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% Check for updates Nuclear RNA decay has emerged as a mechanism for post-transcriptional gene

regulation in cultured cells. However, whether this process occurs in animals
and holds biological relevance remains largely unexplored. Here, we demon-
strate that MTR4, the central cofactor of the nuclear RNA exosome, is essential
for embryogenesis and spermatogenesis. Embryonic development of Mtr4
knockout mice arrests at 6.5 day. Germ cell-specific knockout of Mtr4 results in
male infertility with a specific and severe defect in meiotic initiation. During
the pre-meiotic stage, MTR4/exosome represses meiotic genes, which are
typically shorter in size and possess fewer introns, through RNA degradation.
Concurrently, it ensures the expression of mitotic genes generally exhibiting
the opposite features. Consistent with these regulation rules, mature
replication-dependent histone mRNAs and polyadenylated retrotransposon
RNAs were identified as MTR4/exosome targets in germ cells. In addition,
MTR4 regulates alternative splicing of many meiotic genes. Together, our
work underscores the importance of nuclear RNA degradation in regulating
germline transcriptome, ensuring the appropriate gene expression program
for the transition from mitosis to meiosis during spermatogenesis.

RNA degradation is a vital mechanism for ensuring the precision and
accuracy of gene expression. For a considerable period, nuclear RNA
decay pathway was primarily perceived as a mechanism for disposing
of unwanted and abnormally transcribed or processed RNAs' . How-
ever, recent discoveries have unveiled its capacity to degrade a sig-
nificant population of normally transcribed and processed mRNAs>’*,
This revelation has positioned nuclear RNA decay as an important layer
in the regulation of gene expression. Nevertheless, most investigations
into nuclear RNA degradation have been conducted in cultured cell
lines. To date, it remains largely unclear whether the nuclear

degradation of normal RNAs actually occurs in animals and, if so, how
it influences embryo and animal development.

The RNA exosome complex (exosome) represents the primary RNA
degradation machinery in the cell, operating in both the nucleus and the
cytoplasm®™®, To achieve its full activity, the exosome requires the
binding of multiple cofactors. Among these cofactors, MTR4, a DEIH
RNA helicase encoded by Mtr4/Mtrex, is indispensable for various
aspects of nuclear exosome functions"**"*, MTR4, on its own, func-
tions to prepare RNA substrates for exosome processing while also
competing with RNA export factors to determine substrate
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specificity®"”?%. Moreover, MTR4 interacts with distinct proteins to form
different complexes that recruit the exosome to various types of RNA
substrates. In its association with RBM7 and ZCCHC8, MTR4 targets
promoter upstream transcripts (PROMPTs) and enhancer RNAs (eRNAs)
for degradation'**. Conversely, it interacts with ZFC3H1 to facilitate
exosomal degradation of processed transcripts, such as pre-mature
terminated RNAs (ptRNAs)>>. Despite its critical molecular functions, the
biological function of MTR4 in animals remains to be investigated.

In this study, we generated Mtr4 knockout mice and found that
their embryo development ceased at a very early stage. Male germ cell-
specific Mtr4 knockout mice displayed male infertility and severe
defects in meiotic initiation. Transcriptome and MTR4-binding profile
analyses in pre-meiotic germ cells revealed its complicated roles in
regulating RNA degradation and alternative splicing, shaping the
transcriptome for the mitosis-to-meiosis transition. Meanwhile, MTR4/
exosome functions to remove polyadenylated retrotransposon RNAs
that possess gene repression effects and mutagenic threats.

Results
Mtr4 knockout leads to embryonic lethality in mice
To investigate the role of MTR4 at the animal level, we generated Mtr4
knockout (KO)-first, conditional-ready mice”*. The Mtr4 KO-first
embryonic stem cells have a large DNA construct inserted into intron 5,
leading to inhibited expression of Mtr4 exons 6 to 27 (Fig. 1A). Con-
sequently, only a small N-terminal region (1-170 aa) of the MTR4 pro-
tein, which lacks most functional domains, could be produced (Fig. 1B).
Mtr4"" mice appeared viable and fertile, displaying a normal
appearance (Supplementary Fig. 1A). Intercrossing Mtr4* mice resul-
ted in the expected Mendelian ratio of Mtr4*"* and Mtr4"" pups, but
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Fig. 1| Mtr4 knockout mice are embryonic lethal. A Strategy for constructing the
Mitr4 KO-first, conditional-ready allele of Mtr4™*OMPWsi mice, En2 SA, mouse En2
splicing acceptor; IRES, internal ribozyme entry site; lacZ, lair conditioner Z; pA,
poly A site; hBactP, human beta actin promoter; neo, promoter-driven neomycin
resistant gene; FRT, flippase recognition target; loxP, locus of crossover in P1.

B Schematic diagram for MTR4 full length (FL) and mutant proteins. C Bar plot
showing the genotype ratio of Mtr4-cKO pups 3 weeks after birth from hetero-
zygous parents. D The morphology of E6.0 and E6.5 Mtr4™* and Mtr4” mouse
embryos. Scale bars, 200 pm. Source data are provided as a Source Data file.

never Mtr4” pups (Fig. 1C), demonstrating that loss of Mtr4 results in
embryonic lethality. Further analysis revealed that Mtr4” embryos with
anormal appearance could only be found in utero until embryonic day
6.0 (E6.0) (Fig. 1D, Supplementary Fig. 1B). At E6.5 or later time points,
only abnormal embryos or empty/debris-filled conceptuses were
observed (Fig. 1D). These data demonstrate that MTR4 is essential for
early murine embryogenesis.

Germ cell-specific deletion of Mtr4 results in male infertility
We then proceeded to investigate the biological functions of MTR4 in
mouse tissue development. RT-PCR and western blot data demon-
strated that Mtr4 mRNA and protein were highly expressed in testis
compared to other tissues (Fig. 2A, B). Consistent with these data,
publicly available human tissue data (www.proteinatlas.org) also
demonstrate the enrichment of the human MTR4 mRNA in the testis
(Supplementary Fig. 1C). We thus turned our attention to exploring the
role of MTR4 in spermatogenesis and male fertility.

To examine the impact of MTR4 on spermatogenesis, we took
advantage of Stra8-GFPCre mice, which induced recombination start-
ing from type Al spermatogonia (Fig. 2C). We generated Mtr4"/2;Stra8-
GFPCre mice in the C57BL/6) background (Fig. 2D, Supplementary
Fig. 1D, E), allowing for a conditional knockout (cKO) of Mtr4 specifi-
cally in differentiated spermatogonia. Western blot and RT-qPCR
confirmed efficient Mtr4 knockout in the testes (Fig. 2E, Supplemen-
tary Fig. 1F). Hereafter, we referred to these mice as “Mtr4-cKO” mice.

Despite Mtr4-cKO mice maintaining a normal body size (Supple-
mentary Fig. 1G), males exhibited complete infertility (Fig. 2F). The
testes of adult Mtr4-cKO mice were significantly smaller and lighter
than those of their littermate controls (Cntls) (Fig. 2G). In line with the
infertility phenotype, hematoxylin and eosin (H&E) staining revealed
an absence of sperm in the epididymis of Mtr4-cKO mice (Fig. 2H).
Strikingly, the seminiferous tubules of Mtr4-cKO mice appeared nar-
row and almost devoid of germ cells, with only a single outer layer of
germ cells near the basal lamina and a number of somatic Sertoli cells
(Fig. 2H). DDX4 (also known as VASA) is expressed in various types of
germ cells” (Fig. 3B). Immunostaining using an anti-DDX4 antibody
demonstrated a striking reduction in the number of DDX4" cells in the
Mtr4-cKO testes (Fig. 2I). Together, these data underscore the critical
role of MTR4 in spermatogenesis and male fertility.

MTR4 mutant spermatogenesis defects emerge at P9

To characterize the defects in Mtr4-cKO testes, we conducted H&E
staining on testis sections from Cntl and Mtr4-cKO mice at P7, P14
and P21. We did not observe any discernible difference in the testi-
cular tubules between the Cntl and Mtr4-cKO mice at P7 (Supple-
mentary Fig. 1H), although Stra8 starts to express at P37, A
remarkable reduction in cell counts was observed in the testes of P14
and P21 Mtr4-cKO mice (Supplementary Fig. 1H).

To pinpoint when the defects in spermatogenesis initially
emerged in Mtr4 mutant mice, we examined additional time points
between P7 and P14, specifically at P8, P9, P10, and P12. No apparent
defect was observed in Mtr4-cKO mice at P8 (Fig. 3A). In Cntl testes,
dark H&E-stained spermatocytes began to appear in the cavities of
seminiferous tubules at P9 and accumulated further at P10 and P12
(Fig. 3A). In stark contrast, very few such dark-stained cells were visible
in the testes of Mtr4-cKO mice from P9 through P12 (Fig. 3A). Given that
meiotic initiation typically begins around P9, these data imply that
Mtr4 mutant germ cells may exhibit defects either prior to or during
the meiosis initiation stage.

