interactions, similar to the chromo-shadow domain (Fig. 3b)***”. TOFU-
4 lacks any recognizable domains. Protein sequence alignment
revealed that TAF-12 harbors a histone-fold domain (HFD) and a
C-terminal domain (CTD), both of which are highly conserved across
diverse species (Supplementary Fig. 3b). The AlphaFold 3-predicted
structures of TAF-12 demonstrated that the histone-fold domain and
the C-terminal domain of these homologous proteins adopt similar
overall structure. The histone-fold domain comprises three tandem
a-helices, while the C-terminal domain features a 3,4 helix (designated

Nature Communications | (2025)16:10538


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65566-6

a b
Activation domain (AD) UAD-2 (696 aa)
chromodomain C-terminal domain
1 (57 - 124 aa) 518 - 696 aa
8| v f\//\/
-% UAD-2
§| TAF-12 0 . . . . .
° 0 100 200 300 400 500 600 696 aa
2| ToFu-4
ke)
£ | SNPC-4 d Activation domain (AD)
< | PRDE-1 2 o
a "
Control Selection 2 E =
(SD/-Leu -Trp) (SD/-Leu -Trp -His -Ade) + & © + © O
a5 a9 q A o5 QA
oo aa O L oo
‘ 5 zSO0SS 35055
AlphaFold 3 C-terminal domain o
TAF-12 (C. elegans) c EV
Taf12 (D. melanogaster) @ |TAF12 ‘©
Taf12 (M. musculus)_., >~ ==, i ‘. |(H. sapiens) & UAD-2
TAF12 (H. sapiens) ¢ _8
- : > TOFU-4
e |Taf12 £
“ | M. muscutus) _'g UAD-2 chromo
< UAD-2 CTD
z
o Taf12 [a) Control Selection
S |(D- melanogaster) (SD/-Leu -Trp)  (SD/-Leu -Trp -His -Ade)
L A TAF-12 - .
ez o % |(C elegans) ¢ Activation domain (AD)
- . o o
L histone-fold domain Sel E E s E E e s E
s’ & 3 O I § o O I 5§ o
5% oo 3% §%; ‘ SN S S o«
Dsgss ?’ S i123s v D260 ¢ 9( 9( ¢ 9( 9):
. 2 & £62 ?5116 D253 = I<£ I<£ D D Ii: I<E D D
E78 E78 Ey‘\‘.‘\(Z E249 g
TAF12 Taf12 Taf12 TAF-12 =t EV
(H. sapiens) (M. musculus) (D. melanogaster) (C. elegans) ©
g TAF-12 CTD
f g TAF-12 HFD
I C
In vivo IP-MS S | UAD-2 chromo
Bait —) Candidate o] UAD-2 CTD
<
Z Control Selection
In vitro YoH (SD/-Leu -Trp)  (SD/-Leu -Trp -His -Ade)
ProteinA = = = - Protein B g
1 412 aa
piRNA biogenesis factors TOFU-4 ‘ ‘
H3K27me3 reader The USTC complex ] T T . _ 696aa
UAD-2 - - UAD-2 ED
. chromodomain . CTD
T . l T : 'l (57-124 aa) (518-696 aa)
. .
1 1 . 1 \ / 342 aa
HFD CTD (300-342 aa)
Transcription factor Weng et al. 2019 (225-292 aa)

as nl), followed by an a-helix (Fig. 3c). The TAF-12 histone-fold domain
is crucial for its interaction with the TAF-4 histone-fold domain, which
regulates transcriptional activity in germline blastomeres®. Domain
mapping experiments showed that the UAD-2 C-terminal domain
interacts with both TOFU-4 and the TAF-12 histone-fold domain
(Fig. 3d-g and Supplementary Fig. 3c). Thus, UAD-2 serves as a bridge
connecting TAF-12 with the USTC complex.

The TAF-12 C-terminal domain is essential for piRNA production
TAF-12 contains an intrinsically disordered region (IDR, residues 1-231), a
histone-fold domain (HFD, residues 225-292), and a C-terminal domain
(CTD, residues 300-342) (Fig. 4a). Using CRISPR-Cas9 technology, we
generated taf-12(ust692/AHFD) and taf-12(ust550/ACTD) animals (Fig. 4a
and Supplementary Fig. 4a). The homozygous taf-12(AHFD) animals were
embryonically lethal, indicating an essential role of the histone-fold
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Fig. 3 | UAD-2 interacts with TOFU-4 and TAF-12 via its C-terminal domain.

a Yeast two-hybrid assay to probe protein-protein interactions between UAD-2,
TAF-12, and the USTC complex. On nonselective medium (left) all constructs allow
growth equally, under selection (right) only strains expressing proteins that inter-
act can grow. Due to the self-activation activity of the DNA-binding domain (BD)
tethered TOFU-5 protein, TOFU-5 is excluded from the Y2H experiments. b I[UPred3
prediction of UAD-2 using the IUPred3 long disorder option. UAD-2 contains a
chromodomain and a C-terminal domain. ¢ The AlphaFold 3-predicted structure of
TAF-12 of the indicated species. TAF-12 encodes a histone-fold domain and a

