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Family and clinical information of participants

A consanguineous Pakistani family, which included two male patients, was recruited
in our study. Written informed consent was obtained from all family members before
the commencement of this study. Blood was collected from all available family
members and hormonal analysis and karyotyping were performed. This study was
conducted in accordance with the Ethics Committee of the University of Science and
Technology of China (USTC).

Whole-exome sequencing (WES) and data analysis

AI Exome Enrichment Kit V1 (iGeneTech, Beijing, China) libraries were created for
exome capture of family members, as directed by the manufacturer. Sequencing was
carried out using the Hiseq2000 platform (Illumina, San Diego, CA, USA). Clean
reads were mapped to the human reference genome (hg19) using the
Burrows-Wheeler Alignment tool. SAM files from each sample were converted to
BAM files and sorted and merged using SAM tools (http://samtools.sourceforge.net/)
(Li et al, 2009). Polymerase chain reaction (PCR) duplicates were removed using
Picard (http://broadinstitute.github.io/picard/). Files were further processed using the
Genome Analysis Toolkit (GATK) from the Broad Institute
(http://www.broadinstitute.org/gatk/) (Depristo et al, 2011). Indel Realigner was used
to process all BAM files. Single-nucleotide and indel variants within the captured
coding exonic intervals were defined using Unified Genotyper in GATK.

Filtration of candidate variants

Variant filtration was conducted as follows: 1) Variants potentially affecting protein
sequences were retained. 2) Variants with minor allele frequencies (MAF)>0.01 in
any of the public databases, 1000 Genome Project (http://www.internationalgenome.org/)
(Auton et al, 2015), ESP6500 (http://evs.gs.washington.edu/) (Sukhai et al, 2019), ExAC
database (https://exac.broadinstitute.org/) (Karczewski et al, 2017), or GnomAD
(http://gnomad.broadinstitute.org) (Tukiainen et al, 2017), and homozygous variants in
our in-house WES variant call set generated from 578 fertile men (41 Pakistanis, 254
Chinese, and 283 Europeans) were excluded. 3) Variants potentially predicted to be
non-deleterious by more than half the software programs (Adzhubei et al, 2010;
Davydov et al, 2010; Dong et al, 2015; Lindblad-Toh et al, 2011; Reva et al, 2011;
Schwarz et al, 2014; Shihab et al, 2013; Sim et al, 2012) were excluded. 4) Variants
within genes not expressed in testes were excluded. 5) Variants following inheritance
patterns were included. 6) Variants within genes that may be functional in
spermatogenesis based on SpermatogenesisOnline or literature were included. The
Supplementary Figure S1 flow chart shows the variant filtration processes and
Supplementary Table S1 shows the candidate variants identified from WES data after
filtration.

Sanger sequencing

Sanger sequencing was carried out on all available family members to verify the
inheritance pattern of the variants.
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Conservation analysis

Amino acid sequences of different species were retrieved from UniProt
(https://www.uniprot.org/ink), and multiple sequence alignments were accomplished
using Clustal W ( https://pubmed.ncbi.nlm.nih.gov/17846036/).

Generation of knockin (KI) mouse model

The mouse model harboring the identified variant was generated by CRISPR/Cas9
genome editing technology, as reported previously (Yang et al, 2013). Guide RNAs
were designed to target exon 15 of the Usp9x gene. Tail biopsies were used for
genomic DNA extraction of founder mice, and genotyping was performed through
Sanger sequencing following PCR. Founder mice heterozygous for the missense
mutation of Usp9x were crossed to obtain homozygous KI mice. All animal
experiments were approved by the Institutional Animal Ethics Committee at the
University of Science and Technology of China.

Fertility test

The fertility test was carried out by keeping one adult KI male mouse with two
wild-type (WT) females (C57BL/6J) for three months. All females were monitored
for pups per litter and number of litters.

Sperm count and morphological and motility analysis

Epididymides from adult mice were removed and chopped into small pieces, then
incubated at 37 °C for 30 min. Hemocytometer chambers were used for sperm
counting. Sperm smear slides were prepared for sperm morphology analysis. The
percentages of morphologically normal and abnormal spermatozoa were scored. To
assess sperm motility, the caudas of adult control and KI mice were trimmed, rinsed
in phosphate-buffered saline (PBS; pH 7.4), and kept in 1 mL of human tubular fluid
(HTF) medium (Millipore). The caudas were cut several times and spermatozoa were
released into the medium with 10% fetal bovine serum for 5 min incubation at 37 °C.
The suspension was gently mixed by swirling and diluted to a concentration of
2–4×105 spermatozoa/mL, corresponding to 50–120 spermatozoa per microscopic
field for computer-aided sperm analysis (CASA; M1130; Nanjing AiBei
Biotechnology, China).

