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Membraneless organelles participate in multiple cellular processes and layers of
gene regulation. Alternative polyadenylation (APA) is emerging as a widespread
mechanism for controlling gene expression by generating distinct 3’ untranslated
regions (UTRs) in transcripts. However, whether specific membraneless organelles
exist in mammals to regulate APA remains largely unknown. Here, we unveil a
previously unidentified nuclear body, termed LENGS granule, which functions as
an active hub for APA regulation. LENGS deletion leads to extensive 3'UTR
lengthening in both cultured cells and male germ cells. LENGS8 granules recruit
cleavage and polyadenylation (CPA) factors and promote their local assembly,
thereby favoring the utilization of proximal poly(A) sites (pPASs). Additionally,
LENGS granules function both independently and cooperatively with nuclear
speckles to regulate mRNA 3' end processing. We also elucidate the pivotal roles
of YTHDC1-m®A landscapes in LENGS8 granule formation/maintenance and
target selection. The 3’'UTR length of targets correlates with the formation and
properties of LENGS8 granules in a cell type-specific and developmental stage-
dependent manner. Our findings highlight LENGS8 as a key factor in 3’ end

processing and uncover a hitherto unrecognized nuclear body involved in
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mammalian APA regulation, which broadens our understanding of membraneless

organelles and their role in poly(A) site selection.

Alternative polyadenylation (APA), a widespread and dynamic co-transcriptional
process that increases the diversity of mRNA transcripts with alternative 3 untranslated
regions (UTRs), has been deemed as a critical layer of gene expression regulation.! APA
can affect mRNA transcriptional termination, splicing pattern, nuclear export, stability,
localization, translation efficiency, protein-protein interaction and functions.’> Due to
the cell-type and developmental stage-specific manner of alternative 3'UTRs,
dysregulation of APA has been linked to many distinct pathological disorders, including
male infertility, cancer, immunological, hematological, and neurological disorders.®!

The process of cleavage and polyadenylation (CPA) is governed by several RNA-
binding proteins (RBPs) and four major multiprotein complexes: cleavage and
polyadenylation specificity factor (CPSF), cleavage stimulation factor (CSTF),
cleavage factor I and II (CFI and CFII), through recognition of the polyadenylation
signal (PAS, AAUAAA or its variants), downstream U/GU-rich element, and upstream
UGUA motif.>”!*!° Gene deletion and the analysis of massive quantitative data of poly
(A) site usage have revealed these factors can regulate the selection between proximal
and distal poly (A) sites.” However, the effects of CPA factors on poly (A) site choice
do not always align with changes in their expression levels.!”-!” Recent studies suggest
that condensates formed by CPA factors through liquid-liquid phase separation (LLPS)
are involved in APA regulation.*'”?! Additionally, the RNA-binding protein FCA,
involved in flowering time controlling, has the capacity to undergo phase separation
with the help of FLL2 to form nuclear bodies to enhance the proximal poly(A) sites
(pPASs) usage in Arabidopsis.”> Neither FCA nor FLL2 exhibits direct homology to
any component of the mammalian polyadenylation machinery. Nevertheless, the
mechanisms through which nuclear bodies regulate APA, the mechanism for target
selection, and the presence of nuclear bodies dedicated to APA regulation in mammals
remain unclear.

Over the past 20 years, LENGS8 was assumed to be potentially involved in
glycosylated protein recognition, RNA transport, and its variant/ differential expression
may serve as a biomarker for the pathogenesis of Pemphigus foliaceus, kidney renal
clear cell carcinoma, breast cancer patients in human, and susceptibility or resistance
to Streptococcus suis type 2 infection in pigs.”**’ However, the physiological
significance and underlying mechanisms of LENGS8 remain a mystery.

In this study, we found that depletion of LENGS in both male germ cells and cultured
cells causes lengthening of the 3'UTR. Both LENG8 and CPA factors localize in a
previous unknown nuclear body (termed LENGS8 granule or G granule) in mammalian
cells. LENGS effectively competes with PABPN1 for binding or directly binds to
CPSF4, thereby facilitating the assembly of the CPA complex at pPASs in a YTHDCI-
mPA-dependent manner. The 3' UTR length of target genes depends directly on LENG8
nuclear localization and granule assembly, supporting the notion that LENGS granules
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are active sites for facilitating the usage of pPASs. Our studies thus identify a new 3’
end processing factor and unravel the function of a never before described LENGS
nuclear body in APA regulation.

Results

LENGS can be efficiently precipitated from testis extracts by b-isox

Eukaryotic cells employ liquid-liquid phase separation (LLPS) to form a large number
of distinct membraneless organelles (biomolecular condensates), including nuclear
speckles, Cajal bodies, nucleoli, stress granules, and germ granules, participating in

various cellular processes and layers of gene regulation.’-**

Spermatogenesis, a highly intricate and tightly regulated cellular developmental
process occurring in the male testes, initiates with the self-renewal and differentiation
of spermatogonia stem cells into spermatogonia. These spermatogonia subsequently
differentiate into spermatocytes, which undergo two successive meiotic divisions to
produce haploid spermatids. Spermatids then undergo morphological changes, passing
through stages of round spermatids, elongating spermatids and elongated spermatids,
ultimately developing into mature spermatozoa.’* Accumulating studies demonstrate
that membraneless organelles, including germ granules, are crucial for
spermatogenesis.”> To screen potential phase-separation proteins for novel
membraneless organelles formation in spermatogenesis, we employed biotinylated
isoxazole (b-isox), a small molecule chemical capable of forming microcrystals to
precipitate proteins within low complexity (LC) sequences,’® to obtain pellets from
mouse testis extracts at four different developmental stages. This approach yielded a
total of 379 shared proteins which were defined as high-potential phase-separation
proteins (Fig.la and Supplementary Table 1). Gene ontology (GO) analysis of these
proteins showed that many of them are RNA-binding proteins (RBPs) (Fig.1b). We
additionally used PrionW to predict proteins containing Q/N rich prion-like domains
(PrLDs), which have been identified as a driver for phase separation of RBPs.*’*” Our
query revealed 4 proteins that have PrLDs in 379 shared proteins (Extended Data
Fig.1a).

Among these four candidate proteins, LENGS8 caught our attention as it was able to
pull down several proteins from CPSF and CSTF complexes (Supplementary Table 2).
LENGS is ubiquitously expressed across mouse tissues, albeit in different amounts and
isoforms (Fig.1c and Extended Data Fig.1b). However, the expression of protein rather
than RNA is almost constant in testes at different developmental stages (Fig.1d and
Extended Data Fig.1c, d). The sequence of LENGS protein is highly conserved across
various species. The variations in the C-terminus imply a potential species functional
specificity  (Extended Data Fig.le). LENGS8 contains one predicted
CSNS8_PSDS8 EIF3K domain, and harbors an N-terminal intrinsically disordered region
(IDR) (Fig.le, ). Together, our data suggest that LENGS, akin to proteins with LC/IDR
or PrLD, interacts with b-isox and exhibits potential for LLPS.
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LENGS forms granule-like condensates in the nucleus

Given that LENGS8 was efficiently precipitated by b-isox and that LENGS consists of
PrLLD and IDR sequences, we asked whether LENGS can form liquid-like granules in
vivo. Using co-immunofluorescence (IF) of LENG8 and DDX25 (a marker of germ
granules), we observed that LENGS localizes to intranuclear foci in spermatocytes and
haploid round spermatids, which are distinct from germ granules in cytoplasm
(Extended Data Fig.2a). In line with this, LENGS8 proteins are detected within the
cytoplasm of spermatogonia and subsequently translocate into the nucleus, where they
form foci in spermatocytes and round spermatids. In elongating/elongated spermatids,
LENGS proteins become undetectable (Fig.2a, b). To further verify the subcellular
localization of LENGS in germ cells, we generated HA-LENGS knock-in mice (HA tag
in N-terminus) and conducted IF staining using anti-HA antibodies, revealing
consistent results with those obtained using anti-LENGS antibodies (Extended Data
Fig.2b). We then investigated the relationship between LENGS foci and various nuclear
bodies in cultured 293T and HeLa cells. Our findings revealed that LENGS localizes in
a previously undefined granule, termed the LENGS8 granule or G granule, which is
distinguishable from those well-known nuclear bodies (Fig.2c). Notably, LENGS forms
large, prominent, and spherical foci in 293T, C2C12, U20S and HeLa cell lines, while
generating numerous smaller condensates in the nucleus of H9, N2A, MCF7 and
HCT116 cell lines, which closely resemble condensates undergoing LLPS (Fig.2d).
Large granules detected in 293T and C2C12 cells likely result from the coalescence of
smaller granules (Fig.2d). Additionally, LENGS also produces a significant number of
small condensates in the cytoplasm (Fig.2d). Consistent with these findings in cultured
cells, the formation of LENGS granules and the localization patterns of LENGS proteins
also vary across tissues (Fig.2a, b and Extended Data Fig.2a-c). These results
demonstrate that LENGS has the capacity to form condensates in both the nucleus and
cytoplasm, exhibiting distinct cell type-specific and developmental stage-dependent
patterns.

To assess the dynamic nature of LENGS8 granules, we conducted the fluorescence
recovery after photobleaching (FRAP) experiments in 293T cells. The fluorescence of
EGFP-LENGS granules showed rapid recovery after photobleaching, suggesting that
LENGS granules possess dynamic and liquid-like properties. (Fig.2e, f). The foci
generated by EGFP-LENGS displayed mobility and underwent spontaneous fusion
upon encountering each other (Extended Data Fig.2d). To further test the physical
properties of endogenous LENGS granules, we conducted experiments wherein cells
were treated with varying concentrations of 1,6-Hexanediol (1,6-HD), employed for
disrupting LLPS- or low-valency interactions with spatially clustered binding sites
(ICBS)-mediated structures both in vitro and in vivo.""*> The results revealed a
pronounced reduction in LENGS8 granule signal intensity within cells, denoting the
presence of hydrophobic interactions within the LENGS8 granules (Extended Data
Fig.2e). Nuclease digestion employing RNase A resulted in the eradication of the
LENGS granule signal, providing evidence for the involvement of RNA in endogenous
LENGS granules assembly (Extended Data Fig.2f). As with most nuclear bodies,
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LENGS8 granules also experience disassembly and reassembly during mitosis,
underscoring their dynamic behavior (Extended Data Fig.2g). We then asked if LENGS
possessed phase separation potential in vitro. We found that purified recombinant
LENGS proteins exhibited strong capability for droplet formation (Fig.2g). This
capability is concentration-dependent, and further enhanced by the crowding agent
PEG6000 (Fig.2g and Extended Data Fig.2h). Increasing the NaCl concentration and
treatment with 5 % 1,6-HD can both impede the phase separation of LENGS8 (Fig.2g,
h). Moreover, the LENGS droplets exhibited fusion and growth phenotypes (Fig.2i and
Supplementary Movie 1). Together, our investigation unveils a hitherto uncharacterized
LENGS nuclear body generated by LLPS.

LENGS is essential for mouse spermatogenesis and male fertility

To investigate the function of LENGS in male germ cells, we generated LENGS
conditional knockout mice through the breeding of mice carrying the floxed LENGS
allele with Stra8-Cre knock-in transgenic mice,*° resulting in the deletion of exon 3 and
4 (Fig.3a). Western blot assay showed that the LENGS8 protein level was reduced
significantly in LENG8"Y2 Stra8-Cre (LENG8 cKO) mouse testes compared with
wildtype mouse (Extended Data Fig.3a). Although LENGS cKO male and female mice
were viable and copulated normally, both genders were found to be completely infertile.
The testis size and weight were severely reduced in LENGS8 cKO male mice compared
with wildtype littermates (Fig.3b, c).