MTR4 is required for meiotic initiation

Prior to meiosis initiation, undifferentiated spermatogonia proliferate
and differentiate, followed by several rounds of mitosis (Fig. 3B). To
further elucidate the role of MTR4 in spermatogenesis, we conducted
immunostaining using germ cell development markers to dissect

Nature Communications | (2025)16:2605


http://www.proteinatlas.org
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57898-0

A

)
RIS PN SN
O & . @ 2 % & N
2T A4 R RO o
-300
Mird-| - — —_— = 00
18S- - e — — - s |-200
'-8.1'0:
€306
Rl
0.2
@ o
B o & O
& S oo P S &
YOS S H & £
o . > AP IR R R PN
WS ERX T SR S,
MTR4-! - - Sl 130
GAPDH-| == anp aus 8 o a5 G tas === o o 35
233
0S5 1.84
Ta40.
0.2

differentiation
O H O
undiff spg = A1 A2-A4 In-B
STRAS £
D
WT Mtrd
allele (+) | 6 7]

* FIpE

Floxed

allele (F)
W Stras-GFPCre

Deleted

allele (A)

G i

8w testes 8w o g 0.4+
*.O Male Female  Num. of pups/litter Cntl  Mtrd-cK %03 z
(<) D2 0.31
N 1# MirdcKO  WT 0 2
& & kpa z
2# Mtrd-cKO ~ WT 0 5 0.24
MTR4- 150 g
*- -100 3# Mtr4-cKO WT 0 S 014
5
Tubulin-| e e 155 1# Cntl WT 7/5/5 3 .
2# Cntl WT 6/4/5 § - NG
3# Cntl WT 8/5/7 O o

8w

Cntl

Mtr4-cKO

| —

Fig. 2 | Mtr4-cKO mice display male sterility. A RT-PCR to examine Mtr4 mRNA
levels in different tissues from 8-week wild-type mice. 18S rRNA was used as a
loading control. B Western blotting to examine MTR4 protein levels in different
tissues from 8-week wild-type mice. GAPDH was used as a loading control.

C Schematic diagram of STRAS8 expression during mouse spermatogonia differ-
entiation. D Schematic diagram for constructing Mtr4 conditional knockout allele.
E Western blotting to examine MTR4 expression in testes in 8-week Cntl and Mtr4-
cKO mice. Tubulin was used as a loading control. *: nonspecific band. F Summary of

Cntl

Mtr4-cKO

the fertility test of Cntl and Mtr4-cKO mice. G The morphology of 8-week Cntl and
Mtr4-cKO mice testes. The bar plot shows the testicular/body weight ratio. Cntl,
n=4; Mtr4-cKO, n=3. P-value is based on the two-sided unpaired student’s ¢ test.
Error bars, mean + SEM, **P = 3.82e-07. H H&E staining of the sections from 8-week
Cntl and Mtr4-cKO testes (left) and epididymis (right). Cntl, n=4; Mtr4-cKkO, n=3
biological repeats. Scale bars, 50 pm. I Immunofluorescence staining of DDX4 in
8-week Cntl and Mtr4-cKO testis sections. Cntl, n =4; Mtr4-cKO, n =3 biological
repeats. Scale bar, 20 pm. Source data are provided as a Source Data file.

defects in Mtr4-cKO mice. In accordance with the fact that Stra8
expression initiates from type Al spermatogonia®, there was no
change in the number of undifferentiated spermatogonia stained with
the PLZF antibody in Mtr4-cKO versus Cntl mice (Fig. 3B, Supplemen-
tary Fig. 2A).

STRAS is abundantly expressed in both Al spermatogonia and
preleptotene (pL) spermatocytes® (Fig. 3B). To examine whether
MTR4 plays a role in spermatogonial differentiation, we conducted
STAR8 immunostaining at a stage prior to the emergence of
pL spermatocytes (P7 and P8). No difference in the number of
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STRAS8" cells between the Cntl and Mtr4 mutant testes was
observed at this stage (Fig. 3C, Supplementary Fig. 2B), demon-
strating that spermatogonial differentiation proceeded normally in
Mtr4-cKO mice. Further, the population of DDX4" cells remained
unaffected in Mtr4-cKO mice at P8 (Fig. 3D), indicating that the
mitotic progression of mutant germ cells was not apparently
impaired.

In Mtr4 mutant testes, germ cell counts were reduced at P9,
coinciding with the emergency of pL spermatocytes during regular
spermatogenesis (Fig. 3A). To distinguish pL and Al type germ cells
that both abundantly express STRAS8 (Fig. 3B), we performed double
staining for STRA8 and yH2A.X, the latter of which is a marker for
double-strand DNA breaks induced as part of the meiotic recombina-
tion process” (Fig. 3B). In line with the undisturbed spermatogonial
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Fig. 3 | MTR4 is dispensable for differentiated spermatogonia mitosis. A H&E
staining of the sections from Cntl and Mtr4-cKO testes at P8, P9, P10 and P12. Red
arrows indicate the representative spermatocytes. P8, n=2; P9, P10, P11, n=3
biological repeats. Scale bars, 20 pm. B Schematics diagram of the expression of
DDX4, PLZF, STRAS, c-KIT, yH2A X, and SYCP3 during the early stage of mouse
spermatogenesis process. Undiff spg, undifferentiated spermatogonia; Al, type
Al spermatogonia; A2-A4, type A2, type A3 and type A4 spermatogonia, respec-
tively; In-B, intermediate and type B spermatogonia, respectively; pL, preleptotene
spermatocyte; L/Z/P/D, leptotene, zygotene, pachytene and diplotene spermato-
cyte, respectively; MI-MII, meiosis 1 and meiosis 2 spermatocyte metaphase,

respectively. C Immunofluorescence staining of STRAS8 in P8 Cntl and Mtr4-cKkO
testis sections. Scale bar, 20 pm. The bar plot shows the quantification of STRA8"
cells per seminiferous tubule. Cntl, n = 47; Mtr4-cKO, n = 48. P-value is based on the
two-sided unpaired student’s ¢ test. Error bars, mean + SEM, n.s. P=0.5743.

D Immunofluorescence staining of DDX4 in P8 Cntl and Mtr4-cKO testis sections.
Scale bar, 50 pm. The bar plot shows the population of DDX4" cells in each semi-
niferous tubule. Cntl, n =43; Mtr4-cKO, n=39. P-value is based on the two-sided
unpaired student’s ¢ test. Error bars, mean + SEM, n.s. P=0.2921. Source data are
provided as a Source Data file.

differentiation, STRA8'YH2A.X' (Al) spermatogonia were normally
detected in Mtr4-cKO testes at P9 (Fig. 4A, Supplementary Fig. 2C). In
contrast, although STRA8"'YH2A.X" cells were abundantly detected in
the cavities of about 11% of seminiferous tubules in the Cntl testes, they
were rarely observed in the mutant (Fig. 4A, Supplementary Fig. 2C).
This indicates that meiotic initiation was severely impaired in the
absence of MTR4.

In agreement with impaired meiotic initiation, cells positively
stained with SYCP3, a component of the synaptonemal complex
formed particularly during meiosis® (Fig. 3B), were plentiful in Cntl
testes but hardly detected in Mtr4-cKO (Supplementary Fig. 2D).
Terminal dUTP nick-end labeling (TUNEL) revealed that more germ
cells were positively stained in Mtr4 mutant testes (Supplementary
Fig. 2E), suggesting that mutant germ cells that failed to undergo
meiotic initiation might be eliminated through the apoptotic pathway.
Collectively, these data demonstrate that MTR4 plays an essential role
in meiotic initiation during spermatogenesis.

The small population of pL/pL-like Mtr4 mutant spermatocytes
cannot complete meiosis

In Mtr4-cKO mutant mice, we noticed that although most spermato-
gonia were unable to initiate meiosis, a small population exhibited a
staining pattern characteristic of pL cells (Supplementary Fig. 2C). We
thus examined whether these mutant germ cells could complete
meiosis by tracking the progression of meiosis based on the staining
patterns of SYCP3 and yH2A.X in spermatocyte nuclear spreads. In Cntl
mice, as expected, meiosis progressed normally through leptotene,
zygotene, pachytene, and diplotene stages (Fig. 4B). In contrast, in
Mtr4-cKO mice, while a few leptotene- and zygotene-like spermato-
cytes could be observed, no pachytene or diplotene spermatocyte was
detected (Fig. 4B). Therefore, although a few MTR4-deficient sper-
matogonia could progress into spermatocytes, they were unable to
accomplish meiosis.

Evidence that MTR4 is involved in nuclear exosomal RNA
degradation in mice

To understand how MTR4 functions in spermatogenesis, we examined
whether it is involved in nuclear exosomal degradation in mice. Con-
sistent with a previous study®, MTR4 predominantly localized in the
nuclei of germ cells (Supplementary Fig. 3A), consistent with its loca-
tion in HelLa cells®*'°. Furthermore, immunoprecipitation (IP) with an
anti-MTR4 antibody in RNase-treated mouse testis homogenate
revealed its association with exosome components, such as EXOSCI10
and EXOSCS, as well as nuclear exosome co-factor ZFC3H1 and nuclear
cap-binding protein CBP80***? (Supplementary Fig. 3B).

Moreover, consistent with findings in cultured cells"*?**, we
observed polyA RNA accumulation in the nuclei of Mtr4 mutant germ
cells compared to Cntls using fluorescence in situ hybridization (FISH)
with an oligo(dT) probe (Supplementary Fig. 3C). Notably, this accu-
mulation was already evident at P8 in mutant testes (Fig. 5A), even
though no apparent spermatogenesis defect was observed at this stage
(Fig. 3A). These results collectively indicate that, similar to its roles in
cultured cells, MTR4 is involved in nuclear exosomal RNA degradation
in mice.

