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Proteostasis regulated by testis-specific ribosomal
protein RPL39L maintains mouse spermatogenesis

Qianxing Zou,1,2,3,4 Lele Yang,1,2,3 Ruona Shi,1,2,3,5 Yuling Qi,1,2,3,4,6 Xiaofei Zhang,1,2,3,4,6

and Huayu Qi1,2,3,4,7,*

SUMMARY

Maintaining proteostasis is important for animal development. How proteostasis
influences spermatogenesis that generates male gametes, spermatozoa, is not
clear. We show that testis-specific paralog of ribosomal large subunit protein
RPL39, RPL39L, is required for mouse spermatogenesis. Deletion of Rpl39l in
mouse caused reduced proliferation of spermatogonial stem cells, malformed
spermmitochondria and flagella, leading to sub-fertility in males. Biochemical an-
alyses revealed that lack of RPL39L deteriorated protein synthesis and protein
quality control in spermatogenic cells, partly due to reduced biogenesis of ribo-
somal subunits and ribosome homeostasis. RPL39/RPL39L is likely assembled
into ribosomes via H/ACA domain containing NOP10 complex early in ribosome
biogenesis pathway. Furthermore, Rpl39l null mice exhibited compromised
regenerative spermatogenesis after chemical insult and early degenerative sper-
matogenesis in aging mice. These data demonstrate that maintaining proteosta-
sis is important for spermatogenesis, of which ribosome homeostasis maintained
by ribosomal proteins coordinates translation machinery to the regulation of
cellular growth.

INTRODUCTION

Maintaining cellular proteostasis is important for animal development, tissue regeneration, and aging (Dis-

smeyer et al., 2019). Complex protein quality control (PQC) systems in cells facilitate the rheostat of protein

synthesis and degradation (Jayaraj et al., 2020; Sherman and Qian, 2013; Wolff et al., 2014), including

molecular chaperone networks, ER associated degradation (ERAD), mitochondrial protein quality control

(mtPQC), proteasomes, and autophagy (Galluzzi et al., 2017; Hwang and Qi, 2018; Morimoto, 2008; Rava-

nelli et al., 2020; Rousseau and Bertolotti, 2016). Since protein synthesis consumes more than 70% of

cellular energy, changes of proteostasis often reflect upon mitochondrial functions and cellular metabolic

states (Galluzzi et al., 2018; Lu and Guo, 2020). How cells systemically regulate proteostasis that integrates

protein synthesis, PQC, and cellular metabolism remains to be fully understood.

Continuously changing cell fate during animal development requires expression of cell type-specific pro-

teomes that accompany cellular functions. Spermatogenesis, the developmental process that generates

sperm, encompasses three consecutive stages–mitosis, meiosis, and spermiogenesis (the cellular morpho-

genesis of haploid spermatids)—during which spermatogenic cells alter cell fate sequentially (Hermann

et al., 2018; Hermo et al., 2010; Oakberg, 1956). Disruption of spermatogenesis at any stage due to either

genetic or environmental interventions may render male sterility and, in humans, accounts for 50% of infer-

tility (Krausz and Riera-Escamilla, 2018; Visser and Repping, 2010). Although it is conceivable that synthesis

and quality of sperm proteome are relevant to sperm quality and male fertility, little is known about how

dynamic proteostasis is achieved and maintained during spermatogenesis (D’Amours et al., 2019; Nether-

ton et al., 2018; Schafer et al., 1995).

Proteostasis can be regulated by the synthesis of ribosomal proteins (RPs) and assembly of ribosomes, the

core protein synthesis machinery made of 79–80 RPs and 4 RNA species in eukaryotes (Albert et al., 2019;

Emmott et al., 2019). Biogenesis of ribosomes occurs in multiple steps, ranging from co-transcriptional as-

sembly of pre-ribosomal complexes in the nucleolus to the maturation of small and large subunits (SSUs

and LSUs) in cytoplasm (Klinge and Woolford, 2019). In response to changes of growth conditions and
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metabolism, cells regulate ribosome homeostasis through intracellular signaling and hundreds of regula-

tory factors (Badertscher et al., 2015; de la Cruz et al., 2018; Farley-Barnes et al., 2018; Pena et al., 2017).

However, RP deficiencies caused by genetic mutations often generate cell or tissue-specific phenotypes,

such as Diamond-Blackfan Anemia (DBA), suggesting more diversified RP functions than translation (Bhav-

sar et al., 2010; Kondrashov et al., 2011; Lipton and Ellis, 2010). Specific roles of RPs may render ribosomes

selective to mRNAs’ translation in cell type-specific manner (the ribosome filter hypothesis) (Mauro and

Edelman, 2002; Mills and Green, 2017). Varied RP components, ribosomal-associated proteins (RAPs)

and post-translational modifications of RPs and rRNAs also generate heterogeneous ribosomes with varied

functionality (Genuth and Barna, 2018a). In addition, accumulating evidence shows that ribosomes regulate

the quality of nascent polypeptides during protein synthesis via ribosomal quality control (RQC) system so

that cells would minimize the resources cost on generating misfolded proteins at the earliest stages (Joa-

zeiro, 2019; Sitron and Brandman, 2020). How different RPs participate in ribosome homeostasis and coor-

dinate PQC requires further investigation.

RPs are expressed heterogeneously in different cell types (Slavov et al., 2015; van de Waterbeemd et al.,

2017). In this regard, several mammalian RP paralogs are expressed in testis-specific fashion, including

Rps4y2 (paralog to Y-linked Rps4y1), Rps4l, Rpl10l and Rpl39l (paralogs to X-linked Rps4x, Rpl10 and

Rpl39, respectively) (Lopes et al., 2010; Sugihara et al., 2010, 2013; Uechi et al., 2002). These retrogenes

are thought to originate from sex chromosomes due to the pressure of meiotic sex chromosome inactiva-

tion (MSCI) (Wang, 2004). However, we previously found that the expression of Rpl39l is highly enriched in

spermatogonial stem cells (SSCs) (Yang et al., 2013), in line with recent single cell RNA sequencing analyses

showing the expression of Rpl39l in undifferentiated SSCs (Green et al., 2018; Tan et al., 2020). Although

expression of Rpl39l was also found in embryonic stem cells and several cancerous cells (Nadano et al.,

2002; Wong et al., 2014), its roles during spermatogenesis remains to be determined. Several studies in

yeast and cancerous cells have suggested that RPL39 potentially interacts with nascent polypeptide chain,

Ubc, and RNA editor (ADAR) (Dave et al., 2014; Zhang et al., 2013). Deletion of Rpl39 in yeast caused

increased translational error, decreased nitric oxide synthase (NOS) expression and impeded cell prolifer-

ation (Dave et al., 2014; Dresios et al., 2000), suggesting that RPL39/RPL39Lmay regulate cellular growth via

influences on protein synthesis.

In the present study, we first validated the dominant expression of Rpl39l over Rpl39 in male germ cells.

Using a gene knockout mouse model, it was found that RPL39L plays essential roles during mouse sper-

matogenesis. Lack of RPL39L caused reduction of protein synthesis and aberrant PQC, partly due to the

deficiency in biogenesis of large ribosomal subunits. Comparing to the wild type, Rpl39l null mice exhibited

impeded spermatogenesis recovery following busulfan treatment. These results demonstrate the impor-

tance of a single RP in maintaining ribosome and protein homeostasis during mouse spermatogenesis

and may provide novel targets to ameliorate degenerative and aging spermatogenesis.

RESULTS

Deletion of Rpl39l causes sub-fertility in mouse

It was suggested that Rpl39l is exclusively expressed in testis, whereas Rpl39 is expressed ubiquitously

(Uechi et al., 2002) (Figure S1A). Using quantitative RT-PCR, we found that in mouse testes the expression

of Rpl39lwas already detectable around 3-dpp (days postpartum) and exhibited increasing expression dur-

ing post-natal mouse development, reciprocal to that of Rpl39 (Figure S1B). To identify whether Rpl39l is

expressed in SSCs, self-renewing (OCT4+) and differentiating (cKIT+) SSCs were isolated by fluorescence-

activated cell sorting (FACS) from OG2 mice (transgenic mouse line expressing GFP under the control of

the Pou5f1 promoter) (Yoshimizu et al., 1999). Quantitative RT-PCR indicated that sub-populations of

OCT4+ SSCs contain more Rpl39l mRNAs than that of Rpl39 (Figure 2A). These data suggest that expres-

sion of Rpl39l starts in SSCs, earlier than MSCI commences, and may gradually replace Rpl39 as the main

component of ribosomes in differentiating spermatogenic cells.

In order to investigate functional roles of RPL39L duringmouse spermatogenesis, anRpl39lgenenullmouse

line was established using CRISPR/Cas9 method (Figure S1C) (see STARMethods). The 19-bp insertionmu-

tation causes frameshift near the starting codon and would eliminate RPL39L protein (Figure S1D). RT-PCR

of total RNAs extracted frommouse testes suggested that Rpl39l–/– testis expressed only themutant mRNA

(Figure S1E). Using a pan-RPL39/RPL39L antibody generated from full-length RPL39 (RPL39 and RPL39L are

94% identical with differences in only three amino acids) (Figure S1C), both Western blotting and
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immunofluorescent staining showed dramatic reduction of protein signals in Rpl39l–/– testis (Figures S1F–

S1H). In adult mice, the reduction of protein signals was most evident in elongating spermatids and residue

bodies, in which the expression of RPL39 would be turned off by MSCI (Figure S1H). Examination of off-tar-

gets found no off-targeting mutations in the established Rpl39l null mouse line (Table S2).

Phenotypically, the overall growth of Rpl39l–/– mice appeared comparable to those of wild type and

Rpl39l+/– mice (Figure 1A); however, male gonads were reduced by about 1/3 in weight after a month

following birth (Figures 1B and 1C). Male Rpl39l–/– mice sired about 50% less frequently in a recorded

time period of three months (Figure 1D), although the average number of pups in each litter from

Rpl39l–/– males was only slightly reduced (6.4 G 3.3, comparing to 7.9 G 1.8 from wild type and 8 G 1.9

from Rpl39l+/– males) (Figure 1E). Consistently, numbers of sperm that could be retrieved from cauda

epididymis, the storage site for mature sperm, were significantly less in adult Rpl39l–/– mice, compared

with those of wild type and Rpl39l+/– counterparts (N R 5, p < 0.001, One-way ANOVA) (Figure 1F). Com-

puter-assisted sperm analysis (CASA) further showed that Rpl39l–/– mice produced significantly less motile

sperm than wild type and Rpl39l+/– counterparts (Figure S2). Supporting this, Rpl39l null sperm were more

morphologically abnormal, including frequently bend heads (31.86% G 10.7% vs. 4.99% G 0.64% in wild

type and 5.42% G 2.34% in Rpl39l+/–, N = 4–5 experimental repeats, p < 0.001, One-way ANOVA) (Figures

1G and 1H). Ultrastructure of sperm revealed by transmission electron microscopy (TEM) also showed that

Rpl39l null sperm contained derailed outer dense fiber (ODF) and axoneme in the flagella of sperm tail (Fig-

ures 1I and 1J). Taken together, these data indicate that deletion of Rpl39l caused reduced sperm produc-

tion, defected sperm morphology and motility, leading to sub-fertility in male mice.