Histological analyses revealed that LENGS deletion testes displayed spermatogenesis
arrest at early meiotic spermatocytes, with a lack of sperm in the epididymis (Fig.3d
and Extended Data Fig.3b, ¢). We conducted single-cell RNA sequencing (scCRNA-seq)
to further characterize cell types produced in spermatogenesis without LENGS using
previously determined cell type markers. As a result, we found that LENGS deletion
mainly causes cells arrest at leptotene/zygotene stage of meiosis (Fig.3e and Extended
Data Fig.3d). Corresponding to this, we conducted the TUNEL (Terminal
Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick End Labeling) assay, a
method designed to detect apoptotic cells by labeling the fragmented DNA. The results
of the TUNEL assays showed a significant increase in apoptosis within LENGS
knockout testes (Fig.3f, g). Thus, these studies reveal that ablation of LENGS causes
impaired meiosis, indicating an important role of LENGS in spermatogenesis.

Loss of LENGS impacts nuclear RNA metabolism in spermatogenesis

In order to probe the biological functions of LENGS granules in spermatogenesis, we
first initiated the identification of its interacting proteins in mouse testes by co-
immunoprecipitation (co-IP) in combination with mass spectrometry (Supplementary
Table 2). GO analysis revealed that the interacting proteins of LENGS are involved in
processes such as mRNA processing, splicing, suggesting a potential significant role
for LENGS in nuclear RNA metabolism (Extended Data Fig.3e). To investigate the
precise molecular consequences of LENGS deletion in spermatogenesis, we isolated
mRNAs from wildtype and LENGS cKO testes and conducted RNA sequencing (RNA-

seq). RNA-seq analyses identified 3,452 upregulated and 3,839 downregulated genes
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in LENGS cKO testes compared to wildtype controls, indicating that the transcription
is dramatically altered in LENGS cKO testes (Fig.3h and Supplementary Table 3). The
results of the functional analysis showed a number of altered processes, with the
regulation of transcription being the most significantly affected process (Extended Data

Fig.3f).

Taking into account the indirect regulatory effects on transcription and the tight
coupling between transcription, splicing and mRNA 3’-end processing,”” we also
examined the influence of LENGS depletion on alternative splicing (AS) and alternative
polyadenylation (APA), respectively. A total of 1,297 AS events across five distinct AS
types showed significant changes in LENGS cKO testes (Fig.31 and Supplementary
Table 3). We then systematically analyzed the 3'UTR length between wildtype and
LENGS cKO testes. The alteration in 3'UTR length was quantitatively evaluated
through the calculation of the percentage of distal poly (A) site usage index (PDUI),
which can identify lengthening or shortening with 3'UTRs. A total of 915 genes
(defined as LENGS targets) exhibited 3'UTR lengthening, whereas 78 genes displayed
3'UTR shortening after the deletion of LENGS (Fig.3j and Supplementary Table 3). We
selected 3 transcripts with calculated longer 3'UTRs in LENGS-deficient testes for RT-
PCR validation. These 3 transcripts preferentially generated the longer isoform in
LENGS cKO testes due to APA (Fig.3k). The small number of overlapping genes
between any two of these four datasets implies that they may not have a direct
relationship with each other (Extended Data Fig.3g). Unlike what was observed in
cultured cells,” the extension of 3'UTR did not notably influence mRNA nuclear export
in spermatocytes (Extended Data Fig.3h).

Taking collectively, our results indicate that LENGS plays a crucial role in nuclear
RNA metabolism in spermatogenesis, and its depletion leads to spermatogenesis arrest
and male infertility.

LENGS granule functions as an active hub for APA regulation

Given that LENGS8 granules we identified primarily exist in two types within the
nucleus: large, but limited in number (ranging from 2 to 10), and smaller, but numerous
(Fig.2d). Thus, we assessed the effects of LENGS ablation in cultured 293T, HeLa,
MCF7 cells and found that LENGS8 knockdown could also influence the transcription,
and splicing processes (Extended Data Fig.4a-d and Supplementary Table 4).
Considering the distinct localization of LENGS granules in comparison to other nuclear
bodies involved in transcription and splicing regulation (Fig.2c), we speculate that
LENGS protein, along with its associated granules may play a regulatory role in APA
(Fig.3], k and Supplementary Table 2). Indeed, LENGS depletion in 293T, HeLa, MCF7
cells also led to extensive 3'UTR lengthening (Fig.4a and Supplementary Table 4).

In order to prove that LENGS8 granule is an active site for APA regulation, we first
investigated the relationship between RNA and LENGS8 granules. We employed the EU
(5-ethynyl uridine)-labeling method for detecting nascent RNAs, and our findings
confirmed the presence of RNAs within LENGS granules (Fig.4b). We then inhibited

transcription using actinomycin D, which led to the disruption of LENGS granules into
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smaller puncta (Fig.4c). RNase A treatment also results in the disassembly of LENGS
granules (Extended Data Fig.2f). To ascertain the specificity of LENGS8 granules in
regulating RNA metabolism, we utilized specific probes that bind to LENGS target 7pil
mRNAs to detect their localization within the granules. Our results revealed that target
Tpil mRNAs are localized within LENGS8 granules (Fig.4d). These data imply that
mRNAs are localized within LENGS granules and play a critical role in the formation
or/and maintenance of these granules.

Second, we examined whether LENGS granules function as active sites for APA
regulation. To probe the exact role of LENG8 granules on APA regulation, we
constructed a tethered reporter by inserting 6xMS2 sequences (a short RNA stem-loop)
near the proximal poly(A) site of LENGS target Chchd7. mCherry was fused to an MCP
(bacteriophage MS2 coat protein) tag, which specifically binds to MS2 sequences,
thereby allowing for the visualization and tracking of mRNA localization (Fig.4¢). We
first detected the cellular localization of the Chchd?7 reporter mRNAs by co-transfecting
with MCP-mCherry, the Chchd7 reporter, and EGFP-LENGS. We found that Chchd7
reporter mRNAs also localized to LENGS8 granules in 293T cells (Extended Data
Fig.4e). Thus, we can more intuitively detect the effect of LENGS knockdown on the
length of its 3'UTR. The results revealed that LENGS depletion induced target 3'UTR
lengthening (Fig.41). To further substantiate that LENGS8 granule is important for APA
regulation, we screened and identified that amino acids 24-66 of LENGS protein are
critical for granule formation (Extended Data Fig.4f). We compared the length of the
reporter 3'UTR in the presence of MCP-LENGS or MCP-LENG824% (a condensation-
deficient mutant). The results showed that, compared to MCP-LENG842+% the
tethering of MCP-LENGS can significantly enhance the selection of proximal poly(A)
site in the Chchd?7 reporter (Fig.4g). Furthermore, we employed LENGS siRNAs to
deplete endogenous LENGS in 293T cells and then complemented the cells with either
wildtype LENGS8 or the condensation-deficient mutant LENG8424-66. As expected,
wildtype LENGS was able to restore the usage of proximal poly(A) sites in targets, but
LENG842+¢ mutant failed to rescue, confirming the indispensable role of LENGS
granule in proximal poly(A) sites utilization (Fig.4h).

Third, we investigated the relationship between granule size and number, and APA
regulation. Although these differences do not impact LENGS8 granules as APA
regulatory hubs, they lead to distinct profiles of regulated genes in 293T, HeLa, and
MCF7 cells (Fig.41). Then, we compared the degree of PDUI changes in LENGS targets
across these cell lines after LENGS8 knockdown relative to control, which can serve as
an indicator of the efficiency of LENGS8 granule-mediated regulation in the usage of
proximal poly(A) sites. Our results suggested that larger LENGS8 granules regulate the
usage of proximal poly(A) sites with higher efficiency (Extended Data Fig.4g). An
increasing number of studies have suggested that RNA contributes to the formation of
biomolecular condensates.*® Thus, we examined the abundance of LENGS targets
mRNA in the nucleus of these cells. We found that the abundance of LENGS target
mRNAs in the nucleus of 293T and HeLa cells was significantly higher than that in
MCF7 (Extended Data Fig.4h). This suggests that the higher abundance of mRNAs that
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need to be processed requires the recruitment of more LENGS, which in turn
contributes to the formation of larger granules. This is in line with the results that
actinomycin D and RNase A treatment can both lead to the disruption of LENGS
granules into smaller puncta (Fig.4c and Extended Data Fig.2f). Collectively, these data
demonstrate that LENGS granule functions as an active hub for promoting the usage of
pPASs in target transcripts.

LENGS granules orchestrate CPA complex assembly and crosstalk with nuclear
speckles

To investigate how LENGS regulates pPAS usage, we first examined the interaction of
LENGS with CPSF4, FIP1L1, and CPSF2 in cells forming prominent, large granules
(293T, HeLa, U20S, C2C12) and in cells containing numerous smaller condensates
(MCF7, HCT116). Results revealed that LENGS can interact with these proteins, in
both types of cells, implying that these interactions are independent of the size and
number of LENGS granules (Fig.52). We also validated the interaction between LENGS8
and these CPA factors by co-transfected Myc-LENG8 and EGFP-CPA factors into 293T
cells. Our results demonstrated that Myc-LENGS efficiently pulled down these EGFP-
CPA factors (Fig.5b). CPSF4, a core CPSF complex component, directly interacts with
PAS in conjunction with WDR33 to determine RNA cleavage sites.'***! In vitro pull-
down assay demonstrated that there is a direct interaction between LENGS8 and CPSF4
(Fig.5¢c). FIP1L1, another essential constituent of the CPSF complex, binds to U/AU-
rich regions between the PAS and the cleavage site, stimulating poly (A) polymerase
activity and facilitating of pPAS usage.’>>° Considering the pivotal role of the CPSF
complex assembly in 3’ end CPA processes, we studied the involvement of LENGS in
the interaction between CPSF4 and FIP1L1. We found that knocking down endogenous
LENGS significantly reduced the interaction between CPSF4 and FIP1L1(Fig.5d). IF
data revealed that CPSF4 assembles into small foci which are embedded within LENGS8
granules (Fig.5¢). Consistent with these findings, the interaction between LENG&424-66
and these CPA factors is notably weaker than that of wildtype LENGS (Fig.5f).
Furthermore, CPSF6, a core component of the CFI complex within the CPA machinery,
2% also exhibits localization to LENGS8 granules (Fig.5g). These data establish LENGS
granules as critical storage reservoirs for CPA factors and demonstrate their essential
role in orchestrating CPA complex assembly.