C-terminal domain. d, e Yeast two-hybrid assays are shown probing protein-protein
interactions between TOFU-4, the UAD-2 chromodomain (UAD-2 chromo), the
UAD-2 C-terminal domain (UAD-2 CTD), the TAF-12 histone-fold domain (TAF-12
HFD), and the TAF-12 C-terminal domain (TAF-12 CTD). TOFU-4 lacks of recogniz-
able domains. f Summary of protein-protein interaction experiments between TAF-
12, UAD-2, TOFU-4, PRDE-1, SNPC-4, and TOFU-5. g Cartoon of observed protein-
protein interactions between TAF-12, UAD-2, and TOFU-4. Data are based on yeast
two-hybrid assays using truncation constructs to map interacting domains. CTD
C-terminal domain, HFD histone-fold domain.

domain. The AlphaFold 3-predicted protein-protein complex structure
revealed that the long a4 helix of the TAF-12 histone-fold domain inserts
into the angle formed by several a-helices of the UAD-2 C-terminal
domain (Fig. 4b, left). The short a3 and a5 helices of the TAF-12 histone-
fold domain pack against the a8 helix of the UAD-2 C-terminal domain.
Further analysis using PDBsum identified E249, D253, and D260 within
the TAF-12 histone-fold domain as key potential interaction residues
with the UAD-2 C-terminal domain (Fig. 4b, right). We engineered a taf-
12 mutant with arginine substitutions at these three residues and suc-
cessfully obtained a heterozygous taf-12(E249R:D253R;D260R) allele.
However, no homozygous taf-12(E249R:D253R;D260R) mutants were
isolated from the progeny of heterozygous animals. These data suggest
that the mutation may cause embryonic lethality and that the three
residues are essential for TAF-12. Y2H assay revealed that the introduc-
tion of E249R;D253R;D260R triple mutations into the TAF-12 histone-
fold domain completely blocked its interaction with UAD-2 and the
UAD-2 C-terminal domain (Fig. 4c). We also mutated potential interac-
tion residues in UAD-2 to alanine or aspartic acid. Both UAD-
2(R569A;R618A;H619A) and UAD-2(R569D;R618D;H619D) retained their
interaction with TOFU-4 (Fig. 4d). Yet the UAD-2(R569D;R618D;H619D)
mutant disrupted its interaction with TAF-12, whereas UAD-
2(R569A;R618A;H619A) remained competent for this interaction. These
results suggest that E249, D253, and D260 of TAF-12, along with R569,
R618, and H619 of UAD-2, are indispensable for their protein-protein
interaction.

Unlike taf-12(AHFD) and taf-12(E249R;D253R;D260R) mutants, taf-
12(ACTD) were viable. taf-12(ACTD) animals were fertile but displayed
reduced brood sizes at both 20 °C and 25 °C compared to wild-type
animals (Fig. 4e). Deletion of the TAF-12 C-terminal domain completely
suppressed piRNA focus formation of UAD-2, TOFU-4, and PRDE-1 in
meiotic cells and weakened piRNA foci in mitotic cells (Fig. 4f-h). In
taf-12(ACTD) mutants, uad-2 mRNA levels remained largely unchanged,
whereas UAD-2::GFP protein levels were significantly reduced (Sup-
plementary Fig. 4b, c). We constructed animals expressing TAF-
12(ACTD)::GFP or TAF-12(AIDR)::GFP and examined their cellular loca-
lization. TAF-12(AIDR)::GFP still accumulated at piRNA foci, while TAF-
12(ACTD)::GFP did not enrich at piRNA foci throughout the germline
(Supplementary Fig. 4d-f). Thus, the TAF-12 C-terminal domain is
crucial for piRNA focus formation and UAD-2 expression.

To test whether the C-terminal domain and the IDR region are
essential for TAF-12’s function in piRNA production, we sequenced
piRNA populations from wild-type and taf-12 mutant animals. taf-
12(ACTD) animals showed a significant reduction in both type-l and
type-Il mature piRNAs (Fig. 4i and Supplementary Fig. 4g). Similarly,
mature piRNA levels were severely reduced in TAF-12(ACTD)::GFP
mutants (Supplementary Fig. 4h). In TAF-12(4/DR)::GFP mutants,
piRNA levels were modestly reduced (Supplementary Fig. 4i).

Taken together, these results suggest that TAF-12 may stabilize
the piRNA transcription condensate and promote piRNA transcription
through its C-terminal domain.

TAF-12 collaborates with MDT-8, RPB-5, GTF-2H2C, and GTF-2F2
to promote piRNA transcription

To further investigate the mechanism underlying piRNA transcription,
we performed a candidate-based RNAi screen. These candidates

included subunits of the Pol Il complex, the Mediator complex, the
P-TEFb complex, and a set of general transcription factors (TFIIA, -B,
-D, -E, -F, and -H) necessary for Pol II-mediated transcription initiation
or regulation (Supplementary Fig. 5a). Among these sixty-five factors,
depletion of MDT-8, RPB-5, GTF-2H2C, and GTF-2F2 led to the dis-
persion of UAD-2 and TAF-12 foci in the nucleus (Fig. 5a, b).

MDT-8, RPB-5, GTF-2H2C, and GTF-2F2 are crucial for transcrip-
tion initiation and PIC assembly®®”., To verify the function of these
factors in piRNA focus formation, we generated in situ AID-tagged
mdt-8, rpb-5, gtf-2H2C, and gtf-2F2 animals and confirmed that UAD-2 is
unable to form piRNA foci after germline-specific degradation of these
factors (Fig. 5¢).

