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Abstract

PIWI proteins and their associated piRNAs act to silence transposons and promote gameto-

genesis. Murine PIWI proteins MIWI, MILI, and MIWI2 have multiple arginine and glycine

(RG)-rich motifs at their N-terminal domains. Despite being known as docking sites for the

TDRD family proteins, the in vivo regulatory roles for these RG motifs in directing PIWI in

piRNA biogenesis and spermatogenesis remain elusive. To investigate the functional signifi-

cance of RG motifs in mammalian PIWI proteins in vivo, we genetically engineered an argi-

nine to lysine (RK) point mutation of a conserved N-terminal RG motif in MIWI in mice. We

show that this tiny MIWI RG motif is indispensable for piRNA biogenesis and male fertility.

The RK mutation in the RG motif disrupts MIWI-TDRKH interaction and impairs enrichment

of MIWI to the intermitochondrial cement (IMC) for efficient piRNA production. Despite sig-

nificant overall piRNA level reduction, piRNA trimming and maturation are not affected by

the RK mutation. Consequently, MiwiRK mutant mice show chromatoid body malformation,

spermatogenic arrest, and male sterility. Surprisingly, LINE1 transposons are effectively

silenced in MiwiRK mutant mice, indicating a LINE1-independent cause of germ cell arrest

distinctive from Miwi knockout mice. These findings reveal a crucial function of the RG motif

in directing PIWI proteins to engage in efficient piRNA production critical for germ cell pro-

gression and highlight the functional importance of the PIWI N-terminal motifs in regulating

male fertility.
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Author summary

The presence of RG-rich motifs in the N-terminal region of the PIWI family proteins is a

conserved feature. However, how these RG-motifs direct PIWI proteins to participate in

piRNA biogenesis and germ cell function in vivo remains unknown. Here we genetically

mutate a conserved RG motif in MIWI/PIWIL1 in mice to elucidate its physiological

function in piRNA regulation and spermatogenesis. For the first time, we show that an

RG motif mediating crucial protein-protein interactions is essential for piRNA biogenesis

and male fertility in mice. Unexpectedly, this genetic model separates the two defects of

the MIWI mutant: spermiogenesis arrest and LINE1 transposon activation. These find-

ings highlight the functional importance of this tiny protein motif in fertility regulation.

Introduction

PIWI proteins are germline-specific Argonaute proteins that play pivotal roles in genome

defense and gametogenesis [1–5]. They function by associating with PIWI-interacting RNAs

(piRNAs) to silence transposons and regulate germline genes through a small RNA-guided

regulatory pathway [6–10]. Impairment of PIWI proteins and piRNAs results in transposon

dysregulation, germ cell developmental arrest, and infertility [11–16].

In mice, three PIWI proteins, MIWI, MILI, and MIWI2 (also known as PIWIL1, PIWIL2,

and PIWIL4, respectively), are expressed during male germ cell development and all three are

essential for spermatogenesis [3]. MILI and MIWI2, having a primary function in transposon

silencing in embryonic germ cells, are associated with fetal piRNAs [14,17–19]. In postnatal

germ cells, MIWI and MILI associate with piRNAs in pachytene spermatocytes and round

spermatids to regulate meiosis, spermiogenesis, as well as suppressing transposons [20–24].

All three PIWI proteins share conserved protein domains (MID, PAZ, and PIWI) with well-

defined functions. MID and PAZ domains function to bind the piRNA 5’- and 3’-ends, respec-

tively [25,26]. The PIWI domain forms an RNaseH-like fold and exhibits RNA slicing activity

[18,27]. A variable N-terminal domain, common to all PIWI proteins, is least functionally

characterized and contains multiple RG-rich motifs that are subject to arginine methylation

[28–32]. These RG motifs are known to serve as binding sites for a group of Tudor domain-

containing proteins (TDRDs) [31,32]. However, how these RG motifs direct PIWI proteins to

engage in the piRNA pathway to regulate spermatogenesis remain elusive.

Pachytene piRNAs are generated by the piRNA biogenesis machinery from precursor tran-

scripts derived from discrete genomic loci at the onset of meiosis [33]. While pachytene piR-

NAs contain a tiny fraction of transposon-related piRNAs, the overwhelming majority are

non-transposon piRNAs derived from intergenic piRNA clusters. The biological function of

these pachytene piRNAs still lacks consensus [21–23,34–38]. Concomitant with pachytene

piRNA biogenesis, MILI and MIWI are sequentially expressed and eventually loaded with

almost the same sets of pachytene piRNAs [20,39]. Unlike MILI, MIWI is not expressed in

embryonic germ cells but is exclusively bound to meiotic pachytene piRNAs, starting from

mid-pachytene spermatocytes to round spermatids [11,33]. MIWI plays critical roles in trans-

poson silencing and germ cell differentiation as Miwi knockout mice show drastically upregu-

lated LINE1 transposons in spermatocytes and round spermatids and display germ cell arrest

at the round spermatid step of spermiogenesis [11,27]. MIWI slicer activity is required for

LINE1 silencing as well as spermatid differentiation [11,27]. Despite MIWI’s important roles,

it remains unclear whether transposon dysregulation causes germ cell arrest due to MIWI

deficiency.
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Here we use a conserved RG motif of MIWI as a prototype to study the in vivo function of

RG motifs in mammalian PIWI proteins. We discovered that the MIWI N-terminal RG motif

is crucial for MIWI function and spermatogenesis. Mutations in the N-terminal RG motif dis-

rupt specific MIWI-TDRD interactions and impair pachytene piRNA biogenesis, resulting in

male sterility. Importantly, the RG motif mutation separates the two defects of MIWI ablation:

spermiogenesis arrest and LINE1 transposon activation.

Results

MIWI N-terminal RG motif selectively interacts with TDRKH in vitro
The N-terminal domain of MIWI contains three RG motifs as TDRD protein binding sites

(Fig 1A). We previously reported that TDRKH (TDRD2) specifically interacts with MIWI

through the RG motif-1 (termed MIWI N-terminal RG motif thereafter) but not through RG

motif-2 or RG motif-3, and this interaction is arginine methylation-independent [28,40]. Since

MIWI interacts with TDRD proteins and other piRNA biogenesis factors [30], we tested

whether MIWI N-terminal RG motif also mediates interaction with other proteins. To abolish

arginine-mediated protein interactions (methylation-dependent and methylation-indepen-

dent), we constructed a Miwi arginine to lysine (MiwiRK) mutation in which all six arginines

(R) in the N-terminal RG motif were mutated to lysines (K) (Fig 1B). This mutation is not

expected to change the charge state of MIWIRK mutant protein (MIWIRK) and therefore mini-

mally impacts the biophysical property of MIWI. Co-expression of FLAG-tagged MIWI or

MIWIRK with different GFP-tagged piRNA pathway proteins in HEK293T cells were used to

assess MIWI protein interactions by immunoprecipitation and Western blotting. While MIWI

interacted with all previously reported MIWI-interacting proteins including TDRD1,

TDRKH, RNF17 (TDRD4), TDRD5, TDRD6, STK31 (TDRD8), PNLDC1 and MOV10L1, the

RK mutation significantly disrupted the interaction of MIWIRK with TDRKH (Fig 1C). The

interaction of MIWIRK with other proteins was minimally affected (Fig 1C). TDRKH is a mito-

chondrial membrane anchored protein capable of recruiting cytoplasmic MIWI to mitochon-

dria [41,42]. Since the MiwiRK mutation strongly disrupted MIWI-TDRKH interaction, we

reasoned that MIWIRK would fail to be recruited to mitochondria by TDRKH. We expressed

GFP-MIWI or GFP-MIWIRK in HeLa cells, both showing diffused distribution in cytoplasm

when singly transfected. When co-expressed with TDRKH-RFP, GFP-MIWI concentrated on

mitochondria to significantly overlap with mitochondrial TDRKH-RFP (Fig 1D). However,

GFP-MIWIRK still displayed diffused cytoplasmic distribution in the presence of

TDRKH-RFP, indicating failure of recruitment by TDRKH to mitochondria (Fig 1E).