Reduced proliferation of spermatogonial stem cells caused by Rpl39l deletion

To find out when the reduced spermatogenesis occurred, we first examined populations of spermatogenic

cells using testes from mice at various ages. The precise timing of mouse spermatogenesis provides that

spermatogenic cells at different stages appear gradually from basal lamina to the lumen of seminiferous

tubules following the birth of an animal. For example, it takes approximately 11 days for SSCs to enter

meiosis and 10 more days to complete it. Further 14 days are required for haploid spermatids to undergo

cellular morphogenesis in order to generate mature sperm. Histological examination of testis sections re-

vealed that compared with wild type and Rpl39l+/– mice, Rpl39l–/– testes contained more empty tubules at

2- to 4-week postpartum, whenmeiotic spermatocytes and post-meiotic spermatids should appear respec-

tively (Figures S3A–S3C) and adult Rpl39l–/– mice contained smaller seminiferous tubules and less sperm in

cauda epididymis (Figures S3D and S3E). Using a flow cytometry method, it was found that while no gross

differences in spermatogenic cells were seen at 1 week, post-meiotic spermatids (1N) were significantly

reduced in Rpl39l–/– mice at 4 weeks during the first wave of spermatogenesis (Figures S3A–S3C, right

panels, Figures S3F and S3G). The reduced spermatogenesis could cause higher percentages of diploid

cells at 2–4 weeks in Rpl39l–/– mice. Supporting this notion, the number of SYCP3+ spermatocytes was

less at 2 weeks (Figure S4A) and reduced in adult Rpl39l–/– mice (Figures S4B and S4C). However, no

apparent changes in the proportion of spermatocytes at meiosis I and II stages (Figures S4D–S4F) or during

the prophase of meiosis I were found (Figures S4G and S4H), suggesting that meiotic procession was not

affected. Collectively, these data suggest that Rpl39l deletion caused reduced spermatogenesis before

meiosis starts, however, Rpl39l–/– spermatocytes could still complete meiosis.

The expression of Rpl39l in proliferating SSCs suggests potential effects of Rpl39l deletion on SSCs. Sub-

populations of SSCs were therefore analyzed using flow cytometry and confocal microscopy following

immunostaining of SSCs with various markers. When compared to the wild type, GDNF receptor a1-ex-

pressing (GFRa1+) SSCs (the earliest self-renewing SSCs known) were not changed (Figures 2B and S5A),

whereas total spermatogonia (Ubiquitin carboxy-terminal hydrolase L1-expressing, UCHL1+) were reduced

in Rpl39l–/– mice (Figures 2C and 2D, upper panel). SSCs express PLZF when they enter proliferative stage

and gradually reduce its expression when SSCs develop towards cKIT+ differentiation stage (Hobbs et al.,

2010; Yoshinaga et al., 1991) (Figure S5E). Analyses of SSCs expressing PLZF showed that PLZFHigh SSCs

appeared similar, whereas PLZFLow SSCs were reduced in Rpl39l–/– mice comparing to those of wild type

(Figure 2D lower panel, 2E-G and S5B), suggesting that proliferative SSCs were decreased when entering

differentiation stage. In the same vein, PLZFHigh SSCs were not changed, regardless of cKIT expression (Fig-

ures S5C and S5D). Using Ki67 immunolabeling, it was found that differentiating PLZFLow SSCs contained

decreased Ki67+ and increased Ki67– cells in Rpl39l–/– mice, suggesting decreased proliferation of PLZFLow

SSCs (Figures 2H and 2I). Furthermore, TUNEL assay suggested that apoptotic cells were slightly more in
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Rpl39l–/– testis than those of wild type and Rpl39+/� counterparts (Figures 2J, 2K, and S5F). No apparent

changes were observed in Sertoli cells, the main somatic cells within seminiferous tubules, suggesting

that Rpl39l deletion affected mainly germ cells (Figures S5G and S5H). Collectively, these data suggest

that deletion of Rpl39l caused decrease of PLZFLowcKIT+ differentiating SSCs, leading to reduced

spermatogenesis.
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Figure 1. Deletion of Rpl39l causes sub-fertility in male mice

(A) Body weights of post-natal male mice. N R 5 mice at each time point.

(B) Testis weights of post-natal male mice. N R 5 mice at each time point.

(C) Images of testes from mice with different genotypes. Scale bar: 2 mm.

(D) Average number of litters produced by male mice with different genotypes.

(E) Average number of pups per litter.

(F) Average numbers of sperm retrieved from cauda epididymis. N R 5 mice.

(G) Images of epididymal sperm. Arrows indicate bend heads of Rpl39l null sperm. Scale bar: 20 mm.

(H) Percent of sperm with bend heads in total sperm counted from images as in (G). N = 3 experimental repeats.

(I) TEM images of sperm tail cross-sections. Arrows indicate missing or dis-oriented ODF and axoneme of Rpl39l null sperm. Scale bar: 200 nm.

(J) Percent of abnormal principal-piece cross-sections. Numbers of cross-sections containingmalformedODF and axoneme were counted from TEM images

as shown in (I).

One-way ANOVA Tukey’s test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Reduced proliferation of spermatogonial stem cells (SSCs) caused by Rpl39l deletion

(A) SSCs from 2-week-old OG2 mice were sorted from intact cells (left panel, circled) using GFP expression and cKIT immunostaining (middle panel). Copy

numbers of Rpl39l and Rpl39 transcripts were compared using quantitative RT-PCR (right panel). N = 3 experimental repeats, paired-sample Student’s t-test,

**p < 0.01, ***p < 0.001.

(B) GFRa1+ SSCs per unit length of seminiferous tubules in 2-week-old and adult mice. N R 40 1-mm long seminiferous tubules.

(C) UCHL1+ spermatogonia per cross-section of 2-week-old mouse testes. N R 183.
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Rpl39l deletion compromised structure and functions of sperm mitochondria

Sperm motility is powered by mitochondria located in the mid-piece of sperm tail and cytoskeletal net-

works of flagella, of which malformation often causes defected sperm motility. Closer examination of

TEM images of sperm showed that other than disorganized ODF and axoneme, mitochondria of Rpl39l

null sperm contained hollow matrix and electron dense cristae aggregates, indicating malformed mito-

chondria sheath (Figures 3A and 3B). To examine whether mitochondrial functions were affected, cauda

epididymal sperm and spermatogenic cells were isolated and analyzed using mitochondrial indicators.

The results showed that although intensities of MitoTracker Red staining were not significantly altered (Fig-

ure 3C), marked reductions were found in mitochondrial membrane potential (JC-1 staining) (Figure 3D)

and cellular ATP content (5.56 G 2.42 nmol/mg protein in Rpl39l–/– sperm, compared with 14.88 G

5.39 nmol/mg protein in wild type and 13.34 G 4.23 nmol/mg protein in Rpl39l+/– sperm, respectively,

N = 5 experimental repeats, one-way ANOVA, p < 0.05) (Figure 3E), suggesting reduced mitochondrial

functions in epididymal sperm. It was further found that mitochondrial functions has already been disrup-

ted during earlier stages of spermatogenesis, as cellular ATP in Rpl39l null spermatocytes, round and elon-

gating spermatids were decreased to 55.33%G 11.24%, 33.67%G 4.93% and 42%G 8.89% of those of wild

type cells, respectively (N = 3 experimental repeats, p < 0.05, one-way ANOVA) (Figure 3F), along with

reduced mitochondrial membrane potential as revealed by JC-1 staining (Figure 3G). Consistently, testic-

ular cells from Rpl39l–/– mice contained about 10% higher levels of ROS (reactive oxygen species) than

those from Rpl39l+/– and wild type mice (N = 4 experimental repeats, p < 0.01, one-way ANOVA) (Fig-

ure 3H). Taken together, the above data indicate that the absence of RPL39L has detrimental effect on

sperm mitochondrial structure and functions, which contributes to the defective sperm motility.

Decreased protein synthesis in Rpl39l null testis

RPL39L is one of the 46 ribosomal LSU proteins whose primary function is to form ribosomes and translate

mRNAs. The absence of RPL39L could affect protein synthesis in spermatogenic cells, leading to aberrant

production of proteins that are important for mitochondrial functions and spermatogenesis. To test this,

mouse testes were intraperitoneally injected with puromycin, an amino acid analog that occupies the

A-sites of ribosomes and prevents translation elongation, which can be used to label nascent polypeptides.

After 1.5 h, testes were harvested and sectioned for immunostaining with anti-puromycin antibody. As

shown in Figure 4A, immunofluorescent signals of puromycin representing nascent proteins were mainly

distributed in cells located at the outer rim of seminiferous tubules where SSCs reside. The number of pu-

romycin-labeled cells was significantly lower in Rpl39l–/– testes than those of wild type and Rpl39+/� testes

(Figure 4B). It was noted that cells in the inner layers of seminiferous tubules were largely devoid of puro-

mycin labeling under this condition. One possibility is that the blood-testis barrier formed via cell-cell junc-

tions among Sertoli cells segregates meiotic spermatocytes and post-meiotic spermatids from outside

environment. This could prevent puromycin from entering and labeling spermatocytes and spermatids.

To test this, dispersed spermatogenic cells were cultured in vitro transiently and labeled with puromycin

for 1 h, a condition that allowed incorporation of puromycin into spermatocytes and post-meiotic sperma-

tids. Similar to in vivo labeling, cells from Rpl39l–/– mice contained less puromycin signals than those from

wild type and Rpl39l+/– mice, suggesting reduced protein synthesis in Rpl39l null cells (Figure 4C). The

reduction of protein synthesis in testes and cultured spermatogenic cells was further confirmed byWestern

blotting of the same samples (Figures 4D and 4E). Additionally, immunostaining showed that puromycin

signals were mainly localized in UCHL1+ spermatogonia (Figure 4F) but not SOX9+ Sertoli cells (Figure 4G)

following in vivo labeling, suggesting that nascent protein synthesis was mostly detected in germ cells dur-

ing the short period of labeling time. Together, these data indicate a global decrease of protein synthesis

in germ cells in the absence of RPL39L.

Figure 2. Continued

(D) Confocal images of testis sections of 2-week-old mice immunostained for UCHL1 (upper panels) or PLZF (lower panels). Scale bar: 50 mm.

(E) Percent of PLZFHigh and PLZFLow SSCs in total testicular cells from 2-week-old mice. N R 7 testes.

(F) Ratio of PLZFLow to PLZFHigh SSCs in 2-week-old mice. N R 7 testes.

(G) FACS for PLZF+ SSCs from 2-week-old mice.

(H) Percent of Ki67-labeled PLZFLow SSCs from 2-week-old mice. N R 3 testes.

(I) FACS for Ki67-labeled PLZFLow SSCs from 2-week-old mice.

(J) TUNEL+ cells per cross-section containing TUNEL+ cells. N R 203.

(K) Confocal images of TUNEL assays on mouse testis sections. Scale bar: 50 mm.

One-way ANOVA Tukey’s test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Rpl39l deletion compromises structure and functions of sperm mitochondria

(A) TEM images of mid-piece longitudinal sections of sperm tail. Arrows indicate mitochondria with hollowed matrix and cristae condensates. Insets: cross-

sections of sperm mitochondria. Scale bar: 500 nm.

(B) Percent of abnormal mitochondrial cross-sections in the mid-piece of sperm tail. Numbers indicate cross-sections containing disorganized matrices in

total mitochondrial cross-sections counted from TEM images as shown in (A).

(C) Flow cytometry (left) and the average intensity of MitoTracker Red signals (right) from stained epididymal sperm. N R 3 testes.

(D) Flow cytometry (left) and the average intensity of JC-1 Red signals (right) in epididymal sperm stained with JC-1. N R 3 testes.

(E) Cellular ATP of epididymal sperm. N = 5 cauda epididymides.

(F) Relative contents of cellular ATP in spermatogenic cells separated by BSA gravity sedimentation, using wild type cells as the control. N = 3 mice.

(G) Flow cytometry (left, only spermatocytes shown) and the average intensity of JC-1 (right) in spermatogenic cells. N = 3 testes. In (F) and (G), SPCY:

spermatocytes, RS: round spermatids, ES: elongating spermatids. In (C), (D) and (G), MFI: mean fluorescence intensity, AU: arbitrary unit.

(H) Relative levels of ROS in adult testes. N R 4 mice.

One-way ANOVA Tukey’s test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Decreased protein synthesis and ribosome large subunits in the absence of RPL39L

(A) Confocal images of testis cross-sections immunostained with anti-puromycin following in vivo labeling. Scale bar: 100 mm.

(B) Puromycin+ cells per cross-section as shown in (A) N R 41, One-way ANOVA Tukey’s test, ***p < 0.001.

(C) Confocal images of dispersed testicular cells immunostained with anti-puromycin following in vitro labeling. Scale bar: 50 mm.