We sequenced small RNA populations from control and auxin-
treated animals. Germline-specific degradation of MDT-8, RPB-5, GTF-
2H2C, and GTF-2F2 resulted in a significant reduction of mature piR-
NAs (Fig. 5d and Supplementary Fig. 5b-e). Meanwhile, RNAi-
knockdown of mdt-8, rpb-5, and gtf-2H2C also disrupted the peri-
nuclear localization of PRG-1 (Supplementary Fig. 5f). We then gener-
ated animals expressing GFP-tagged MDT-8, RPB-5, GTF-2H2C, or GTF-
2F2 and examined their cellular localization. These proteins were
broadly expressed in somatic nuclei (Supplementary Fig. 6a). In germ
cells, GTF-2F2 and RPB-5 did not exhibit strong focus formation,
whereas MDT-8 and GTF-2H2C accumulated in piRNA foci and colo-
calized with PRDE-1 (Fig. 5e). Notably, GTF-2H2C formed an additional,
unidentified focus in germ cells, which was distinct from the
piRNA foci.

Using yeast two-hybrid assays, we examined protein-protein
interactions among UAD-2, TAF-12, MDT-8, RPB-5, GTF-2H2C, and
GTF-2F2. The analyses revealed that TAF-12, MDT-8, and RPB-5 interact
with each other (Fig. 5f and Supplementary Fig. 6b). We also detected
the interaction between the TAF-12 histone-fold domain and RPB-5
(Supplementary Fig. 6c). Although MDT-8 interacts with full-length
TAF-12, we could not detect MDT-8 interactions with either the
histone-fold domain or the C-terminal domain of TAF-12. Notably,
MDT-8 showed a moderate interaction with UAD-2 (Fig. 5f and Sup-
plementary Fig. 6b). We concluded that TAF-12 bridges UAD-2 and the
core transcription machinery to promote piRNA transcription.

Discussion

In this study, we demonstrated that TAF-12 serves as a crucial mole-
cular link between the USTC complex, UAD-2, and the general tran-
scription machinery at piRNA clusters, which are typically enriched
with the facultative histone mark H3K27me3?**, TAF-12 forms piRNA
foci in germ cells, and this aggregation relies on both UAD-2 and the
USTC complex. The knockdown of TAF-12 results in the loss of both
piRNA precursors and mature piRNAs. TAF-12 may initiate piRNA
transcription by recruiting MDT-8, RPB-5, GTF-2H2C, and GTF-2F2. Our
findings indicate a large piRNA transcription complex comprised of
TAF-12, UAD-2, the USTC complex, three general transcription factors,
and a subunit of the RNA Pol II (Fig. 6).

Although RNAi-mediated knockdown of taf-12 resulted in
embryonic lethality, taf-12(ACTD) mutants were viable and fertile. The
deletion of the TAF-12 CTD disrupted its localization to piRNA foci and
reduced mature piRNA levels. Meanwhile, while uad-2 mRNA remained
largely unchanged in taf-12(ACTD) mutant, the UAD-2 protein level
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decreased to 40% of control animals. These results suggest that the
TAF-12 CTD may indirectly facilitate piRNA production by stabilizing
the UAD-2 proteins, and TAF-12 CTD deletion selectively impairs TAF-
12 function in the piRNA pathway, while preserving its other functions.
Notably, taf-12(ACTD) mutants exhibit near-complete sterility at 25 °C,
suggesting that these mutants could serve as a useful separation-of-

function allele for dissecting CTD-specific roles of TAF-12, particularly
those required under elevated temperature conditions.

Our transcriptome and proteome studies indicate that both uad-2
mRNA and UAD-2 protein levels are significantly downregulated upon
TAF-12 depletion. In addition, TAF-12 interacts with UAD-2, and their
localization to piRNA foci is mutually dependent. Given that TAF-12 is a
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Fig. 4 | The TAF-12 C-terminal domain is required for piRNA production. a Top:
1UPred3 prediction of TAF-12 using the IUPred3 long disorder option. TAF-12
encodes an intrinsically disordered region (1-231 aa). Bottom: schematic of the taf-
12 mutant alleles generated by CRISPR-Cas9 technology. The taf-12(ust692/AHFD)
allele deletes 1275 bp and triggers embryonic lethality. The taf-12(ust550/ACTD)
allele deletes 917 bp and the mutants are viable. b The AlphaFold 3-predicted
structure of a TAF-12-UAD-2 complex. The interaction active-site residues of the
TAF-12 histone-fold domain and the UAD-2 C-terminal domain are magnified in the
bottom right. Salt bridges (yellow) and hydrogen bonds (blue) are depicted with
dashed lines. Yeast two-hybrid assay to probe protein-protein interactions between
UAD-2, TAF-12, the UAD-2 C-terminal domain, the TAF-12 histone-fold domain, and
the TAF-12 histone-fold domain(E249R;D253R;D260R) (c) and between UAD-2, TAF-
12, TOFU-4, UAD-2(R569A;R618A;H619A), and UAD-2(R569D;R618D;H619D) (d). On
nonselective medium (left) all constructs allow growth equally, under selection
(right) only strains expressing proteins that interact can grow. e Brood size of the
indicated animals at 20 °C and 25 °C, respectively. Bleached embryos were hatched