PABPNI is involved in numerous RNA metabolism processes, including poly (A)
tail length regulation, mRNA transportation, facilitation of splicing for weak 3’ splice
sites in last introns, maternal mRNA decay, and translation.”’-** PABPNI1 can prevent
the binding of the CPSF complex to pPASs and enhance the formation of long 3'UTR
transcripts.’’-**%> Considering the opposing roles of PABPN1 and LENGS in poly (A)
site selection, we used the STRING protein-protein interaction database to speculate on
the interaction between PABPN1 and CPSF complex factors, suggesting that PABPNI1
might associate with CPSF complex via CPSF4 (Extended Data Fig.5a). This is
consistent with a recent report that identified an interaction between PABPN1 and
CPSF4.”Y To validate the interaction between PABPN1 and CPSF complex factors, we

co-expressed Flag-PABPN1 along with EGFP-CPA factors in 293T cells for co-IP.
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Western blot analysis showed that PABPN1 exclusively interacted with CPSF4, unlike
LENGS which can bind to several CPA factors (Extended Data Fig.5b). Furthermore,
we observed that both LENGS8 and PABPN1 interacted with CPSF4 in both 293T cells
and testes (Extended Data Fig.5c, d). IF data revealed distinct patterns of condensation
for LENGS and PABPNI1(a component of nuclear speckles). However, there exists
partial or docking-like co-localization patterns (51% in 293T, 43% in HeLa) between
LENGS granules and nuclear speckles, implying a functional connection between them
(Extended Data Fig.5e). Reducing PABPNI expression significantly enhanced the
interaction between LENGS8 and CPSF4, without overtly affecting the formation/
maintenance of LENGS granules (Fig.5h and Extended Data Fig.5f). The restoration of
PABPNI expression was able to suppress the interaction between them (Extended Data
Fig.5g). Of note, high-resolution imaging data demonstrate that CPSF4 localizes to both
nuclear speckles and LENGS8 granules, with striking accumulation at the docking sites
between these two biomolecular condensates (Fig.51). To investigate the competitive
binding mechanism, we screened the CPSF4 regions responsible for binding to both
LENGS and PABPNI1, and identified the fourth zinc finger (ZF4) domain as crucial for
their interaction (Extended Data Fig.5h). This suggests that ZF4 domain is a key region
for the competitive relationship between LENG8 and PABPNI1. These findings unveil
that LENG8 competes with PABPN1 for binding or directly binds to CPSF4, thereby
facilitating the assembly of the CPA complex at the pPASs.

To further investigate the functional interplay between LENGS granules and nuclear
speckles, we performed double knockdown of SRRM2 and SON to disrupt nuclear
speckles, triggering LENG8 granules disassembly into smaller granules (Fig.5)).
Therefore, we study the relationship between PABPN1-regulated targets and LENGS
granule-regulated targets. Our data also demonstrated that PABPNI downregulation
caused 3'UTR shortening (Extended Data Fig.51). Indeed, LENG8 and PABPN1 can
modulate poly (A) sites selection of a common set of genes both in cultured cells and
testes (Extended Data Fig.5j, k). Meanwhile, LENGS can also independently regulate
pPAS selection of a group of genes (Extended Data Fig.5j, k).

In conclusion, these findings indicate that LENGS granules exert their functions both
autonomously and cooperatively with nuclear speckles to regulate mRNA 3' end
processing.

LENGS promotes proximal poly (A) site selection in a YTHDC1-m°A dependent
manner

To characterize the targets regulated by LENGS8, we analyzed the features of flanking
regions of proximal poly (A) signals. Notably, the majority of LENGS targets contain
a typical m®A consensus sequence in both testicular and 293T cells (Fig.6a). Indeed,
LENGS targets exhibit a higher m°A signals near the pPASs compared to random
transcripts (Extended Data Fig.6a, b). These results are in agreement with the
observation that transcripts with m®A modifications display a tendency for utilizing
pPASs.° A growing body of evidence suggests that YTHDC1, a nuclear m°A binding
protein, is involved in regulating mRNA alternative splicing, mediating mRNA
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transport from the nucleus to the cytoplasm, influencing mRNA stability, facilitating
carRNA decay, silencing retrotransposons, regulating the scaffold function of LINE1
RNA, and modulating APA.%"-7> Both YTHDC1 knockout mouse oocytes and YTHDC1
knockdown cultured cells exhibited alterations in the 3'UTR length of hundreds of
mRNAs, suggesting that YTHDC1 may exert bidirectional control over APA
regulation.”>”> However, the molecular mechanism by which YTHDC1 regulates APA
remains ambiguous. According to our mass spectrometry data, we detected a potential
interaction between YTHDCI1 and LENGS, prompting us to investigate their
association in APA regulation. Co-IP assays in several cell types validated their
interaction (Fig.5a). In vitro pull-down assay demonstrated that there is a direct
interaction between LENGS8 and YTHDCI1 (Fig.6b). Using co-immunostaining of
LENGS and YTHDC1, we observed that some YTHDC1 small puncta were found to
be dotted within the LENGS8 granules in 293T and HeLa cells, indicating that YTHDC1
is also a component protein of LENGS granules (Fig.6c). A recent study has found that
YTHDC]1 can undergo LLPS to form numerous small nuclear puncta, with m®A binding
being required for this process.”” Based on this, we sought to determine whether the
formation and function of LENGS8 granules depend on YTHDCI. To address this
question, we silenced YTHDC1 in 293T cells and observed the dissolution of LENGS8
granules (Fig.6d). The absence of YTHDCI resulted in either a shortened or extended
3'UTR length, consistent with previous reports (Fig.6¢).°”> However, most of the
genes tended to have longer 3'UTRs under our experimental conditions. Both the
overall transcriptome and LENGS targets displayed a trend of selecting dPASs upon
YTHDCI knockdown (Fig.6f, g). The majority of LENGS targets also overlapped with
those targets bound by YTHDCI1 (Fig.6h). Moreover, a similar scenario was observed
in testes (Extended Data Fig.6c).

Deletion of METTL3, an m®A writer, leads to significant m°A loss in germ cells and
influences spermatogenesis.*®’® Analysis of transcriptome data from wildtype and
METTL3 cKO testes revealed that METTL3 deletion also increased 3'UTR length
(Extended Data Fig.6d). Moreover, both the overall transcriptome and LENGS targets
exhibit a tendency to preferentially select dPASs upon METTL3 knockout (Extended
Data Fig.6e, f). Meanwhile, the loss of function of ALKBHS5, an m°A eraser, impacts
proper splicing and causes a significant decrease in transcript length, ultimately leading
to male infertility in mice.”” An opposite pattern was identified, with transcripts
displaying shortened 3'UTR upon ALKBHS5 knockout and extended 3'UTR upon
LENGS absence (Extended Data Fig.6g, h). Furthermore, we carried out double
knockdown experiments on 293T cells to verify whether this is only a correlation or a
direct effect. Compared with the knockdown of LENGS alone, a total of 1,671 genes
exhibited 3'UTR lengthening, whereas 591 genes displayed 3'UTR shortening after the
double knockdown of LENGS and METTL3 (Fig.61). Notably, 592 out of 1,451 LENGS
targets exhibited further 3'UTR lengthening (Fig.6j). These results demonstrate that
METTL3 knockdown further intensifies the decrease in the utilization of proximal
poly(A) sites caused by LENGS knockdown. Meanwhile, a total of 1,284 genes
exhibited 3'UTR shortening, whereas 187 genes displayed 3'UTR lengthening after the

double knockdown of LENGS and ALKBHS5 (Fig.6k). 574 out of 1,451 LENGS targets
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exhibited 3'UTR shortening (Fig.61). These data indicate that ALKBHS5 knockdown can
attenuate the decrease in the utilization of proximal poly(A) sites caused by LENGS
knockdown. These data demonstrate that LENG8/METTL3/ALKBHS can regulate the
APA process within the same m®A-dependent pathway. In contrast to the multifaceted
functions of METTL3 and ALKBHS5 in RNA metabolism, LENG8 might have a more
specific regulatory function for APA.

Taken together, these results demonstrate that YTHDC1-m®A landscapes plays
crucial regulatory roles in LENGS granule formation and the selection of targets for
proximal poly (A) site usage (Fig.6m).

LENGS granules regulate APA in a cell-type specific and developmental stage-
dependent manner

APA is highly regulated in a tissue/cell-type- and/or developmental stage-specific
manner.” A systematic comparison of mRNAs expressed across different tissues
revealed distinct utilization of pPASs and dPASs. The brain exhibits a propensity for
the elongated 3'UTR isoforms, whereas the testis shows extensive 3’ end shortening
(Extended Data Fig.7a), consistent with previous studies.”*-** Interestingly, the targets
with extended 3'UTR lengths resulting from LENGS deletion in testes display a more
prominent preference for pPAS selection compared to other tissues, in concordance
with the intracellular localization pattern of LENGS (Fig.2a and Extended Data Fig.2a-
c, 7b). These findings promoted us to hypothesize a potential correlation between
LENGS localization, LENGS8 granule assembly, and pPAS selection. By comparing
poly (A) site selection in germ cells at different stages, we found a progressive
shortening of 3'UTR length in transcripts from spermatogonia to spermatocytes then to
round spermatids (Fig.7a). As expected, the targets of LENGS exhibit more pronounced
alteration in 3'UTR length, with the shortest isoforms in round spermatids (Fig.7b).

While previous studies have noted this trend of 3'UTR shortening in testes,***’ the
underlying regulatory mechanism remains largely unknown. Therefore, we focused on
spermatocytes and round spermatids to investigate the mechanisms of LENGS granules
in pPAS selection. We observed that LENGS, CPSF4, FIP1L1, YTHDCI1 and PABPN1
transition from multiple small puncta in spermatocytes to a limited number of larger
granules in round spermatids (Fig.7c-f). LENGS8 exhibits partial or docking-like co-
localization patterns with CPSF4 and FIPILI1, especially in round spermatids,
indicating an increased propensity for CPA complex assembly and pPAS selection
(Fig.7c, d). Compared to LENGS, the co-localization of PABPN1 and CPSF4 in both
spermatocytes and round spermatids is more pronounced (Extended Data Fig.7c),
indicating that CPSF4 is also a component of nuclear speckles in germ cells.
Remarkably, the strong co-localization of YTHDC1 in LENGS granules in both
spermatocytes and round spermatids implies that YTHDCI is also a component of
LENGS granules in germ cells (Fig.7¢). These results reveal that LENGS granules in
germ cells are also capable of regulating the APA process and engaging in cross-talk
with nuclear speckles, akin to that in cultured cells (Fig.7g and Fig.5).