Mtr4 mutant pre-meiotic spermatogonia demonstrate a tran-
scriptome with mixed mitotic/meiotic features

To identify the causes of impaired meiotic initiation in Mtr4-cKO mice,
we isolated c-KIT* male germ cells (differentiated spermatogonia)
from Cntl and Mtr4 mutant testes at P8*, and carried out whole-cell
polyA RNA-seq analysis to specifically detect changes in processed
RNAs (Figs. 3B, 5B). We performed three biological replicates, which
showed strong correlations for both Cntl and Mtr4-cKO samples
(Supplementary Fig. 4A). RNA-seq signals showed that Mtr4 was nearly
completely knocked out in Mtr4-cKO germ cells (Fig. 2D, Supplemen-
tary Fig. 4B). As expected, PROMPTs and ptRNAs, known nuclear
exosome substrates in cultured cells>®, were globally accumulated in
the mutant germ cells (Supplementary Fig. 4C), further confirming the
role of MTR4 in nuclear exosomal RNA degradation in mice.

We identified a total of 1145 upregulated genes and 2805 down-
regulated genes (1.5-fold change, FDR (Wald test, Benjamini-Hochberg
adjusted) <0.05) (Fig. 5C). The majority of the upregulated genes
appeared to be noncoding (784 in 1145), suggesting that MTR4 pri-
marily targets noncoding RNAs (ncRNAs) for degradation in pre-
meiotic cells (Fig. 5C). In contrast, over 95% of the downregulated
genes are protein-coding (Fig. 5C). Notably, a higher population of
upregulated genes showed more than a 2-fold change compared to the
downregulated genes upon Mtr4 knockout (Supplementary Fig. 4D).
Consistent with the meiosis initiation defects observed in the Mtr4-
cKO germ cells, gene ontology (GO) analysis revealed that these dif-
ferentially expressed genes (DEGs) were enriched in Biological Process
(BP) pathways related to mitotic and meiotic regulation (Fig. 5D). For
instance, Spolil, a gene essential for meiosis, was upregulated*’; while
Vep, critical for mitosis, was downregulated in Mtr4-cKO germ
cells®® (Fig. 5E).

To gain a comprehensive understanding of the impact of MTR4
deletion on the gene expression program of pre-meiotic spermato-
gonia, we analyzed the expression profiles of DEGs in Mtr4 mutant
spermatogonia throughout regular spermatogenesis. For this, we
analyzed a previously published single-cell RNA sequencing (SCRNA-
seq) dataset that encompassed various types of synchronized sper-
matogenic cells¥. Based on comprehensive analysis (see details in
“Methods”), genes specifically expressed at mitotic stages (A1-BG2M)
were considered as mitotic genes, while those specifically expressed at
meiotic stages (G1-IpL) were classified as meiotic genes (Fig. 5F).

Remarkably, a distinct pattern emerged for DEGs in Mtr4-cKO
germ cells: most upregulated genes (54.4%) were induced after meiosis
initiation, while the majority of downregulated (73.6%) genes were
repressed as spermatogenesis progressed to meiotic stages (Fig. 5G).
Thus, a portion of the pre-meiotic transcriptome pre-maturely exhib-
ited meiotic characteristics in response to MTR4 deletion. This indi-
cates that MTR4 functions in promoting mitotic gene expression while
repressing meiotic genes (Fig. 5H).

MTR4 differentially regulates genes with distinct length and
intron number

To understand how MTR4 affects pre-meiotic germ cell transcriptome,
we systematically identified gene features correlating with gene
expression changes in Mtr4-cKO germ cells. The features we used

Nature Communications | (2025)16:2605


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57898-0

A
P9
;\? § *kk
~ n.s. -
B 40- 815 |
= > . 3
S 5 .5
= 30 T
> > 10+
< <
QY] QY]
T 20 T .
= . =
& I & :
< 5+
2 M B :
o @ @ i
5 i
X o o o ol 1=
S & g & &
\
B
3w Cntl Mtr4-cKO
Leptotene Zygotene Pachytene Diplotene Leptotene Zygotene
SYCP3 M Diplotene
3 B Pachytene
‘5, 300+ Zygotene
o Leptotene
©
E
[
Q. 200+ w10
yH2A.X @ ,T
c
o) 1
:@ I
S 100 /1 ts
B I
. (9] T 1
Merge £ I
=} 0 - 0
Z
x> O
o
&w

- ...- ..

Fig. 4 | MTR4 is essential for meiosis initiation and process. A Co-staining of
STRAS8 and yH2A.X in P9 Cntl and Mtr4-cKO testis sections. Scale bar, 50 um. The
bar plots show the ratio of the STRA8'YH2A.X (Cntl, n=9; Mtr4-cKO, n =8, left)
and STRA8'YH2A X' (Cntl, n =8; Mtr4-cKO, n =8, right) tubules per section.
P-values are based on the two-sided unpaired student’s ¢ test. Error bars,

mean + SEM, n.s. P=0.0586, ***P=4.68e-07. B Chromosome spreads of 3-week

Cntl spermatocytes and Mtr4-cKO spermatocyte-like cells were co-stained of
SYCP3, yH2A.X and DAPI. Scale bars, 10 pum. The bar plot shows the quantification
of leptotene/leptotene-like (Cntl, n =35, 49; Mtr4-cKO, n=10, 7), zygotene/
zygotene-like (Cntl, n =82, 93; Mtr4-cKO, n=1, 2), pachytene (Cntl, n=117, 101;
Mtr4-cKO, n=0, 0) and diplotene (Cntl, n =53, 56; Mtr4-cKO, n=0, 0) sperma-
tocytes. Error bars, mean + SEM. Source data are provided as a Source Data file.

included gene length, mature RNA length, intron number, and guanine
and cytosine (GC) content of the mature RNAs. We found that gene
length and intron number are important features correlating with gene
expression in Mtr4-cKO germ cells (Supplementary Fig. 4E).

Shorter genes tend to be upregulated, while longer genes are
more likely to be downregulated (Fig. 6A). Similarly, genes with fewer
introns tend to be upregulated, while those with more introns are
downregulated (Fig. 6B). When genes were grouped by length, the
impact of intron number on RNA level changes was noticeable across
all categories (Supplementary Fig. 4F). Conversely, when genes were
grouped by intron number, gene length was found to influence RNA
expression only in gene groups with fewer introns (<9) (Supplemen-
tary Fig. 4G). The impacts of gene length and intron number became
even more evident when separating genes into upregulated, unchan-
ged and downregulated groups in Mtr4-cKO germ cells (Fig. 6C, D).

Upregulated genes were generally shorter and possessed fewer introns
compared to unchanged ones, while downregulated genes were longer
and contained more introns (Fig. 6C, D). Thus, in pre-meiotic germ
cells, MTR4 appears to repress shorter genes with fewer introns and
ensure the expression of longer genes with more introns.

Mitotic and meiotic genes harbor distinct features
Given the roles of MTR4 in the differential regulation of mitotic and
meiotic genes (Fig. 5H), we compared the length and intron number of
upregulated meiotic and downregulated mitotic genes in Mtr4 mutant
mice. Indeed, upregulated meiotic genes were shorter and had fewer
introns than downregulated mitotic genes (Fig. 6E, F).

To further explore whether mitotic and meiotic genes generally
possess distinct features, we analyzed the length and intron number of
genes specifically expressed at each mitotic (Al, In, BS, and BG2M) and
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Intriguingly, we observed a transition at the boundary between mitosis
and meiosis (BG2M-to-G1) (Fig. 6G, H). Germ cells exhibited a sig-
nificant shift from predominantly expressing longer genes with more
introns (BG2M in mitosis) to expressing shorter genes with fewer
introns (G1 in meiosis) (Fig. 6l, J). Consistent with this shift, we also
observed decreased expression levels of Mtr4 and exosome
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components during the transition from mitosis (A1-BG2M) to meiosis
(GI-IpL) (Fig. 6K, Supplementary Fig. 5A-J). In contrast, RNA export
factors did not display such downregulation (Supplementary Fig. 5K,
L). These findings support the view that in pre-meiotic germ cells,
MTR4/exosome represses meiotic genes, which are typically shorter
and with fewer introns, while ensuring the expression of mitotic genes
that are longer and contain more introns. As germ cells transition from
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Fig. 5| The transcriptome of Mtr4 mutant pre-meiotic germ cells demonstrated
a mixed mitotic/meiotic feature. A FISH analysis of polyA RNA distribution using
oligo(dT) probes in P8 Cntl and Mtr4-cKO testis sections. DAPI was stained to mark
the nuclei. Cntl, n=2; Mtr4-cKO, n =2 biological repeats. Scale bars, 10 um. B A
diagram for the cell sorting and polyA RNA-seq experimental procedure. C Volcano
plots showing the expression changes of all genes (18,168 genes analyzed, left) and
protein-coding genes (14,558 genes analyzed, right) in Mtr4-cKO germ cells com-
pared to the corresponding Cntls. D Gene Ontology (GO) term analysis of all dif-
ferentially expressed (DE) genes. P-values are based on hypergeometric test
corrected for multiple hypothesis tests using the Benjamini-Hochberg method.