and grown at 20 °C or 25 °C. Then, L4 stage worms were transferred individually
onto fresh NGM plates. Wild-type (n =16) and taf-12(ACTD) mutant worms (n =26)
at 20 °C. Wild-type (n=23) and taf-12(ACTD) mutant worms (n =18) at 25 °C. Data
are presented as mean values + SEM. A two-tailed t-test was performed to deter-
mine statistical significance. f Fluorescence images showing localization of UAD-2
in mitotic and meiotic germ cells in indicated backgrounds. Scale bar, 5pm. n=6
independently imaged worms over three independent experiments with similar
results. g, h Mitotic and meiotic germ cells of animals that express TOFU-4::GFP or
PRDE-1::GFP in control and taf-12(ACTD) backgrounds. Scale bar, 5 um. n=6 inde-
pendently imaged worms over three independent experiments with similar results.
i Boxplots showing type-l (n=4434) and type-Il (n =23,785) mature piRNA abun-
dance (logo (reads per million +1)) in wild type and taf-12(ACTD) mutant worms.
The central horizontal line within the box represents the median piRNA abundance.
Each box displays the interquartile range of the data (between the 25th and 75th
percentile). Unpaired Wilcoxon test was used to derive p values. ***p

value < 2.2x107™.

component of the general transcription machinery, these findings
suggest that TAF-12 may act as a transcriptional co-activator of uad-2
gene. Meanwhile, in taf-12(ACTD) mutants, the protein level of UAD-2
was significantly reduced, yet the mRNA level of uad-2 remained lar-
gely unchanged, suggesting that the interaction between TAF-12 with
UAD-2 might also stabilize UAD-2 protein. This dual role raises the
possibility that TAF-12 serves as a molecular bridge coupling tran-
scriptional activation of UAD-2 with the spatial assembly of the piRNA
transcription machinery. Intriguingly, TAF-12 plays additional func-
tions beyond the piRNA pathway. In germ cell nuclei, TAF-12 is enri-
ched in piRNA foci but also exhibits distinct chromatin-associated
localization that appears largely non-overlapping with UAD-2. Con-
sistently, unlike uad-2 mutants, taf-12 null mutants show severe
developmental defects, including embryonic lethality. Furthermore,
the depletion of TAF-12 induces broad dysregulation of transcription.
Previous work reported that in oocytes and early embryos, TAF-12
interacts with TAF-4, also a component of the TFIID complex, via its
histone-fold domain, thereby promoting proper nuclear localization of
TAF-4 and the release of transcriptional repression in germline
precursors®®,

The localization of TAF-12, UAD-2, and the USTC complex at
piRNA foci occurs in an interdependent manner. Our work cumula-
tively suggested a working model regarding the mechanism of piRNA
focus formation. First, TAF-12 is essential for the expression of uad-2
gene. The auxin-induced TAF-12 degradation strongly reduced the
mRNA and protein levels of UAD-2. Similarly, other core transcription
factors, including MDT-8, RPB-5, GTF-2H2C, and GTF-2F2, will also be
required for the expression of uad-2 gene per se. Therefore, these
transcription factors are required for the expression of UAD-2 protein
and consequently the accumulation of UAD-2 in piRNA foci. Second,
UAD-2 recognizes the H3K27me3 modification and then recruits TAF-
12 and other core transcription factors through protein-protein inter-
actions. Thus, in the absence of UAD-2 and the piRNA foci, TAF-12 and
the core transcription machinery are unable to be recruited to piRNA
foci. Third, our Y2H assay indicated that UAD-2 and TOFU-4 could
interact with each other. Although it has not been demonstrated that
the USTC complex could directly bind to Ruby motif, the components
of the USTC complex contain DNA-binding domains and previous
ChIP-seq assay also revealed the association of USTC complex with
piRNA genome?*. We speculate that UAD-2 and the USTC complex may
act coordinately and promote each other to associate with both the
H3K27me3- and piRNA-rich genome, which consequently leads to the
formation of piRNA foci. Besides, UAD-2 and TAF-12 both contain a
large intrinsically disordered region (IDR), which is often associated
with liquid-liquid phase separation (LLPS) and the formation of
membraneless condensates. Our recent study has identified that UAD-
2 may account for the mobility and phase separation ability in the
condensation of piRNA transcription machinery**. Whether and how

LLPS properties of UAD-2 and TAF-12 facilitate their accumulation at
piRNA foci require further investigation.

Our data reveal that piRNA transcription in heterochromatic
regions relies on histone modification readers to recruit a specific
transcription machinery. Similarly, in S. pombe, the transcription of
siRNAs from heterochromatic loci depends on the chromodomain
protein Chp1’°”7%, Chpl binds to methylated H3K9 via its chromodo-
main and tethers the RNAi-induced transcriptional silencing complex
(RITS) to heterochromatin, thereby promoting siRNA production’®',
In Arabidopsis thaliana, the initial transcription of 24-nt siRNAs is
mediated by SHH1%>%. SHH1 binds to H3K9me2 via its SAWADEE
domain and recruits Pol IV to transcribe precursor RNAs** ¢, In Dro-
sophila ovarian germ cells, the chromodomain protein Rhino specifi-
cally binds to piRNA source loci enriched with H3K9me3 and
collaborates with Deadlock, Cutoff, and a Moonshiner-dependent
transcription machinery to initiate non-canonical transcription®.
These findings suggest that eukaryotes may employ a universally
conserved strategy to facilitate small RNA production in heterochro-
matic regions.