Together, these data demonstrate that MIWI N-terminal RG motif is required for specific

MIWI-TDRKH interaction and regulates MIWI localization to mitochondria to engage in

piRNA biogenesis.

RK mutation in MIWI N-terminal RG motif disrupts spermatogenesis in

mice

The in vivo function of RG motifs of mammalian PIWI proteins is unknown. We sought to

use the MIWI N-terminal RG motif as a prototype to study the functional significance of RG

motifs of PIWI proteins during piRNA biogenesis and spermatogenesis in mice (S1 Fig).

Using CRISPR-Cas9 genome editing, we generated a MiwiRK mutant allele in mice in which all

six arginines in MIWI N-terminal RG motif were mutated to lysines (S1B Fig). We confirmed

these mutations in MiwiRK mutant mice by Sanger sequencing (S1C Fig). By breeding the

MiwiRK allele into Miwi null background (MiwiRK/-), we next examined whether the MiwiRK
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mutation affects spermatogenesis. MiwiRK/- mice are viable and grow normally but exhibited

reduced testis mass compared to MiwiRK/+ and Miwi+/- control littermates (Fig 2A). Notably,

MiwiRK/+ male mice are fertile, indicating that the MiwiRK mutation does not have a domi-

nant-negative effect on germ cell development (Fig 2B). This sharply contrasts to the observed

Fig 1. MIWI N-terminal RG motif selectively interacts with TDRKH. (A) Schematic illustration of the domain

architecture of mouse MIWI. (B) Protein sequences of the N-terminal RG motif (RG motif-1 in (A)) and its RK

mutation are shown. (C) The RK mutation (RK) in MIWI N-terminal RG motif selectively diminishes the interaction

of MIWI with TDRKH. HEK293T cells were transfected with indicated plasmids. Immunoprecipitation was performed

using anti-FLAG resin. GFP-tagged and FLAG-tagged proteins were detected by Western blotting with anti-GFP and

anti-FLAG antibodies. (D) TDRKH recruits MIWI to mitochondria. HeLa cells were transfected with GFP-tagged

MIWI alone or together with RFP-tagged TDRKH plasmids. After 48 h, the cells were fixed and DNA was stained with

DAPI. Scale bar, 20 μm. (E) The RK mutation diminishes the recruitment MIWI to mitochondria by TDRKH. HeLa

cells were transfected with GFP-tagged MIWI RK alone, or together with RFP-tagged TDRKH plasmids. After 48 h,

cells were fixed and DNA was stained with DAPI. Scale bar, 20 μm. Results shown in (C)-(E) are representative of 3

biological replicates.

https://doi.org/10.1371/journal.pgen.1011031.g001
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dominant-negative effect of the Miwi catalytically inactivating mutation (slicer mutation) on

spermatogenesis, suggesting that the RK mutation did not affect MIWI catalytic activity [27].

Histological examination of MiwiRK/- testes revealed that germ cells were arrested at the round

spermatid stage and no elongating spermatids were formed (Fig 2B). As a result, numerous

Fig 2. MIWI N-terminal RG motif is essential for spermatogenesis. (A) Testicular atrophy in MiwiRK/- mice. Testis sizes and

weights of adult Miwi+/- and MiwiRK/- mice are shown. n = 6. Error bars represent s.e.m. The P-value was calculated using

unpaired t-test. *, P< 0.01. (B) The RK mutation in MIWI N-terminal RG motif causes spermatogenic arrest in mice. H&E

staining of testes and epididymides from Miwi+/-, MiwiRK/+, MiwiRK/- and Miwi-/- mice are shown. The multinucleated giant

cells in MiwiRK/- testes are indicated by red arrows. Scale bar, 40 μm. (C) Testes were co-immunostained using ACRV1 and

γH2AX antibodies. DNA was stained by DAPI. Scale bar, 20 μm. (D) A cartoon illustrating the arrested spermiogenic steps in

MiwiRK/- and Miwi-/- mice. Results shown in (B) and (C) are representative of 3 biological replicates.

https://doi.org/10.1371/journal.pgen.1011031.g002
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round spermatid-like cells were accumulated in epididymides of MiwiRK/- mice (Fig 2B).

Together, these data demonstrate that genetic mutation in MIWI N-terminal RG motif blocks

spermatogenesis and causes male sterility.

MiwiRK/- and Miwi-/- mice display distinct spermiogenic arrests

Interestingly, we observed multinucleated giant cells in about half of MiwiRK/- seminiferous

tubules which were rarely seen in Miwi-/- tubules (Fig 2B). This difference suggests that germ

cells were arrested at distinctive round spermatid stages in MiwiRK/- and Miwi-/- testes. To ver-

ify this, we performed immunostaining of ACRV1, an acrosome marker, in Miwi+/-, MiwiRK/-

and Miwi-/- testes. Acrosomes formed normally until step 8 spermatids which failed to elongate

further in MiwiRK/- testes. By contrast, acrosome formation was almost completely blocked in

Miwi-/- spermatids, indicating that round spermatids were arrested at steps 1–3 in Miwi-/- tes-

tes (Fig 2C and 2D). This suggests that the RK mutation in MIWI blocks the function of MIWI

to fully promote spermiogenesis.

We next explored the nature of the presence of multinucleated giant cells in MiwiRK/- testes.

We speculated that multinucleated giant cells in MiwiRK/- testes were being removed by Sertoli

cells by phagocytosis, because the giant cells were not observed in the cauda epididymis. To

test this, we performed immunostaining of α-tubulin that is highly expressed in Sertoli cell

cytoplasm and found that multinucleated giant cells were surrounded by Sertoli cell cytoplasm

in MiwiRK/- testes (S2 Fig). This suggests that the formation of multinucleated giant cells is

caused by phagocytic removal of spermatogenic arrested cells by Sertoli cells in MiwiRK/-

testes.

MIWIRK fails to interact with TDRKH to localize to IMC despite normal

initial expression

We next examined the effect of the RK mutation on MIWI mutant protein (MIWIRK) expres-

sion and localization during spermatogenesis. As expected, MIWIRK in MiwiRK/- testes started

to express in early pachytene spermatocytes, resembling the timing of wild-type MIWI (Fig

3A). At P16, MIWIRK expression level and localization pattern in MiwiRK/- testes was similar to

that of wild-type MIWI in Miwi+/- testes, indicating that the RK mutation does not affect the

initial expression and stability of MIWI (Fig 3A and 3B). However, MIWIRK displayed lower

expression levels than wild-type MIWI in P18 and P20 testes as meiosis progresses (Fig 3A). In

adult mice, MIWIRK in MiwiRK/RK and MiwiRK/- testes was expressed at a lower level than total

MIWI in MiwiRK/+ and Miwi+/- testes, respectively (S3A Fig). We observed a diffused distribu-

tion of MIWIRK in mid-late pachytene and diplotene spermatocytes (Figs 3C and S3A). MILI

and TDRKH subcellular localization and expression levels, on the other hand, did not change

in MiwiRK/- germ cells (S4 Fig). The observed MIWIRK mislocalization correlates with the tim-

ing of pachytene piRNA production and the initial interaction with TDRKH. To further con-

firm the MIWI-TDRKH interaction is abolished by the RK mutation in vivo, we performed

co-immunoprecipitation and Western blotting and showed that MIWIRK failed to interact

with TDRKH in MiwiRK/- testes (Fig 3D). As a control, the interaction of MIWIRK with

TDRD6 remained intact (Fig 3D), recapitulating our in vitro observation (Fig 1C) and suggest-

ing the RK mutation selectively disrupts MIWI-TDRKH interaction in vivo. Transmission

electron microscopy showed the IMC formation in MiwiRK/- spermatocytes is largely normal,

undistinguishable from that in Miwi+/- or Miwi-/- (Fig 3E). We further co-stained MIWI with

TDRKH or mitochondrial marker TOMM20 in stage VII-VIII pachytene spermatocytes.