E Screenshots of RNA-seq signals of representative upregulated meiotic gene

(Spol1, upper) and downregulated mitotic gene (Vcp, lower). Spoll: FC=2.598,
FDR = 8.68e-4; Vcp: FC = 0.435, FDR =1.29e-4. F Schematics diagram of mitotic and
meiotic stages of the mouse spermatogenesis process. G Heatmap showing the
expression of DE genes in our RNA-seq dataset (left) and at individual spermato-
genic stages from sc-RNA seq dataset (right). Al, type Al spermatogonia; In,
intermediate spermatogonia; BS, S phase type B spermatogonia; BG2M, G2/M
phase type B spermatogonia; G1, G1 phase preleptotene spermatocyte; epL, early S
phase preleptotene spermatocyte; mpL, middle S phase preleptotene spermato-
cyte; IpL, late S phase preleptotene spermatocyte. H MTR4/exosome represses
meiotic gene expression and maintains mitotic gene expression directly or indir-
ectly. Source data are provided as a Source Data file.
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Fig. 6 | MTR4 deletion leads to upregulation of shorter length and fewer
intron genes. A Violin plot showing the expression changes of genes of varying
length in Mtr4-cKO germ cells compared to the corresponding Cntls. n =3625;
3625; 3625; 3625; 3624 from left to right. P-values are based on the two-sided
unpaired Wilcoxon test. Medians are shown in the plot. B Violin plot showing the
expression changes of genes with varying intron numbers in Mtr4-cKO germ cells
compared to the corresponding Cntls. n =2436; 4620; 3308; 3992; 3768 from left
to right. P-values are based on the two-sided unpaired Wilcoxon test. Medians are
shown in the plot. C Violin plot showing length of genes exhibiting upregulated, no-
changed and downregulated expression. Up, n=1145; n/c, n=14,175; down,
n=2805. P-values are based on the two-sided unpaired Wilcoxon test. n: the
number of differential expression genes. D Violin plot showing the intron number
of genes exhibiting upregulated, no-changed and downregulated expression. Up,
n=651; n/c, n=12,332; down, n=2705. P-values are based on the two-sided
unpaired Wilcoxon test. n: the number of differential expression genes. E Violin plot
showing the length of upregulated meiotic genes and downregulated mitotic genes
in Mtr4-cKO germ cells. Upregulated meiotic gene, n = 211; downregulated mitotic
genes, n =1389. P-value is based on the two-sided unpaired Wilcoxon test. F Violin
plot showing intron number of upregulated meiotic genes and downregulated
mitotic genes in Mtr4-cKO germ cells. Upregulated meiotic gene, n=164;

downregulated mitotic genes, n=1,83. P-value is based on the two-sided unpaired
Wilcoxon test. G Violin plot showing the length of specifically expressed genes at
individual spermatogenic stages in sc-RNA seq dataset. BG2M, n=1509; G1, n = 60.
P-value is based on the two-sided unpaired Wilcoxon test. H Violin plot showing the
intron number of specifically expressed genes at individual spermatogenic stages
in sc-RNA seq dataset. BG2M, n =1509; G1, n = 60. P-value is based on the two-sided
unpaired Wilcoxon test. I Cumulative distribution of gene length of specifically
expressed genes at BG2M and G1 stage. BG2M, n=1509; G1, n = 60. P-value is based
on the two-sided unpaired Wilcoxon test. ] Cumulative distribution of intron
number of specifically expressed genes at BG2M and Gl stage. BG2M, n =1509; G1,
n=60. P-value is based on the two-sided unpaired Wilcoxon test. K Violin plots
showing the expression level of Mtr4 (left) and Dis3 (right) at individual sperma-
togenic stages from sc-RNA seq dataset. BG2M, n = 58; G1, n =204. P-values are
based on the two-sided unpaired Wilcoxon test. L The expression of Mtr4/exosome
reduces and the meiotic genes with shorter length and fewer introns activate
during mitotic-meiotic transition. Data in (A-H, K) are presented as box and
whisker plots. The central lines denote median value, while the bounds of box mark
the 25th to 75th percentiles and whiskers refer to minimum and maxima values.
Source data are provided as a Source Data file.

mitosis to meiosis, the reduced expression of Mtr4 and exosome
components might lead to increased expression of meiotic genes,
facilitating meiosis initiation (Fig. 6L).

MTR4 binds to various types of RNA substrates

To gain further insights into how MTR4 differentially regulates mitotic
and meiotic genes with different features, we aimed to profile MTR4
binding and examine the impact of gene length and intron number.
Due to the insufficient yield of c-KIT" spermatogonia at P8 for regular
CLIP-seq, we utilized LACE-seq (Linear Amplification of cDNA Ends and
sequencing), a technique developed to identify the binding profiles of
RNA-binding proteins at single-cell level*** (Fig. 7A).

We conducted three replicates of MTR4 LACE-seq, which
demonstrated a high level of reproducibility (Supplementary Fig. 6A).
Based on LACE-seq data, we identified several GC-rich motifs near
MTR4-binding sites (Supplementary Fig. 6B). MTR4 binding generally
decreased as gene length and intron number increased (Fig. 7B, C),
indicating a preference for shorter RNAs with fewer introns. This aligns
with the preferential accumulation of short and intron-few RNAs in
Mtr4 mutant germ cells (Fig. 6A, B). Genes with the longest lengths
(>59.7 kb) or the highest number of introns (>10) also showed abun-
dant MTR4 binding, likely due to the accumulated non-specific binding
along the transcripts (Fig. 7B, C). When genes were grouped by length,
the effect of intron number on MTR4 binding was specifically evident
in shorter and few-intron genes (gene length <39 kb, intron number
<5) (Supplementary Fig. 6C). Consistently, when grouped by intron
numbers, gene length had a significant effect on MTR4 binding only in
genes with shorter length and fewer introns (gene length <40 kb,
intron number <3) (Supplementary Fig. 6D). These results suggest that
intron number has a more significant impact on MTR4 binding than
gene length.

We next analyzed MTR4 distribution patterns on mRNAs differ-
entially regulated by MTR4. As expected, MTR4 showed a greater
enrichment on upregulated mRNAs compared to downregulated and
unchanged ones, with stronger enrichment at the middle and the 3’
regions compared to the 5’ region (Fig. 7D, Supplementary Fig. 6E).
Interestingly, for ptRNAs, MTR4 consistently bound to the 5" region,
regardless of whether they were regulated by MTR4. However, we
observed a specific enrichment at the 3’ region of upregulated ptRNAs
in response to Mtr4 KO (Fig. 7E, Supplementary Fig. 6F), suggesting
that this differential MTR4 binding may influence ptRNA degradation.

We also examined MTR4 binding on PROMPTSs. Metagene profiles
revealed that MTR4 was enriched at the 5" of upregulated PROMPTs
versus unchanged ones (Supplementary Fig. 6G). This 5’ enrichment

could partly be attributed to the variable lengths of PROMPTs**°.
Supporting this possibility, the metaprofiles of RNA-seq reads from
Mtr4 mutant also displayed a 5’ preference (Supplementary Fig. 6H).
These findings collectively demonstrate that MTR4 binds to distinct
regions of different degradation substrates in pre-meiotic germ cells.

A conserved role of MTR4 in the degradation of mature
replication-dependent histone (RDH) mRNAs in the nucleus
RDH genes are a group of short, intronless genes whose mRNAs end
with a stem-loop sequence at the 3’ end, instead of a polyA tail**%,
Given that these features are aligned with typical MTR4/exosome
targets, we examined MTR4 binding on these RNAs.

MTR4 predominantly bound to the middle and the 3’ region of
RDH mRNAs (Fig. 7F). In contrast, its binding to replication-
independent histone (RIH) mRNAs, which contain multiple introns
and are polyadenylated, was significantly less profound (Fig. 7F). This
suggests that MTR4/exosome might play a role in degrading RDH
mRNAs in the nucleus. Indeed, we found that RDH mRNAs were greatly
accumulated upon Mtr4 depletion, while RIH mRNA levels did not
change substantially (Fig. 7G, H).

Interestingly, for RDH genes, RNA signals upstream of the
canonical cleavage site (CCS), but not downstream, were sig-
nificantly elevated in Mtr4-cKO germ cells (Supplementary Fig. 7A),
suggesting that the properly processed forms undergo nuclear
exosomal degradation. To validate whether properly cleavage RDH
mRNAs were polyadenylated and degraded by the exosome, we
specifically analyzed RNA-seq reads with at least two extra con-
secutive As compared to the reference genome (extraAA reads, see
details in “Methods”). The IGV snapshots revealed that these reads
were preferentially mapped to or near the canonical 3’ cleavage site
(Supplementary Fig. 7B). Moreover, MTR4 showed a preference for
binding to the middle and 3’ region of upregulated histone mRNAs,
compared to unchanged ones (Fig. 71). Although the mechanism for
polyadenylation of these mRNAs remains unclear, these data sug-
gest that a subset of properly processed histone mRNAs are poly-
adenylated and degraded by the nuclear exosome.