It is striking that TAF-12 in C. elegans and Moonshiner in D. mel-
anogaster exhibit analogous functions during piRNA transcription,
although we did not identify sequence similarity between these two
proteins. It is generally known that the genome structure of piRNA
genes is significantly different among nematodes, flies, and mammals,
which hurdled the understanding of the mechanism of piRNA tran-
scription. However, in the past 10 years, the identification of the piRNA
transcription machinery of C. elegans and D. melanogaster has gradu-
ally suggested a gross similarity between these two organisms. First,
piRNA genes in both C. elegans and D. melanogaster are clustered on
the genome, which are enriched with heterochromatin marks***%, In
C. elegans, most piRNA transcripts originate from two piRNA clusters
on chromosome IV, which are enriched with H3K27me3%. In Droso-
phila ovarian germ cells, the majority of piRNA populations are derived
from dual-strand piRNA clusters enriched with H3K9me3. A recent
study has reported that several dual-strand clusters, such as piRNA
clusters 424AB and 38C, are decorated with both H3K9me3 and
H3K27me3*’. Second, the heterochromatin readers play critical roles
to recruit core transcription factors to initiate piRNA transcription. In
C. elegans, the H3K27me3 reader protein UAD-2, the USTC complex,
and the H3K27me3 methyltransferase PRC2 are required for piRNA
biogenesis**%**. Here, we uncovered that UAD-2 recruits the TFIID
transcription factor TAF-12 to promote piRNA gene transcription,
which serves as a bridge between the upstream piRNA transcription
complex and the core transcription machinery through its interactions
with the RNA polymerase Il subunit RPB-5 and the Mediator complex
subunit MDT-8, therefore providing a model how pol Il is transcribed
from the H3K27me3-enriched heterochromatin region. In Drosophila,
the chromodomain protein Rhino is a germline-specific factor crucial
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for piRNA production®®. The distribution pattern of Rhino on piRNA
clusters relies on both the zinc-finger domain protein Kipferl and the
H3K27me3 methyltransferase E(z)**. Rhino interacts with Deadlock and
Cutoff to form the RDC complex. Meanwhile, Deadlock interacts with
Moonshiner and recruits it to piRNA clusters®®. Moonshiner, a paralog
of TFIIA, further recruits other general transcription factors TRF2 and
TFIIA-S to form a distinct piRNA transcription machinery and promote

EV
UAD-2
TAF-12
MDT-8
GTF-2F2
GTF-2H2C

RPB-5

Selection
(SD/-Leu -Trp -His -Ade)

Control
(SD/-Leu -Trp)

bidirectional piRNA transcription. In these two models, UAD-2 and
Rhino both encode chromodomain to recognize histone modifica-
tions, and are involved in recruiting the core transcription factors to
initiate piRNA transcription within heterochromatic regions. In addi-
tion, in C. elegans, UAD-2 interacts with TOFU-4 via its uncharacterized
C-terminal domain to form a distinct complex with the USTC. In Dro-
sophila, Rhino interacts with Deadlock by its C-terminal chromo-
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Fig. 5 | Candidate-based RNAi screen identified that GTF-2F2, GTF-2H2C, MDT-
8, and RPB-5 are required for piRNA production. a, b A candidate-based RNAi
screen identified transcription factors required for piRNA focus formation of UAD-2
and TAF-12. These candidates include factors of the RNA Pol II, the Mediator
complex, the P-TEFb complex and general transcription factors TFIIA, -B, -D, -E, -F,
and -H. n>30. Source data are provided as a Source Data file. ¢ Fluorescence
images of representative meiotic germ cells of the indicated animals expressing
UAD-2::GFP and AID::RPB-5, AID::GTF-2F2, AID::GTF-2H2C, or AID::MDT-8 (with or
without auxin treatment). Scale bar, 5 um. n =4 independently imaged worms over
three independent experiments with similar results. d The relative abundance of
total mature piRNAs (n =28,219) in young adult hermaphrodites expressing UAD-
2::GFP and AID::RPB-5, AID::GTF-2F2, AID::GTF-2H2C, or AID:MDT-8 (with or with-
out auxin treatment). The central horizontal line within the box represents the

median piRNA abundance. Each box displays the interquartile range of the data
(between the 25th and 75th percentile). Unpaired Wilcoxon test was used to derive
p values. **p value < 2.2 x107'. e Meiotic germ cells of animals that express
mCherry::PRDE-1 and GFP::GTF-2H2C, GFP::MDT-8, GFP::GTF-2F2, or GFP::RPB-5.
GTF-2H2C and MDT-8 aggregate at piRNA foci and colocalize with PRDE-1. The
white arrows indicate piRNA foci, the purple arrow indicates an unidentified focus
of GFP::GTF-2H2C in germ cells. Scale bar, 5 pm. n = 6 independently imaged worms
over three independent experiments with similar results. f Yeast two-hybrid assay
to probe for protein-protein interactions between UAD-2, TAF-12, MDT-8, GTF-2F2,
GTF-2H2C, and RPB-5. On nonselective medium (left) all constructs allow growth
equally, under selection (right) only strains expressing proteins that interact

can grow.
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Fig. 6 | Schematic model illustrating piRNA transcription from heterochro-
matic regions. (Top) In C. elegans, the transcription of piRNA genes from piRNA
clusters is facilitated by the recognition of the heterochromatic histone mark
H3K27me3 via the chromodomain protein UAD-2. UAD-2 interacts with the
upstream sequence transcription complex (USTC) and recruits the TFIID compo-
nent TAF-12 to initiate the transcription of piRNA precursors. (Bottom) in D.

melanogaster, piRNA transcription from dual-strand piRNA clusters relies on the
reader protein of the heterochromatic histone mark H3K9me3 and H3K27me3,
Rhino. Deadlock interacts with Rhino and recruits Moonshiner, TRF2, and TFIIA-S
to facilitate piRNA transcription. Kipferl binds to G-rich DNA motifs and interacts
with Rhino, thereby influencing Rhino’s binding profile.

shadow domain to form the RDC complex. Intriguingly, both TOFU-4
and Deadlock are rapidly evolving proteins and lack any recognizable
domains. Based on the physical interactions and functions of these
piRNA biogenesis factors, we speculate that the UAD-2/USTC complex
is functionally analogous to the RDC complex, and TAF-12 is func-
tionally equivalent to Moonshiner. Whether and how much the piRNA
transcription mechanism is conserved in other organisms, especially in
mammals, require further investigation.