Transcripts with diverse 3’'UTR lengths through APA harbor specific cis-regulatory
11
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elements, such as microRNA-binding sites, transposable elements, and RBP binding
sites, which affect mRNA metabolism.’ Thus, we assessed the impact of LENGS
granules on the fate of target mRNAs. We initially analyzed the effect of LENGS
deletion on protein levels by mass spectrometry, identifying 146 proteins with elevated
levels and 161 proteins with reduced levels among those detected (Extended Data
Fig.7d and Supplementary Table 5). However, the protein levels of LENGS targets
remained largely unaltered (Extended Data Fig.7d). Integrated analysis of RNA and
protein expression data suggested that LENGS has a minor influence on the RNA levels
and translation of its targets (Extended Data Fig.7¢). Considering the indirect effects of
developmental arrest caused by LENGS knockout, we evaluated the expression of its
targets during normal spermatogenesis. RNA-seq and mass spectrometry data from
purified germ cells were used to analyze the expression alteration of LENGS targets.
Based on the change characteristics in RNA and protein levels from spermatogonia to
spermatocytes then to round spermatids, LENGS targets can be categorized into four
main clusters: cluster 1, exhibiting a negative correlation between protein and RNA
levels; cluster 2, showing a positive correlation between protein and RNA levels with a
gradual increase during development; cluster 3, displaying a positive correlation
between protein and RNA levels with opposite trends before and after spermatocytes;
cluster 4, demonstrating a positive correlation between protein and RNA levels with a
gradual decrease during development (Fig.7h). Bioinformatic analysis of hexamers as
potential cis-regulatory elements in the sequences between the pPAS and dPAS of
LENGS targets revealed different cis-regulatory elements in these four clusters
(Extended Data Fig.7f, g). Cluster 2 and 4 were selected as examples due to their
opposite expression trends (Fig.7h). It is intriguing to note that cluster 4 exhibits a
significant enrichment of AU-rich elements (AREs), such as AUUUAA, AUUUUU,
UUUUUA (Extended Data Fig.7g, h). HuR, a canonical ARE-binding protein, is
recognized for a positive role in mRNA stability and translation in spermatogenesis.®
Y Concomitant with 3'UTR shortening, the loss of HuR-binding sites results in
destabilization of the target mRNAs, leading to decreased protein output. Conversely,
GCUG motif in cluster 2 targets is likely involved in diminishing target stability
(Extended Data Fig.7g, h). As the 3'UTR undergoes shortening, the elimination of these
elements leads to increased targets stability and elevated protein yield. Ribosome
profiling analysis also revealed an elevation in mRNA levels and translation efficiency
of cluster 2 targets compared to cluster 4 targets during spermatogenesis (Extended
Data Fig.71). However, we cannot exclude the impact of transcriptional regulation or
other factors on the expression of these targets. The synergistic or antagonistic
relationship between these cis-regulatory elements and 3'UTR shortening in regulating
the fate of target RNAs required further investment. Taken together, these data support
the notion that the Y THDC1-mSA-dependent regulation of target 3'UTR shortening by
LENGS granules collaborates with other regulatory mechanisms to finely tune the fate
of these target RNAs, which are essential for spermatogenesis.

12
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Discussion

Membraneless organelles formed through LLPS are implicated in gene regulation.
Recent studies highlight the involvement of condensates formed by CPA factors in APA
regulation. However, it’s unclear if there are dedicated nuclear bodies for APA
regulation in mammalian cells, and the mechanisms of their regulatory effects remain
unknown. Our multiple lines of evidence demonstrate that a poorly understood protein
LENGS forms dynamic liquid-like nuclear granules by LLPS. Here, we designate it as
the LENGS granule (G granule), setting it apart from other nuclear bodies. We found
that LENGS granule functions as an active hub for promoting the usage of pPASs in
target transcripts.

In this study, we elucidate the function of LENGS8 granules in APA regulation.
Deletion of LENGS results in a notable shift to dPAS usage in numerous genes in both
cultured cells and male mouse germ cells, suggesting its conserved function as a 3’ end
processing factor. LENGS8 granules recruit CPA factors and promote their local
assembly, thereby favoring the utilization of pPASs for a specific group of genes
(Fig.71). LENGS8 can also compete with PABPN1 for binding to CPSF4, thereby
promoting the assembly of the CPSF complex at the pPASs. Decreasing PABPN1
expression significantly strengthens the interaction between LENGS8 and CPSF4, with
no discernible impact on the formation or stability of LENGS granules. Indeed, LENGS
and PABPNI1 can modulate poly (A) sites selection of a common set of genes both in
293T and testes. Nuclear speckles are phase-separated biomolecular condensates that
orchestrate RNA transcription, splicing, APA and other RNA metabolic pathways.
19293 LENGS ablation in cultured cells and germ cells could also influence the
transcription and splicing processes. We found that there are partial or docking-like co-
localization patterns between LENGS8 granules and nuclear speckles, which may
provide an interface for processing these common targets. This docking-type
colocalization, similar to the observations of MIWI2 granules and MILI granules in
male mouse germ cells,” P-bodies and transport ribonucleoprotein particles in
dendrites of mature hippocampal neurons,”” TDRD?7 granules and P-bodies in the lens,”®
Chromatoid bodies and eIF3f granules in male mouse germ cells,” and stress granules
and P-bodies in cells under stress conditions,”’” may facilitate the exchange of protein
and RNA components between these two biomolecular condensates. Moreover, the
non-overlapping targets between LENG8 and PABPNI1 indicate that LENGS granules
can also independently regulate the pPAS usage of this subset of targets, leading to the
generation of short isoforms.

How are the targets regulated by LENGS8 granules selected? Our findings indicate
that YTHDC1-m°A landscapes is of utmost importance in shaping LENGS granules and
determining targets. YTHDCI1 is a component protein of LENG8 granules and its
deletion induces the dissolution of these granules, along with 3'UTR lengthening.
Meanwhile, interfering with m°A writing or erasing can also have an effect on LENG8’s
regulation of target 3'UTR length. The heterogeneity of LENGS targets among different

cell types could be linked to cell type-specific m®A landscape. Additionally, it is
13



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.06.000176. This version posted May 6, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

plausible to infer that YTHDC1-m°A facilitates the recruitment of LENGS to targets,
as well as the ensuing granule formation mediated by LENGS8 LLPS. However, the
mechanisms underlying LENGS granule formation require further in-depth
investigation.

Despite the consistent findings of a progressive decrease in 3'UTR length during
spermatogenesis in previous studies,*®*””% the precise significance and mechanisms of
the shift towards shorter 3'UTR expression have remained largely elusive. Our
observations reveal a sequential and dynamic shift in the cellular positioning of LENGS,
transitioning from cytoplasmic localization in spermatogonia to the formation of
LENGS granules in spermatocytes and round spermatids, concomitant with a stepwise
reduction in the target 3'UTR length. Conditional deletion of LENGS using Stra8-Cre
results in the blockade of spermatogenesis at the spermatocyte stage, impeding the
assessment of 3'UTR length changes in round spermatids. Therefore, the targets
identified in this study may only represent a subset of genes modulated by LENGS
granules.

The relationship between LENGS granule properties (e.g., size and number) and the
pPAS selection has also been studied. Our results indicated that LENGS8 granules of
varying sizes and numbers in cells can all fulfill their roles in APA regulation, yet with
distinct profiles of regulated genes across cells. Similarly, biomolecular condensates
such as stress granules, nuclear speckles, and P-bodies, can also execute their respective
functions irrespective of their sizes and numbers within cells.”” At present, it is
challenging to clearly understand the relationship between the structure and function of
biomolecular condensates due to their number, size, dynamics and heterogeneity.””-'""
However, we found that larger LENGS granules regulate the usage of proximal poly(A)
sites with higher efficiency, which is consistent with the results in spermatogenesis. In
addition, the abundance of LENGS target mRNAs in the nucleus of cells with larger
granules was higher than that in cells with smaller granules, which suggests that the
higher abundance of mRNAs contributes to the formation of larger granules. This aligns
with the findings that both actinomycin D and RNase A treatment can lead to the
disruption of LENGS granules into smaller puncta. However, whether other properties
of RNAs, including the composition, length, structure, modifications, affect the
biophysical features of LENGS granules needs to be tested in the further. Furthermore,
we observed that only the LENGS protein was significantly enriched in LENGS
granules, while other proteins such CPSF4 and YTHDC1 showed no remarkable
enrichment. Based on these findings, we speculate that the LENGS8 protein may
function as a scaffold protein critical for the formation and maintenance of LENGS
granules. This could also explain why LENGS8 granules have remained undiscovered
for such a long time.

Overall, we unveil a newly discovered 3’ end processing factor and shed light on the
function of a previously unrecognized nuclear body in APA regulation. It is reasonable
to speculate that LENGS8 plays essential roles in the nucleus, with its functions being
executed and finely tuned through LENGS granules assembly, properties and functional

interplay with nuclear speckles in a cell-type specific and developmental stage-
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dependent manner.
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Methods

Mammalian cell culture

All human and mouse cell lines used in this study have been authenticated and were

cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, cat# C11995500BT)
or RPMI1640 (Gibco, cat# C22400500CP) supplemented with 10% fetal bovine serum

(FBS) (TransGen Biotech, cat# FS201-01) and 1% penicillin/streptomycin (PS) (Gibco,

cat# 15140122), and maintained at 37°C in an incubator with 5% CO2. Also, we used

trypsin-EDTA (Gibco, cat# 25200072) for cell passaging and digestion.

Mice

The wildtype male C57BL/6J mice at different ages used in this study were purchased
from Shanghai laboratory animal center (SLAC) and GemPharmatech company. The
C57BL/6J LENGS-flox mouse strain was constructed by Cyagen Biosciences using
CRISPR/Cas9 technology, with two loxp sites inserted into the intron before the third
exon and after the fourth exon of LENGS. Stra8-Cre knock-in transgenic mice were
provided as a gift by Professor Minghan Tong at the Center for Excellence in Molecular
Cell Science, CAS. The Cre recombinase excised the third and fourth exons of LENGS,
resulting in frameshift mutations and leading to the knockout of LENGS8. LENG&1o¥/A
Stra8-Cre (LENGS cKO) conditional knockout male mice were obtained by mating
LENG8"* Stra8-Cre with LENG8™¥1x mice. HA-LENGS8 knock-in mice were
constructed by GemPharmatech company, and adult male mice were used for the
experiments described in this study. All the animal experiments were approved by the
Committee on Science and Technology Ethics of Tongji University.

Plasmids and primers

DNA fragments were amplified and inserted into pCMV-Myc (Clontech, 631604),
p3xFlag-CMV-10 (Sigma, E7658), pET-28a (Novagen, 69864-3), pEGFP-C1
(Clontech, 6084-1), pEGFP-N2 (Clontech, 6081-1) and pCOLD-GST (Takara, 3372)
vectors, respectively, using ClonExpress II One Step Cloning Kit (Vazyme, C112-01).
The primer sequences used to detect the length of targets 3'UTR are seen in
Supplementary Table 6.

Biotinylated isoxazole (B-isox)-mediated precipitation from testis extracts

B-isox precipitation in mouse testes at different developmental stages was performed
with a procedure modified from the method described previously.*® In brief, testes were
homogenized in lysis buffer [20 mM Tris-HCI, pH=7.4, 150 mM NaCl, 5 mM MgCl,,
20 mM BME;1% TritonX-100, RNase inhibitor (Takara) and protease inhibitor cocktail
(MCE)], followed by the addition of B-isox at a final concentration of 200 uM and then
incubated at 4 °C for 1 hour. The B-isox-bound protein pellets were obtained by
centrifugation at 14,000 rpm for 15 min and subsequently washed twice with B-isox
lysis buffer. The pellets were used for western blotting and mass spectrometry analysis.

Histological analysis and apoptosis assay
LENGS cKO and wildtype mouse testicular tissues were fixed with Bouin’s solution at
room temperature, followed by sequential washing with 70%, 80%, 90% and 100%
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ethanol. Subsequently, tissues were rendered transparent using xylene and then
embedded in paraffin. After deparaffinization and rehydration, the sections (4 pm) were
subjected to with hematoxylin and eosin (H&E) staining.

Germ cell apoptosis was evaluated in testis cryosections using TdT-mediated dUTP
nick end Labeling (TUNEL) assays with a commercial kit (Beyotime Biotechnology)
following the manufacturer’s instruction.