(D) Western blotting of testis lysates following in vivo puromycin labeling. Shown are two experimental repeats.

(E) Western blotting of testicular cell lysates following in vitro puromycin labeling. a-TUBULIN was used as loading control in (D) and (E).

(F and G) Confocal images of testis sections immunostained with anti-puromycin and anti-UCHL1 (F) or anti-SOX9 (G) following in vivo puromycin labeling.

Cell nuclei were stained with DAPI. Scale bars: 50 mm.

(H) Sucrose gradient sedimentation of testis lysates. Peaks of 40S SSU, 60S LSU and 80S monosomes are indicated with blue boxes.

(I and J) GO analyses of proteins pulled-down by both GST-RPL39 and GST-RPL39L. GO groups relevant to ribosome biogenesis are indicated in green.

(K) Co-immunoprecipitation of testis lysates with pan-anti-RPL39 or anti-NOP10. NOP10 is common to both GST-RPL39 and GST-RPL39L pull-downs.
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Biogenesis of 60S ribosome LSUs affected by Rpl39l deletion

Protein translation efficiency is regulated by multiple factors, including the abundance of translation reg-

ulators, mRNA metabolism and ribosome biogenesis, which coordinate with cellular growth and prolifer-

ation (Tahmasebi et al., 2019). To find whether the lack of RPL39L caused ribosome deficiency, testis lysates

were subjected to sucrose gradient sedimentation. Ultracentrifugation of testis lysates on a 10–50% su-

crose gradient resolved 40S SSUs, 60S LSUs, 80S monosomes and polysomes. Compared with the wild

type, Rpl39l–/– testes contained similar level of 40S SSUs; however, levels of 60S LSUs and 80S monosomes

were reduced (Figure 4H), suggesting that deletion of RPL39L could affect biogenesis or the stability of 60S

LSUs and 80S monosomes. Ribosomal subunits are first assembled co-transcriptionally in cell nucleoli

before being exported into cytoplasm (Klinge and Woolford, 2019). In line with this, immunostaining

showed that RPL39/RPL39L were localized in cell nuclei of early spermatocytes and cytoplasm of SSCs,

pachytene spermatocytes (containing sex bodies labeled with gH2AX) and post-meiotic spermatids (Fig-

ures S1G, S1H, and S6A). It is not clear how RPL39/RPL39L participate in the ribosome biogenesis. To

gain insights into this question, GST-RPL39 and GST-RPL39L expressed in E. coli were used to pull down

testis lysates, of which components of protein complexes were then identified by protein mass spectrom-

etry (Figures S6B and S6C). A total of 190 and 164 proteins were identified from RPL39 and RPL39L com-

plexes, respectively (Table S3, see Star Methods). Of these, 141 (66.2%) proteins overlapped between

the two groups, suggesting highly conserved functions or pathways involving RPL39 and RPL39L (Fig-

ure S6D). GO analysis suggested that overlapped proteins preferentially function in RNA binding, ribo-

some biogenesis, and rRNA processing (Figures 4I, 4J and S6E). Among them, 9 proteins were ribosome

assembly factors (AFs) that have been known to regulate ribosome biogenesis at various steps. Using

co-immunoprecipitation of testis lysate, we further verified the potential complexes that formed endoge-

nously between RPL39/RPL39L and NOP10, a known H/ACA domain-containing AF that is also involved in

rRNApseudouridylation and telomeremaintenance (Egan andCollins, 2012; Rashid et al., 2006) (Figure 4K).

Taken together, these results suggested that RPL39/RPL39L is assembled into ribosomes early in nucleus,

partly via NOP10-containing complex.

Differentially expressed spermatogenic proteome caused by Rpl39l deletion

Ribosomal proteins facilitate translation of all cellular proteins. However, accumulating evidence suggests

that cells respond to translational control differently via either varied mRNA translatability or heteroge-

neous ribosomes (Genuth and Barna, 2018b; Mauro and Edelman, 2002; Mills and Green, 2017). The mal-

formed mitochondria and flagella in Rpl39l null sperm suggest that Rpl39l deletion preferentially affected

certain groups of proteins. To test this, proteins extracted from adult mouse testes were applied to quan-

titative mass spectrometry. Among �8,640 proteins identified by LC-MS/MS, 6,352 of them were

quantifiable and 194 differentially expressed proteins (DEPs) were significantly changed (cut-off of FC >

1.5, p < 0.05), of which 81 and 113 proteins were decreased or increased, respectively, in Rpl39l–/– testes

compared with those of wild type (Table S4). Heatmaps of DEPs showed high consistency among three

experimental repeats (Figure 5A). The small amounts of DEPs revealed by MS indicates that the absence

of RPL39L indeed preferentially affects particular protein species (Figure 5B). GO analysis of DEPs revealed

that significantly decreased proteins include both cytoplasmic and mitochondrial ribosomal proteins (i.e.,

RPL28, RPL27A, mRPL2, mRPL17, mRPL32, andmRPS15), RNA binding proteins (e.g., CNBP, cellular nucleic

acid binding protein; CPEB2, cytoplasmic polyadenylation elements binding protein 2) and mitochondrial

proteins (e.g., CISD3, CDGSH Iron-Sulfur Domain-Containing Protein 3; PARK2, Parkin RBR E3 Ubiquitin

Protein Ligase; SURF1, SURF1 Cytochrome C Oxidase Assembly Factor) (Figures 5C and Table S4), consis-

tent with the phenotypes of reduced protein synthesis and compromised mitochondrial functions in

Rpl39l–/– germ cells.

Interestingly, a set of proteins were also increased in Rpl39l–/– testes, including oxidoreductase, ATP bind-

ing proteins, and cytoskeletal binding proteins (Figure 5D). Significantly increased proteins include FAU

(Finkel-Biskis-Reilly murine sarcoma virus, ubiquitously expressed), ENY2 (Enhancer of Yellow 2 Transcrip-

tion Factor Homolog), ATXN7L3B (Ataxin 7 Like 3B), ODF3L1 (Outer Dense Fiber of Sperm Tails 3 Like 1)

and BICD2 (Drosophila bicaudal-D homolog) (Figure 5B). FAU belongs to the UBA family, of which ubiqui-

tin/ubiquitin-like domains are fused with ribosome proteins at C-termini (RPS30 in the case of FAU)

(Casteels et al., 1995; Kas et al., 1992); ENY2 and ATXB7L3B are components of SAGA (Spt-Ada-Gcn5 ace-

tyltransferase) complexes facilitating nuclear acetylation and de-ubiquitination of histones H2A/B during

ER stress responses (Komander, 2009; Li et al., 2016; Schram et al., 2013); and ODF3L1 and BICD2 are ho-

mologs of ODF3 and DrosophilaBicaudal D, respectively, which adapt cargo complexes to microtubules
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and maintain structural integrity of cytoskeleton (Petersen et al., 2002; Splinter et al., 2010). Although their

functional roles during spermatogenesis remain to be determined, elevation of these proteins hinted at

PQC responses induced by the lack of RPL39L.

The expression of representative DEPs was further verified using Western blotting and immunostaining

(Figures 5E and 5F). Interestingly, immunostaining showed that these proteins presented heterogeneous
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Figure 5. Differentially expressed spermatogenic proteome caused by Rpl39l deletion

(A) Heatmap of differentially expressed proteins (DEPs) between wild type and Rpl39l–/– testes. Shown are three experimental repeats. DEPs are clustered

into seven clusters according to their similarities in changes. Red: upregulated DEPs, Blue: downregulated DEPs.

(B) Volcano plot of DEPs between wild type and Rpl39l–/– testes. Blue and red indicate top DEPs down- or up-regulated in Rpl39l–/– testes, respectively.

(C and D) GO analyses of DEPs. Down-regulated GO groups relevant to ribosomes and mitochondria are shown in grey (C). Up-regulated GO groups

relevant to metabolism and cytoskeleton are shown in yellow (D).

(E) Western blotting of testis lysates for selected top DEPs. a-TUBULIN was used as loading control.

(F) Immunostaining of testis sections. Insets show ER and acrosomal localizations of CNBP in spermatocytes and elongating spermatids from a different

cross-section. Green: PNA. Blue: DAPI. Scale bar: 50 mm. Scale bar in inset: 20 mm.

(G) Quantitative RT-PCR of genes encoding DEPs. Gapdh, Actin and Mrpl15 were used as controls. N = 3 testes, paired-sample Student’s t-test, *p < 0.05,

**p < 0.01.

(H) Changes of mRNA distributions. RNAs were extracted from sucrose gradient fractions representing RNPs, monosomes and polysomes and relative

mRNAs in each fraction were compared using quantitative RT-PCR. Most mRNAs were found to accumulate in RNPs in Rpl39l–/– testes as indicated by the

ratio above 1 (red dotted line). Genes encoding decreased (black) or increased (red) DEPs are indicated in G and (H)
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sub-cellular localizations in spermatogenic cells at various developmental stages. For example, CNBP, a

cytoplasmic RNA binding protein known for its role in regulating G-quadruplex of nucleotides and trans-

lation of 50-TOP (50-terminal oligopyrimidine) mRNAs (Bezzi et al., 2021; Calcaterra et al., 2010) was mainly

localized in cytoplasm of SSCs and spermatocytes, probably associated with the ER, however, became

concentrated in acrosomal vesicles of elongating spermatids (Figure 5F, insets). RPL28 and FAU were

mainly down- or up-regulated in the cytoplasm of spermatogenic cells, respectively. The multitude of

changes of protein translation regulators suggest that RPL39L is required for translation that occurs in

various sub-cellular compartments in spermatogenic cells at different developmental stages. Using quan-

titative RT-PCR, mRNAs encoding the top DEPs were found comparable in Rpl39l–/– and wild type testes,

suggesting that changes of DEP expression mainly occurred at post-transcriptional or translational levels

(Figure 5G). Supporting this, it was found that the majority of mRNAs of these DEPs was accumulated in

RNP fractions of sucrose gradient in Rpl39l–/– mice, suggesting their impeded translation activities

(Figure 5H).

Aberrant protein quality control in spermatogenic cells lacking RPL39L

Aberrant protein translation induces PQCs in order to maintain cellular proteostasis (Wolff et al., 2014).

Whether RPL39L participates in the control of protein quality during mouse spermatogenesis is not clear.

To address this question, we first examined whether PQC responses would be induced in spermatogenic

cells in the absence of RPL39L. To this end, it was found that insoluble protein aggregates increased by 60%

in Rpl39l–/– testis, comparing to that of wild type (N = 3, p < 0.05, One-way ANOVA) (Figure 6A). In the same

vein, two of the DNAJ molecular chaperons DNAJB6 and DNAJB8 were decreased as revealed by MS

(Table S4). DNAJ family proteins have been shown to interact with HSP70s and facilitate the prevention

of unfolded protein aggregates (Jayaraj et al., 2020). Western blotting and immunofluorescent staining

of testes samples showed that both DNAJB6 and DNAJB8 were indeed decreased in Rpl39l–/– testis

comparing to those of wild type (Figures 6B and 6C), in which DNAJB6 was not only expressed in post-

meiotic spermatids like DNAJB8 but also presented in pre-meiotic cells (Figure 6C), suggesting that sper-

matogenic cells contain and utilize differential unfolded protein response machineries. Mitochondria

contain over 1,500 proteins, the majority of which are encoded by nuclear genome and synthesized in cyto-

plasm before being transported intomitochondria (Fang and Lee, 2009). The defectedmitochondrial struc-

ture and functions, including numerous reduced mitochondrial ribosomal proteins in Rpl39l–/– testis,

prompted us to exam whether mitochondrial proteostasis was affected by Rpl39l deletion. For this, we

applied crude mitochondria fractions from testicular lysates to protein mass spectrometry (Figure S6F).

Quantitative mass spectrometry revealed 134 DEPs (72 decreased and 62 increased) in mitochondria frac-

tions from Rpl39l–/– mice comparing to that of wild type (FC > 2, p < 0.05) (Figures S6G, S6H and Table S5).