In C. elegans, type-1 piRNA genes are mostly transcribed from two
discrete piRNA clusters enriched with H3K27me3*. Type-ll piRNA
genes arise from annotated coding gene promoters throughout the
genome?. Although PRDE-1 and SNPC-4 are specifically required for
type-l piRNA production, UAD-2, TOFU-4, TOFU-5, TAF-12, and the
H3K27me3 methyltransferase complex PRC2 are essential for both
types of piRNA biogenesis*?**%. Recent studies in Drosophila have
shown that the ZAD zinc-finger protein Kipferl interacts with the Rhino
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chromodomain to define Rhino’s binding profile within H3K9me2- and
H3K9me3-enriched piRNA clusters®. And at Kipferl-independent
piRNA loci, the H3K27me3 methyltransferase E(z) guides Rhino bind-
ing to several piRNA clusters decorated by both H3K9me3 and
H3K27me3 modifications®. These findings raise the possibility that
additional histone modifications may contribute to specify type-l and
type-ll piRNA genes and that unidentified UAD-2 cofactors may facil-
itate its recruitment to dedicated piRNA genes. Determining whether
type-ll piRNA gene expression depends on particular chromatin
modifications, and whether ZnF proteins in C. elegans employ a similar
specialized mechanism to regulate the binding pattern of UAD-2 or the
USTC complex, will provide vital insights into piRNA production.

Using a biotin ligase-based proximity labeling approach, a recent
study identified the AT-hook transcription factor ATTF-6 as crucial for
the enrichment of USTC to piRNA clusters and piRNA production®.
ATTF-6 also aggregates in piRNA foci and is essential for piRNA focus
formation. Based on these findings, we speculate that the C. elegans
piRNA genes across piRNA clusters are transcribed as the following
steps: UAD-2 recognizes the histone mark H3K27me3 at piRNA clusters
via its chromodomain and recruits TAF-12 and TOFU-4 via its
C-terminal domain. The USTC complex, containing TOFU-4 and PRDE-
1, recognizes piRNA genome, cooperates with ATTF-6, the chromatin
remodeling factors ISW-1, and MRG-1 to regulate chromatin accessi-
bility near the transcription start site of piRNA genes®. TAF-12 further
recruits other transcription factors, including RPB-5, MDT-8, GTF-
2H2C, and GTF-2F2 to promote piRNA transcription.

Although our study has advanced the understanding of piRNA
transcription machinery, the method employed to identify factors
involved in piRNA transcription still exhibits certain limitations. First,
our RNAi-based screen assay was designed to identify factors specifi-
cally required for piRNA focus formation and thereby affect piRNA
transcription. Consequently, it will miss the factors that are essential
for downstream activities in piRNA transcription, other than for piRNA
focus formation. For example, the RNA Pol Il subunit RPB-9 physically
recruits the Integrator complex at piRNA clusters to promote efficient
transcription termination, while it is not required for piRNA focus
formation of the USTC complex***. Second, for some genes, RNAI is
not effectively enough to reduce the mRNA and protein levels. To
overcome these limitations, we are trying to systematically label
transcription factors with fluorescent tags to identify additional piRNA
focus-localized transcription factors in germ cells, as well as with
minimal AID tags to detect other transcription factors required for
PiRNA transcription via CRISPR-Cas9 technology.

Methods

Strains

The Bristol strain N2 was used as the standard wild-type strain. All
strains were grown at 20 °C unless otherwise specified. The strains
used in this study are listed in Supplementary Data 1.

Construction of plasmids and transgenic strains

For the transgenes of transcription factors, endogenous promoter
sequences, UTRs, and ORFs of transcription factors were PCR-
amplified with the primers listed in Supplementary Data 2. A
gfp:3xflag fused to a linker sequence (GGAGGTGGAGGTGGAGCT) was
PCR-amplified with the primers 5- GGAGGTGGAGGTGGAGCTAT -3’
and 5- CTTGTCATCGTCATCCTTGTAATCGA -3’ from SHG1093 geno-
mic DNA. A tagRFP::3xha fused to a linker sequence (GGAGGTG-
GAGGTGGAGCT) was PCR-amplified with the primers 5-
GGAGGTGGAGGTGGAGCTATG -3 and 5- GTAATCTGGAA-
CATCGTATGGGTAAGCGTAATCTGGAA-
CATCGTATGGGTAGTTGAGCTTGTGCCCG -3’ from SHG2673 (rrf-
1(ust364[rrf-1::tagRFP]) I) genomic DNA*., ClonExpress MultiS One Step
Cloning Kit (Vazyme C113-02, Nanjing) was used to connect these
fragments  with  vector, which is amplified with 5-

TGTGAAATTGTTATCCGCTGGT -3’ and 5’- CACACGTGCTGGCGTTAC
-3’ from pCFJ151. The injection mix contained PDD162 (50 ng/ul),
transcription factors repair plasmid (50 ng/ul), pCFJ90 (5 ng/ul), and
three sgRNAs (30 ng/ul). The mix was injected into young adult N2
animals. The transcription factors’ transgenes were integrated into the
C. elegans genome locus of each gene in situ via a multiple sgRNA-
based CRISPR-Cas9 gene editing system®’.