Immunoprecipitation (IP), RNA immunoprecipitation (RIP) and immunoblotting
IP assays were conducted following previously established protocols.” First, mouse
testes or cultured cells were lysed with pre-cooled lysis buffer [5S0 mM Tris-HCI (pH
7.4), 1% Triton X-100, 150 mM NaCl, 5 mM EDTA] contained protease inhibitor
cocktail (MedChemExpress) and RNase inhibitor (MedChemExpress) on ice for 20 min.
After centrifugation at 12,000 rpm for 10 min at 4 °C, the supernatant was collected.
Cell lysates were then incubated with primary antibodies (IgG, anti-LENGS, anti-
PABPNI1, anti-YTHDCI, anti-Myc, anti-Flag, anti-EGFP) pre-coupled Protein A/G
beads at 4 °C. The beads were washed four times for 5 min each with low salt washing
buffer [S0 mM Tris-HCI (pH 7.4), 0.1% Triton X-100, 150 mM NaCl, 5 mM EDTA,
and protease inhibitor cocktail], followed by one wash with lysis buffer. RNAs bound
to target proteins in IP pellets were extracted using RNAiso Plus (Takara) according to
the manufacturer’s protocol. The extracted RNAs were used for subsequent RNA
sequencing analysis. For immunoblotting analysis, cell/tissue extracts or IP pellets were
mixed with SDS loading buffer, followed by standard SDS-PAGE and western blotting
procedures. The images were obtained utilizing the Tanon-5200 Chemiluminescent
Imaging System (Tanon).

Fluorescence in situ hybridization (FISH) and immunofluorescent microscopy (IF)
To detect global mMRNAs or LENGS target 7pi/ mRNAs, cultured cells, testicular germ
cells or testis cryosections seeded onto glass slides were washed once with pre-cooled
PBS and fixed with 4% paraformaldehyde (PFA). Cells were washed three times with
PBS and permeabilized with 0.5% Triton X-100 in PBS for 5 min, followed by a single
15 min wash with 2xsaline-sodium citrate buffer (SSC). Then, cells were incubated
overnight at 42 °C with the Cy3-conjugated-oligo dT probes or 7pil antisense probes
in the hybridization buffer. At last, cells were washed twice with 2xSSC and twice with
0.5xSSC, respectively, followed by DAPI staining. For IF, cultured cells, testicular
germ cells or testis cryosections seeded onto glass slides were fixed with 4% PFA 15
min at room temperature and permeabilized with 0.5% Triton X-100 in PBS. The fixed
cells were then blocked with 1% BSA and 0.5% NDS (normal donkey serum) in PBS
for 1 h, followed by incubation with primary antibodies and then with either Alexa
Fluor 488/594 (JACKSON ImmunoResearch) or IFKine Green/Red secondary
antibodies (Abbkine). In vivo 5-ethynyluridine (EU) labeling assay was performed
according to the manufacturer’s protocol. Both 293T and HeLa cells were treated with
500 uM 5-EU for 24 h prior to detection. The cell nuclei were stained with DAPI or
Hoechst 33342. All images were acquired using Leica SP8, SpinSR10 or OLYMPUS
CKX53SF microscope. The fluorescence densities were quantified using ImagelJ, and
statistical analyses were conducted using GraphPad Prism 7.0.
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Antibodies

Antibodies were used for western blot, IF, and IP: anti-LENGS (our lab), anti-PABPN1
(Beyotime Biotechnology, AG3616), anti-YTHDC1(Santa Cruz, sc-136428), anti-
CPSF4 (Santa Cruz, sc-390643), anti-SYCP3(Santa Cruz, sc-74569), anti-NONO
(Santa Cruz, sc-166702), anti-DDX25 (Santa Cruz, sc-166289), anti-CPSF4
(Proteintech, 15023-1-AP), anti-COIL (Proteintech, 67218-1-Ig), anti-YTHDCI1
(ABclonal, A22992), anti-FIP1L1(ABclonal, A7138), anti-GFP (Abways, AB0005),
anti-B-actin (Abways, Ab2001), anti-Myc (Abways, AB0001), anti-Flag (Abways,
ABO0008), anti-HA (Cell Signaling Technology, 3724), anti-SC35 (Abcam, Ab11826),
anti-ALKBHS5 (ABclonal, A22137), anti-METTL3 (ABclonal, A8370), anti-CPSF2
(ABclonal, A9297), anti-SC35 (Santa Cruz, sc-53518), Mouse polyclonal anti-IgG
(Merck, 12-371), Rabbit polyclonal anti-IgG (Merck, 12-370), HRP, Goat Anti-Mouse
IgG (Abbkine, A21010), HRP, Goat Anti-Mouse IgG LCS (Abbkine, A25012), HRP,
Goat Anti-Rabbit IgG (Abbkine, A21020), Alexa Fluor 488 AffiniPure Donkey Anti-
MOUSE (JACKSON ImmunoResearch, 715-545-150), Alexa Fluor 594 AftiniPure
Donkey Anti-Rabbit (JACKSON ImmunoResearch, 711-585-152), IFKine Red
Donkey Anti-Mouse (Abbkine, A24411) and IFKine Green Donkey Anti-Rabbit
(Abbkine, A24221).

Transfection and RNAI

Cells were cultured in DMEM or RPMI1640 supplemented with 10% FBS.
Lipofectamine 2000 (Thermo Fisher Scientific) transfection reagent was used to
transfect plasmids or siRNAs according to the manufacturer’s protocol. For RNAi, 40-
80 nM siRNAs against LENGS, PABPN1, YTHDCI, METTL3, ALKBHS5, SRRM2, SON
and control siRNAs (GenePharma or Biotend) were used for transfection. Cells were
harvested for IP or IF 48 h after transfection. For PABPNI1 rescue experiments, siRNAs
against PABPNI were transfected into 293T cells, followed by transfection of Flag-
PABPNI plasmids 12 h post siRNA transfection. For wildtype LENGS or condensation-
deficient mutant rescue experiments, siRNAs against LENGS were transfected into
293T cells, followed by transfection of wildtype LENGS8 or condensation-deficient
mutant plasmids 24 h post siRNA transfection. Cells were harvested for WB or RNA-
seq 72 h later.

siRNA sequence information is as follows.

siLENGS-1: GCCGUGGACUUGGGUUGUAAA;

sSiLENGS-2: GAAGCGACCCUUUGCUGUUAC;

SiLENGS-3: GGACAAGGACCGCACGGAA;

siPABPNI-1: UUAGAUGAGUCCCUAUUUA;

siPABPNI-2: AGUCAACCGUGUUACCAUA;

siYTHDCI-1: UGGAUUUGCAGGCGUGAAUU;

siYTHDCI-2: UGCCUCCAGAGAACCUUAUA;

SIMETTL3: CUGCAAGUAUGUUCACUAUGA;

siALKBHS5-1: ACAAGUACUUCUUCGGCGA;

siALKBHS5-2: GCGCCGUCAUCAACGACUA;

siSRRM?2: CGACGAAGAUCCCGGUCAA;

siSON: GGAUAAGGCUCAAUUACUU.
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Fluorescence recovery after photobleaching (FRAP)

293T cells were seeded onto Nunc cell dishes and allowed to adhere for 24 h, followed
by transfection with pEGFP-LENGS8 plasmids. After 24 h of transfection, EGFP-
LENGS puncta were photobleached using a 488 nm laser beam with the FRAP module
of the Leica SP8 confocal microscopy system. GFP fluorescence signal was collected
before and after photobleaching over a period of time. Fluorescence intensity was
measured by ImageJ. The pre-bleached fluorescence intensity was set to 1, and the post-
bleach signal was normalized to the pre-bleach level.

Mouse germ cells isolation

Isolation of mouse germ cells from testes was performed as described previously.” The
testes were dissected form male mice and the tunica albuginea was carefully removed.
The testicular tissue was placed in 1xPBS, and the seminiferous tubules were torn apart
using fine forceps. The seminiferous tubules were subsequently digested into single-
cell suspension using 1 mg/ml of type I collagenase and 2.5 mg/ml of trypsin. Finally,
applied the cell suspension onto slides evenly and fixed them with 4%
paraformaldehyde.

Ribosome profiling

We modified previous described methods to perform ribosome profiling.” Briefly,
homogenization of mouse testes from different ages was performed in lysis buffer (50
mM Tris-HCI pH 7.4, 100 mM NaCl, 5 mM MgCl,, 100 pg/ml cycloheximide, 25U/ml
Turbo DNase I, 1% Triton X-100). The DNase-treated lysates were carefully layered
onto 10%—-60% sucrose gradients to isolate polysome fractions. Further
ultracentrifugation of the polysome fractions was performed to obtain ribosome pellets.
Ribosome pellets were then treated with RNase I to obtain ribosome-protected RNA
fragments of ~30 nt in length. Subsequently, the underwent RNA sequencing analysis
utilizing [llumina sequencing technology.

LENGS granule dissolution by RNase A, 1,6-hexanediol (1,6-HD), actinomycin D
treatment

For the treatment with RNase A, cells were grown on coverslips were rinsed twice with
PBS and then permeabilized with a 0.1% Triton X-100 solution diluted in reaction
buffer (20 mM Tris-HCI pH 7.4, 100 mM NaCl, 5 mM MgCl,) for 10 min at room
temperature. Cells were incubated with 500 pg/ml RNase A for 20 min. The 1,6-HD
treatment involved the addition of 1,6-HD dissolved in DMEM medium to the cells at
2%, 4%, 6%, 8%, 10% concentrations for an incubation of 10 min. After RNase A or
1,6-HD treatment, the cells were fixed with 4% PFA and subjected to subsequent IF
analysis. For actinomycin D treatment (MCE), 2 uM actinomycin D was used to inhibit
transcription in both 293T and HeLa cells for 4 h.

Protein expression, purification, in vitro LLPS assay, and in vitro pull-down assay
The full-length LENGS was PCR amplified from a human cDNA library and
subsequently cloned into the pCOLD-GST vectors. For in vitro pull-down assay, the
full-length LENGS, YTHDCI, and CPSF4 were cloned into pET-28a vectors,
respectively. The constructed plasmids were then transformed into Escherichia coli
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BL21 (DE3) cells (Tsingke) and cultured overnight at 37 °C. A single colony was
selected and added to the medium for expanded incubation until OD600 reached 0.6-
0.8. 0.4 mM IPTG was added to the medium to induce recombinant proteins expression
at 18 °C for 24 h and collected by centrifugation. To purify GST-LENGS proteins, the
induced BL21 (DE3) cells were resuspended in binding buffer (50 mM Tris-HCI pH
8.0, 500 mM NacCl, and 2 mM DTT). To purify 6xHis-LENG8/YTHDC1/CPSF4
proteins, the induced BL21 (DE3) cells were resuspended in binding buffer (50 mM
Tris-HCI pH 8.0, 500 mM NaCl, 2 mM DTT and 10 mM imidazole). These cells were
lysed with ultrasound and then sedimented at 12,000 rpm for 30 min to pellet debris.
The supernatant lysates were loaded onto Glutathione agarose beads (Yueke) to purify
the recombinant GST-LENGS proteins, and onto Ni-NTA agarose beads (Vazyme) to
collect 6xHis-LENG8/YTHDC1/CPSF4 proteins, respectively. After five washes with
their respective binding buffers, GST-LENGS8 proteins were eluted with reduced
glutathione (GSH) elution buffer (50 mM Tris-HCI pH 8.0, 500 mM NaCl, 2 mM DTT,
and 30 mM GSH), and 6xHis-LENG8/YTHDCI1/CPSF4 proteins were eluted with
6xHis elution buffer (50 mM Tris-HCI pH 8.0, 500 mM NaCl, 2 mM DTT and 500 mM
imidazole). Subsequently, we concentrated the eluted GST-LENGS proteins using Ultra
Centrifugal Filters (MERCK) and exchanged the elution buffer to the storage buffer (50
mM Tris-HCI pH 8.0, 500 mM NaCl). The collected proteins were assessed using SDS-
PAGE gel by Coomassie staining, followed by snap-freezing in liquid nitrogen and
storage at —80 °C for later use.