Histological investigations

The testes and epididymides from adult mice were removed, fixed in Bouin’s solution
overnight, embedded in paraffin, and sectioned at 5–10 μm thickness per slide.
Hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) staining were
performed (Gao et al, 2020). Images were taken using a Nikon ECLIPSE 80i
microscope (Japan) with a DR-Ri1 camera and managed with NIS-elements BR
software.

Immunofluorescence staining

Paraffin sections of testes from control and KI mice were fixed in 4%
paraformaldehyde for immunofluorescence staining. Primary antibodies against
LIN28A (1:100, R&D Systems, AF3757, USA) and anti-SOX9 (1:400, Millipore,
AB5535, USA) were added to the slides and kept at 4 °C overnight. Anti-mouse IgG
cross-adsorbed secondary antibody, Alexa Fluor 488 (1:100, A-21121, USA;
Molecular Probes, USA), and donkey anti-goat IgG (H+L) (1:100, ThermoFisher,
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D-20698, USA) were added and maintained for 1.5 h at 37 ºC in an incubator. Finally,
the slides were mounted by Vectashield along with Hoechst 33342 (Invitrogen,
H21492, USA). Images were taken using a digital DS-Ri1 camera equipped with a
Nikon Eclipse 80i microscope.

Meiotic prophase I analysis

Spermatocytes from control and KI mice were prepared according to our previous
report (Jiang et al, 2018). Primary antibodies of SYCP3 (1:100, Novus, NB300-232,
USA) and γH2AX (1:200, Millipore, 05-636, USA) were used. Images were taken
with an Olympus BX61 microscope (Japan) with a CCD camera (QImaging, QICAM
Fast 1394, Canada) and processed with Image-Pro Plus software (Media Cybernetic).

Statistical analysis

Student’s t-tests were performed for testis/body weight ratios, litter sizes, and sperm
parameters between KI and control mice. Results are presented as mean±SD from at
least three mice for each group, and P<0.05 was considered statistically significant.
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Supplementary figure legends



Supplementary Figure S1. Whole-exome sequencing and data filtration strategy

Schematic of screening and filtration of WES for annotating potential variants.



Supplementary Figure S2. Expression patterns of USP9X in various databases

(A-B) Expression portfolio of USP9X from single-cell RNA sequencing (scRNA-seq)

of human (A) and mouse (B) testicular cells. (C) Expression pattern of USP9X in

human testicular sections (from Human Protein Atlas database).



Supplementary Figure S3. PAS-staining and LIN28A immunofluorescence

(A) Representative images of PAS-stained testicular sections from adult WT and

Usp9xKI/Y mice. Scale bars, 50 μm. (B) Representative images of testicular sections

from adult WT and Usp9xKI/Y mice stained with LIN28A (marker for spermatogonia),

SOX (marker for Sertoli cells), and Hoechst (DNA). Scale bars, 20 μm. (C) Statistical

analysis of LIN28A+ spermatogonia in WT and Usp9xKI/Y mice. NS, no significant

difference.



Supplementary Figure S4. Sperm count, morphology, and motility analysis

(A) Sperm number in 8-week-old WT and Usp9xKI/Y mice. (B) Sperm morphology

from adult WT and Usp9xKI/Y mice. Scale bars, 20 μm. (C) Ratios of normal or



abnormal sperm from 8-week-old WT and Usp9xKI/Y mice. For (A) and (C), data are

mean±SD, with at least three mice analyzed per genotype. Student’s t-test was used

for statistical analyses. NS, not significant. (D-E) Percentage of progressively and

total motile spermatozoa in adult WT and Usp9xKI/Y mice. NS, no significant

difference.

Supplementary Figure S5. Prophase I progression analysis

(A) Surface-spread spermatocyte preparations of WT and Usp9xKI/Y testes from

8-week-old mice. Immunofluorescence staining was conducted with antibodies for

SYCP3 (green) and γH2AX (red). Scale bars, 10 μm. (B) Fractions of leptotene,

zygotene, pachytene, and diplotene spermatocytes in prophase I progression analyses.

Data are mean±SD, with at least three mice analyzed per genotype. n indicates total

number of cells scored.