Among them, mitochondria-specific chaperon DNAJC30 was markedly reduced (Figure 6D). These results

suggested that both cytoplasmic and mitochondrial PQCs were altered in the absence of RPL39L.

Deleterious un-folded or mis-folded proteins are often ubiquitinated and degraded through proteasome

systems in order to maintain proteostasis. In addition, protein ubiquitination also facilitates the mainte-

nance of nascent protein quality and ribosomal proteins under normal physiological conditions (Balchin

et al., 2016; Komander and Rape, 2012). In order to distinguish these possibilities, we examined levels of

protein ubiquitination in testes. Western blotting of testis lysates with anti-ubiquitin antibody showed an

overall reduction of protein ubiquitination in Rpl39l–/– testis comparing to that of wild type and Rpl39l+/–

counterparts (Figures 6E and 6F), suggesting that protein ubiquitination was not induced by elevated pro-

tein aggregation in Rpl39l–/– testis. This could be caused by the reduced levels of protein synthesis or

ribosomal biogenesis in the absence of RPL39L, prompting the reduction of co-translational protein ubiq-

uitination. In support of this notion, Western blotting of sucrose gradient fractionation of testes lysates

Figure 6. Aberrant protein quality control in spermatogenic cells lacking RPL39L

(A) Increased protein aggregations in Rpl39l–/– testis. N = 3 testes, One-way ANOVA Tukey’s test, *p < 0.05.

(B) Western blotting of testis lysates. a-TUBULIN was used as loading control.

(C) Immunostaining of testis sections. Scale bar: 50 mm.

(D) Immunostaining of testis sections. DNAJC30 co-localizes with mitochondrial COXIV and both were decreased in Rpl39l–/– testes. Scale bar: 50 mm.

(E) Western blotting of testis lysates. a-TUBULIN was used as loading control.

(F) Quantitation of protein ubiquitination measured from Western blotting as shown in (E). N = 5 experimental repeats, One-way ANOVA Tukey’s test,

*p < 0.05.

(G) Western blotting of sucrose gradient fractions. Decreased protein ubiquitination was found in ribosome subunits, monosomes and polysomes,

especially in boxed area. Coomassie blue staining of the same samples are shown below.
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Figure 7. Reduced regenerative spermatogenesis in Rpl39l null testes

(A) Hematoxylin/Eosin (H/E) staining of testis sections at 1-month post-busulfan injection.

(B) Percent of cross-sections containing mainly empty lumens at 1-month post-busulfan injection. N = 6 testes.

(C) H/E staining of testis sections at 2 months after busulfan injection. Arrows indicate damaged seminiferous tubules.

(D) Percent of seminiferous tubules containing developing spermatogenic cells after 2 and 3 months after busulfan injection. N = 6 testes.
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showed that protein ubiquitination was indeed decreased in fractions containing ribosomal subunits, as

well as 80S monosomes and polysomes (Figure 6G). Collectively, the increased protein aggregation and

decreased protein ubiquitination indicate aberrant PQCs in the absence of RPL39L.

Reduced regenerative spermatogenesis in Rpl39l null testes

Loss of proteostasis causes cell degeneration and aging. The global proteotoxic stress caused by Rpl39l

deletion would reduce functionality of SSCs and differentiating spermatogenic cells. To test this, we

applied chemotoxic insult on testes using busulfan. Busulfan treatment in testes causes damage to most

mitotic cells and degeneration of spermatogenesis. However, surviving SSCs could replenish testes with

newly established stem cell population and regenerate spermatogenesis in time (Bucci and Meistrich,

1987; Kitadate et al., 2019). Following busulfan injection, progress of testis regeneration was compared

in mice with different genotypes. As shown in Figures 7A and 7B, most of the spermatogenic cells in testes

were eliminated similarly after 1 month following a single dose of busulfan injection (20 mg/kg). However,

both wild type and Rpl39l+/–mice regained spermatogenesis within 2 months, whereas spermatogenesis in

Rpl39l–/– mice only partially recovered (Figures 7C and 7D). The deleterious effect of Rpl39l deletion on

regenerative spermatogenesis was more evident at 3 months following tissue damage when wild type

testes completely recovered, testes from Rpl39l–/– mice still contained substantial fractions of damaged

tubules (Figures 7D–7F). Furthermore, testes from 8-month-old Rpl39l–/– mice contained more degenera-

tive seminiferous tubules, compared with their wild type and Rpl39l+/– counterparts (Figure S7). These data

suggest that spermatogenic cells are less effective in regenerating spermatogenesis and more prone to

degenerate with age in the absence of RPL39L.

DISCUSSION

The present study shows that ribosomal protein RPL39L is required for mouse spermatogenesis. Deletion

of Rpl39l caused subfertility in male mice, likely a cumulative effect of reduced proliferation of differenti-

ating SSCs, compromised mitochondrial functions and morphogenesis of sperm. On the molecular level,

lack of RPL39L affected biogenesis of ribosomal large subunits, causing reduced protein synthesis and

aberrant PQC, during which protein ubiquitination plays an important role. Consequently, the global pro-

teotoxicity occurring in spermatogenic cells is deleterious to spermatogenesis (Figure 7G).

Several lines of evidence indicate the ablation of RPL39L in Rpl39l–/– mice: 1) RT-PCR showed that only

mutant Rpl39l mRNAs containing a frame-shift mutation were expressed in Rpl39l–/– mice (Figure S1E);

2) immunostaining using a pan-RPL39/RPL39L antibody showed elimination of protein signals in elongating

spermatids and residue bodies of Rpl39l–/– testis, where the expression of Rpl39 is presumably turned off by

MSCI (Figure S1G); and 3) deletion of Rpl39l caused reduction of proliferating SSCs by nearly 50%

comparing to wild type mice, consistent with its expression in SSCs (Figure 2). Although it is not clear

what regulates the expression of paralogous RP genes, the ubiquitous expression of Rpl36al (Uechi

et al., 2002) and the expression of Rpl39l in embryonic stem cells and cancerous cells (Wong et al., 2014)

suggest broader regulatory mechanisms than MSCI, such as the compensatory roles proposed for

Rpl10l (Jiang et al., 2017; Wang, 2004). It will be of interest to find what regulates the expression of

Rpl39 and Rpl39l, including putative transcription factors and their differential 50-cis elements.

How ribosome homeostasis and protein synthesis are differentially influenced by individual RPs is not fully

understood. Cells maintain balanced ribosome biogenesis and protein synthesis in order tomeet demands

of cellular growth (Emmott et al., 2019). To support this, GST pull-down assays revealed several ribosome

AFs, including SSU processome factors IMP3 (U3 small nucleolar ribonucleoprotein) and EMG1 (N1-specific

pseudouridine methyltransferase), suggesting that assembly of LSU integrates with SSU formation. In addi-

tion, transcriptional and epigenetic regulators of ribosomal genes were found to change in Rpl39l–/– mice,

including elevated ENY2 and ATX7L3B, known to facilitate nuclear acetylation and de-ubiquitination of

Figure 7. Continued

(E) H/E staining of testis sections at 3 months after busulfan injection. Arrows indicate damaged seminiferous tubules.

(F) Testis weight measurements at different times after busulfan injection. N = 3 testes. One-way ANOVA Tukey’s test, *p < 0.05, **p < 0.01, ***p < 0.001.

(G) Proposed model of proteostasis regulated by RPL39L maintains normal spermatogenesis, in which Rpl39l deletion may interrupt biogenesis of ribosome

subunits, leading to reduced protein synthesis and aberrant protein quality control. The poor quality of proteins synthesized may introduce proteotoxicity

and compromise normal spermatogenesis, including decreased SSC proliferation and abnormal spermiogenesis, thus producing sperm with poor qualities

of morphology and motility.
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histones H2A/B during ER stress responses (Li et al., 2016; Schram et al., 2013). Whether changes of ribo-

some biogenesis regulate transcription of RP genes via feedback signals warrants further investigation.

How protein synthesis is coordinated with cellular metabolism has attracted attention in recent years (Ran-

garaju et al., 2019; Ruan et al., 2020). Several signaling pathways are known to modify cellular growth ac-

cording to environmental cues, including mTORC, AMPK, and PKA pathways (Gonzalez et al., 2020; Herzig

and Shaw, 2018; Lempiainen and Shore, 2009; Meng et al., 2018). mTORC2 responds to cellular energetic

states and regulate the expression of ribosomal genes (Morita et al., 2017; Zinzalla et al., 2011). Intriguingly,

translation of 50-TOP mRNAs regulated by CNBP is also the target of mTORC signaling (Calcaterra et al.,

2010). Whether RPL39L preferentially regulates the translation of mitochondrial proteins is not clear (Segev

and Gerst, 2018), however, a distinct group of mitochondrial proteins were reduced in Rpl39l–/– mice,

including mitochondrial RPs and metabolic enzymes, e.g., CISD3, of which mRNA contains putative

50-TOP sequences. Understanding whether ribosome homeostasis signals cellular growth through mito-

chondrial translation machinery and activities will be critical to fully appreciate the functional roles of pro-

teostasis during animal development.

Crystallographic structures of eukaryotic ribosomes indicate that RPL39 is located in the ribosomal LSU

near the exit tunnel of nascent polypeptide chain (Ben-Shem et al., 2011; Deuerling et al., 2019). Presum-

ably, RPL39L occupies the same location when assembled into ribosomal LSU, providing a way of co-trans-

lational PQC. Decreased PQC that fails to sense and clear aberrant proteins often leads to formation of

misfolded protein aggregates, hallmarks of degenerative diseases and aging (Balch et al., 2008; Lopez-

Otin et al., 2013). This is in line with the increased protein aggregation and decreased molecular chaper-

ones in Rpl39l–/– mice, including DNAJB6/8 and mitochondria-specific DNAJC30 (Gillis et al., 2013;

Tebbenkamp et al., 2018). It was recently shown that the DNAJ family of HSP40 co-chaperones recognize

substrates in cell-type specific manner (Piette et al., 2021; Thiruvalluvan et al., 2020), reminiscent of our find-

ings that DNAJB6 presents in pre-meiotic cells and DNAJB8 is mainly expressed in post-meiotic cells. The

decreased protein ubiquitination further supports the notion of aberrant PQC in the absence of RPL39L

(An and Harper, 2020; Inada, 2017; Sung et al., 2016; Takehara et al., 2021). Although largely unexplored,

molecular chaperones and ubiquitin ligases have been implicated in facilitating normal spermatogenesis

(Grad et al., 2010; Tokuhiro et al., 2012). Collectively, the presented study suggests that maintaining protein

homeostasis underlies potential pathways to regulate spermatogenesis and improve reproductive health

for humans.

Limitations of the study

Although the presented data indicate that the ribosomal large subunit protein RPL39L participates in the

regulation of proteostasis that is important for the progression and maintenance of mouse spermatogen-

esis, little is known about how spermatogenic cells regulate the expression of paralogous RPL39 and

RPL39L. It appears that the expression of Rpl39may not compensate for the loss of Rpl39l in spermatogenic

cells, a phenomenon that usually would occur for some other RP paralogs. In addition, whether RPL39 and

RPL39L could functionally complement each other in spermatogenic cells if their expressions are accom-

modated should also be investigated in the future. In this regard, generating RPL39L specific antibodies

and a germline specific Rpl39/Rpl39l duel deletion mouse model should be helpful to further elucidate

the roles of these ribosomal proteins during mouse spermatogenesis. Furthermore, due to the limited

numbers of endogenous SSCs that could be obtained, stage-specific roles of RPL39L were difficult to

dissect. An in vitro culture system of SSCs may be applied to solve this issue.