The purified GST-LENGS proteins were diluted into varying concentrations (0 pM,
1.2 uM, 2.4 uM, 6 uM, 12 uM) in a buffer containing 50 mM Tris-HCI pH 8.0, 150 mM
NaCl and 6% (w/v) polyethylene glycol 6000 (PEG6000). The purified GST-LENG8
proteins were also diluted to a concentration of 6 uM in buffers containing 0 %, 1.5 %,
3%, 6 %, 12 % of PEG6000 or in buffers with 150 mM, 250 mM, 375 mM, 500 mM
NaCl concentrations. For the 1,6-HD treatment assay, 12 uM purified proteins were
mixed with a final concentration of 5 % (w/v) 1,6-HD. In vitro fusion assay was
conducted in a buffer containing 6 uM purified proteins, 6 % PEG6000, 50 mM Tris-
HCI pH 8.0, and 150 mM NaCl. All these samples were then dripped onto a glass slide
to conduct in vitro phase separation assay. Images were captured with OLYMPUS
CKX53SF microscope.

For in vitro pull-down assay, the eluted 6xHis-LENGS proteins were first bound to
beads using LENGS antibodies, with IgG serving as a control. Subsequently, the eluted
6xHis-YTHDC1/CPSF4 proteins were incubated with these beads. After five washes
with pull-down binding buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl, and 0.1 %
Triton X-100), the beads were used for WB analysis.

Tethering reporter assay

The LENGS target gene Chchd?7 containing its CDS and 3'UTR, along with 6xMS2 (a
short RNA stem-loop) sequences, was constructed on the pEGFP-N2 vector. MCP
(bacteriophage MS2 coat protein)-tagged wildtype LENGS8 and a condensation-
deficient mutant (LENG842466) were inserted into the pPCMV-Myc vector. The reporter
plasmid (Chchd7-6xMS2) and the effecter plasmid (MCP-LENGS or MCP- LENG84%*+

%) were used to co-transfected 293T cells. For LENGS8 knockdown assay, siRNAs
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against LENGS were first transfected into 293T cells, followed by transfection of the
reporter plasmid 24 h post siRNA transfection. After 48 h, the cells were harvested for
RNA extractions. Then, semi-quantitative PCR assays were performed targeting the
control B-actin, as well as the long and short 3'UTRs of reporter mRNAs.

RNA-seq data analysis
The RNA-seq libraries were sequenced in the PE150 mode. The raw pair-end reads
were preprocessed to remove the adapters with cutadapt (v.3.5). The quality of the
resulting reads was evaluated using FastQC (v.0.11.9). Reads were firstly mapped to
rRNA sequences from NCBI, and those reads not mapped to rRNA sequences were
aligned to the mouse genome (mm1l0) with GENCODE vM10 gene annotation or
human genome (hg38) with GENCODE v32 gene annotation using STAR aligner
(v.2.7.9a). Then, PCR duplicated reads were removed using Picard (v. 2.26.3) program.
Gene expression matrixes were counted by featureCounts (v.2.0.1) command, the
differential expression analysis was performed by DeSeq2 R package. Threshold of
differential expression genes is p-value < 0.05 and fold change > 2 or <0.5.

Alternative polyadenylation events were analyzed using Dapars program through
RNA-seq aligned files. Threshold for cell lines of change events is p-value < 0.05 and
absolute value of APDUI > 0.1, and we used a stricter threshold in tissues which is p-
value < 0.01 and absolute value of APDUI > 0.2. For a specific gene, the pair of PASs
with the greatest difference in PDUI between the treatment and control groups were
selected.

Alternative splicing events were analyzed using tMATS (v4.1.2) program, including
RI, A3SS, A5SS, SE, and MXE. We used a Apsi cutoff of 0.15, and an FDR cutoff of
0.05 to estimate the significance of change.

Ribo-seq analysis

The Ribo-seq libraries were sequenced in the PE150 mode. First, we extracted the insert
fragments from sequenced reads using custom python scripts, which limited the
minimum length of insert fragment to 18 nt. Then, reads were mapped to mm10 genome
using STAR aligner, PCR duplicated reads were removed using Picard, gene expression
matrix was counted by featureCounts in CDS regions. Differential translation efficiency
analysis was performed by Xtail R package. Quality control was performed by
ribosomeProfilingQC R package on fragments length of 28-29 nt.

Single-cell RNA-seq analysis

Single-cell RNA sequencing was performed on SeekGene platform. Data was first
mapped to mm10 genome and counted by cellranger (v. 7.0.0) program. Then the count
matrix was read into R by Seurat R package. Data of WT sample was downloaded from
GEO dataset GSE174731. WT and KO samples matrixes were normalized, then
removed batch effects and integrated by IntegrateData function. Finally, the resolution
was set to 1.5 by using FindClusters function for clustering. Ddx4, Pecaml1, Vwf, Igf2,
Sox9, Cd74, Ccnd2, Cenpa, Stra8, Gm960, Meiob, PsmaS8, Piwill, Pou5f2, Ccnal,
Tex36, Sun5 and Prml were used to identify spermatogenic and somatic cells. Al: Al
type spermatogonia, ePL: early preleptotene, mPL: middle preleptotene, L: leptotene,

eP: early pachytene, mP: middle pachytene, IP: late pachytene, D: diplotene, M:
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metaphase, RS2: steps 1-2 spermatids; RS4: steps 3-4 spermatids; RS6: steps 5-6
spermatids; RS8: steps 7-8 spermatids.

RIP-seq analysis

The RIP-seq libraries were sequenced in the PE150 mode. Reads were mapped to
mm10 genome using STAR aligner, PCR duplicated reads were removed using Picard,
transcript abundance was quantified by stringtie (v.2.1.5). Transcripts with the TPM
fold change over 2 between IP and input were identified as targets of bait protein, and
corresponding genes were identified as target genes. Fisher's exact test was used to
evaluate the statistical significance for the overlapping of a Venn diagram on the 2 x 2
contingency table, using the number of protein coding genes not in the diagram as the
double negative set.

YTHDC1 CLIP-seq analysis

We downloaded HEK293T YTHDC1 iCLIP data from GEO dataset, then reads were
mapped to hg38 genome using STAR aligner. We quantified reads mapped to 3'UTR
by featureCounts for each gene, and defined 5763 YTHDCI1 target genes whose 3'UTR
TPM over 35.

K-mer differential analysis

We counted the frequency of k-mer (6-mer) occurrence in each sequence set and used
fisher's exact test for significance test. The odds ratio value was used as a statistical
indicator of difference. K-mers whose p-value < 0.05 and odds ratio > 1.5 or < 1/1.5
between groups were defined as differential ones.

Targeted genes clustered analysis

LENGS targeted genes were clustered into 4 groups based on RNA and protein
expression matrix using Mfuzz R package to perform c-means clustering. Mass
spectrum data at different developmental stages was download from a previous study.”’
We filled missing values with the lower quartile, then each sample was normalized
according to the total amount. RNA FPKM and normalized protein quantified data at
different developmental stages were scaled respectively and then combined into a
matrix to perform clustering.

Calculating nuclear abundance of targets in different cell lines

We collected publicly available nuclear RNA-seq data for the respective cell lines to
calculate the nuclear abundance of targets in different cell lines. The gene expression
levels were normalized using TPM (Transcripts Per Million). Specifically, the dataset
of MCF7 was sourced from GSE139151, the Hela dataset was sourced from
GSE74397, and the 293T dataset was sourced from GSE195493.

Statistical analyses

Statistical analysis was performed in Python (v.3.9.7) and graphs were plotted in
RStudio (R version 4.3.0) using ggplot2 (v.3.4.3) R package. The k-mer differential
significance test was performed by fisher's exact test through scipy (v. 1.10.1) package.
GraphPad Prism software was applied for the weight and TUNEL" cell/tubule of WT
and LENGS cKO testis analysis. More detailed information could be found in related
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figure legends and Methods.

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

Data availability

The RNA-seq data generated in this study have been deposited in China National Center
for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences
(CRAO15512 and HRAO006998). The shared URLs for reviewers are
https://ngdc.cncb.ac.cn/gsa/s/JICY7VS and https://ngdc.cncb.ac.cn/gsa-
human/s/IxRXKGEE. The public datasets used in this study include: GSE195493,
GSE74397, GSE139151, GSE78030, GSE112223, SRP125927, GSE161059,
GSE125304, GSE132054, GSE99773, GSE174731, Fang et al'’’. All other data are
available from the corresponding authors upon reasonable request.
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Fig. 1| LENGS is precipitated by b-isox in testis lysates. a, Venn diagram illustrating
the overlap of proteins in the b-isox-mediated pellets obtained from male mouse testes
at different developmental stages. b, GO term analysis of the 379 overlapping proteins.
¢, Western blot analysis of LENGS8 expression in several adult mouse tissues. -actin
served as a control. d, Developmental expression of LENGS protein in postnatal testes.
Testis extracts were prepared from different ages. B-actin served as a control. e,
Predicted domain structure of mouse LENGS based on the analysis with conserved
domain database. PrLD is located between residues 77 and 97 and is flanked by a high
likelihood of disordered regions. f, PONDR analysis of LENGS8 sequence predicted a
high likelihood of a disordered region at its N-terminus.
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Fig. 2| LENGS forms liquid-like granules in the nucleus. a, Immunofluorescent
assay of LENGS8 (red) and SYCP3 (green) on germ cells at different stages of
development. Nuclei were counterstained with DAPI (blue). The arrow indicates one
of the LENGS granules in germ cells. SG: spermatogonia, L: leptotene, Z: zygotene, P:
pachytene, Dip: diplotene, Dia: diakinesis, RS: round spermatids, ES:
elongating/elongated spermatids. SYCP3, synaptonemal complex protein 3, a marker
of meiosis. b, A schematic summary depicting the dynamic localizations of LENGS in

germ cells during spermatogenesis, based on the staining patterns observed in Fig 2a.
33



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.06.000176. This version posted May 6, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

LENGS granules are in red dots. ¢, Immunofluorescence images of the relationships
between LENGS (red) and markers (green) of different nuclear bodies in cultured 293T
(a human embryonic kidney cell line) and HeLa (a human cervical cancer cell line)
cells. SC35, nuclear speckle; NONO, paraspeckle; NPM1, nucleolus; PML, PML
nuclear body. COILIN, Cajal body. d, Immunofluorescence images of LENGS (red) in
different cultured human and mouse cell lines. C2C12: a mouse myoblast cell line;
U20S: a human osteosarcoma cell line; H9: a human embryonic stem cell line; N2A: a
mouse neuroblastoma cell line; MCF7: a breast cancer cell line; HCT116: a human
colorectal carcinoma cell line. e, FRAP assays showed that fluorescence recovery of
EGFP-LENGS granules after photobleaching in 293T cells. The arrow indicates the
area being tested. f, Quantification of fluorescence recovery of the EGFP-LENGS
granules. The error bars denote the standard deviation calculated from five independent
measurements at each time point (mean + SEM, n=5). g, Images of varying
concentrations of purified recombinant LENGS8 protein droplet formation in the
presence of 6% (w/v) PEG6000 and 150 mM NaCl. 5% 1,6-HD treatment impedes the
phase separation of LENGS. h, Representative images of 6 pM recombinant LENGS8
droplet formation at different NaCl concentrations. i, Images depicting the fusion event
of LENGS droplets at a concentration of 6 pM.