While MIWI and TDRKH/TOMM20 completely colocalized at the IMC in Miwi+/- control,

MIWIRK only slightly overlapped with TDRKH/TOMM20 at the IMC in MiwiRK/-
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spermatocytes, with most of its distribution in the cytoplasm (Figs 3F and S3B). This suggests

that the efficiency of MIWIRK being recruited by TDRKH to the IMC is severely compromised,

which can be explained by the diminished MIWIRK-TDRKH interaction observed in MiwiRK/-

testes (Fig 3D). Collectively, the RK mutation did not affect MIWIRK initial expression. Subse-

quently altered MIWIRK expression and localization are likely due to the loss of MIWI RG

motif-mediated protein-protein interactions.

Fig 3. The N-terminal RG motif is required for recruitment of MIWI to the IMC in spermatocytes. (A) Western blotting of MIWI at different postnatal

(P) ages Miwi+/- and MiwiRK/- testes. β-actin is a loading control. Asterisks indicate non-specific bands. Quantification of intensity of MIWI is shown under

the blot (the one in Miwi+/- testis of each group is set as 1.000 after normalization with β-actin). (B) Testes from P16 mice were co-immunostained using

MIWI and γH2AX antibodies. DNA was stained by DAPI. Scale bar, 20 μm. (C) The RK mutation causes mislocalization of MIWI in late spermatocytes.

Testes from indicated mice were immunostained using MIWI and γH2AX antibodies. DNA was stained by DAPI. Different cell types were distinguished

according to γH2AX staining and DAPI staining. Scale bar, 5 μm. (D) The RK mutation selectively disrupts the interaction of MIWI with TDRKH.

Immunoprecipitation was performed using anti-MIWI antibody. MIWI, TDRKH and TDRD6 were detected by Western blotting. (E) The RK mutation in

MIWI does not affect the formation of the IMC in spermatocytes. Transmission electron microscopy was performed on pachytene spermatocytes (PS)

from indicated testes. The IMC region is zoomed and indicated by red arrows. Scale bar, 2 μm. (F) The RK mutation diminishes the recruitment of MIWI

to mitochondria in pachytene spermatocytes. Co-immunostaining of MIWI and TDRKH in stage VII–VIII seminiferous tubule from Miwi+/- and MiwiRK/-

testes was performed. DNA was stained by DAPI. Scale bar, 10 μm. Results shown in (A)-(F) are representative of 3 biological replicates.

https://doi.org/10.1371/journal.pgen.1011031.g003
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The N-terminal RG motif of MIWI regulates the efficiency of pachytene

piRNA biogenesis

We then asked how the RK mutation affects MIWI in participating in piRNA production. We

examined the abundance and size of piRNA populations in adult Miwi+/- and MiwiRK/- testes.

Radiolabeling of total RNA revealed that total piRNA production was much reduced in

MiwiRK/- testes (Fig 4A). We further sequenced these small RNAs from total RNA to show two

piRNA populations corresponding to 25-28nt MILI-piRNAs and 29-32nt MIWI-piRNAs in

Miwi+/- and MiwiRK/- testes. After normalizing to miRNA counts (21-23nt), the abundance of

MILI-piRNAs was unaffected. However, the level of MIWI-piRNAs was significantly reduced

in MiwiRK/- testes (Fig 4B). Despite this, the overall piRNA reduction was moderate compared

with the severe piRNA loss in Stra8-Cre Tdrkh conditional knockout (TdrkhcKO) mice (Fig

4B). To confirm this trend, we analyzed MILI-piRNAs and MIWI-piRNAs by immunoprecipi-

tation of MILI and MIWI followed by RNA labeling. MILI-piRNAs had the same abundance

and lengths in MiwiRK/- testes compared to the Miwi+/- control (Fig 4C). Sequencing of MILI-

piRNAs further confirmed that MILI-piRNA lengths were normal in MiwiRK/- testes, a clear

difference from the extended untrimmed MILI-piRNAs observed in TdrkhcKO testes (Fig 4D).

In contrast, MIWI-piRNAs were significantly decreased in MiwiRK/- testes (Fig 4E). Notably,

MIWI level from immunoprecipitation was also reduced in MiwiRK/- testes (Fig 4E). To verify

that the piRNA binding ability of MIWIRK was not altered, MIWI immunoprecipitation was

re-performed using the same amount of immunoprecipitated MIWI and MIWIRK for RNA

labeling. MIWIRK was fully piRNA-loaded in MiwiRK/- testes compared to wild-type MIWI,

suggesting that the RK mutation does not change the piRNA binding activity of MIWIRK (Fig

4F). Sequencing of MIWI-piRNAs in MiwiRK/- testes confirmed that MIWI-piRNA lengths

were not affected, indicating that the direct MIWI-TDRKH interaction is not required for

piRNA trimming (Fig 4G).

Further analysis of MiwiRK/- piRNAs revealed a strong 5’-end U-bias at the first nucleotides,

suggesting that piRNA 5’ formation is normal in MiwiRK/- mice (Fig 4H). When mapping

piRNA reads to the mouse genome, total piRNA, MILI-piRNAs, and MIWI-piRNAs from

MiwiRK/- testes were primarily mapped to piRNA clusters, resembling the wild-type distribu-

tion (Fig 4I). The decrease in piRNA amount in MiwiRK/- testes distributed evenly across top

pachytene piRNA producing loci (S5 Fig). This indicates that the RK mutation does not affect

the selection of piRNA precursors for processing. Taken together, these data demonstrate for

the first time that the MIWI N-terminal RG motif is required for piRNA biogenesis, and the

RK mutation results in decreased efficiency of piRNA production without impacting piRNA

loading and maturation.

LINE1 is properly suppressed in MiwiRK/- germ cells

MIWI is required for LINE1 transposon silencing during spermatogenesis [27]. Loss of MIWI

causes LINE1 de-repression in pachytene spermatocytes and round spermatids, and MIWI

slicer activity is pivotal for LINE1 suppression [27]. We then asked whether the MIWI N-ter-

minal RG motif is required for LINE1 regulation. As previously reported, in situ hybridization

and immunostaining showed LINE1 was drastically up-regulated at both mRNA and protein

levels in Miwi-/- testes [27,41] (Figs 5A, 5B and S6). Surprisingly, despite the observed piRNA

defects in MiwiRK/- testes, LINE1 mRNA and ORF1 protein expression remained suppressed

in MiwiRK/- testes, similar to Miwi+/- controls (Figs 5A, 5B and S6). This suggests that the RK

mutation does not interfere with MIWI slicer activity required for LINE1 silencing and infers

that piRNAs against LINE1 are sufficiently produced in MiwiRK/- germ cells. To confirm this,

we analyzed LINE1-derived piRNAs in MiwiRK/- testes. The Ping-Pong signature of MiwiRK/-
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Fig 4. MIWI N-terminal RG motif is required for efficient pachytene piRNA biogenesis. (A) The RK mutation in MIWI N-terminal RG

motif causes reduction of total piRNA in adult testes. Total RNA from testes of indicated genotypes were end-labeled with [32P]-ATP and

detected by TBE urea gel and autoradiography. 18S and 28S ribosomal RNAs served as loading controls. (B) The length distribution of

small RNAs from adult testes. Data were normalized by miRNA reads (21–23nt). (C) The RK mutation in MIWI does not affect MILI-

piRNA biogenesis. Small RNAs were isolated from immunoprecipitated MILI-RNPs, end-labeled with [32P]-ATP and detected by TBE

urea gel and autoradiography. Western blotting was performed using anti-MILI antibody after immunoprecipitation. (D) The length

distribution of MILI-piRNAs from adult testes of indicated genotypes. (E) The RK mutation in MIWI causes reduction in MIWI-piRNAs.