Lack of RPL39L disrupted 60S ribosomal large subunit assembly, suggesting that ribosome homeostasis is

an intrinsic part of gene expression network that regulates spermatogenesis. However, we did not apply

in vitro biochemical systems to directly test how RPL39L participates in the regulation of fidelity and

efficiency of protein synthesis and whether RPL39L-less ribosomes differentially synthesize proteins. The

ubiquitination proteomes during ribosome biogenesis and nascent protein synthesis should be identified

so that their roles during spermatogenesis could be further studied. Using quantitative mass spectrometry,

numerous proteins that are affected by or interact with RPL39L were identified. Whether they elicit similar

regulatory roles during spermatogenesis await to be established. Phenotypes of mitochondrial abnormal-

ity in sperm provide interesting links between cytoplasmic translation and mitochondrial functions, a

phenomenon that should be further investigated. Answers to these questions should provide us more

comprehensive understanding of the relationships between ribosomal control of proteostasis and
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spermatogenesis. In addition, it will be of great importance to establish whether RPL39/RPL39L and their

associated proteins that participate in ribosome biogenesis and protein synthesis are correlated with hu-

man infertility and reproductive health.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

eFluor 780-conjugated anti-cKIT eBioscience Cat#47117180

PE-conjugated anti-PLZF eBioscience Cat#12932080

Rabbit anti-KI67 Abcam Cat#ab15580; RRID: AB_443209

Goat anti-GFRa1 R&D systems Cat#AF560

Rabbit anti-PLZF Santa Cruz Cat#sc-22839; RRID: AB_2304760

Rabbit anti-UCHL1 Abcam Cat#ab108986

Rabbit anti-SYCP3 Abcam Cat#ab15093

Mouse anti-gH2AX Millipore Cat#05-636

Rabbit anti-SOX9 Millipore Cat#AB5535

Alexa Fluor 488-conjugated Lectin PNA Molecular Probes Cat#L-21409

Rabbit anti-RPL39 Proteintech Cat#14990-1-AP; RRID: AB_2238670

Mouse anti-Puromycin Millipore Cat#MABE343; RRID: AB_2566826

Rabbit anti-CNBP Proteintech Cat#14717-1-AP; RRID: AB_2081548

Rabbit anti-RPL28 Proteintech Cat#16649-1-AP; RRID: AB_2254021

Rabbit anti-RPS19 Bethyl Cat#A304-002A; RRID: AB_2620351

Rabbit anti-CREM Santa Cruz Cat#sc-440; RRID: AB_673599

Rat anti-FUBI R&D systems Cat#MAB9036

Rabbit anti-DNAJB6 Proteintech Cat#11707-1-AP; RRID: AB_2230757

Rabbit anti-DNAJB8 Proteintech Cat#17071-1-AP; RRID: AB_2094743

Mouse anti-DNAJC30 Abnova Cat#H00084277-B01P

Rabbit anti-COX4 Proteintech Cat#11242-1-AP

Rabbit anti-Ubiquitin Abcam Cat#ab7780; RRID: AB_306069

Rabbit anti-MRPL2 Proteintech Cat#16492-1-AP; RRID: AB_2145746

Rabbit anti-MRPL17 Bethyl Cat#A305-670A-T; RRID: AB_2891579

Rabbit anti-SPATA22 Proteintech Cat#16989-1-AP; RRID: AB_2286640

Mouse anti-Lamin B1 Proteintech Cat#66095-1-lg; RRID: AB_2721256

Mouse anti-GST Abmart Cat#M20007; RRID: AB_2864360

Rabbit anti-NOP10 Abcam Cat#ab134902; RRID: AB_10674253

Mouse anti-aTubulin Proteintech Cat#66031-1-lg

Alexa Fluor 488-conjugated goat anti-rabbit IgG Invitrogen Cat#A-11034

Alexa Fluor 568-conjugated goat anti-rabbit IgG Invitrogen Cat#A-11036

Alexa Fluor 488-conjugated goat anti-mouse IgG Invitrogen Cat#A-11001

Alexa Fluor 568-conjugated goat anti-mouse IgG Invitrogen Cat#A-11004

Alexa Fluor 488-conjugated donkey anti-goat IgG Invitrogen Cat#A-11055

Alexa Fluor 488-conjugated goat anti-rat IgG Abcam Cat#Ab150165

HRP-conjugated goat anti-mouse IgG Multi Sciences Cat#GAM007

HRP-conjugated goat anti-rabbit IgG Multi Sciences Cat#GAR007

HRP-conjugated goat anti-rat IgG Multi Sciences Cat#GRT007

Rabbit IgG GeneTex Cat#GTX35035

Bacterial and virus strains

E.coli BL-21 Tiangen Cat#CB105

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

PMSG San Sheng Biotech. N/A

HCG Merck Cat#230734

Taq DNA polymerase Tiangen Cat#ET101

Reverse Transcriptase XL, AMV Tanaka Cat#2620A

TB Green Premix ExTaq Takara Cat#PR420A

HTF Millipore Cat#MR-070-D

Paraformaldehyde Sigma-Aldrich Cat#P6148

Glutaraldehyde Sigma-Aldrich Cat#G5882

DMEM basic media Gibco Cat#C11995500CP

Collagenase IV Worthington Cat#LS004188

DNase I Worthington Cat#LS002139

Trypsin Worthington Cat#LS003703

HBSS Gibco Cat#14025090

Fetal Bovine Serum Gibco Cat#16140071

Hoechst 33342 Sigma-Aldrich Cat#14533

DAPI (4’, 6-diamidino-2-phenylindole dihydrochloride) Sigma-Aldrich Cat#D8419-1MG

Propidium Iodide Sigma-Aldrich Cat#P4170

Giemsa Sigma-Aldrich Cat#GS500

Photo-Flo 200 solution Kodak Professional Cat#1464510

MitoTrcker Red CMXRos Invitrogen Cat#M7512

Protease Inhibitor cocktail Roche Cat#4693132001

Puromycin Gibco Cat#A1113803

RRI Takara Cat#2313B

Iodoacetamide (IAA) Sigma-Aldrich Cat#I1149

Ammonium bicarbonate (ABC) Sigma-Aldrich Cat#09830

Trypsin (for protein mass spectrometry samples) Promega Cat#V5280

Trifluoroacetic Acid (TFA) Sigma-Aldrich Cat#1002641000

Glutathione agarose beads GenScript Cat#L00206

Protein G agarose beads GenScript Cat#L00209

RIPA buffer Beyotime Cat#P0013E

5X loading buffer Cwbio Cat#CW0027

Busulfan Supelco Cat#B2635

Critical commercial assays

RNAsimple ToTal RNA Kit Tiangen Cat#DP419

TIANgel Midi Purification Kit Tiangen Cat#DP209

MAXIscript T7 Transcription Kit Invitrogen Cat#AM1312

mirVana miRNA Isolation Kit Invitrogen Cat#AM1561

mMESSAGE mMACHINE SP6 Transcription Kit Invitrogen Cat#AM1340

RNeasy Micro Kit Qiagen Cat#74004

PrimeScript RT Reagent Kit Takara Cat#RR047A

Eponate 12 Embedding Kit Ted Pella Cat#18012

OxiSelect in vitro ROS/RNS Assay Kit Cell Biolabs Cat#STA-347

Mitochondrial Membrane Potential Indicator JC-1 Kit Beyotime Cat#C2006

Enhanced ATP Assay Kit Beyotime Cat#S0027

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents may be directed to, and will be fulfilled by, the lead contact,

Huayu Qi (qi_huayu@gibh.ac.cn).

Materials availability

This study did not generate new unique reagents. Rpl39l gene null mouse line will be available upon

request.

Data and code availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium

(http://proteomecentral.proteomexchange.org) via the iProX partner repository (www.iprox.org) (Ma

et al., 2019) with the dataset identifier PXD029274. The processed LC-MS/MS data are included in

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Enhanced BCA Protein Assay Kit Beyotime Cat#P0010

Proteostat Protein Aggregation Assay Kit Enzo Lifescience Cat#ENZ-51023-KP050

One Step TUNEL Apoptosis Assay Kit Beyotime Cat#C1088

Tissue Mitochondria Isolation Kit Beyotime Cat#C3606

ECL Detection Kit Tanon Cat#180-501

Deposited data

Raw protein mass spectrometry data This paper ProteomeXchange Consortium: PXD029274

Original uncropped western blots This paper Mendeley Data: https://doi.org/10.17632/

53sdh5s4bz.1

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Mouse: B6;CBA-Tg(Pou5f1-EGFP)2Mnn/J (OG2) The Jackson Laboratory JAX: 004654

Oligonucleotides

5’-CACCGCAGGAATCGCTTGATCCTGA-3’ This study Rpl39l-1-S

5’-AAACTCAGGATCAAGCGATTCCTGC-3’ This study Rpl39l-1-AS

5’-CACCGACATTGGAGACGAACCAAAT-3’ This study Rpl39l-2-S

5’-AAACATTTGGTTCGTCTCCAATGTC-3’ This study Rpl39l-2-AS

5’-CAGGAATCGCTTGATCCTGA-3’ This study sgRNA-1

5’-ACATTGGAGACGAACCAAAT-3’ This study sgRNA-2

Recombinant DNA

pGEX-4T-2 vector Life Sciences Cat#27458101

pGST-Rpl39 This study N/A

pGST-Rpl39l This study N/A

pT7-gRNA vector Addgene Cat#46759

pCS2-3XFLAG-NLS-SpCas9-NLS Addgene Cat#51307

Software and algorithms

CRISPR Finder WTSI Genome Editing (WGE) http://www.sanger.ac.uk

MaxQuant (Version 1.6.17.0) MaxQuant https://www.maxquant.org

DEP Package Bioconductor https://bioconductor.org/packages/release/

bioc/html/DEP.html

DAVID Bioinformatics Resources 6.8 LHRI https://david.ncifcrf.gov

ImageJ NIH https://imagej.nih.gov/ij/download.html
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Tables S3–S5. Original western blot images have been deposited at Mendeley and are publicly available as

of the date of publication. The DOI is listed in the key resources table. Microscopy data reported in this

paper will be shared by the lead contact upon request.

This study does not generate original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Gene targeting was done using C57BL/6J mouse strain, CD1 female mice were used as foster mice

following superovulation and mated with ligated males. All experiments utilizing animals are proved by

IACUC of Guangzhou Institutes of Biomedicine and Health, Chinese Academy of Sciences, permit number:

2020240. Mice were housed in an environment controlled for light (12 hours on/off) at ambient temperature

(21-23�C) with ad libitum access to water and food (normal mouse chow). Mouse strains used are listed in

key resources table.

Collection and preparation of tissues

No human samples were used in this study.

METHOD DETAILS

Animal handling

C57BL/6Jmice at various ages were used for dissection of testes, epididymides, isolation of spermatogenic

cells, and preparation of tissue lysates. Before dissection, mice were sacrificed by anesthetization with CO2

followed by cervical dislocation. Testes and epididymides were then extracted, weighed, and photo-

graphed or used for tissue sectioning and cell purification. To obtain 2-cell embryos for microinjection,

4- to 6-week-old female mice were super-ovulated by subcutaneous injection of 100 ml PMSG (Sansheng

Biotech) (5 IU in 0.9% NaCl for each mouse), followed by injection of 100 ml HCG (Merck) (5 IU in 0.9%

NaCl for each mouse) after 46–48 hrs. Female mice were mated right after HCG injection with 2-month-

old male mice and two-cell embryos were isolated from oviduct after 40–42 hrs. All animal housing and

handling were carried out according to IACUC guidelines and that of Guangzhou Institutes of Biomedicine

and Health, Chinese Academy of Sciences (Permit No. 2020240).

RT-PCR

To examine the mRNA expression of wild type and mutant Rpl39l, total RNAs were extracted from the

testes of wild type, Rpl39l+/– and Rpl39l–/– mice using RNAsimple ToTal RNA Kit (Tiangen). 2 mg of total

RNA was reverse transcribed using Reverse Transcriptase XL (AMV, Tanaka) and oligo-dT, followed by

PCR reactions using gene specific primers with Taq DNA polymerase (Tiangen). PCR reactions were run

at 94�C for 2 min (minutes) first, followed by 30 cycles of 94�C, 30 sec (seconds), 60�C, 30 sec and 72�C,
30 sec. Amplified cDNAs were examined using agarose gel electrophoresis and imaged with a gel imaging

system (Tanon, 1600). Gapdh was used as a control. All primers used are listed in Table S1.