To further validate the nuclear degradation of mature histone
mRNAs and assess whether this mechanism is conserved, we revisited
our previous RNA-seq data from rRNA-depleted RNAs in nuclear frac-
tions of Cntl and hMTR4 knockdown Hela cells®. Once again, we
observed that most RDH, but not RIH, mRNAs were substantially
upregulated in hMTR4 KD cells compared to Cntls (Fig. 7J, Supple-
mentary Fig. 7C). Thus, MTR4 plays a conserved role in the degrada-
tion of mature RDH mRNAs in the nucleus.
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Fig. 7| MTR4 binds to specific regions on its substrate RNAs. A A diagram for the
cell sorting and LACE-seq experimental approach. B Violin plot showing the nor-
malized MTR4 binding counts on RNAs of varying length expressed in Cntl germ
cells. n=2130; 2130; 2130; 2130; 2130 from left to right. P-values are based on the
two-sided unpaired Wilcoxon test. Medians are shown in the plot. C Violin plot
showing the normalized MTR4 binding counts on RNAs with varying intron num-
bers expressed in Cntl germ cells. n = 3422; 1161; 1944; 2031; 2022 from left to right.
P-values are based on the two-sided unpaired Wilcoxon test. Medians are shown in
the plot. D Metaprofile showing the MTR4 signals on mRNAs exhibiting upregu-
lated, no-changed, and downregulated expression based on merged LACE-seq data.
Up, n=340; n/c, n=11,115; down, n = 2661. E Same as (D), except that MTR4 signals
on ptRNAs are shown. Up, n=419; n/c, n=396. F Same as (D), except that

" "RDH RH

MTR4 signals on RDH and RIH mRNAs are shown. RDH, n=65; RIH, n=14.

G Heatmap showing the expression of RDH and RIH genes in Cntl and Mtr4-cKO
germ cells. H Screenshots of RNA-seq signals of representative upregulated RDH
(left) and no-changed RIH (right) genes in Cntl and Mtr4-cKO germ cells. I Same as
(D), except that MTR4 signals on histone mRNAs are shown. Up, n=>51; n/c, n=18.
J Bar plot showing the population of RDH and RIH genes exhibiting upregulated,
no-changed, and downregulated expression in hMTR4 KD HelLa cells relative to the
corresponding Cntls based on rRNA depleted RNA-seq. RDH, n = 61; RIH, n=10.
Data in (B, C) are presented as box and whisker plots. The central lines denote
median value, while the bounds of box mark the 25th to 75th percentiles and
whiskers refer to minimum and maxima values. Source data are provided as a
Source Data file.

Gene upregulation in Mtr4 mutant is mainly due to inhibited
RNA degradation

Our LACE-seq data showed that 65% of upregulated mRNAs in Mtr4-
cKO germ cells displayed apparent MTR4 binding (Fig. 8A), indicating

they are bona fide nuclear exosome degradation targets. However,
how do the remaining 35% of upregulated mRNAs without MTR4
binding accumulate in these cells? PROMPTs have been reported to
promote the transcription of downstream genes by facilitating
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chromatin accessibility*>*. In line with this view, protein-coding genes
with higher PROMPT accumulation in Mtr4-cKO germ cells showed
moderately more pronounced increases in expression compared to
those with lower PROMPT accumulation (Fig. 8B). One-seventh of
upregulated mRNAs without apparent MTR4 binding exhibited upre-
gulated PROMPTs (Fig. 8C, D). The upregulation of these mRNAs may
result from the accumulation of corresponding PROMPTs. However, it
is also possible that these mRNAs and their PROMPTSs are upregulated
due to increased transcription from shared promoters. Thus, gene
upregulation in Mtr4 mutant pre-meiotic germ cells is primarily
attributed to inhibited RNA degradation, with additional contributions
potentially arising from other mechanisms, including the accumula-
tion of PROMPTSs.

Polyadenylated retrotransposon RNAs are accumulated in Mtr4
mutant germ cells

Eukaryotic genome contains plentiful retrotransposons, whose trans-
position requires the production and reverse transcription of retro-
transposon RNAs with a polyA tail®*. In germ cells, to avoid
spontaneous mutation, it is particularly important to repress these
retrotransposons. The mouse genome harbors three major types of
retrotransposons, including long interspersed nuclear elements
(LINEs), short interspersed nuclear elements (SINEs), and long terminal
repeats (LTRs)*75,

We noticed that 52.4% of MTR4 binding reads were mapped to
repeat elements (RE) (Fig. 8E), and among these, more than half were
mapped to SINEs, LINEs, and LTRs (Fig. 8F), suggesting these retro-
transposon RNAs might be removed by the nuclear exosome in male
germ cells. In agreement with this possibility, similar to that of
PROMPTSs, RNA-seq read population of RE increased in Mtr4-cKO germ
cells in comparison to Cntl cells (Fig. 8G).

Both LINE and SINE RNAs are known to be polyadenylated*’*’.
Although LTRs are not known to be strongly polyadenylated, they were
quite abundantly detected in our polyA RNA-seq (Supplementary
Fig. 8A). All three kinds of retrotransposon RNAs were globally accu-
mulated in M¢tr4-cKO germ cells compared to Cntl cells (Fig. 8H, Sup-
plementary Fig. 8B-D). Among these RNAs, the population of SINEs
detected by polyA RNA-seq was elevated in Mtr4-cKO germ cells in
comparation to Cntl cells (Supplementary Fig. 8A), indicating that they
were most upregulated among retrotransposon RNAs in response to
Mtr4 deletion.

Many retrotransposons are located in the middle of protein-
coding genes***. To confirm that retrotransposon RNAs were indeed
expressed and polyadenylated, we selectively analyzed those retro-
transposon regions with 5-fold more enrichment of RNA-seq signals
than flanking regions, with RNA-seq reads containing at least two
additional non-templated adenines compared to the reference gen-
ome (extraAA reads, see details in “Methods”). This strict selection
yielded fewer retrotransposon RNAs, but their upregulation in Mtr4-
cKO germ cells remained significant (Supplementary Fig. 8E). Thus, the
nuclear exosome functions to prevent the accumulation of poly-
adenylated retrotransposon RNAs that have potential mutagenic
threat™".

We also examined MTR4 binding on retrotransposon RNAs. MTR4
was modestly enriched on upregulated SINEs compared to down-
regulated or unchanged ones (Fig. 81, Supplementary Fig. 8F). Same as
mRNAs and ptRNAs, MTR4 binding was more enriched at the 3’ region
of upregulated SINEs as compared to the downregulated or unchan-
ged ones (Fig. 8I, Supplementary Fig. 8F). We could not detect
apparent enrichment of MTR4 on upregulated LINEs or LTRs, com-
pared to the corresponding downregulated or unchanged ones for
unclear reason (Supplementary Fig. 8G, H). Thus, these data indicate
that at least polyadenylated SINEs are degradation substrates of the
nuclear exosome.

Accumulated B2 SINEs may contribute to the repression of a
subset of genes in Mtr4 mutant spermatogonia

The widespread downregulation of protein-coding genes in Mtr4-
cKO germ cells is unexpected (Fig. 5C), as the major role of MTR4 is
to degrade nuclear RNAs. How could MTR4 deletion cause reduced
gene expression? Mouse B2 SINEs and human Alu elements have
been reported to repress transcription®™°°. We speculated that in
MTR4-deficient germ cells, accumulated B2 SINE RNAs might
repress the transcription of the corresponding host protein-coding
genes in cis (Supplementary Fig. 81). To examine this, we separated
intragenic B2 SINEs into highly upregulated, mildly upregulated and
unchanged groups, and analyzed the expression changes of the
corresponding host genes in Mtr4 KO germ cells. As shown in Fig. 8],
although there was no difference in expression changes between
host genes with unchanged and mildly upregulated B2 SINEs, a
slightly more pronounced reduction in expression was observed
in host genes with highly upregulated B2 SINEs, compared to
those with mildly upregulated ones. This suggests a potential role
of B2 SINEs in inhibiting gene expression in cis. However, this
putative in cis role cannot explain the global downregulation of
protein-coding genes, as only 9% of downregulated genes showed
accumulated intragenic B2 SINEs in Mtr4 KO germ cells (Fig. 8K).
B2 SINEs was reported to inhibit transcription through direct
binding to RNAP II’>*°. It is possible that the global repression of
protein-coding genes might be mainly due to the in trans effect of
accumulated B2 SINEs or other unclear mechanisms. Notably,
recent studies also found that deletion of core exosome component
in mouse embryonic stem cells leads to global transcription

repression®’%,

Mtr4 KO leads to alternative splicing changes to mitotic and
meiotic genes

When analyzing MTR4 binding distribution on protein-coding genes,
we found that a significant population was located on introns (Fig. 9A),
suggesting a role of MTR4 in pre-mRNA splicing. To examine this, we
analyzed alternative splicing (AS) events in Mtr4-cKO samples com-
pared to Cntls. Interestingly, we identified a total of 2021 AS events that
showed significant changes in response to Mtr4 KO (Fig. 9B). The
majority of AS events were exon skipping, with no significant bias in
terms of exon exclusion or inclusion (Fig. 9B). Approximately 85% of
the AS genes exhibited MTR4 binding within introns (Supplementary
Fig. 8J). Notably, several splicing factors, including Sf3al, SfI, Rbm22,
Snrnp25”, are downregulated upon MTR4 depletion (Supplementary
Data 3). Thus, it is possible that MTR4 may regulate AS through both
direct and indirect mechanisms.