Small RNAs were isolated from immunoprecipitated MIWI-RNPs, end-labeled with [32P]-ATP and detected by TBE urea gel and

autoradiography. Western blotting was performed using anti-MIWI antibody after immunoprecipitation. (F) MIWIRK are properly loaded

with piRNAs. Small RNAs were isolated from immunoprecipitated MIWI-RNPs, end-labeled with [32P]-ATP and detected by TBE urea

gel and autoradiography. MIWI protein levels after immunoprecipitation served as loading controls. (G) The length distribution of MIWI-

piRNAs from adult testes of indicated genotypes. (H) Nucleotide distributions at the first position in total piRNA, MILI-piRNAs and

MIWI-piRNAs from adult testes of indicated genotypes. (I) Genomic annotation of total piRNA, MILI-piRNAs and MIWI-piRNAs from

adult testes of indicated genotypes are shown. Sequence reads from indicated libraries were aligned to mouse genomic sequence sets in the

following order: piRNA clusters, coding RNA, non-coding RNA, repeats, intronic sequences and other. Results shown in (A), (C), (E) and

(F) are representative of 3 biological replicates. Small RNA-seq results shown in (B), (D), (G), (H) and (I) are representative of 2 biological

replicates.

https://doi.org/10.1371/journal.pgen.1011031.g004
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MIWI-piRNAs mapped to LINE1 was evident and comparable to that of Miwi+/- (Fig 5C). The

same Ping-Pong signature was observed in total piRNA and MILI-piRNAs in both MiwiRK/-

and Miwi+/-, indicating that Ping-Pong triggered LINE1 silencing is functional in MiwiRK/-

germ cells (S7A and S7B Fig). Consistent with this, the distribution of mapped sense and anti-

sense LINE1 piRNAs from MIWI-piRNAs, MILI-piRNAs and total piRNAs was comparable

between MiwiRK/- and Miwi+/- testes (Figs 5D, S7C and S7D). Additionally, we performed RT-

qPCR to investigate whether LINE1 and endogenous retroviruses (IAP, MusD and MERVL)

were affected at the mRNA level in MiwiRK/- testes. Consistent with in situ hybridization and

immunostaining results, LINE1 was up-regulated in Miwi-/- testes but unchanged in MiwiRK/-

testes (S8 Fig). Endogenous retroviruses (IAP, MusD and MERVL) were not affected in both

MiwiRK/- and Miwi-/- testes (S8 Fig). Collectively, we conclude that the RK mutation does not

cause LINE1 de-repression, suggesting that germ cell arrest in MiwiRK/- mice is not triggered

by improper LINE1 activation.

Chromatoid body malformation and round spermatid arrest in MiwiRK/-

mice are independent of DNA damage and apoptosis

MIWI is predominately localized to the chromatoid body (CB) in round spermatids. We next

examined the fate of MIWIRK in MiwiRK/- round spermatids. Despite the presence of MIWIRK

Fig 5. MIWI RK mutation does not cause LINE1 de-repression. (A) LINE1 ORF1 mRNA was upregulated in Miwi-/- testes but was undetectable

in MiwiRK/- testes. In situ hybridization of LINE1 ORF1 mRNA was performed in adult testes. Scale bar, 40 μm. (B) LINE1 ORF1 protein was

upregulated in Miwi-/- testes but was undetectable in MiwiRK/- testes. Immunostaining was performed using LINE1 ORF1 antibody on adult testes.

DNA was stained with DAPI. Scale bar, 20 μm. (C) The MIWI RK mutation does not affect the Ping-Pong signature of LINE1-derived piRNAs.

The 50-50 overlaps (Ping-Pong signature) between MIWI-piRNAs from opposite strands of LINE1 elements from Miwi+/- and MiwiRK/- testes were

shown. The percentage of pairs of piRNA reads at each position is reported. (D) Graphs showing the distribution of MIWI-piRNAs that were

mapped in the sense and antisense orientations to LINE1. Reads were normalized with the total reads from each library. Results shown in (A) and

(B) are representative of 3 biological replicates. Small RNA-seq results shown in (D) are representative of 2 biological replicates.

https://doi.org/10.1371/journal.pgen.1011031.g005
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in the CB, transmission electron microscopy revealed CB fragmentation in MiwiRK/- round

spermatids (Fig 6A and 6B). The observed CB fragmentation is similar to Miwi-/- and repre-

sents a common defect associated with low MIWI expression (Fig 6B). Thus, the RK mutation

causes defective CB formation in round spermatids which can be explained by inefficient

piRNA biogenesis.

Miwi-/- round spermatids arrest at step 1–3 and undergo DNA damage and apoptosis [11].

We then investigated whether DNA damage and/or apoptosis contribute to the late step 8

round spermatid arrest observed in MiwiRK/- testes. While γH2AX positive foci were abundant

in Miwi-/- round spermatids indicative of DNA damage, they were not present in MiwiRK/-

round spermatids (Fig 6C). TUNEL assay further showed no evident apoptosis in MiwiRK/-

round spermatids in contrast to elevated apoptosis observed in Miwi-/- testes (Fig 6D). These

data collectively indicate that despite causing piRNA defects, the RK mutation does not induce

Fig 6. MIWI RK mutation causes chromatoid body malformation but does not induce DNA damage and apoptosis. (A) MIWIRK

localization to chromatoid body in round spermatids. Testes from indicated mice were immunostained using MIWI antibody. DNA was

stained by DAPI. Scale bar, 5 μm. (B) The RK mutation in MIWI causes chromatoid body fragmentation in round spermatids. Transmission

electron microscopy was performed on round spermatids (RS) from Miwi+/-, MiwiRK/-, and Miwi-/- testes. The chromatoid bodies are indicated

by dotted line. Scale bar, 1 μm. (C) MIWI RK mutation does not cause DNA damage in arrested round spermatids. Adult testes were

immunostained using γH2AX antibody. DNA was stained by DAPI. Scale bar, 20 μm. (D) MIWI RK mutation does not cause apoptosis in

testes. TUNEL assays were performed in adult testes. DNA was stained by DAPI. Scale bar, 40 μm. (E) A proposed model illustrating the role

of the MIWI N-terminal RG motif in spermiogenesis. Results shown in (A)-(D) are representative of 3 biological replicates.

https://doi.org/10.1371/journal.pgen.1011031.g006
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DNA damage or apoptosis in male germ cells, which is a significant difference from Miwi-/-

mice.

Discussion

Our results provide the first evidence that an RG motif of a mammalian PIWI protein is func-

tionally important for piRNA biogenesis, spermatogenesis, and male fertility. Importantly, the

MiwiRK mutant mouse model genetically decouples MIWI’s function in LINE1 transposon

silencing and its role in promoting spermiogenesis (Fig 6E). MIWI N-terminal RG motif is

required for efficient piRNA production, suggesting a critical role for this conserved motif in

other vertebrate PIWIL1-like proteins to regulate the process of spermiogenesis, the last step

of spermatogenesis in diverse species (S1A Fig).

MIWI N-terminal RG motif is required for MIWI-TDRKH interaction. We show here that

MIWI-TDRKH interaction is disrupted by the MiwiRK mutation in germ cells. Consequently,

MIWIRK fails to be efficiently recruited to the IMC and MIWIRK-bound piRNA production is

much reduced. Despite a reduction in piRNA levels, piRNA processing and trimming are

complete because there were no obvious length changes for MIWIRK-bound piRNAs, suggest-

ing that MIWIRK can engage in piRNA processing and trimming from start to finish. This is

consistent with our observation that the RK mutation in MIWI does not affect TDRKH

anchoring on the mitochondrial surface for piRNA trimming. The accessibility of MIWIRK to

the piRNA trimming complex can be explained by its residual weak interaction with TDRKH

or its direct association with the trimmer PNLDC1 [43,44]. Alternatively, other piRNA biogen-

esis factors may compensate for the recruitment of MIWIRK to the IMC for piRNA processing.