Real-time quantitative RT-PCR

To examine the expression levels of Rpl39 and Rpl39l in various mouse tissues and the relative expressions

of various genes in mouse testes, quantitative RT-PCR was applied. Following extraction of total RNAs from

mouse tissues and testes at various ages using RNAsimple ToTal RNA Kit, first strand cDNAs were reverse

transcribed with oligo-dT primer. Real-time quantitative PCR was then performed using TB Green Premix

ExTaq (Takara) and gene-specific primers. PCR reactions were run on a CFX96 Real-Time system (Bio-Rad,

1855195) with 40 cycles of 95�C, 5 sec, 60�C, 30 sec following a denaturation step of 95�C, 30 sec. Gapdh

was used as an internal control. Relative levels of mRNA expression were calculated using 2–DCT (DCT =

CTTarget gene – CTInternal gene) for different tissues and 2–DDCT (DDCT = DCTTreated sample – DCTControl sample)

for testes at various ages using testes at 3-dpp as the control. For quantitative RT-PCR of various genes,

testes from wild type and Rpl39l–/– adult mice were used for total RNA extraction and first strand cDNA

amplification. Differential expression was compared using 2–DDCT.
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To compare the relative expression levels of Rpl39 and Rpl39l in mouse spermatogonial stem cells (SSCs),

SSCs were first sorted from 10-day-old mice by FACS using GFP and cKIT expression (see section of Fluo-

rescence activated cell sorting). Total RNAs from sorted SSCs were extracted and reverse transcribed to

cDNAs using method described above. cDNA fragments of Rpl39 and Rpl39l were then amplified using

gene specific primers, resolved by agarose gel electrophoresis and purified from agarose gels

using TIANgel Midi Purification Kit (Tiangen). Concentrations of cDNAs were measured by spectrometry

(OD260) and copy numbers of Rpl39 and Rpl39l cDNAs were calculated according to their

molecular weights in order to construct standard curves of expression levels. A series dilution of cDNAs

(2 3 10(7, 6, 5, 4, 3, 2, 1, 0) copies/ml) were made and used for PCR. First strand cDNAs of Rpl39 and Rpl39l

from SSCs were amplified using PCR with TB Green Premix Ex Taq on the CFX96 Real-Time system using

40 cycles of 95�C for 5 sec and 60�C for 30 sec after pre-denaturation at 95�C for 30 sec. Relative copy

numbers of Rpl39 and Rpl39l mRNAs were calculated using the respective equations of standard curves

(copy number of Rpl39 = 2 3 10(38.03–CT)/3.692; copy number of Rpl39l = 2 3 10(37.46–CT)/3.595).

To examine the changes of mRNA distributions in different fractions collected from sucrose gradient sedi-

mentation of testis lysates, RNAs from fractions representing RNPs, monosomes and polysomes were ex-

tracted using RNAsimple ToTal RNA kit (Tiagen). Concentrations of extracted RNAs were measured by

spectrophotometry. RNA solutions at the same volume were used to reverse transcribe cDNAs using

PrimeScript RT Reagent kit (Takara), followed by quantitative PCR using TB Green Premix ExTaq (Takara)

and gene specific primers. PCR reactions were run using 40 cycles of 95�C, 5 sec, 60�C, 30 sec after a

pre-denaturation step at 95�C for 30 sec. Relative mRNA contents of target genes in each fraction

were normalized to those of Gapdh (2–DCT = CT(Gene)–CT(Gapdh)) and changes of mRNA contents in

corresponding fractions of Rpl39l–/– and wild type mice were calculated as the ratio of relative mRNA

contents (R = 2–DCT–Rpl39l–/–/2–DCT–Wild type). Changes of mRNAs in each fraction caused by Rpl39l deletion

(see below) were designated as R < 1: decreased, R = 1: no change and R > 1: increased. All primers used

are listed in Table S1.

Generation of Rpl39l gene null mice

Rpl39l gene null mice were generated using CRISPR/Cas9 method. Two sgRNAs targeting Rpl39l genomic

regions near the start codon in Exon3 was selected using the online CRISPR Finder from WTSI Genome

Editing (WGE) (www.sanger.ac.uk). Oligonucleotides encoding sgRNAs were synthesized and sub-cloned

into pT7-gRNA vector (Addgene). sgRNAs were in vitro transcribed using MAXIscript T7 Transcription Kit

(Invitrogen) and purified with mirVana miRNA Isolation Kit (Invitrogen). The mRNA of spCAS9 endonu-

clease was in vitro transcribed from pCS2-3XFLAG-NLS-SpCas9-NLS plasmid (Addgene) using

mMESSAGE mMACHINE SP6 Transcription Kit (Invitrogen) and purified with RNeasy Micro Kit (Qiagen).

Concentrations of RNAs were determined by spectrometry and RNAs were stored at �80�C. To generate

gene mutation in mice, RNA mixture (SpCas9:sgRNA = 1:3 mg:mg, with sgRNAs mixed at 1:1 ratio) were mi-

croinjected into the cytoplasm of 2-cell embryos isolated from superovulatedmice. Injected 2-cell embryos

were then transplanted into oviduct of pseudo-pregnant foster CD-1 female mice. Genomic DNAs of tail

clips from live pups were genotyped using PCR with gene specific primers flanking the sgRNA target sites.

Sequences of PCR products were determined by direct DNA sequencing. Various mutations were found at

the Rpl39l loci in 8 pups obtained. One female mouse carrying a 19-bp nucleotide insertion near the start

codon was chosen to breed further in order to establish the Rpl39lmutant mouse line. Homozygousmutant

mice obtained were examined for putative off-target mutations predicted by the CRISPR Finder for the two

Rpl39l sgRNAs using PCR and DNA sequencing. No off-targeting mutations were found (Table S2). For

subsequent experiments, Rpl39l mutant mice were genotyped using one pair of primers flanking the mu-

tation site. Oligonucleotides encoding sgRNAs and primers used for genotyping are listed in Table S1.

Mouse fertility test

To examine the fertility of Rpl39l mutant male mice, each male mouse of different genotypes (5 wild type,

5 Rpl39l+/– and 10 Rpl39l–/– mice) was mated with two wild-type female mice; the litter size and number of

pups in each litter were recorded for a period of threemonths. Results were calculated and compared using

Excel.

Computer assisted sperm analysis (CASA)

The number and motility of sperm were analyzed using sperm extracted from cauda epididymides of 2-3-

month-old male mice. Cauda epididymides isolated frommice were briefly washed in PBS and then placed
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in pre-warmed HTF medium (Millipore) (1 ml/per mouse). Sperm were squeezed out with a fine needle and

collected into 15-ml Corning tubes and centrifuged for 10 min at 1,000 rpm, RT (room temperature) using a

table-top centrifuge (Eppendorf, 5427R). After removing supernatant, sperm were re-suspended in same

volumes of pre-warmed HTF medium. Numbers of sperm were determined using a hemacytometer

(Hausser Scientific, 1492). Sperm motility was analyzed using a computer-assisted sperm analysis system

(Microptic, Sperm Class Analyzer). Briefly, 10 ml of sperm suspension was loaded into the test chamber,

observed using 10X phase contrast objective and recorded via a CCD camera attached to the microscope.

Total sperm motility, progressive motility, hyperactivity and various parameters, including VCL, VSL, VAP,

ALH, LIN, WOB and BCF were analyzed using SCA (Sperm Class Analyzer) software. Data for sperm from

wild type, Rpl39l+/– and Rpl39l–/– mice were calculated and compared using Excel.

Histology of mouse testis

Isolated testes and cauda epididymides were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich) for over-

night at 4�C, then embedded in paraffin after dehydration through a series of increasing concentrations of

ethanol (30%, 50%, 70%, 80%, 90%, 95%, and 100%), 5 min each, and cut into 5-mm thin sections with a

microtome (Leica, RM2255). Tissue sections were stained with Hematoxylin and Eosin and imaged using

a digital slide scanning system (Motic, BA600Mot).

Morphology of sperm

To examine the morphology of mature sperm, sperm isolated from cauda epididymides of wild type,

Rpl39l+/– and Rpl39l–/– mice were spread on glass slides and air-dried. They were then mounted in 50%

glycerol/PBS and photographed using an inverted light microscope (Olympus, IX71) equipped with a

CCD camera. Total sperm and sperm with bend at the neck region were counted from images taken. Per-

centages of abnormal sperm with bend head were calculated and compared using excel. About 1,000

sperm were analyzed for each genotype using 4–5 mice in three independent experiments.

Transmission electron microscopy (TEM)

The ultra-structure of spermwas examined using transmission electronmicroscopy (TEM) as described pre-

viously (Xu et al., 2020). Briefly, sperm isolated from cauda epididymides were washed in 1X PBS, pH7.4,

pelleted by centrifugation at 1,000 rpm for 10 min and fixed in 2.5% glutaraldehyde (Sigma-Aldrich) over-

night at 4�C. They were then washed in 1X PBS and pelleted and fixed again in 1% OsO4 for 2 hrs at 4�C.
Fixed sperm were dehydrated through a series of increasing concentrations of ethanol (30%, 50%, 70%,

80%, 90%, 95% and 100%), 5 min each, infiltrated and embedded with Eponate 12 using Eponate 12

Embedding Kit (Ted Pella). Embedded sperm pellets were then cut into 100-nm ultrathin sections with

an ultramicrotome (Leica, EM UC7) and mounted onto copper grids. The grids were double-stained with

10% uranyl acetate/methanol for 20 min and then in lead citrate for 15 min. Stained sections were then

examined and photographed with a Tecnai G2 Spirit transmission electron microscope (FEI).

Gravity sedimentation of spermatogenic cells

To isolate spermatocytes, round and elongating spermatids, testicular cells were first dispersed into single

cells using a two-step enzyme digestive method (Bellvé, 1993). Testes extracted from adult mice were first

removed of tunica albuginea and seminiferous tubules were washed and cut into small pieces in DMEM

basic media (Gibco) containing 2 mg/ml Collagenase IV (Worthington) and 5 mg/ml DNase I (Worthington).

Minced seminiferous tubules were incubated in a humidified incubator with 5% CO2 at 37
�C for 10 min with

occasional pipetting. Trypsin (Worthington) was then added to a final concentration of 0.5 mg/ml and in-

cubation continued for another 15 min. Cells were completely dissociated with gentle pipetting every

5 min. The resulting single cell suspension was filtered through a 70-mm cell strainer (Falcon, 352350)

and collected by centrifugation for 10 min at 1,000 rpm, 4�C, using a table-top centrifuge (Eppendorf,

5427R). Cell pellets were washed twice and re-suspended in 10 ml 1X PBS. They were then laid on top of

a prepared 2–4% BSA gradient and sedimented for 2.5 hrs. 5-ml fractions were collected manually into

15-ml Corning tubes. Spermatocytes, round and elongating spermatids were examined using EVOSfl

microscope (Advanced Microscopy Group, AMF5000) according to their cellular morphologies. Cells

were also stained with Hoechst 33342 and cell types verified by their nuclear morphology using the EVOSfl

microscope. Fractions containing the same cell types were pooled together and used for further

experiments.
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Flow cytometry

Populations of spermatogenic cells at various developmental stages were analyzed using flow cytometry of

testicular cells dispersed from testes of mice at different ages (Bastos et al., 2005). Briefly, testes were

dissected and dispersed using the two-step enzyme digestive method as described above. After washing

in 1X PBS briefly, spermatogenic cells were resuspended in HBSS (Gibco) containing 5% fetal bovine serum

(Gibco) at a concentration of 1 X 106 cells/ml. Cells were then stained with 10 mg/ml Hoechst 33342 (Sigma-

Aldrich) for 20 min at 32�C. Before flow cytometry analysis, 2 mg/ml propidium iodide (PI) (Sigma-Aldrich)

was added and used for discriminating live and dead cells. Cells were run on a flow cytometer (BD Biosci-

ences, LSR Fortessa) and gated by Hoechst red and Hoechst blue parameters. Moreover, forward scat-

tering (FSC) was also applied to separate round and elongating spermatids.