Construction of deletion mutants

For gene deletions, triple-sgRNA-guided chromosome deletion was
conducted as previously described”. To construct sgRNA expression
vectors, the 20 bp unc-119 sgRNA guide sequence in the pU6::unc-119
sgRNA(F +E) vector was replaced with different sgRNA guide
sequences. Addgene plasmid #47549 was utilized to express the Cas9
Il protein. Plasmid mixtures containing 30 ng/pl of each of the three or
four sgRNA expression vectors, 50 ng/pl of the Cas9 Il expressing
plasmid, and 5 ng/ul pCFJ90 were co-injected into N2 animals. Deletion
mutants were screened by PCR amplification and confirmed by
sequencing. The sgRNA sequences are listed in Supplementary Data 3.

Microscopy

To image somatic cells, L3 or L4 larvae were immobilized in 0.5M
sodium azide and mounted on 1.5% agarose pads. To image embryos
and germ cells, six to ten gravid adults were dissected in 2 pl of 0.4x
M9 buffer containing 0.1M sodium azide on a coverslip and then
mounted on freshly made 1.1% agarose pads. Imaging was performed
using a Leica THUNDER Imaging System equipped with a K5 sCMOS
camera, an HC PL FLUOTAR 100x/1.40-0.70 oil objective, an HC PL
FLUOTAR 40x/0.80 objective, and an HC PL FLUOTAR 20x%/0.80
objective. Images were taken using Leica Application Suite X software
(version 3.7.4.23463). All images in this study are representative of
more than 10 animals.

Immunoprecipitation followed by mass spectrometry analysis
IP-MS was conducted as previously reported®. Mixed-stage transgenic
worms expressing UAD-2::GFP were collected and resuspended in
equal volumes of 2x lysis buffer (50 mM Tris-HCI [pH 8.0], 300 mM
NaCl, 10% glycerol, 1% Triton X-100, Roche ®cOmplete EDTA-Free
Protease Inhibitor Cocktail, 10 mM NaF, and 2 mM NasVO,) and lysed
using a FastPrep-24 5G homogenizer. The lysate supernatant was
incubated with in-house-prepared anti-GFP beads for 1h at 4 °C. The
beads were then washed three times with cold lysis buffer. The GFP
immunoprecipitates were eluted with chilled elution buffer (100 mM
glycine-HCI [pH 2.5]). Approximately 1/8 of each eluate was subjected
to western blot analysis, while the remainder was precipitated with
TCA or cold acetone and dissolved in 100 mM Tris (pH 8.5) containing
8 M urea. Proteins were reduced with TCEP, alkylated with 10 mM IAA,
and finally digested with trypsin at 37 °C overnight. LC-MS/MS analysis
of the resulting peptides and MS data processing were performed as
previously described®’. A WD scoring matrix was employed to identify
high-confidence candidate interacting proteins®.

Western blotting

Synchronized young adult worms incubated at 20 °C were collected
and washed three times with 1x M9 buffer. Samples were stored at
-80 °C until use. The worms were suspended in 1x SDS loading buffer
and heated in a metal bath at 95 °C for 5-10 min. The suspensions were
then centrifuged at 13,000 x g, and the supernatants were collected.
Proteins were resolved by SDS-PAGE on gradient gels (10% separation
gel, 5% spacer gel) and transferred to a Hybond-ECL membrane. After
washing with 1x Tris-buffered saline with Tween-20 (TBST) buffer and
blocking with 5% milk-TBST, the membrane was incubated overnight at
4°C with antibodies. The membrane was washed three times for
10 min each with 1x TBST and then incubated with secondary anti-
bodies at room temperature for 2 h. The membrane was washed thrice
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for 10 min with 1x TBST and then visualized. Antibodies used for
western blotting: anti-FLAG (Mouse monoclonal, Sigma, F1804),
1:1000; anti-B-actin (Rabbit monoclonal, Beyotime, AF5003), 1:5000.
Secondary antibodies: HRP-labeled goat anti-rabbit IgG (H+L)
(Abcam, ab205718), 1:15,000; HRP-labeled goat anti-mouse IgG (H + L)
(Beyotime, A0216), 1:1000.

RNA isolation

Young adult synchronized populations of worms were grown and
washed three times with 1x M9 to remove bacterial residues. For RNA
extraction, 400 pl of TRIzol Reagent (Ambion, 15596026) was added to
a 100 ul worm aliquot, followed by 7-8 cycles of freezing in liquid
nitrogen and thawing in a 42 °C water bath. Afterward, 100 ul of DNA/
RNA Extraction Reagent (Solarbio LIFE SCIENCES, P1014) was added to
the samples, which were then centrifuged for 15 min at 13,000 x g at
4°C. The supernatant was further treated with 400 ul isopropanol,
400 ul pre-chilled 75% ethanol, and subjected to DNase | digestion
(Thermo Fisher Scientific,c ENO521). RNA was eluted into 20l of
nuclease-free water, and each sample was divided into three aliquots
for piRNA precursor, mature piRNA, and mRNA library preparation.