Nonetheless, mature piRNAs associated with MIWIRK still follow the abundance pattern

derived from piRNA clusters found in wild-type germ cells, indicating it is the piRNA produc-

tion efficiency but not piRNA precursor selectivity that is affected by the RK mutation.

One surprising finding is that the MIWI N-terminal RG motif is required for primary piRNA

biogenesis but not required for LINE1 silencing. This genetically separates MIWI’s transposon

silencing function from its ability to promote spermiogenesis. The maintenance of LINE1 silenc-

ing in MiwiRK mutants is likely due to the slightly reduced but functional LINE1-targeting piRNAs

and the normal Ping-Pong signature in mutant germ cells, which differs from Miwi-/- and MIWI

slicer mutants that both show significant LINE1 activation [27]. Thus, the round spermatid arrest

in MiwiRK/- mutants can be dissociated from LINE1 silencing and possibly results from reduction

of the bulk of pachytene piRNAs primarily derived from transposon-poor pachytene piRNA clus-

ters. The fragmented CB in MiwiRK/- round spermatids can also be ruled out to be a direct conse-

quence of defective LINE1 silencing. In another genetic model, conditional deletion of piRNA

biogenesis factor Mov10l1 by Stra8-Cre causes severe reduction in both MILI-piRNAs and

MIWI-piRNAs and spermiogenic arrest without impacting LINE1 silencing, suggesting the criti-

cal roles of non-transposon-targeting pachytene piRNAs in promoting spermiogenesis [37].

MIWI/PIWIL1’s overall function is carried out by the coordinated actions of its functional

domains. The RK mutation abolishes the function of the N-terminal RG motif, while the fold-

ing and function of other major domains, PAZ, MID, and PIWI, are not expected to be altered.

Indeed, the piRNA-binding ability mediated by the PAZ and MID domains of MIWIRK is

unaffected by the RK mutation. The slicer activity conferred by the PIWI domain is also

retained by MIWIRK as LINE1 remains silenced in MiwiRK/- mice. A D-box motif in the N-ter-

minal region of MIWI involving ubiquitination has been shown to be important for male fer-

tility [45,46]. Mice with D-box mutations display a late spermiogenesis defect differing from

that of MiwiRK/- mice, highlighting the designated roles of various functional domains/motifs

in directing MIWI function during spermatogenesis.
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PIWI proteins interact with the TDRD family proteins through arginine-rich motifs and

the PIWI-TDRD interaction is conserved among species. However, the binding mechanism

varies across species. In mice, TDRKH interacts with the MIWI N-terminal RG motif indepen-

dent of arginine methylation [28,40]. While in Drosophila, Papi, the homolog of TDRKH,

interacts with Piwi in an arginine methylation-dependent manner [47]. Drosophila PIWI pro-

tein Aub interacts with Tudor domain-containing proteins Tud and Krimper through a N-ter-

minal RG motif similar to that found in mouse MIWI2 (PIWIL4) [48,49]. By replacing the

four arginines in the N-terminal RG motif to lysines, the Aub RK mutant flies show high

embryonic lethality and transposon upregulation but intact primary piRNA biogenesis

[50,51]. By contrast, here we demonstrate that the mouse MIWI N-terminal RG motif is

required for spermiogenesis by promoting piRNA biogenesis independent of LINE1 silencing.

Our results highlight the functional heterogeneity of RG motifs in different PIWI proteins

across diverse species. In mice, the function of the RG motifs in MILI and MIWI2 to regulate

piRNA biogenesis, spermatogenesis, and fertility requires further investigation.

Materials and methods

Ethics statement

All animal procedures were approved by the Institutional Animal Care and Use Committee of

Michigan State University. All experiments with mice were conducted ethically according to

the Guide for the Care and Use of Laboratory Animals and institutional guidelines.

Generation of MiwiRK mutant mice

MiwiRK mutant mice were generated by CRISPR-Cas9 targeting of the mouse Piwil1 locus

(ENSMUSG00000029423). Wild-type NLS-Cas9 protein, synthetic tracrRNA, crRNA and a

single-stranded oligodeoxynucleotide (ssODN) donor template were purchased from Inte-

grated DNA Technologies (Coralville, IA, USA). Protospacer (N)20 and PAM sequences corre-

sponding to the crRNA used were 5’-TGACTGGCCGAGCCCGAGCT -CGG -3’. Donor

ssODNs in the reverse orientation had the following sequence: 5’ AGCTATATAAGAATGG

TACTCACCGCAGCAGCCCCAACATGCTGCACCGTCTCCTGACCcttTGCCtTGCCcttG

GCCttAGCcttGGCcttGCCAGTCATTTTCTGTCAGAGAGGAAAAGCACACGA 3’. Syn-

thetic tracrRNA and crRNA were incubated at 95˚C for 5 min and allowed to cool down in

order to form RNA heteroduplexes, which were then incubated with Cas9 protein for 5 min at

37˚C to pre-form ribonucleoprotein (RNP) complexes. RNPs were electroporated into mouse

zygotes using a Gene Editor electroporator (BEX CO., LTD, Tokyo, Japan) as previously

described [52]. Embryos were implanted into pseudo-pregnant recipients according to stan-

dard procedures. Editing of founder offspring was assessed using PCR, T7 Endonuclease I

assay, and Sanger sequencing of the target region.

Miwi knockout mice (Miwi-/-), generated in the laboratory of Dr. Haifan Lin [11], were pur-

chased from Mutant Mouse Resource Research Centers.

Plasmid construction

The full-length mouse Tdrd1, Rnf17, Tdrd5, Tdrd6, Stk31, Pnldc1 and Mov10l1 cDNAs were

amplified by PCR and cloned into pEGFP-C1 (GFP tag at N-terminus) expression vector. The

full-length mouse Tdrkh cDNA was amplified by PCR and cloned into pEGFP-N1 (GFP tag at

C-terminus) expression vector. The full-length mouse Miwi and MiwiRK mutant cDNAs were

amplified by PCR and cloned into pcDNA3-FLAG (FLAG tag at N-terminus) and pEGFP-C1

(GFP tag at N-terminus) expression vectors. To obtain RFP-tagged TDRKH, the GFP tag of
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pEGFP-N1 vector was replaced by TurboRFP tag and the full-length mouse Tdrkh cDNA was

cloned into this TurboRFP-tagged (TurboRFP tag at C-terminus) expression vector.

Histology

Mouse testes and epididymides were collected and fixed in Bouin’s fixative at 4˚C overnight

and embedded in paraffin. Histological sections were cut at 5 μm and stained with hematoxy-

lin and eosin after dewaxing and rehydration.

Immunofluorescence

Mouse testes were fixed in 4% paraformaldehyde (PFA) overnight at 4˚C and embedded in

paraffin. Tissue sections were cut at 5 μm, dewaxed and rehydrated. Antigen retrieval was per-

formed in Tris-EDTA buffer (pH 9.0). Testis sections were blocked in 5% NGS for 30 min at

room temperature. Testis sections were then incubated with anti-MIWI (1:100; 2079, Cell Sig-

naling Technology), anti-MILI (1:100; PM044, MBL), anti-TDRKH (1:100; 13528-1-AP, Pro-

teintech), anti-α-tubulin (1:100; sc32293, Santa Cruz), anti-ACRV1 (1:50; 14040-1-AP,

Proteintech), anti-LINE1 ORF1 (1:800), or FITC-conjugated mouse anti-γH2AX (1:500; 16-

202A, Millipore) in 5% NGS at 37˚C for 2 h. After washing with PBS, sections were incubated

with Alexa Fluor 555 goat anti-rabbit IgG (1:500; A21429, Life Technologies) for 1 h and

mounted using Vectashield mounting media with DAPI. For MIWI and TDRKH colocaliza-

tion, MIWI staining was performed as above, followed by incubating with fluorescently labeled

anti-TDRKH (1:20) for 2 h at room temperature. Anti-TDRKH was labeled by Zenon Alexa

Fluor 488 Rabbit IgG Labeling Kit (Z25302, Thermo Scientific) according to manufacturer’s

instruction. For MIWI and TOMM20 colocalization, sections were incubated with anti-

TOMM20 (1:100; ab186734, Abcam) and then incubated with Alexa Fluor 488 goat anti-rabbit

IgG (1:500; A11034, Life Technologies), followed by incubating with fluorescently labeled

anti-MIWI (1:20) for 2 h at room temperature. Anti-MIWI was labeled by Zenon Alexa Fluor

555 Rabbit IgG Labeling Kit (Z25305, Thermo Scientific) according to manufacturer’s instruc-

tion. Fluorescence microscopy was performed using Fluoview FV1000 confocal microscope.