To analyze spermatogonial stem cells, dispersed testicular cells were fixed in 4% PFA (2 X 106 cells/ml) on

ice for 30 min and permeabilized by 0.2% Triton X-100 for 15 min. After washing with 1X PBS containing 2%

FBS, fixed and permeabilized cells were stained with PE-conjugated anti-PLZF (1:200) and rabbit anti-Ki67

(1:100) or eFluor 780-conjugated anti-cKIT (1:500) antibodies in 1X PBST (1X PBS containing 0.01% Triton

X-100) on ice for 60 min. Stained cells were washed for 3 times, 10 min each, and then incubated with Alexa

Fluor 488-conjugated goat anti-rabbit secondary antibody (1:500) in 1X PBST. After washing again three

times in 1X PBST, 10 min each, stained cells were analyzed using LSR Fortessa. Sources of all antibodies

are listed in the key resources table.

Fluorescence activated cell sorting (FACS)

For fluorescence activated cell sorting of spermatogonial stem cells, testes from 10-day-oldOG2mice were

digested enzymatically as described above and dispersed cells were resuspended in HBSS containing 5%

FBS to a concentration of 2 X 106 cells/ml. The cell suspension was then incubated with eFluor 780-conju-

gated anti-cKIT antibody (1:500) for 45 min on ice. Stained cells were washed and run on an accelerated cell

sorting system (Beckman Coulter, MoFlo Astrios) in order to sort out GFPHcKIT–, GFPHcKIT+, and

GFPLcKIT+ cells. Sources of antibodies are listed in the key resources table.

Analysis of meiotic cell cycle progression

Meiosisprogressionwasexaminedusingair-dryingmethodasdescribedbefore (Evansetal., 1964).Briefly, 6-cm

long dissociated seminiferous tubules from the testes of 3-month-oldmice were transferred into 1.5 ml isotonic

sodium citrate solution (2.2%) and spermatogenic cells were squeezed out with forceps. Dispersed cells were

pelleted at 750 rpm for 5 min using a table-top centrifuge. Cell pellets were resuspended in 1.5 ml hypotonic

sodiumcitrate solution (1%) and incubated for 12min at RT. Cells were then spandownandpellets resuspended

in 0.5ml fixative containing 74%ethanol, 25%acetic acid and1%chloroformand incubated for 5min at RT. Cells

were washed twice by resuspension and pelleting with the fixative before resuspended in 200 ml fixative. Cells

were then dropped onto glass slides, air-dried and stained with Giemsa (Sigma-Aldrich) (1:20) for 30 min at

RT. The slides were examined under a light microscope and the number of nuclei from cells at first and second

meiotic metaphase were counted in defined areas that contain 1,000 mid-pachytene nuclei.

The progression of first meiotic prophase was further detected using a drying-downmethod for spermatocyte

spreading combined with immunofluorescent staining as described previously (Peters et al., 1997). Briefly,

dismantled seminiferous tubules from testes of 3-month-old mice were incubated in 1 ml hypotonic solution

containing 30 mM Tris (pH 8.2), 50 mM sucrose, 17 mM trisodium citrate dihydrate, 5 mM EDTA, 1 mM DTT,

1mM PMSF and 1Xprotease inhibitor cocktail for 60 min at RT. 40 ml cell suspension was made in 100 mM su-

crose solution (pH8.2) and spread onto glass cover slides that were wetted by a fixative containing 1% PFA,

0.15% Triton X-100 and 10 mM sodium borate (pH9.2) in order to expose cell nuclei. The slides were air-dried

for 2 hrs and then washed twice with 0.4% Photo-Flo 200 solution (Kodak Professional), 3 min each, followed by

immunofluorescent staining with antibodies against SYCP3 (1:400) and gH2AX (1:500). The number of nuclei at

leptotene, zygotene, pachytene, and diplotene stages defined by distinct staining patterns of SCYP3 and

gH2AXwere counted from images taken using laser confocal scanningmicroscopy (LCSM) (Zeiss, LSM800). Re-

sults were analyzed using Excel. Sources of antibodies used are listed in the key resources table.

Immunocytochemistry

Testis sections were permeabilized using 0.3% Triton X-100 in PBS for 15 min and then blocked in 2% BSA in

PBST (PBS containing 0.01% Triton X-100) for 2 hrs at RT. Blocked sections were incubated with primary
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antibodies diluted in 1% BSA/PBST for overnight at 4�C and then washed three times in PBST, 10 min each.

They were then incubated with appropriate secondary antibodies diluted in 1% BSA/PBST containing

1 mg/ml DAPI for 1 hr at RT. After washing three times in PBST, 10 min each, sections were mounted in

50% glycerol/PBS and examined using LCSM. Antibodies used as: goat polyclonal anti-GFRa1 (1:50); rabbit

polyclonal antibodies: anti-PLZF (1:100), anti-UCHL1 (1:200), anti-SOX9 (1:500), anti-RPL39 (1:100), anti-

CNBP (1:100), anti-RPL28 (1:100), anti-FUBI (1:50), anti-DNAJB6 (1:100), anti-DNAJB8 (1:100), anti-COXIV

(1:200); mousemonoclonal antibodies: anti-Puromycin (1:1,000), anti-DNAJC30 (1:50); Alexa Fluor 488-con-

jugated Lectin PNA (1:1,000); secondary antibody conjugates: Alexa Fluor 488-conjugated goat-anti-rabbit

IgG (1:500), Alexa Fluor 568-conjugated goat-anti-rabbit IgG (1:500), Alexa Fluor 488-conjugated goat-

anti-mouse IgG (1:500), Alexa Fluor 568-conjugated goat-anti-mouse IgG (1:500), Alexa Fluor 488-conju-

gated donkey-anti-goat IgG (1:500) and Alexa Fluor 488-conjugated goat-anti-rat IgG (1:500). Sources of

all antibodies are listed in the key resources table.

MEASUREMENTS OF MITOCHONDRIAL FUNCTIONS

Sperm mitochondria were measured using MitoTracker staining of mature sperm isolated from cauda

epididymides. About 1 X 106 sperm were stained with 100 nM MitoTracker Red CMXRos (Invitrogen) in

0.5 ml HTFmedia for 30 min in a humidified incubator with 5% CO2 at 37
�C. The sperm were then harvested

and resuspended in 0.5 ml HBSS and MitoTracker Red fluorescent signals were analyzed using Fortessa.

Mitochondria membrane potential in spermatogenic cells and mature sperm were measured using mito-

chondrial membrane potential indicator JC-1 Kit (Beyotime). Briefly, 1 X 106 spermatogenic cells separated

from BSA gradient or mature sperm were collected, washed, and resuspended in 0.5 ml DMEM media

(DMEM basic media supplemented with 10% FBS, 1X NEAA, 1X Penicillin/Streptomycin) and HTF media,

respectively. 0.5 ml 1X JC-I staining solution (200X JC-1 stock solution diluted with 1X washing buffer pro-

vided in the kit) was then used to incubate cells for 20 min in a 37�C incubator, with 5% CO2. Stained sperm

and spermatogenic cells were washed twice with 1 ml 1X washing buffer, 5 min each time, resuspended in

0.5 ml 1X washing buffer and analyzed using Fortessa. Fluorescent signals of JC-1 red aggregates were

used as the indicator for mitochondrial membrane potential. Measured data were then calculated and

compared using Excel.

The level of ROS (reactive oxygen species) in testicular cells was measured using OxiSelect in vitro ROS/

RNS Assay Kit (Cell Biolabs). Testes of adult mice were dissected and weighed. They were then homoge-

nized in 1X PBS at 50 mg/ml on ice. Insoluble aggregates were removed by centrifugation for 10 min at

10,000 rpm, 4�C, using a table-top centrifuge. Supernatants were then transferred into fresh Eppendorf

tubes. 50 ml supernatant was mixed with 50 ml catalyst provided in the kit, added into each well of a

96-well plate and incubated for 5 min. 100 ml DCFH solution (provided in the kit) was added into each

well and incubation continued for 30 min. Fluorescent signals were measured using a multimode micro-

plate reader (Berthold, LB943) with excitation/emission wavelengths at 480/530 nm, respectively.

ATP contents in spermatogenic cells and mature sperm were measured using an Enhanced ATP Assay Kit

(Beyotime). About 2 X 106 collected cells were first lysed with the 200 ml lysis buffer provided in the kit on ice

for 5 min. Cell lysates were centrifuged for 5 min at 12,000 g, 4�C, and supernatants were transferred to

fresh Eppendorf tubes. Protein concentrations were determined using an Enhanced BCA Protein Assay

Kit (Beyotime). 20 ml cell lysates were used for ATP measurements on a microplate reader using chemilu-

minescence method. The intracellular ATP level was calculated as nmol ATP per mg proteins.

Measurement of protein aggregation

Protein aggregation in testes was determined using the Proteostat Protein Aggregation Assay Kit (Enzo

Lifescience). Extracted testes of adult mice were weighed and homogenized using glass homogenizer in

lysis buffer containing 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.01% Triton X-100, 5% glycerol and 1X Pro-

tease Inhibitor cocktail (Roche) (pH 7.4) at 100 mg/ml on ice for 5 min. Testis lysates were centrifuged for

5 min at 6000 g, 4�C. Supernatants were transferred into fresh Eppendorf tubes. 98 ml of the homogenates

was mixed with 2 ml 1X Detection Reagent (diluted from 20X Detection Reagent with 1X assay buffer pro-

vided in the kit) and added into each well of a 96-well plate and incubated for 15 min in dark at RT. Fluo-

rescent signals were read using the multimode microplate reader with excitation/emission wavelengths at

550/600 nm, respectively.
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TUNEL assay

Apoptotic testicular cells were detected in frozen testis sections using One-step TUNEL Apoptosis Assay

Kit (Beyotime) according to the manufacturer’s instruction. Briefly, frozen sections fixed in ice-cold acetone

were washed twice with 1X PBS, then permeabilized with 0.5% Triton X-100 in PBS for 5 min at RT. After

washing with PBS twice, 5 min each time, each sample was incubated with 50 ml TUNEL detecting reagent

for 60 min at 37�C in the dark, followed by DAPI staining (2 mg/ml) for 30 min. Testis sections were then

washed three times with 1X PBS, 10 min each and mounted in 50% glycerol/PBS. Immunofluorescent sig-

nals were examined and images taken using LCSM. Apoptotic rates were calculated by counting TUNEL

positive cross-sections and TUNEL positive cells.

Nascent protein labeling

Nascent protein synthesis in testicular cells was detected using puromycin labeling method. For in vivo

labeling, 3-4-month-old male mice were intraperitoneally injected with puromycin (Gibco) (65 mg/kg

body weight). After 1.5 hrs, mice were sacrificed and testes were dissected out. For each mouse, one testis

was used for tissue lysate preparation and the other one was fixed in 4% PFA and used for paraffin section

preparation. For in vitro labeling, 2 X 106 dispersed testicular cells were incubated with 5 mg/ml puromycin

in 1 ml DMEM complete media for 1 hr in a humidified 37�C incubator, 5% CO2. Cells were then collected

and washed twice in 1X PBS. A portion of cells was then fixed in 4% PFA, whereas the remaining cells were

used for cell lysate preparation. Fixed paraffin testis sections and testicular cells were immunostained with

anti-puromycin antibody and Alexa Fluor 568-goat-anti-mouse secondary antibody conjugates, using pro-

tocols for immunocytochemistry as described before. Samples were then examined and fluorescent im-

ages taken using LCSM. Antibodies used are listed in the key resources table.

Sucrose gradient sedimentation

Sucrose gradient sedimentation was done using a 10–50% sucrose gradient. Extracted testes from adult

mice were homogenized in cell lysis buffer (150 mM NaCl, 20 mM HEPES, pH 7.4, 5 mM MgCl2, 1%

NP40, 1 mM DTT, 1X protease inhibitor cocktail, 0.2 U/ml recombinant RNase inhibitor (RRI) (Takara),

1 ml per testis, with a glass homogenizer. Testes were briefly grinded and incubated on ice for 30 min.