34



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.06.000176. This version posted May 6, 2026. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0

a b . 012+
Wildtype LENG8 cKO
Wildtype allele — —— —_———— e e —
typ —H— @ 0104 &
34 3
Target allele ———ef-et— - -{— {4 11— @ ‘%" Ee 0.08+ e
i . Strag-Cre - ) 2
) P 4 I ¢ 0.06-
Recombined allele — ——-“¢—— - - — - - ——- —— & | @
s 2 0.041
cKO:LENG8 "™ Stra8-Cre = * ok ke
L]
|| exon < loxpsite 0.024
d & Wildtype ~ LENG8 cKO
Epididymis
, ™, LENG8 cKO Wildtype
Al
o %
|2 L =
o | % £
g 10 1P g
| M_RSeRSS L 4 Voo Sertol
| RS rtoli H RE . caple oli
4 3 b s O
N oy @? Rg?i%ﬁw Endothelial
o’ r
2 o Eddothelial &
> P -
2 3 L
o MaC{ophages
@ .
Q RS2 E8ydig
& -101
~
-10 -5 0 5 10 -10 -5 0 5 10
UMAP_1
DAPI TUNEL alternative 3' splice sites Distal CS Proximal CS
e 2 __15{downs6 | | up 63 M M
z 2 3 o
g = T 10 b Ly rerey|
3 = o
g o 251 . R y Yy
% d _cl> £ L Loy £ KO
3 2 T g AT YV vr—"
= T
g F K 0 i - - - -
~ LENG8 cKO Inclusion level difference Slc25a51
alternative 5 splice sites
h __15{down 41 T up 38 L o
2 o
] . a
3007 down 3,839" c 10 Slc25a51
gs )
2200 1 o[- o e - - Distal CS Proximal CS
E : 6 i v 4
3 Inclusion level difference
% mutually exclusive exon wT ‘
£1007 __ 15{down63 | ! up 39
B Lo e ——
£ 10 . ckO
. s S i
0 += - E) _\l B = = = =
. 10 ' ; Rbm28
J 0 1
166 Inclusion level difference _WT_ _cKO _
: L : retained intron
R 157 down 72 L up 90 Rbm28
o [
: £ 10 4
» 075 . S TR : ;
2 * % . = o, Proximal CS Distal CS
8 gt 3 ¥ v v
= L WT
Sos0, L, .tw ) i i1 SawsEr R
= coe Inclusion level difference l". -‘
50 R skipped exon cKO
3 ' 15{down 365 | | up470 (TS
o 025, . & S e, e —
a ' ' . = = -
. [ At
.' . . § 5o .. Ptp4a2
P 2 - P WT  cKO
0.004 5529 = ° 915 ' m‘ T
0.00 0.25 0.50 0.75 1.00 ' ; - Ptp4a2

PDUI of LENG8-cKO testis

0
Inclusion level difference

Fig. 3| Deletion of mouse LENGS results in male sterility and RNA metabolic
disorder. a, Schematic diagram illustrating the construction of LENGS conditional
knockout mice. Loxp sites were inserted between exons 3 and 4. Mice harboring the

35



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.06.000176. This version posted May 6, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

floxed allele were crossed with Stra8-Cre transgenic mice to generate germ cell-
specific deletion of LENGS. b, Morphology of the testis and the epididymis in wildtype
and LENGS8 cKO adult mice. ¢, Histogram showing the testis weights in wildtype and
LENGS cKO adult mice. Data are presented as mean = SEM, n=12. ****P<0.0001 by
Student's #-test. d, H&E staining of testis and epididymis sections from wildtype and
LENGS cKO adult mice. e, Single-cell uniform manifold approximation and projection
(UMAP) plot of testis cells from wildtype and LENGS cKO adult mice. f, TUNEL
analysis of apoptotic germ cells in wildtype and LENGS cKO adult mouse testis
sections. g, Number of TUNEL-positive cells per seminiferous tubules. Data are
presented as mean £ SEM, n=40. ****P<0.0001 by Student's #-test. h, Volcano plot
describing differentially expressed transcripts in LENGS cKO testes compared with 14-
day-old wildtype testes. Logarithmic fold changes in expression are plotted on the x-
axis, with normalized p-values on the y-axis. Horizontal line shows the negative base
10 logarithmic p-values (0.05) cutoff and vertical lines denote the fold change cutoff
(log2 fold change = 1). Blue scatter dots represent downregulated genes and red scatter
dots represent upregulated genes. i, Volcano plot depicting significant changes (-
loglO(FDR)) verse inclusion level difference in five alternative splicing types,
including A3SS (alternative 3’ splice sites), A5SS (alternative 5’ splice sites), RI
(retained intron), MXE (mutually exclusive exon), and SE (skipped exon) between
LENGS cKO and wildtype testes. Red dots indicate genes with significantly increased
inclusion levels and blue dots indicate those with significantly decreased inclusion
levels. j, Scatter plots showing the percentage of distal poly (A) site usage index (PDUI)
in LENGS8 cKO and wildtype testes. A total of 78 shortened and 915 lengthened gene
transcripts are highlighted with green and red dots, respectively. Threshold of change
events is p-value < 0.05 and absolute value of APDUI > 0.2. k, Gene track view and
RT-PCR validation of alternative polyadenylation in three examples. Dark blue bars
represent the last exons, and dark blue lines indicate the introns. The regions within the
red or green arrows delineate the sizes of the PCR amplification fragments.
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intensity profiles of nascent RNAs (green) and LENGS (red). The x-axis indicated
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distance, and the y-axis indicates fluorescence intensity. ¢, Representative images
showing the effects of transcription inhibition on LENGS8 granules. 2 uM actinomycin
D was used to inhibit transcription in both 293T and HeLa cells for 4 h. Right:
magnified views of the areas enclosed by dashed boxes. d, Representative images of
the localization relationship between LENGS granules and target 7pi/ mRNAs. Right:
line scans display the related fluorescence intensity profiles of LENGS (green) and
target 7pil mRNAs (red). e, Construct of the tethering reporter assay. The mRNA
reporter contains the CDS and 3'UTR of LENGS target gene Chchd7, along with
6xMS2 sequences. MCP peptides were fused with wildtype LENGS, a condensation-
deficient mutant (LENG8424%6) or mCherry. f, RT-PCR analysis to assess the effect of
LENGS knockdown on the 3'UTR length of the reporter mRNAs. g, RT-PCR analysis
to assess the effect of wildtype LENGS, LENG8224% mutant on the 3'UTR length of
the reporter mRNAs. h, Scatter plots showing the percentage of distal poly (A) site
usage index (PDUI) in wildtype LENGS (left) or LENG8224% mutant (right) rescue
after LENGS8 knockdown and control 293T cells. i, Venn diagram illustrates the
intersection of LENGS targets in 293T, HeLa, and MCF7 cells.
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LENGS was used to pellet proteins from cell extracts. IgG was used as the negative
control. b, Co-IP assay of the interaction between Myc-LENGS and three EGFP-CPA
factors co-transfected in 293T cells. ¢, In vitro pull-down assay showing the direct
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LENGS proteins. IgG was used as the negative control. d, Co-IP assay of the interaction
between endogenous CPSF4 and FIP1L1 in the context of LENGS knockdown. Anti-
CPSF4 was used to pellet proteins from 293T cell extracts with varying levels of
LENGS. e, High-resolution imaging data of the relationship between CPSF4 (green)
and LENGS (red) in cultured 293T and HeLa cells. Nuclei were counterstained with
DAPI (blue). Enlarged: magnified views of the areas enclosed by dashed boxes. Right:
quantitative summary of the number of CPSF4 foci in LENGS granules (mean = SEM,
n=30). f, Co-IP assay of the interaction between wildtype LENG8 or LENGg&42+¢6
mutant and four CPA factors and YTHDCI1. Anti-Myc was used to pellet proteins from
cell extracts. g, High-resolution imaging data of the relationship between CPSF6 (green)
and LENGS (red) in cultured 293T and HeLa cells. Nuclei were counterstained with
DAPI (blue). Enlarged: magnified views of the areas enclosed by dashed boxes. Right:
quantitative summary of the number of CPSF6 foci in LENGS granules (mean + SEM,
n=30). h, Co-IP assay of the interaction between endogenous CPSF4 and LENGS in the
context of PABPNI knockdown. Anti-LENGS8 was used to pellet proteins from 293T
cell extracts with varying levels of PABPNI. i, High-resolution imaging data of the
relationship among SC35 (green, a nuclear speckle marker protein), LENGS (red) and
CPSF4 (yellow) in cultured 293T and HeL a cells. j, Immunofluorescence images of the
effect of nuclear speckle disruption by double knockdown SRRM2 and SON on
LENGS granules in 293T cells. Arrows point to the cells exhibiting disrupted nuclear
speckles.
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In vitro pull-down assay showing the direct interaction between LENG8 and YTHDCI.
41



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.06.000176. This version posted May 6, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

Anti-LENGS8 was used to pellet recombinant LENGS proteins. IgG was used as the
negative control. ¢, Immunofluorescence images of the relationship between YTHDCI
(green) and LENGS (red) in 293T and HeLa cells. Enlarged: magnified views of the
areas enclosed by dashed boxes. Right: quantitative summary of the number of
YTHDCI1 foci in LENGS granules (mean = SEM, n=30). d, The effect of YTHDCI
knockdown on LENGS granules in 293T cells. e, Scatter plots showing PDUI in
YTHDCI knockdown compared with control 293T cells. 230 shortened and 1,077
lengthened transcripts are highlighted with green and red dots, respectively. f, Scatter
plots showing PDUI in YTHDC1 knockdown compared with LENGS knockdown 293T
cells. g, Ranking the changes in PDUI of LENGS8 target genes between YTHDCI
knockdown and control 293T cells. A total of 32.21% shortened and 67.79% lengthened
transcripts are highlighted with blue and red, respectively. h, Venn diagram illustrating
the overlapping genes between LENGS targets and genes identified in YTHDC1-1Ped
data in 293T cells. i, Scatter plots showing PDUI in METTL3-LENGS double
knockdown compared with LENGS knockdown 293T cells. 591 shortened and 1,671
lengthened transcripts are highlighted with green and red dots, respectively. j, Scatter
plots showing 44 LENGS targets shortened and 592 lengthened transcripts in METTL3-
LENGS double knockdown 293T cells, compared with LENGS knockdown. k, Scatter
plots showing PDUI in ALKBH5-LENGS double knockdown compared with LENGS
knockdown 293T cells. 1,284 shortened and 187 lengthened transcripts are highlighted
with green and red dots, respectively. 1, Scatter plots showing 574 LENGS targets
shortened and 16 lengthened transcripts in ALKBH5-LENGS double knockdown 293T
cells, compared with LENGS knockdown. m, Schematic showing YTHDC1-m°A target
mRNAs in LENGS granule.
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Fig. 7| LENGS8 granules are involved in target 3'UTR shortening during
spermatogenesis. a, b, Heatmap showing total (a) and LENGS target genes (b) with
shortened or lengthened 3'UTR in three types of germ cells. Line plot on the top
showing the mean PDUI in spermatogonia (SG), spermatocytes (SC), and round
spermatids (RS). ¢-f, Immunofluorescence images of the relationship between CPSF4
(green) and LENGS (red) (c¢), LENGS8 (green) and FIP1L1 (red) (d), LENGS (red) and
YTHDCI1 (green) (e), LENGS (red) and PABPN1(green) (f) in spermatocytes (top) and
round spermatids (bottom). Nuclei were counterstained with DAPI (blue). Middle:
magnified views of the areas enclosed by dashed boxes. Right: Pearson correlation