Supplementary Table S1. Clinical characteristics of patients

Reference

values
IV:1 IV:3

Age (years) a - 1986 1988

Years of marriage - 2005 2010

Fertility - Infertile Infertile

USP9X mutation - c.A1920T/c.A1920T c.A1920T/c.A1920T

Height/Weight (cm/kg) - 170/63 166/67

Diagnosis of disease - oligo-asthenozoospermia oligo-asthenozoospermia

Semen parameters b

Semen volume (ml) >1.5 2.5 4.2

Sperm concentration (millions/

ml)
>15 2 5

Motile sperm (%) >40 13 18

Progressively motile sperm (%) >32 2 6

Hormone analysis c

FSH (U/L) 1.27-19.26 4.18 7.05

LH (U/L) 1.24-8.62 6.72 4.09

Prolactin (ng/ml) 2.64-13.13 4.41 12.35

Testosterone (ng/ml) 1.75-7.81 5.80 6.08

MT, the mutant allele. FSH, follicle-stimulating hormone. LH, luteinizing hormone. aAt
manuscript preparation (2021). bReference values were published by WHO in 2010. c

Reference values were suggested by our local clinical laboratory.



Supplementary Table S2. Variants not selected for functional study in family

Gene name Mutation type cDNA change Reasons for exclusion

WI2-2373I1.2
nonsynonymous

SNV
A275G

This gene is FOXL3-OT1 (FOXL3 Overlapping Transcript 1), an RNAGene, and

is affiliated with the lncRNA class. An important paralog of this gene is FOXL1.

(Genecard ID: GC07P000297).

(https://www.genecards.org/Search/Keyword?queryString=GC07P000297).

There is currently no clue that long non-coding RNA has a role in

spermatogenesis. Additionally, the mutation site is not conserved evolutionarily.

In particular, there is no homologous locus in the non-human species, Rhesus.

ADGRA3
nonsynonymous

SNV
G1133A

This gene is predominantly expressed in spermatogonial cells.

(https://mcg.ustc.edu.cn/bsc/spermgenes2.0/detail.php?sg=SG012494). We

also made mouse model carrying this mutation. Although no mice with the target

mutation were obtained, we got several mice carrying frameshift mutations near

this site. Homozygous mutant mice are fertile and grossly normal. Relevant data

is available as request.

TKTL1
nonsynonymous

SNV
C356T

Mice knocked-out of this gene are fertile.

(http://www.informatics.jax.org/searchtool/Search.do?query=Tktl1).

ENPP5
nonsynonymous

SNV
C323T

This mutation has a high population MAF of 0.02 in Bengali (Bangladesh). This

should be a polymorphic variant rather than a pathogenic variant in South Asia.



Supplementary Table S3. In silico tools used for prediction of variant effects on

protein structure

Algorithm Categorical Prediction USP9X rs569095263

FATHMM (fathmm-MK

L)
D: Deleterious; T: Tolerated D

GERP++ (gerp++) higher scores are more deleterious (>3) 4

SiPhy (siphy) higher scores are more deleterious (>10) 9.23

PolyPhen 2 HDIV (pp2_

hdiv)

D: Probably damaging (>=0.957), P: possibly damaging (0.

453<=pp2_hdiv<=0.956); B: benign (pp2_hdiv<=0.452)
P (0.884)

MutationTaster (mt)
A: disease causing automatic; D: disease causing; N: polym

orphism; P: polymorphism automatic
D (1)

MutationAssessor (ma)
H: high; M: medium; L: low; N: neutral. H/M: functional;

L/N: non-functional
L (1.39)

SIFT (sift) D: Deleterious (sift<=0.05); T: tolerated (sift>0.05) T (0.095)



Supplementary Table S4. Male mouse fertility assay

Genotype
Mating period

(months)

No. of fertile mice

(%)

Average litters/

mouse/month

Average

pups/litter

Wild type 3 3 (100%) 1.80 ± 0.08 7.04 ± 0.30

Usp9xKI/Y 3 3 (100%) 1.78 ± 0.11NS 6.88 ± 0.34 NS

Data are presented as mean ± SD. The Student’s t-test was used to statistical analyses. NS, not significant.



Supplementary Table S5. Primers used in mouse construction

Information Name Sequence Product size (bp)

Primers for KI

mice

construction

Usp9x sg1-F
GaaattaatacgactcactatagggagaTGACCCACAAACTG

TGAGACGttttagagc

-

Usp9x sg2-F
GaaattaatacgactcactatagggagaCTTCCCAGTCTCAC

AGTTTGGttttagagc

Usp9x -sg -R AAAAAAGCACCGACTCGGTG

Usp9x-oligo

ATATATATAAAATGCATCTTTTTATTTTTCCTA

ATTTGCAGACAATGAAG

ACTATGACCCACAcACaGTGAGACTGGGAAGT

AGATATAGTCATGTTC

AAGAAGTCCAAGAACGGCTTAACTTTCTTAG

G

Primers for

genotyping

Usp9x genotyping-F GCCCCAGTATATGAAGTAGG
WT:534;

mutant:534Usp9x genotyping-R GGATGGTATACAACCCACTC