TUNEL assay

To evaluate apoptosis, TUNEL assay was performed on testis sections using In Situ Cell Death

Detection Kit (11684795910, Sigma-aldrich) according to manufacturer’s instruction. Briefly,

5 μm PFA-fixed paraffin sections were dewaxed and rehydrated, followed by incubating with

Proteinase K for 20 min at room temperature. After washing with PBS, sections were incu-

bated with TUNEL reaction mixture at 37˚C for 1 h and mounted using Vectashield mounting

media with DAPI.

Western blotting

Mouse testes were collected and homogenized in RIPA buffer (50 mM Tris-HCl pH 7.4, 1%

NP-40, 0.5% sodium deoxycholate, 0.01% SDS, 1 mM EDTA, and 150 mM NaCl) with prote-

ase inhibitor. Protein lysates were separated by 4–20% SDS-PAGE gel and transferred to

PVDF membranes. The membranes were blocked in 5% non-fat milk and subsequently incu-

bated with primary antibodies in blocking solution overnight at 4˚C. Membranes were washed

with TBST and incubated with HRP-conjugated goat anti-rabbit IgG (1:5000; 1706515, Bio-

Rad) or goat anti-mouse IgG (1:5000; 1706516, Bio-Rad) for 1 h at room temperature before

chemiluminescent detection. The primary antibodies used were anti-TDRKH (1:4000; 13528-

1-AP, Proteintech), anti-MIWI (1:1000; 2079, Cell Signaling Technology), anti-MILI (1:2000;
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PM044, MBL), anti-TDRD6 (1:1000) and HRP-conjugated mouse anti-β-actin (1:5000; A3854,

Sigma).

Cell transfection and co-immunoprecipitation

HEK293T cells were transfected with indicated plasmids using Lipofectamine 2000 (Life Tech-

nologies). After 48 h, immunoprecipitation was performed using anti-FLAG M2 Affinity Gel

(A2220, Sigma). FLAG-tagged or GFP-tagged proteins were detected by Western blotting

using anti-FLAG antibody (1:1000; F1804, Sigma) or anti-GFP antibody (1:10000; Ab290,

Abcam) and secondary antibodies HRP-conjugated goat anti-mouse IgG (1:5000; 1706516,

Bio-Rad) or goat anti-rabbit IgG (1:5000; 1706515, Bio-Rad). HeLa cells were transfected with

indicated plasmids using Lipofectamine 2000 (Life Technologies). After 48 h, cells were fixed

with 4% PFA and DNA was stained with DAPI. Fluorescence microscopy was performed

using Fluoview FV1000 confocal microscope.

Transmission electron microscopy

Mouse testes were fixed with 2.5% glutaraldehyde and 2% PFA in 0.1 M cacodylate buffer for 2

h at room temperature. After washing, the testes were post-fixed with 1% osmium tetroxide in

0.1 M cacodylate buffer for 2 h at room temperature. The testes were dehydrated in increasing

concentrations of acetone and then infiltrated and embedded in Spurr’s resin. Ultrathin sec-

tions were cut at 70 nm and stained with uranyl acetate and lead citrate. Images were taken

with JEOL 100CX Transmission Electron Microscope (Japan Electron Optics Laboratory,

Japan) at an accelerating voltage of 100kV.

Immunoprecipitation of piRNAs and proteins

Mouse testes were collected and homogenized using lysis buffer (20 mM HEPES pH 7.3, 150

mM NaCl, 2.5 mM MgCl2, 0.2% NP-40, and 1 mM DTT) with protease inhibitor and RNase

inhibitor. The lysates were pre-cleared using protein-A agarose beads for 2 h at 4˚C. Anti-

MILI (PM044, MBL) or anti-MIWI (2079, Cell Signaling Technology) antibodies together

with protein-A agarose beads were added to the lysates and incubated for 4 h at 4˚C. The

beads were washed in lysis buffer 5 times. Immunoprecipitated RNAs were isolated from the

beads using Trizol reagent for piRNA labeling or small RNA library construction. For protein

detection, immunoprecipitated beads were boiled in protein loading buffer for 5 min. Western

blotting of MILI, MIWI, TDRKH or TDRD6 was performed as described above.

Detection of piRNAs

Total RNA was extracted from mouse testes using Trizol reagent (Thermo Scientific). Total

RNA or immunoprecipitated RNA (MILI or MIWI) was de-phosphorylated with Shrimp

Alkaline Phosphatase (NEB) and end-labeled using T4 polynucleotide kinase (NEB) and [γ-

32P] ATP. The 32P-labeled RNA was separated on a 15% Urea-PAGE gel, and signals were

detected by exposing the gel on phosphorimager screen followed by scanning on the Typhoon

scanner (GE Healthcare).

Small RNA libraries and bioinformatics

Small RNA libraries from immunoprecipitated RNAs or total RNA were prepared using Small

RNA Library Prep Kit (E7300, NEB) following manufacturer’s instructions. Multiple libraries

with different barcodes were pooled and sequenced with the Illumina HiSeq 4000 platform

(MSU Genomic Core Facility).
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Sequenced reads were processed with fastx_clipper (http://hannonlab.cshl.edu/fastx_

toolkit/index.html) to clip the sequencing adapter read-through. Clipped reads were filtered

by length (24–32 nt) and aligned to the following sets of sequences: piRNA clusters, coding

RNAs, non-coding RNAs, repeats, introns, and other. Alignments were performed with Bow-

tie (one base mismatch allowed). Repeats included classes of repeats as defined by RepeatMas-

ker (ftp://hgdownload.cse.ucsc.edu/goldenPath/mm10/database/rmsk.txt.gz).

In situ hybridization

Testes were fixed in 4% PFA overnight at 4˚C. After being immersed in 30% sucrose, testes

were embedded in O.C.T compound and frozen before 7 μm sections were cut. Antisense DIG

labeled RNA probe was transcribed using DIG RNA Labeling Mix (Roche) from a linearized

plasmid containing a full length of LINE1 Orf1 (nucleotides 1741–2814, GenBank: M13002.1).

After denaturing the probes for 10 min in hybridization cocktail solution (Amresco), the

probes were added to the sections and incubated overnight at 65˚C. After washing and block-

ing, sections were incubated with alkaline-phosphatase conjugated goat anti-DIG Fab frag-

ments (Roche) overnight. The positive signal was visualized by adding BM Purple (Roche).