coefficient showing co-localization patterns between LENGS and CPSF4, FIP1LI,
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YTHDCI1, and PABPNI1. n=20, **P<0.01, ****P<0.0001 by Student's r-test. g,
Schematic showing the relationship between LENGS granule and nuclear speckle in
male germ cells. h, Heatmap illustrating the protein abundance and RNA level of targets
in four clusters across spermatogonia, spermatocytes and round spermatids. i, Model
for LENGS granule-mediated APA regulation. LENGS granules compete with PABPN1
or directly promote CPA complex assembly at pPASs in a YTHDC1-m°A dependent
manner, ultimately enhancing the usage of these sites.
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Extended Data Fig. 1| The expression pattern of prion-like domain-containing

protein LENGS in different cell types. a, PrionW predictions of prion-like domain-
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containing proteins from 379 overlapped proteins. 1,914 mouse RBPs are defined
through the use of computational analyses. b, FPKM-normalized expression levels for
LENGS from different adult mouse tissues. FPKM, fragments per kilobase of transcript
per million fragments mapped. ¢, FPKM-normalized expression levels for LENGS from
germ cells and three testis somatic cell types. PTM: peritubular myoid cell. d, FPKM-
normalized expression levels for LENGS from five spermatogenic stages cell types.
Undiff. Sg: undifferentiated spermatogonia; Al Sg: Al spermatogonia; PI SC:
preleptotene spermatocyte; P/D SC: pachytene/diplotene spermatocyte; RS: round
spermatid. e, Amino acid sequence alignment of LENGS from six different mammalian
species. The alignment was generated with the Clustal series of programs and visualized
with Jalview.
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Extended Data Fig. 2| LENGS forms condensates through LLPS in cells. a, Double
immunostaining with LENGS (red) and DDX25 (green) in adult testis sections. Nuclei
were counterstained with DAPI (blue). DDX25 labels the germ granules in
spermatocytes and round spermatids. SG: spermatogonia; SC: spermatocytes; RS:
round spermatids; ES: elongating/elongated spermatids. Scale bar: 100 um. b,
Immunofluorescence image depicting HA-LENGS localization in adult HA-LENGS
knock-in mouse testis sections. Scale bar: 100 um. ¢, Immunofluorescence images of
LENGS in heart and brain tissue cells. Scale bar: 20 pm. d, Images of two EGFP-
LENGS foci undergoing fusion upon in contact. Scale bar: 1 pm. e, The localization of
HeLa endogenous LENGS proteins is shown either without treatment or in the presence
of 2%, 4%, 6%, 8% 1,6-Hexanediol for 10 min. Scale bar: 10 um. f, Fluorescence

images of endogenous LENGS8 granules in HeLa cells treated with RNase A. g,
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Endogenous LENG8 granules disperse at the metaphase of mitosis in both 293T and
HeLa cells. h, Representative images of 6 pM recombinant LENGS droplet formation
at different PEG6000 concentrations.
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Extended Data Fig. 3| The depletion of LENGS leads to spermatogenesis arrest
and disruptions in RNA metabolism. a, Western blot analysis of LENGS expression
from wildtype and LENGS cKO adult mouse testes. b, Immunostaining of testis
sections from wildtype and LENGS cKO adult mice with nuclei counterstained by
DAPI (blue). Scale bar: 20 um. ¢, Immunostaining of SYCP3 (marker of spermatocytes,
green) and STRAS (marker of spermatogonia, red) showing spermatogenesis arrest at
meiotic spermatocytes in LENGS cKO adult testes. Scale bar: 50 pm. d, Percentage of
cells at different stages in wildtype and LENGS cKO mouse testes, respectively. e, GO
term (biological process) enrichment analysis of LENG8-interacting proteins. f, GO
term (biological process) enrichment analysis of genes with differential expression. g,
Venn diagram of the intersection of genes from four datasets. h, FISH analysis of total
mRNA localization in LENGS cKO and wildtype testis germ cells. Right: quantification
of the ratio of mRNA fluorescence intensity between the nucleus and the cytoplasm. n=
40; n.s., not significant. P value by Student's #-test.
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Extended Data Fig. 4) LENGS granules play a significant role in APA regulation.
a, Volcano plot describing differentially expressed transcripts in 293T, HeLa, and
MCF7 cells with LENGS knockdown compared to the control group. Logarithmic fold
changes in expression are plotted on the x-axis, with normalized p-values on the y-axis.
Horizontal line shows the negative base 10 logarithmic p-values (0.05) cutoff and
vertical lines denote the fold change cutoff (log2 foldchange=1). Blue scatter dots
represent downregulated genes and red scatter dots represent upregulated genes. b-d,
Volcano plot depicting significant changes (-loglO(FDR)) verse inclusion level
difference in five alternative splicing types in 293T (b), HeLa (¢), and MCF7 cells (d),
including A3SS (alternative 3’ splice sites), A5SS (alternative 5" splice sites), RI
(retained intron), MXE (mutually exclusive exon), and SE (skipped exon) between
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LENGS knockdown and control cells. Red dots indicate genes with significantly
increased inclusion levels and blue dots indicate those with significantly decreased
inclusion levels. e, Representative images showing that the reporter mRNAs localize in
the LENGS granules. f, Representative images illustrating the intracellular localization
of various LENG8 mutants under conditions of equivalent expression levels. g, Bar plot
showing the comparison of PDUI changes between LENGS knockdown and control
among 293T, HeLa, and MCF7 cells. h, Bar plot illustrating the abundance of LENGS
targets mRNA in the nucleus of 293T, HeLa and MCF7 cells.
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Extended Data Fig. 5| Competition between LENGS8 and PABPN1 for binding to
CPSF4 regulates the choice of poly (A) sites. a, STRING analysis the relationship of
LENGS-interacting proteins identified using Mass spectrum with PABPN1 by Version
11.5.b, Co-IP assay of the interaction between Flag-PABPN1 and three EGFP-CPA
factors co-transfected in 293T cells. ¢, d, Co-IP assay of the interaction between
endogenous LENGS8, PABPN1, and CPSF4 in 293T (¢) and testes (d). Anti-LENGS
(left) and anti-PABPNI1 (right) were used to pellet proteins from RNase A untreated

(lane 3) or treated (lane 4) cell extracts, respectively. IgG was used as the negative
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control. e, Immunofluorescence images of the relationship between PABPN1(green)
and LENGS (red) in cultured 293T and HeLa cells. Nuclei were counterstained with
DAPI (blue). Right: magnified views of the areas enclosed by dashed boxes. The
relative association between LENGS granules and nuclear speckles were quantified (51%
in 293T; 43% in HeLa). f, Immunofluorescence images of the effect of PABPNI
knockdown on LENGS granules in 293T cells. Arrows point to the cell with down-
regulated expression of PABPNI1. g, Co-IP assay of the influence of rescue expression
of PABPNI on the interaction between LENG8 and CPSF4. h, Co-IP results showing
the fourth zinc finger (ZF4) domain of CPSF4 mediated the interaction between CPSF4
and LENG8 or PABPNI. Schematic diagram of four zinc finger domains in CPSF4
protein (top). Myc-LENGS (left) or Flag-PABPNI1 co-transfected with various CPSF4
mutants in 293T cells, and pelleted by anti-Myc or anti-Flag, respectively. i, Scatter
plots showing PDUI in PABPNI knockdown and control 293T cells. A total of 319
shortened and 194 lengthened transcripts are highlighted with green and red dots,
respectively. j, Venn diagram illustrating the overlapping genes between targets with
shortened 3'UTRs upon PABPN1 knockdown and LENGS targets in 293T cells. k, Venn
diagram illustrating the overlapping genes between LENGS targets and genes identified
in PABPN1-RIP data in the testes.
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Extended Data Fig. 6| YTHDC1-m°A is essential for LENGS8 granule formation
and the selection of proximal poly (A) sites. a, Integrative Genomics Viewer (IGV)
tracks of two examples showing the correlation between m°A peaks and poly (A) sites
selection, comparing wildtype and LENGS cKO testes. PTP4A2 and RAC1 are LENGS
targets. b, Bar plot showed the percentage of genes' 3'UTR with m®A peaks in LENG8
targets and random genes, respectively. e, Venn diagram illustrating the overlapping
genes between LENGS targets and YTHDC1-1Ped targets in the testes. d, Scatter plots
showing the PDUI in METTL3 cKO and wildtype testes. A total of 49 shortened and
337 lengthened transcripts are highlighted with green and red dots, respectively. e,
Scatter plots showing PDUI in METTL3 cKO compared with LENGS8 cKO testes. f,
Ranking the changes in PDUI of LENGS target genes between METTL3 cKO and

wildtype testes. A total of 26.23% shortened and 73.77% lengthened transcripts are
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highlighted with blue and red, respectively. g, Scatter plots showing PDUI in ALKBHS
KO compared with LENGS cKO testes. h, Ranking the changes in PDUI of LENGS
target genes between ALKBHS5 KO and wildtype testes. A total of 86.94% shortened
and 13.06% lengthened transcripts are highlighted with blue and red, respectively.
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Extended Data Fig. 7| LENGS8 granules contribute to the choice of proximal poly
(A) sites during spermatogenesis. a, Box plot representing PDUI values across
different tissues. Inside each box, the horizontal black bold lines denote the median
values. Vertical extending lines represent adjacent values. b, Box plot representing
PDUI values of LENGS targets across different tissues. Dots denote observations
outside the range of adjacent values. ¢, Immunofluorescence images of the relationship
between PABPN1 (green) and CPSF4 (red) in spermatocytes (top) and round
spermatids (bottom). Nuclei were counterstained with DAPI (blue). Middle: magnified
views of the areas enclosed by dashed boxes. Right: Pearson correlation coefficient
showing co-localization pattern between PABPN1 and CPSF4. SC: spermatocyte; RS:

round spermatid. n=20, *P<0.05, ****P<0.0001 by Student's #-test. d, Volcano plot
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illustrating the changes in protein levels between LENGS8 cKO and wildtype mouse
testes. Horizontal line shows the negative base 10 logarithmic p-values (0.05) cutoff
and vertical lines denote the fold change cutoff (log2FC=1). Red points represent
detected LENGS targets. 161 dots represent downregulated proteins and 146 dots
represent upregulated proteins. e, Integrated analysis of RNA and protein levels
between wildtype and LENGS cKO mouse testes. Red points represent detected LENGS8
targets. f, Schematic diagram showing transcripts with alternative poly (A) sites, as well
as cis-regulatory elements in the sequences between the pPAS and dPAS. g, Scatter plot
illustrating odds ratio of hexamers in the sequences between pPAS and dPAS of four
clusters compared with random transcripts (n=1,000). Top5 hexamers with the
minimum p-value are labelled in orange letters. h, Scatter plot illustrating odds ratio of
hexamers in the sequences between pPAS and dPAS of cluster 2 targets compared with
cluster 4 targets. i, Scatter plot showing mRNA level changes (x-axis) against
translational efficiency (TE) changes (y-axis) between 18-day and adult testes. Orange
dots represent cluster 2 targets, and blue dots represent cluster 4 targets.
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