Significantly, GO term analysis of SE genes apparently enriched
pathways related to meiotic regulation (Fig. 9C). This suggests that
in pre-meiotic cells, MTR4 regulates meiotic gene expression
through modulating alternative splicing as well. To validate splicing
changes in Mtr4-cKO germ cells, we isolated c-KIT* cells from Cntl
and mutant testes at P8 and carried out RT-PCRs for two selective
genes, Sycpl and Chfr, with functions in meiosis and/or mitosis
regulation®®®’. Consistent with RNA-seq data, Sycpl showed
increased inclusion of exon 6 (Fig. 9D, F), whereas Chfr displayed
increased exclusion of exon 9 in Mtr4-cKO germ cells (Fig. 9E, F).
Notably, exon 6 of Sycpl encodes a region (amino acids 95-149)
critical for head domain dimerization of SYCP1, which is essential
for stabilizing the synaptonemal complex structure®®®’. On the
other hand, exon 9 skipping (155bp) in Chfr causes frameshift,
disrupting Chfr expression and its role in preventing inappropriate
entry into mitosis or meiosis metaphase®. Taken together, our
study indicates that MTR4 safeguards meiosis initiation through
complicated regulation of RNA metabolism (Fig. 9G, Supplemen-
tary Fig. 9).
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Discussion

Nuclear RNA degradation is increasingly considered to be an impor-
tant post-transcriptional regulatory mechanism. However, its biologi-
cal relevance, especially in animals, remains largely unclear. In this
work, we found that nuclear RNA degradation is essential for both
embryogenesis and spermatogenesis. With a focus on spermatogen-
esis, we provide compelling evidence that nuclear RNA degradation is
particularly critical for the mitosis-to-meiosis transition through reg-
ulating RNA abundance and processing of meiotic and mitotic genes.

We demonstrated that specific KO of Mtr4 in male germ cells results
in complete male fertility and severe meiosis initiation defect. Our work
aligns with a recent study that reported a significant decrease in male

0 1 2 3 w/ upregulated B2 SINE

w/o upregulated B2 SINE

fertility in mice with a whole-body KO of Zcchc8, another nuclear exo-
some co-factor®. However, it is worth noting that Zcchc8 KO mice
exhibited a reduced birth rate and demonstrated significant develop-
mental abnormalities. Thus, it remains plausible that the observed
reduction in male fertility was a secondary consequence of these
broader developmental defects. We provided compelling and direct
evidence that MTR4/exosome-mediated nuclear RNA degradation plays
a crucial role in shaping the transcriptome for initiating meiosis during
spermatogenesis. MTR4/exosome preferentially degrades RNAs pro-
duced from short genes with fewer introns, while maintaining the
expression of long genes with a higher number of introns. In line with
this regulation rule and the essential role of MTR4 in meiosis initiation, a
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Fig. 8 | Accumulation of MTR4 substrate ncRNAs could be involved in altered
expression of protein coding genes. A Pie plot showing the population of upre-
gulated mRNAs with MTR4 binding. n=361. B Cumulative distribution of the
expression changes of mRNAs in Mtr4-cKO germ cells compared to the corre-
sponding Cntls. mRNAs are categorized into those with highly-upregulated, mildly-
upregulated and no-changed PROMPT. Highly-up, n =1367; mildly-up, n =1631; n/c,
n=613. P-values are based on the one-sided Kolmogorov-Smirnov test. C Pie plot
showing the population of upregulated mRNAs without MTR4 binding possessing
upregulated PROMPT. D Screenshots of RNA-seq signals of upregulated Zfp397
with upregulated PROMPT. E Pie plot showing the distribution of MTR4 binding
reads mapped to the indicated RNA classes. Categories are mutually exclusive.
n=1,631,508. F Pie plot showing the distribution of MTR4 binding reads mapped to
the indicated repeat elements (RE). Categories are mutually exclusive. G Bar plot

showing the distribution of reads mapped to the indicated RNA classes in Cntl and
Mtr4-cKO RNA-seq data. Categories are mutually exclusive. Cntl, n = 94,489,710;
Mtr4-cKO, n=96,925,892. H Volcano plots showing the expression changes of
SINEs (38,475 genes analyzed, left), LINEs (4890 genes analyzed, middle) and LTRs
(6144 genes analyzed, right) in Mtr4-cKO germ cells compared to the corre-
sponding Cntls. I Metaprofile showing MTR4 signals on SINEs exhibiting upregu-
lated and no-changed or downregulated expression based on merged LACE-seq
data. Up, n =606; n/c or down, n = 4231. J Cumulative distribution of the expression
changes of mRNAs in Mtr4-cKO germ cells compared to the corresponding Cntls.
mRNAs are categorized into those with highly-upregulated, mildly-upregulated and
no-changed B2 SINE. Highly-up, n=361; mildly-up, n=527; n/c, n=1098. P-values
are based on the one-sided Kolmogorov-Smirnov test. K Pie plot showing the
population of downregulated mRNAs possessing upregulated B2 SINE.

distinct shift is observed as cells transition from spermatogonia to
spermatocytes: gene expression shifts from longer genes with more
introns to shorter genes with fewer introns. Further, during this transi-
tion, the expression levels of MTR4/exosome are generally reduced.
Thus, nuclear RNA degradation appears to function in shaping the
transcriptome by differentially regulating the expression of meiotic and
mitotic genes. Our data also suggest that the initiation of meiosis is a
continuous process that necessitates tight regulation of nuclear RNA
degradation. Many meiotic genes are prematurely induced during the
mitotic phase of differentiated spermatogonia, but their expression
levels need to be precisely regulated through nuclear exosomal degra-
dation. In addition to changes in mRNA expression, we observed that
ncRNAs were primarily upregulated upon MTR4 deletion. Increasing
evidence suggests the involvement of ncRNAs in the regulation of
spermatogenesis®>®°. Thus, the dysregulation of ncRNAs may contribute
to meiotic initiation defects in Mtr4 mutant mice.

Apart from previously known nuclear exosome substrates, we have
identified polyadenylated retrotransposon RNAs as targets of the
nuclear exosome in germ cells. A recent study demonstrated that in
mouse stem cells, NEXT/exosome selectively represses the expression of
non-polyadenylated, short retrotransposon RNAs”. Given that retro-
transposon RNAs require a polyA tail for transposition***, the accumu-
lation of polyadenylated retrotransposon RNAs detected here in Mtr4
deleted germ cells implies that nuclear RNA degradation could be vital
for safeguarding the integrity of the germline genome by preventing
spontaneous mutations. Additionally, we found that MTR4/exosome
plays a role in removing mature histone mRNAs. Remarkably, this
function appears to be conserved between mice and humans, and it is
observed in both germ cells and cultured somatic cells®*™°. Previously,
NEXT was suggested to be involved in the removal of unsuccessfully
processed histone mRNAs®, Different from that, our data here in mouse
germ cells and in HeLa cells together imply that a significant population
of properly processed histone mRNAs are poly- or oligo-adenylated and
removed in the nucleus. While the precise functional significance of this
role of MTR4/exosome in somatic cells remains uncertain, in the context
of germ cells, it may contribute to the initiation of meiosis.

In addition to its direct involvement in removing mRNAs, MTR4/
exosome also exerts regulatory control over the expression of
protein-coding genes. It accomplishes this by rapidly eliminating
unstable transcripts, such as PROMPTs, which promote gene
expression by facilitating chromatin opening, and B2 SINE RNAs,
which can repress gene expression, possibly both locally (in cis) and
globally (in trans)*>***¢%° Furthermore, MTR4 also plays a role in
modulating pre-mRNA splicing of several meiotic genes. This multi-
faceted regulation contributes to shaping of the gene expression
program necessary for initiating meiosis.

Methods
Antibodies
Antibodies against DDX4/MVH (Abcam, ab13840), GAPDH (Pro-
teintech, 60004-1-lg), Tubulin (Proteintech, 66031-1-Ig), STRA8

(Abcam, ab49405), SYCP3 (Abcam, ab97672), SYCP3 (Abcam,
ab15093), yH2A.X (Millipore, 05-636), SOX9 (Millipore, AB5535),
CD117/c-KIT antibody (1:50, eBioscience, 11-1171-82) were purchased.
The MTR4 antibodies were described previously®. The HRP conjugated
secondary antibodies were purchased from Beyotime. The Alexa Fluor
488, Alexa Fluor 546 and Alexa Fluor 647 conjugated secondary anti-
bodies were purchased from Invitrogen.

Generation of Mtr4 knockout (KO)-first, conditional-ready mice
We generated Mtr4"" mice with Mtr4 knockout (KO)-first, conditional-
ready embryo purchased from KOMP (#CSD79286). A cassette con-
taining mouse En2 SA, lacZ, neo, FRT and loxP sites, was inserted in
intron 5 and a loxP site was inserted in intron 6 of Mtr4 gene. The
knockout allele (-) was initially an Mtr4 non-expressive form. Mtr4*
mice were intercrossed to generate Mtr4” mice. Mtr4"* mice were
produced by crossing Mtr4*" with a globe FIpE transgenic mouse line.
Mtr4" mice were generated by mating Mtr4" with Stra8-GFPCre
knock-in mouse line. The FIpE and Stra8-GFPCre transgenic mouse lines
were described previously®””°. Mtr4-koF and Mtr4-R PCR primers were
used to detect the knockout allele (543 bp). Mtr4-F and Mtr4-R PCR
primers were used to detect the wildtype allele (534 bp) and the floxed
allele (667 bp). Primers of genotyping were listed in Supplementary
Data 1. All animal experiments were performed according to the
guidelines of the Animal Care and Use Committee at Shanghai Institute
of Biochemistry and Cell Biology, Center for Excellence in Molecular
Cell Science, Chinese Academy of Sciences. The experiments per-
formed in this study were approved by the Ethics Committee of Center
for Excellence in Molecular Cell Science, Chinese Academy of Sciences
(2022-151).