RT-qPCR

Total RNA was extracted from mouse testes using Trizol reagent (Thermo Scientific) and

treated with TURBO DNA-free Kit (AM1907, Thermo Scientific). 1 μg treated RNA was

reverse transcribed using iScript cDNA Synthesis Kit (1708890, Bio-Rad) according to manu-

facturer’s instructions. cDNA was diluted 4-fold and qPCR was performed using iTaq Univer-

sal SYBR Green Supermix (1725121, Bio-Rad) in QuantStudio 5 Real-Time PCR System

(Thermo Scientific). qPCR conditions were 95˚C for 10 min, followed by 40 cycles of 95˚C for

15 s and 60˚C for 60 s. Primers used for qPCR are: LINE1 forward 5’- GGAGGGACATTTCA
TTCTCATCA-3’, LINE1 reverse 5’- GCTGCTCTTGTATTTGGAGCATAGA-3’; IAP for-

ward 5’- AACCAATGCTAATTTCACCTTGGT-3’, IAP reverse 5’- GCCAATCAGCAGG
CGTTAGT-3’; MusD forward 5’- GTGGTATCTCAGGAGGAGTGCC-3’, MusD reverse

5’- GGGCAGCTCCTCTATCTGAGTG-3’; MERVL forward 5’- CTTCCATTCACAGCTG
CGACTG-3’, MERVL reverse 5’- CTAGAACCACTCCTGGTACCAAC-3’; Gapdh forward

5’- AGAAACCTGCCAAGTATGATGAC-3’, Gapdh reverse 5’- GTCATTGAGAGCAATGCC
AG-3’.

Statistical analysis

All data are mean±SEM and all statistical analyses between groups were analyzed by unpaired

t-test.

Supporting information

S1 Fig. The generation of MiwiRK mutant mice. (A) Multiple sequence alignment of PIWI

N-terminal RG motifs from PIWI proteins of different species. (B) A schematic diagram show-

ing the strategy for the generation of a MiwiRK allele using CRISPR-Cas9. (C) The RK muta-

tion was shown by DNA sequencing.

(TIF)

S2 Fig. Phagocytic removal of multinucleated giant cells in MiwiRK/- testes by Sertoli cells.

Testes were immunostained using α-tubulin antibody. The multinucleated giant cells in

MiwiRK/- testes are indicated by white arrows. Scale bar, 40 μm. Results shown are
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representative of 3 biological replicates.

(TIF)

S3 Fig. MIWI RK mutation causes mislocalization of MIWI during spermatogenesis in

mice. (A) Testes from indicated mice were immunostained using MIWI and γH2AX antibod-

ies. DNA was stained by DAPI. Different spermatogenic stages were distinguished according

to γH2AX staining and DAPI staining. Scale bar, 40 μm. (B) The RK mutation diminishes the

recruitment of MIWI to mitochondria in pachytene spermatocytes. Co-immunostaining of

MIWI and mitochondrial marker TOMM20 in stage VII–VIII seminiferous tubule from

Miwi+/- and MiwiRK/- testes was performed. DNA was stained by DAPI. Scale bar, 10 μm.

Results shown in (A) and (B) are representative of 3 biological replicates.

(TIF)

S4 Fig. MIWI RK mutation does not affect the expression and localization of MILI and

TDRKH. (A) Expressions of MIWI, MILI, and TDRKH in adult testes are revealed by Western

blotting. β-actin is a loading control. Quantification of intensity of MIWI is shown under the

blot (the one in wildtype testis is set as 1.000 after normalization with β-actin). (B) Testes from

indicated mice were immunostained using MILI or TDRKH antibodies. DNA was stained by

DAPI. Scale bar, 20 μm. Results shown in (A) and (B) are representative of 3 biological repli-

cates.

(TIF)

S5 Fig. MIWI N-terminal RG motif is required for MIWI-piRNA biogenesis from piRNA

clusters. (A) The number of piRNA reads mapped to Top50 piRNA clusters from total piR-

NAs were shown. piRNA reads were normalized by the miRNA counts of each small RNA

library. n = 2. Error bars represent s.e.m. (B) The number of piRNA reads mapped to Top50

piRNA clusters from MILI-piRNAs were shown. The data were normalized by total small

RNA reads from each library. n = 2. Error bars represent s.e.m. (C) The number of piRNA

reads mapped to Top50 piRNA clusters from MIWI-piRNAs were shown. The data were nor-

malized by total small RNA reads from each library. n = 2. Error bars represent s.e.m.

(TIF)

S6 Fig. MIWI RK mutation does not cause LINE1 de-repression. Immunostaining was per-

formed using LINE1 ORF1 antibody on adult testes. DNA was stained with DAPI. Scale bar,

100 μm. Results shown are representative of 3 biological replicates.

(TIF)

S7 Fig. MIWI RK mutation does not affect the Ping-Pong signature of LINE1-derived piR-

NAs. (A) The 50-50 overlaps between total piRNAs from opposite strands of LINE1 elements

from Miwi+/- and MiwiRK/- testes are shown. The percentage of pairs of piRNA reads at each

position is reported. (B) The 50-50 overlaps between MILI-piRNAs from opposite strands of

LINE1 elements from Miwi+/- and MiwiRK/- testes are shown. The percentage of pairs of

piRNA reads at each position is reported. (C) Graphs show the distribution of total piRNAs

that were mapped in the sense and antisense orientation to LINE1. piRNA reads were normal-

ized by the miRNA counts of each small RNA library. (D) Graphs show the distribution of

MILI-piRNAs that were mapped in the sense and antisense orientations to LINE1. Reads were

normalized by the total reads from each library. Small RNA-seq results shown in (C) and (D)

are representative of 2 biological replicates.

(TIF)

S8 Fig. MIWI RK mutation does not cause LINE1 de-repression. RT-qPCR analysis of

Miwi+/-, MiwiRK/- and Miwi-/- testes for the expression of retrotransposons (LINE1, IAP, MusD
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and MERVL). n = 3. Error bars represent s.e.m. The P-value was calculated using unpaired t-

test. *, P< 0.01.

(TIF)
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34. Wu P-H, Fu Y, Cecchini K, Özata DM, Arif A, Yu T, et al. The evolutionarily conserved piRNA-producing

locus pi6 is required for male mouse fertility. Nature genetics. 2020; 52(7):728–39. https://doi.org/10.

1038/s41588-020-0657-7 PMID: 32601478

35. Choi H, Wang Z, Dean J. Sperm acrosome overgrowth and infertility in mice lacking chromosome 18

pachytene piRNA. PLoS genetics. 2021; 17(4):e1009485. https://doi.org/10.1371/journal.pgen.

1009485 PMID: 33831001

36. Goh WSS, Falciatori I, Tam OH, Burgess R, Meikar O, Kotaja N, et al. piRNA-directed cleavage of mei-

otic transcripts regulates spermatogenesis. Genes & development. 2015; 29(10):1032–44. https://doi.

org/10.1101/gad.260455.115 PMID: 25995188

37. Zheng K, Wang PJ. Blockade of pachytene piRNA biogenesis reveals a novel requirement for maintain-

ing post-meiotic germline genome integrity. PLoS Genet. 2012; 8(11):e1003038. Epub 2012/11/21.

https://doi.org/10.1371/journal.pgen.1003038 PMID: 23166510; PubMed Central PMCID:

PMC3499362.

38. Yuan S, Tang C, Schuster A, Zhang Y, Zheng H, Yan W. Paternal pachytene piRNAs are not required

for fertilization, embryonic development and sperm-mediated epigenetic inheritance in mice. Environ

Epigenet. 2016; 2(4). Epub 2017/10/07. https://doi.org/10.1093/eep/dvw021 PMID: 28983410; PubMed

Central PMCID: PMC5625633.

39. Ding D, Liu J, Midic U, Wu Y, Dong K, Melnick A, et al. TDRD5 binds piRNA precursors and selectively

enhances pachytene piRNA processing in mice. Nature communications. 2018; 9(1):1–13.

40. Zhang H, Liu K, Izumi N, Huang H, Ding D, Ni Z, et al. Structural basis for arginine methylation-indepen-

dent recognition of PIWIL1 by TDRD2. Proceedings of the National Academy of Sciences. 2017; 114

(47):12483–8. https://doi.org/10.1073/pnas.1711486114 PMID: 29118143

41. Ding D, Liu J, Dong K, Melnick AF, Latham KE, Chen C. Mitochondrial membrane-based initial separa-

tion of MIWI and MILI functions during pachytene piRNA biogenesis. Nucleic acids research. 2019; 47

(5):2594–608. https://doi.org/10.1093/nar/gky1281 PMID: 30590800

42. Saxe JP, Chen M, Zhao H, Lin H. Tdrkh is essential for spermatogenesis and participates in primary

piRNA biogenesis in the germline. EMBO J. 2013; 32(13):1869–85. Epub 2013/05/30. https://doi.org/

10.1038/emboj.2013.121 PMID: 23714778; PubMed Central PMCID: PMC3981179.