FastAP/RppH treatment for piRNA precursors

FastAP treatment of 2 g of isolated RNA was performed in FastAP
buffer using 2 ul of FastAP (Thermo Fisher Scientific™, EP0654) in a
40 pl reaction. The reaction was incubated at 37 °C for 10 min, followed
by heat inactivation for 5min at 75°C. The FastAP-treated RNA was
extracted and precipitated overnight, following the protocol for dec-
apping treatment with RppH (NEB, #M0356) according to the vendor’s
instructions. The resulting RNA was used as input for small RNA library
preparation.

Library preparation and sequencing

Small RNAs were subjected to RNA deep sequencing using an Illumina
platform (Novogene Bioinformatic Technology Co., Ltd.). Briefly, small
RNAs ranging from 15 to 40 nucleotides were gel-purified and ligated
to a P7 adapter (5- AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC
-3’) and a P5 adapter (5- AGATCGGAAGAGCGTCGTGTAGGGAAA-
GAGTGT -3). The ligation products were gel-purified, reverse tran-
scribed, amplified, and sequenced using an Illumina Novaseq platform.

Small RNA-seq analysis

The Illumina-generated raw reads were first filtered to remove adap-
ters, low-quality tags, and contaminants to obtain clean reads using
fastp. For mature piRNA and pre-piRNA analysis, clean reads ranging
from 17 to 35 nt were respectively mapped to mature piRNA regions,
pre-piRNA regions, and the C. elegans transcriptome assembly WS243
using Bowtie2 v.2.2.5 with default parameters. The number of reads
targeting each transcript was counted using custom Perl scripts. The
number of total reads mapped to the transcriptome minus the number
of total reads corresponding to sense ribosomal RNA (rRNA) tran-
scripts (5S, 5.8S, 18S, and 26S), and sense protein-coding mRNA reads
were used as the normalization number to exclude the possible
degradation fragments of sense rRNAs and mRNAs.

piRNA gene annotations

piRNA annotations were downloaded from the piRBase online data-
base (http://www.regulatoryrna.org/database/piRNA). Genomic coor-
dinates of piRNA genes were obtained by SAMtools against the C.
elegans cell genome assembly. Type Il piRNA genes were obtained
from a previous publication”. Type I piRNA gene lists were created by
filtering the piRBase annotations with type Il piRNA genes.

mRNA-seq analysis
The Illumina-generated raw reads were first filtered to remove adap-
ters, low-quality tags, and contaminants to obtain clean reads at

Novogene. The clean reads were mapped to the reference genome of
WBcel235 via HISAT2 software (version 2.1.0)*°. Differential expression
analysis was performed using custom R scripts. A twofold-change
cutoff was applied when filtering for differentially expressed genes. All
plots were drawn using custom R scripts.

RT-qPCR

Synchronized late young adult worms were washed in M9 medium and
ground with homogenizer lysis buffer (20mM Tris-HCI pH 7.5,
200 mM Nacl, 2.5 mM MgCl, 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 Ill RT SuperMix
for gPCR (Vazyme, R323) according to the vendor’s protocol. gPCR
was performed using a LightCycler 96 real-time PCR system (Roche)
with LightCycler 480 SYBR green | master (Roche, 04707516001).
Levels of eft-3 mRNA were used as internal controls for sample nor-
malization. The data analysis was performed using a AAC, approach.

Candidate-based RNAi screen

RNAI experiments were performed at 20 °C by placing synchronized
embryos on feeding plates as previously described®. HT115 bacteria
expressing the empty vector L4440 were used as negative controls.
Bacterial clones expressing double-stranded RNAs (dsRNAs) were
obtained from the Ahringer RNAi library and were sequenced to verify
their identity. All feeding RNAi experiments were performed for two
generations except for sterile worms, which were RNAi-treated for one
generation. Images were collected using a Leica DM4 B microscope.

Yeast two-hybrid assay

The yeast two-hybrid assay was performed according to the manu-
facturer’s protocol (Clontech user manual 630489). Briefly, the Sac-
charomyces cerevisiae strain AH109 was grown in YPDA selective
medium at 30°C. Assayed proteins were fused to the activation
domain (AD) and DNA-binding domain (BD) of the Gal4 transcription
factor and transformed into pGADT7 (AD) and pGBKT7 (BD). Indivi-
dual colonies of transformed haploids were selected, picked and
mated. Upon interaction of two fusion proteins the Gal4 transcription
factor is reconstituted and will activate the reporter genes (ADE2,
HIS3), which will allow growth on synthetic defined medium lacking
Ade, His, Leu and Trp.

Brood size

L4 hermaphrodites were singled onto plates and transferred daily as
adults until embryo production ceased and the progeny numbers were
scored.

Statistics and reproducibility

Bar graph with error bar in Fig. 4e is presented with mean and standard
error of the mean (SEM). Bar graph with error bar in Supplementary
Fig. 1c is presented with mean and standard deviation (SD). All of the
experiments were conducted with independent C. elegans animals for
the indicated number (n) of replicates. No statistical method was used
to predetermine sample size. No data were excluded from the ana-
lyses. Statistical analysis was performed with the two-tailed Student’s ¢
test or unpaired Wilcoxon tests as indicated.

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 study have been deposited in
the Genome Sequence Archive in the National Genomics Data Center,
China National Center for Bioinformation/Beijing Institute of
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Genomics, Chinese Academy of Sciences (GSA: CRA022192). The mass
spectrometry proteomics data reported in this paper have been

deposited in

the iProX repository under accession codes

IPX0013654000. Source data are provided with this paper.
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