RNA extraction and RT-qPCR
RNA was extracted from whole tissues or whole c-KIT* cells using
TRIzol reagent (Invitrogen, 15596018CN) following the manufacturer’s
instructions. Genomic DNA was removed and cDNAs were synthesized
from 1 pg of RNAs with random primer using the HiScript Il 1st Strand
cDNA Synthesis Kit (+gDNA wiper) (Vazyme Biotech Co.,Ltd, #R212-01)
according to the manufacturer’s protocol.

Quantitative PCR was carried out using SYBR qPCR SuperMix Plus
(Novoprotein, E096-01B) according to the manufacturer’s instruc-
tions. Primer sequences were listed in Supplementary Data 1.

Western blotting

Protein samples were prepared using protein gel buffer (125 mmol/L
Tris (pH 6.8), 4% SDS, 20% glycerol, 0.004% Bromophenol blue, 20 mM
DTT) and lysis in 95 °C for 10 min. Protein samples were separated in a
10% SDS-PAGE gel and transferred onto PVDF membranes. After
blocking with 5% non-fat milk for 1h at room temperature, the mem-
branes were incubated with diluted primary antibodies at 4 °C over-
night. After washes with PBSTw (PBS with 0.1% Tween-20), the
membranes were incubated with secondary antibodies at room tem-
perature for 1 h. The signals were developed with Pierce ECL Substrate
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Fig. 9 | MTR4 depletion causes alternative splicing. A Pie plot showing the dis-
tribution of MTR4 binding reads mapped to the indicated regions of protein-
coding genes. Categories are mutually exclusive. n =1,081,322. B Bar plot showing
the number of alternative splicing events in Mtr4-cKO germ cells compared to the
corresponding Cntls. SE, skipped exons; RI, retained introns; MXE, mutually
exclusive exons; ASSS, alternative 5'SS; A3SS, alternative 3'SS. C GO term analysis of
the genes with significant SE events. P-values are based on hypergeometric test

corrected for multiple hypothesis tests using the Benjamini-Hochberg method.

D Sashimi plot of RNA-seq signals of altered SE event of Sycpl. E Sashimi plot of
RNA-seq signals of altered SE event of Chfr. F RT-PCR analysis of altered SE events
shown in (D, E). n =3 biological repeats. G A model summarizing the role of MTR4
in shaping pre-meiotic transcriptome, ensuring proper meiosis initiation of germ
cells and maintaining male fertility. Source data are provided as a Source Data file.

(Thermo Fisher Scientific, 34080). The uncropped and unprocessed
scans of the western blotting are provided in the Source Data file or as a
Supplementary Fig. in the Supplementary Information (Supplemen-
tary Figs. 10-12).

Histological and immunofluorescence analysis

For histological analysis, the testes were fixed overnight in Bouin’s
buffer, embedded in paraffin, and sectioned. The sections were
then deparaffinized, rehydrated in a graded ethanol series, and
stained with hematoxylin and eosin (H&E) according to routine
methods.

For immunofluorescence analysis, the testes were fixed with 4%
paraformaldehyde (PFA), embedded, and sectioned. The sections were
then subjected to boiling in 10 mM sodium citrate buffer (pH 6.0) for
18 min, brought to room temperature, and washed in PBST (PBS with
0.1% Triton X-100). Following this, the sections were incubated with
blocking buffer (10% donkey serum (Jackson, 017-000-121) and 0.1%
Triton X-100 in PBS) for 60 min at room temperature, and subse-
quently incubated with primary antibodies in the blocking buffer
overnight at 4 °C. On the following day, the slides were washed three
times for 10 min each in PBST, and then fluorescent dye-conjugated
secondary antibodies were added at a 1:1000 dilution. After incubated
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for 1h at room temperature, the sections were washed three times for
10 min each in PBST. Finally, DNA was counterstained with mounting
medium containing DAPI (Abcam).

TUNEL assay was performed using the TUNEL BrightRed Apop-
tosis Detection Kit (Vazyme Biotech Co. Ltd, #A113), according to the
manufacturer’s instructions.

Fluorescence in situ hybridization

To stain polyA RNAs, the testes were fixed with 4% paraformaldehyde
(PFA), embedded in O.C.T. Compound (Epredia, 6502) and sectioned.
The sections were washed with PBS three times and permeabilized
with PBST for 20 min, followed by washes with 2 x saline-sodium
citrate buffer (SSC) twice and incubated at 37 °C with an Alexa 546-
conjugated oligo dT (50 nt Ts) probe for 12-16 h. The sections were
then washed with 2 x SSC twice, 0.5 x SSC once and 1 x PBS once,
followed by DAPI staining.

Chromosome spreading and immunofluorescence

Chromosome spreading and immunofluorescence were performed as
described™. The spreading nuclei were subjected to immunostaining
with anti-SYCP3 and anti-yH2A.X antibodies, allowing for the classifi-
cation of spermatocytes in spreading into preleptotene, leptotene,
zygotene, and pachytene stages. Following washed with PBST, sec-
ondary antibodies were applied to the spreading nuclei and incubated
for 1h at room temperature. DNA was stained with DAPI for 10 min at
room temperature.

Isolation of c-KIT* spermatogonia

Single-cell suspensions derived from P8 mice testes were prepared
according to the previously described method’” with minor mod-
ifications. Briefly, testicular tissue was digested with 120 U/ml of Col-
lagenase Type 1 (Gibco) for 3min at 37°C. Following this,
centrifugation facilitated the removal of interstitial cells. The residual
tissue was subsequently resuspended in 0.25% trypsin/EDTA and agi-
tated for 5min at 37 °C. The digestion was halted by adding DMEM
with 10% fetal bovine serum (FBS), followed by a 5-minute cen-
trifugation. After discarding the supernatant, the resultant single-cell
suspensions were collected in 200 pl of chilled DMEM. The suspen-
sions were then incubated with anti-CD117/c-KIT antibody for 30 min at
4 °C. Flow cytometric analysis was executed employing the FACSAria
Fusion (BD) system. Single-cell suspensions from P8 wildtype mouse
testes without staining were use as negative control to define the gate,
whose fluorescence intensity were about 1000. The cells whose
intensity were over 1100 were collected as positive cells.

PolyA RNA-seq

The RNA-seq was performed based on SMART-seq2 with some mod-
ification. c-KIT" cells (-8000 cells) from Cntl and Mtr4-cKO mice testes
were sorted in DMEM, then centrifuged at 2000 g. The supernatant
was removed as clean as possible. The whole-cell lysate were produced
using lysis buffer from Single Cell Full Length mRNA-Amplification Kit
(Vazyme Biotech Co.,Ltd, #N712) for mRNA amplification. The mRNAs
were firstly reverse transcribed by Oligo(dT)VN Primer and then
amplified for 11-12 cycles. cDNA libraries were then prepared for
sequencing using the TruePrepTM DNA Library Prep Kit V2 (Vazyme
Biotech Co.,Ltd, #TD503). The libraries were quantified by Qubit 2.0
and Agilent 2100, and sequenced in the Illumina Novaseq Pel50
Platform.

LACE-seq

c-KIT* cells (-8000 cells) from P8 Cntl mice testes were sorted in
DMEM. LACE-seq was performed as described previously***. Briefly,
the sorted cells were firstly irradiated twice with UV on ice at 400 mJ.
Then RNA immunoprecipitation of the samples was performed using
MTR4 antibody. The immunoprecipitated RNAs were then fragmented

by MNase and dephosphorylated. Then a series of steps were per-
formed to include, reverse transcription, first-strand cDNA capture by
streptavidin beads, poly(A) tailing, pre-PCR, IVT, RNA purification, RT
and PCR barcoding. The libraries were quantified by Qubit 2.0 and
sequenced in the Illumina NextSeq 500 Platform.

Data analysis

RNA-seq analysis. All RNA-seq data that have passed the quality
control using fastQC (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) were used in the downstream analysis. The raw
reads were filtered to remove the sequencing adaptors and low-quality
bases using Cutadapt (v1.18) (https://cutadapt.readthedocs.io/en/
stable/) with parameters: -a CTGTCTCTTATACACATCTCCGAGCC
CACGAGAC -A CTGTCTCTTATACACATCTGACGCTGCCGACGA -m 20
-max-n 5 -q 30. Then, the clean reads were mapped using STAR
(v2.7.10a)” to the mouse genome (mm10, UCSC) with GENCODE gene
annotation (vM24) with the default parameter. The SAMtools package
(v1.9)"* was used to extract uniquely mapped reads from the BAM file.
RNA-seq signal tracks were generated by using bam2wig.py provided
in the RSeQC package (v3.0.0) (https://rseqc.sourceforge.net/), and
visualized in UCSC genome browser with a custom track hub. Statistics
of mapping reads were listed in Supplementary Data 2.