Crude lysates were centrifuged at 12,000 g for 10 min at 4�C. 0.5 ml supernatant was layered on top of a

10–50% sucrose gradient prepared with Gradient Master 108 (BioComp Instrument Inc.) in a 12.5 ml ultra-

centrifuge tube (Beckman Coulter, 344059). Samples were centrifuged at 210,000 g for 2 hrs at 4�C using an

Optima L-80 XP Ultracentrifuge (Beckman Coulter). 24 0.5-ml fractions were collected using BioComp Frac-

tionator (BioComp Instrument Inc.) and absorbance at 260 nm was monitored with UV detector.

Protein tandem mass spectrometry

For protein mass spectrometry, testes extracted from adult mice with different genotypes were lysed in 8M

urea containing 0.1 M Tris-HCl (pH8.5) and 10 mM DTT. Protein concentrations of testis lysates were

measured using the BCAmethod. Whole proteome peptides were prepared using the Filter Aided Sample

Preparation (FASP) protocol as described before (Wisniewski et al., 2009). Briefly, 50 mg soluble lysates were

added onto a filter with 30-KDa cut-off and centrifuged at 11,000 rpm for 15 min at 20�C. 50 mM iodoace-

tamide (IAA, Sigma-Aldrich) in 8 M urea was used to alkylate proteins at 20�C for 15 min. After a few washes

with 8 M urea and 50 mM ammonium bicarbonate (ABC, Sigma-Aldrich), 100 ng Trypsin (Promega) in

50 mM ABC was used to digest proteins in a wet chamber overnight at 37�C. Tryptic peptides were ex-

tracted by 50 mM ABC and acidified by 10% Trifluoroacetic acid (TFA, Sigma-Aldrich). Stage tipping was

performed as described previously (Zhang et al., 2018). Tryptic peptides were then separated using an

Easy-nLC 1200, connected online to a Fusion Lumosmass spectrometer equipped with FAMIS Pro (Thermo

Fisher Scientific), with 240 min total data collection time. Scans were collected in data-dependent top-

speed mode with dynamic exclusion at 90 sec. Raw data were analyzed using MaxQuant (Version

1.6.17.0) searching against mouse FastA database, with label-free quantification (LFQ) and match between

runs functions enabled. The output protein list was analyzed and visualized using DEP package as

described before (Zhang et al., 2018).

To compare mitochondrial proteomes, mitochondria were first purified from testes using Tissue Mitochon-

dria Isolation Kit (Beyotime). Briefly, testes extracted frommice with different genotypes were weighed and

homogenized in mitochondria isolation reagent provided in the kit at 100 mg/ml on ice. Homogenates

were then centrifuged at 1000 g, for 5 min at 4�C. Supernatants were transferred into fresh Eppendorf tubes
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and centrifuged again at 3500 g, for 10 min at 4�C. After discard supernatants, pellets containingmitochon-

dria were washed twice with mitochondria isolation reagent by centrifugation under the same condition.

Pellets of mitochondria were lysed with 0.1 M Tris buffer containing 8 M urea and 10 mM DTT (pH 8.5). Pro-

tein concentrations of dissolved mitochondria were determined by BCA method and subjected to LC-MS/

MS using method as described above.

GST pull-down assay

GST pull-down assays were done using bacterially expressed GST-RPL39 and GST-RPL39L fusion proteins

with testis lysates. cDNAs encoding RPL39 and RPL39L were synthesized and sub-cloned into pGEX-4T-2

vector (Life Sciences) at BamHI and NotI sites. Plasmids were then transformed into BL21 E. coli (Tiangen).

Transformed bacteria were inoculated into 40 ml LB broth and grown at 37�C to log phase (OD600 = 0.5).

0.1 ml 200mM IPTGwas then added to induce expression of fusion proteins and bacteria were continued to

grow at 18�C for overnight. Overnight cultures were centrifuged for 5 min at 6000 g, 4�C and bacteria pel-

lets were resuspended in 5 ml lysis buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% NP40, 5%

glycerol and 1X protease inhibitor cocktail), homogenized briefly in a glass homogenizer and incubated

for 30 min on ice. After centrifugation at 12,000 g for 15 min at 4�C, supernatants were transferred into fresh

tubes, mixed with 0.25 ml glutathione agarose beads (GenScript) and rotated for 4 hrs at 4�C. Protein-
bound agarose beads were then pelleted and washed twice with lysis buffer and once with 1X PBS,

15 min each. They were then mixed with testis lysates prepared using lysis buffer (50 mM Tris, pH8.0,

150 mM NaCl, 0.5% NP40, 10% glyceral and 1X protease inhibitor cocktail) and incubated overnight at

4�C. Glutathione agarose beads were then washed three times with testis lysis buffer and 1 time with

PBS, 15 min each. After complete removal of PBS, proteins pulled down were digested using on-bead

digestion method as described before (Hubner and Mann, 2011). Briefly, washed beads were incubated

with 100 ml elution buffer (2 M urea, 10 mM DTT and 100 mM Tris, pH 8.5) for 20 min. Then IAA was added

to a final concentration of 50 mM and incubated for 10 min in dark. Beads were then partially digested with

250 ng trypsin (Promega) for 2 hrs and supernatants collected into fresh tubes. Beads were then incubated

with 100 ml elution buffer for another 5 min and supernatants pooled with previous ones. All procedures

were conducted at RT on a thermoshaker at 1500 rpm. Combined eluates were further digested with

100 ng trypsin overnight at RT. Tryptic peptides were then acidified to pH < 2 by adding 10 ml 10% TFA

and desalted using homemade C18 StageTips prior to being analyzed by LC-MS/MS as described above

with data collection of 140 min.

Co-immunoprecipitation

Co-immunoprecipitation of testis lysates was done according to the procedure described previously

(Xu et al., 2014). Briefly, testis lysates were prepared by homogenizing the tissue in ice-cold lysis buffer

(50 mM Tris, pH8.0, 150 mM NaCl, 0.5% NP40, 10% glycerol and 1X protease inhibitor cocktail). Homoge-

nates were incubated for 30 min at 4�C with rotating. After centrifugation at 12,000 g for 10 min at 4�C, the
supernatant was first precleared with Protein G agarose beads (GenScript) and then incubated with anti-

RPL39 (1:100) or anti-NOP10 (1:100) by rotating at 4�C for overnight. Isotype rabbit IgG (GeneTex) was

used as the control. Immunocomplexes were then incubated with Protein G agarose beads at 4�C for

2 hrs. Immunoprecipitates were collected by brief centrifugation, washed three times with ice-cold lysis

buffer, then dissolved in denaturing sample buffer for Western blotting.

Western blotting

Western blotting was used to determine the expression of various proteins. Total proteins of dispersed

testicular cells or testes were extracted using ice-cold RIPA buffer (Beyotime), supplemented with 1X pro-

tease inhibitor cocktail. Protein concentrations were determined using BCA method using known quantity

of BSA as standard. Protein samples were mixed with 5X loading buffer (Cwbio), boiled for 5 min, and sepa-

rated by SDS-PAGE. After transfer onto nitrocellulose membrane (Millipore, HATF00010), the membrane

was blocked with 5% BSA in TBST (Tris-buffered saline containing 0.1% Tween20) for 2 hrs at RT, then incu-

bated with primary antibodies diluted in 1% BSA/TBST overnight at 4�C. After washing three times in PBST,

10 min each, membranes were further incubated with appropriate secondary antibodies diluted in 2% BSA/

PBST for 1 hr at RT. Protein signals were then developed using the ECL Detection Kit (Tanon). Relative

quantitation of protein band intensities was done using ImageJ. Antibodies were used as: rabbit polyclonal

antibodies: anti-RPL39 (1:1,000), anti-CNBP (1:1,000), anti-RPL28 (1:1,000), anti-CREM (1:1,000), anti-

DNAJB6 (1:2,000), anti-DNAJB8 (1:2,000), anti-COXIV (1:5,000), anti-UBIQUITIN (1:1,000), anti-MRPL2

(1:1,000), anti-MRPL17 (1:1,000), anti-SPATA22 (1:1,000), anti-NOP10 (1:2,000), anti-RPS19 (1:1,000); rat
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monoclonal anti-FUBI (1:1,000); mouse monoclonal antibodies: anti-Puromycin (1:10,000), anti-DNAJC30

(1:1,000), anti-LaminB1 (1:3,000), anti-GST (1:5,000), anti-a-TUBULIN (1:5,000); secondary antibody conju-

gates: HRP-conjugated goat-anti-rabbit IgG (1:5,000), HRP-conjugated goat-anti-mouse IgG (1:5,000)

and HRP-conjugated goat-anti-rat IgG (1:5,000). Sources of antibodies are listed in the key resources table.

Busulfan treatment of mouse testis

To evaluate the recovery of spermatogenesis after germ cell depletion caused by busulfan administration,

3-month-old male mice were intraperitoneally injected once with 20 mg/kg busulfan (Supelco) dissolved in

DMSO, and deionized water at 1:1 volume ratio. Testes were then dissected out from mice at different

times after busulfan injection (1 month, 2 months, and 3 months). Extracted testes were fixed in 4% PFA

and paraffin sections prepared. Testis sections were then stained with Hematoxylin and Eosin, spermato-

genic cells and contents of testis were examined using images taken from Motic digital slide scanning

system.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantitative protein mass spectrometry, the differentially expressed proteins were selected using

Log2FC > 1, p < 0.05. Heatmaps and Volcano plots of differentially enriched proteins identified were gener-

ated using DEP package based on LFQ intensity as described previously (Zhang et al., 2018). DEP groups of

Heatmaps were clustered by k-means clustering. Putative hits of GST pull-down assays were selected ac-

cording to the number of identified unique peptides (GST-tag alone < 1, GST-RPL39 and GST-RPL39L > 3),

protein sequence coverage (> 20%) and iBAQ intensity (>1,00,000). GO analyses were done using DAVID

Bioinformatics Resources 6.8 (https://david.ncifcrf.gov). Intensities of protein bands fromWestern blotting

were measured using ImageJ. All statistical analyses were performed using two-tailed unequal Student’s

t-test for paired samples and One-way ANOVA Tukey’s multiple comparison test for N R 3 samples; sig-

nificances were set as *p < 0.05, **p < 0.01 and ***p < 0.001. Significances shown in the graph are those of

mutants versus wild type. Data are presented as mean G S.D. and plotted using Excel software.

ll
OPEN ACCESS

30 iScience 24, 103396, December 17, 2021

iScience
Article

https://david.ncifcrf.gov

	ISCI103396_proof_v24i12.pdf
	Proteostasis regulated by testis-specific ribosomal protein RPL39L maintains mouse spermatogenesis
	Introduction
	Results
	Deletion of Rpl39l causes sub-fertility in mouse
	Reduced proliferation of spermatogonial stem cells caused by Rpl39l deletion
	Rpl39l deletion compromised structure and functions of sperm mitochondria
	Decreased protein synthesis in Rpl39l null testis
	Biogenesis of 60S ribosome LSUs affected by Rpl39l deletion
	Differentially expressed spermatogenic proteome caused by Rpl39l deletion
	Aberrant protein quality control in spermatogenic cells lacking RPL39L
	Reduced regenerative spermatogenesis in Rpl39l null testes

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Animals
	Collection and preparation of tissues

	Method details
	Animal handling
	RT-PCR
	Real-time quantitative RT-PCR
	Generation of Rpl39l gene null mice
	Mouse fertility test
	Computer assisted sperm analysis (CASA)
	Histology of mouse testis
	Morphology of sperm
	Transmission electron microscopy (TEM)
	Gravity sedimentation of spermatogenic cells
	Flow cytometry
	Fluorescence activated cell sorting (FACS)
	Analysis of meiotic cell cycle progression
	Immunocytochemistry

	Measurements of mitochondrial functions
	Measurement of protein aggregation
	TUNEL assay
	Nascent protein labeling
	Sucrose gradient sedimentation
	Protein tandem mass spectrometry
	GST pull-down assay
	Co-immunoprecipitation
	Western blotting
	Busulfan treatment of mouse testis

	Quantification and statistical analysis