43. Ding D, Liu J, Dong K, Midic U, Hess RA, Xie H, et al. PNLDC1 is essential for piRNA 3’ end trimming

and transposon silencing during spermatogenesis in mice. Nat Commun. 2017; 8(1):819. Epub 2017/

10/12. https://doi.org/10.1038/s41467-017-00854-4 PMID: 29018194; PubMed Central PMCID:

PMC5635004.

44. Mann JM, Wei C, Chen C. How genetic defects in piRNA trimming contribute to male infertility. Androl-

ogy. 2022. Epub 2022/10/21. https://doi.org/10.1111/andr.13324 PMID: 36263612; PubMed Central

PMCID: PMC10115909.

45. Zhao S, Gou LT, Zhang M, Zu LD, Hua MM, Hua Y, et al. piRNA-triggered MIWI ubiquitination and

removal by APC/C in late spermatogenesis. Dev Cell. 2013; 24(1):13–25. Epub 2013/01/19. https://doi.

org/10.1016/j.devcel.2012.12.006 PMID: 23328397.

PLOS GENETICS Essential function of MIWI RG motif in piRNA biogenesis and male fertility

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011031 November 13, 2023 20 / 21

https://doi.org/10.1038/nature10672
https://doi.org/10.1038/nature10672
http://www.ncbi.nlm.nih.gov/pubmed/22121019
https://doi.org/10.1073/pnas.0911640106
http://www.ncbi.nlm.nih.gov/pubmed/19918066
https://doi.org/10.1073/pnas.1013106107
http://www.ncbi.nlm.nih.gov/pubmed/20937909
https://doi.org/10.1101/gad.1814809
http://www.ncbi.nlm.nih.gov/pubmed/19584108
https://doi.org/10.1038/nrm3185
http://www.ncbi.nlm.nih.gov/pubmed/21915143
https://doi.org/10.1101/gad.1899210
http://www.ncbi.nlm.nih.gov/pubmed/20360382
https://doi.org/10.1016/j.molcel.2013.02.016
http://www.ncbi.nlm.nih.gov/pubmed/23523368
https://doi.org/10.1038/s41588-020-0657-7
https://doi.org/10.1038/s41588-020-0657-7
http://www.ncbi.nlm.nih.gov/pubmed/32601478
https://doi.org/10.1371/journal.pgen.1009485
https://doi.org/10.1371/journal.pgen.1009485
http://www.ncbi.nlm.nih.gov/pubmed/33831001
https://doi.org/10.1101/gad.260455.115
https://doi.org/10.1101/gad.260455.115
http://www.ncbi.nlm.nih.gov/pubmed/25995188
https://doi.org/10.1371/journal.pgen.1003038
http://www.ncbi.nlm.nih.gov/pubmed/23166510
https://doi.org/10.1093/eep/dvw021
http://www.ncbi.nlm.nih.gov/pubmed/28983410
https://doi.org/10.1073/pnas.1711486114
http://www.ncbi.nlm.nih.gov/pubmed/29118143
https://doi.org/10.1093/nar/gky1281
http://www.ncbi.nlm.nih.gov/pubmed/30590800
https://doi.org/10.1038/emboj.2013.121
https://doi.org/10.1038/emboj.2013.121
http://www.ncbi.nlm.nih.gov/pubmed/23714778
https://doi.org/10.1038/s41467-017-00854-4
http://www.ncbi.nlm.nih.gov/pubmed/29018194
https://doi.org/10.1111/andr.13324
http://www.ncbi.nlm.nih.gov/pubmed/36263612
https://doi.org/10.1016/j.devcel.2012.12.006
https://doi.org/10.1016/j.devcel.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23328397
https://doi.org/10.1371/journal.pgen.1011031


46. Gou LT, Kang JY, Dai P, Wang X, Li F, Zhao S, et al. Ubiquitination-Deficient Mutations in Human Piwi

Cause Male Infertility by Impairing Histone-to-Protamine Exchange during Spermiogenesis. Cell. 2017;

169(6):1090–104 e13. Epub 2017/05/30. https://doi.org/10.1016/j.cell.2017.04.034 PMID: 28552346;

PubMed Central PMCID: PMC5985145.

47. Zhang Y, Liu W, Li R, Gu J, Wu P, Peng C, et al. Structural insights into the sequence-specific recogni-

tion of Piwi by Drosophila Papi. Proc Natl Acad Sci U S A. 2018; 115(13):3374–9. Epub 2018/03/14.

https://doi.org/10.1073/pnas.1717116115 PMID: 29531043; PubMed Central PMCID: PMC5879672.

48. Webster A, Li S, Hur JK, Wachsmuth M, Bois JS, Perkins EM, et al. Aub and Ago3 are recruited to

nuage through two mechanisms to form a ping-pong complex assembled by Krimper. Molecular cell.

2015; 59(4):564–75. https://doi.org/10.1016/j.molcel.2015.07.017 PMID: 26295961

49. Kirino Y, Vourekas A, Sayed N, de Lima Alves F, Thomson T, Lasko P, et al. Arginine methylation of

Aubergine mediates Tudor binding and germ plasm localization. Rna. 2010; 16(1):70–8. https://doi.org/

10.1261/rna.1869710 PMID: 19926723

50. Vrettos N, Maragkakis M, Alexiou P, Sgourdou P, Ibrahim F, Palmieri D, et al. Modulation of Aub-TDRD

interactions elucidates piRNA amplification and germplasm formation. Life Sci Alliance. 2021; 4(3).

Epub 2020/12/31. https://doi.org/10.26508/lsa.202000912 PMID: 33376130; PubMed Central PMCID:

PMC7772777.

51. Huang X, Hu H, Webster A, Zou F, Du J, Patel DJ, et al. Binding of guide piRNA triggers methylation of

the unstructured N-terminal region of Aub leading to assembly of the piRNA amplification complex. Nat

Commun. 2021; 12(1):4061. Epub 2021/07/03. https://doi.org/10.1038/s41467-021-24351-x PMID:

34210982; PubMed Central PMCID: PMC8249470.

52. Qin W, Dion SL, Kutny PM, Zhang Y, Cheng AW, Jillette NL, et al. Efficient CRISPR/Cas9-mediated

genome editing in mice by zygote electroporation of nuclease. Genetics. 2015; 200(2):423–30. https://

doi.org/10.1534/genetics.115.176594 PMID: 25819794

PLOS GENETICS Essential function of MIWI RG motif in piRNA biogenesis and male fertility

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011031 November 13, 2023 21 / 21

https://doi.org/10.1016/j.cell.2017.04.034
http://www.ncbi.nlm.nih.gov/pubmed/28552346
https://doi.org/10.1073/pnas.1717116115
http://www.ncbi.nlm.nih.gov/pubmed/29531043
https://doi.org/10.1016/j.molcel.2015.07.017
http://www.ncbi.nlm.nih.gov/pubmed/26295961
https://doi.org/10.1261/rna.1869710
https://doi.org/10.1261/rna.1869710
http://www.ncbi.nlm.nih.gov/pubmed/19926723
https://doi.org/10.26508/lsa.202000912
http://www.ncbi.nlm.nih.gov/pubmed/33376130
https://doi.org/10.1038/s41467-021-24351-x
http://www.ncbi.nlm.nih.gov/pubmed/34210982
https://doi.org/10.1534/genetics.115.176594
https://doi.org/10.1534/genetics.115.176594
http://www.ncbi.nlm.nih.gov/pubmed/25819794
https://doi.org/10.1371/journal.pgen.1011031