Gene expression was calculated by featureCounts (v1.6.0)” with
default parameters. Differentially expressed genes were called by the
DESeq2 package (v1.20.0)”® with the following criteria: FDR (Wald test,
Benjamini-Hochberg adjusted) <0.05 and at least 1.5-fold change
(Supplementary Data 3).

Functional enrichment analysis was performed on the list of dif-
ferentially expressed genes by using the clusterProfiler package
(v3.14.3)” to determine if the genes are enriched for specific terms in
Gene Ontology (GO) annotation of biological processes. The level of
significance for the enrichment was calculated by a hypergeometric
test for each term using all expressed genes as background. The
p-values were corrected for multiple hypothesis tests using the
Benjamini-Hochberg method to control the false discovery rate.

The RNA-seq data from Cntl and hMTR4 KD conditions in HelLa
cell were described in GSE77641°.

scRNA-seq analysis. We quantitated the expression of each stage in
scRNA-seq as previously described”. In brief, Seurat was used to ana-
lyze the single-cell sequencing data”. The high-quality cells were
retained by the default parameters, except for setting the “number of
genes detected” threshold to over 2000. Subsequently, the read
counts in single cells were normalized and quantified based on UMI
using default parameters to obtain the relative expression levels of
different genes in each cell. The final expression level of a gene at a
specific stage was determined by averaging its abundance across all
cells at the same stage.

The stage at which a gene was most abundantly expressed was
then computed, followed by assigning each gene to its most abun-
dantly expressed stage. To better designate each gene to a specific
stage, we calculated the RNA abundance of each gene at each stage and
evaluated its expression specificity according to the IGIA (Integrative
Gene Isoform Assembler) score, with the cut-off set as 0.3”°. For genes
with a cut-off value over 0.3, those mostly expressed at mitotic stages
(A1-BG2M) were considered mitotic genes, and those mostly expressed
at meiotic stages (G1-IpL) were classified as meiotic genes. For genes
with a cut-off value below 0.3, if both the highest and second highest
expression levels occurred in either the meiotic or mitotic stages, the
gene was classified as meiotic or mitotic, respectively. Conversely, if
these two stages corresponded to different phases, the gene was
classified as non-stage-specific.

extraAA reads definition. To define these reads, we aligned all
uniquely mapped RNA-seq reads to the genome and filtered those with
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imperfect alignments (mismatch>0). Since our RNA-seq was non-
strand-specific, we further selected these reads with two consecutive
unmapped As (AA) or Ts (TT) at either end, designating them as
extraAA reads.

PROMPT definition and quantification. We quantitated the PROMPTs
as previously described with slight modifications***°. We focused our
analysis on protein-coding genes and therefore considered reads
mapped to the -3 kb (kilobase) to 0 kb regions of 18,168 gene pro-
moters from GENCODE (vM24) gene annotation by the BEDtools
coverage (v2.28.0)%. Differentially expressed PROMPTs were called by
the DESeq2 package (v1.20.0) with the following criteria: FDR (Wald
test, Benjamini-Hochberg adjusted) < 0.05 and at least 1.5-fold change
(Supplementary Data 3).

Differentially expressed PROMPTs used in cumulative distribution
function plots were filtered based on the following criteria: P<0.05
and at least 1.5-fold change.

ptRNA definition and quantification. To quantitate the ptRNAs, we
defined the ptRNAs based on GENCODE annotated genes referring to
previous studies with slight modifications>*?. In detail, we first filtered
out genes that intersect with other genes and retained 33,742 GEN-
CODE (vM24) genes as the candidate host genes of ptRNAs. Then, we
defined the transcription end site of ptRNAs in the downstream region
of the transcription start site (0-4kb) for candidate host genes
according to previous polyadenylation site (PAS) profiling data®’. For a
candidate gene with multiple PAS sites, we considered that multiple
ptRNAs might be involved. In addition, to distinguish reads of ptRNAs
from those of host genes, we selectively analyzed those possessing
RNA-seq reads with at least two additional adenines compared to the
reference genome (extraAA reads). Finally, we defined 975 potential
ptRNAs, which were used in subsequent analysis. Differentially
expressed ptRNAs were called by the DESeq2 package (v1.20.0) with
the following criteria: FDR (Wald test, Benjamini-Hochberg adjus-
ted) <0.05 and at least 1.5-fold change (Supplementary Data 3).

Repeat elements detection and quantification. Annotation of ret-
rotransposons (including divergence information for the SINE, LINE,
LTR subfamilies) was downloaded from RepeatMasker (http://www.
repeatmasker.org/). Reads were counted using the R package Geno-
micAlignments (mode = “Union”, inter.feature = FALSE) by R 3.5.1. For
many reads may be mapped to diverse repeat elements locus on the
genome, only uniquely mapped and the best-mapped ones were used
to quantify expression. Differentially expressed retrotransposons were
analyzed by the DESeq2 package (v1.20.0) with the following criteria:
FDR (Wald test, Benjamini-Hochberg adjusted) < 0.05 and at least 1.5-
fold change (Supplementary Data 3).

To confirm that retrotransposon RNAs are indeed expressed and
polyadenylated, we selectively analyzed those displaying five-fold
more enrichment of RNA-seq signal in the repeat region than flanking
sequences and possessing RNA-seq reads with at least two additional
unmapped adenines at the most 3’-end of RNA-seq reads compared to
the reference genome (extraAA reads). Differentially expressed retro-
transposons were analyzed by the DESeq2 package (v1.20.0) with the
following criteria: FDR (Wald test, Benjamini-Hochberg adjusted) <
0.05 and at least 1.5-fold change (Supplementary Data 4).

Differentially expressed B2SINEs used in cumulative distribution
function plots were filtered based on the following criteria: (1) pos-
sessing RNA-seq reads with extraAA reads; (2) P<0.05 and at least 1.5-
fold change.

LACE-seq analysis. All LACE-seq data that had passed the quality
control using fastQC (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) were used in the downstream analysis. The adapter
sequences and poly(A) tails at the 3’ end of raw reads were removed

using Cutadapt (v.1.15) with two parameters: -a ATCTCG-
TATGCCGTCTTCTGCTT -n 10 --minimum-length 18 -e 0.1., and -f fastq
-a A-m 18 -n 2. Clean reads were first aligned to mouse pre-rRNA using
Bowtie (v1.0.0), and the remaining unmapped reads were then aligned
to the mouse reference genome (mml0). Before peak calling, the
mapped reads were extended 30 nt to the 3’ end. Peaks were identified
by Piranha (v1.2.1) with parameters: -s -b 20 -p 0.05. MTR4 binding
genes were defined as those with three or more mapped LACE-seq
reads. LACE-seq read counts and peaks are provided within the Source
Data folder.

Metagene analysis. To determine the MTR4 binding profile on sub-
strate RNAs more precisely, we conducted a metagene analysis of
MTR4 binding sites, defined as the 3’ most nucleotide of MTR4 LACE-
seq reads by DeepTools®. For visualization, biological replicates were
pooled using the ‘merge’ command in SAMtools package (v1.9), and
the signal intensity of MTR4 at each position of an mRNA was calcu-
lated by the computeMatrix function. To rule out the influence of
outliers, any abnormal signal point that fell below the lower bound (1st
quartile - 2xinterquartile) or above the higher bound (3rd quartile +
2xinterquartile) of the data set was replaced by the mean value of all
points excluding the outliers. Aggregate metagene profiles were cre-
ated with a bin size of 100 bp using the plotProfile functions, followed
by visualization with the ggplot2 R package (v3.5.0, https://ggplot2.
tidyverse.org/).

Alternative splicing analysis. The alternative splicing (AS) events
between Cntl and Mitr4-cKO cells were identified using rMATS
(v3.2.5)%, Five types of AS events were identified, including SE, MXE, RI,
A3SS, and ASSS. The significantly differentially spliced events were
filtered with FDR less than 0.05 (Supplementary Data 5). A AlncLevel
cutoff of 0.2 was further used to get significant AS events for GO-term
analysis. The level of significance for the differentially spliced events
was calculated by Student’s ¢ test for each term. The p-values were
corrected for multiple hypothesis tests using the Benjamini-Hochberg
method to control the false discovery rate.

Quantification and statistical analysis

Student’s ¢ test was performed to compare the differences between
Mtr4-cKO relative to Cntls. All results were presented as the mean +
SEM and P< 0.05 were considered significant.

Statistics and reproducibility

For all histology, immunofluorescence and FISH experiments, we
performed at least two independent biological replicates. All uncrop-
ped and unprocessed scans of the histology, immunofluorescence,
western blots and PCR gels were supplied in the Supplementary
Information and Source Data files.

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

Data availability

All sequencing data generated in this study have been deposited in the
Gene Expression Omnibus (GEO) with the accession code GSE253154
(RNA-seq) [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE253154] and GSE253156 (LACE-seq) [https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE253156]. The previously published
scRNA-seq [https://doi.org/10.1038/s41422-018-0074-y] and RNA-seq
[https://doi.org/10.15252/embj.201696139] datasets used in this study
were downloaded from accession code GSE107644 and GSE77641,
respectively. The authors declare that all data supporting the findings
of this study are available within the article and its supplementary
information files. The pipelines used in this study are available from the
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corresponding author upon reasonable request. Source data are pro-
vided with this paper.
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