
SUPPLEMETARY MATERIALS AND METHODS 

 

Exome Sequencing and bioinformatic analysis 

Genomic DNA was isolated from saliva using the Oragene DNA extraction kit 

(DNAgenotech®, Ottawa, Canada). Coding regions and intron/exon boundaries were 

sequenced after enrichment with Agilent kits (Agilent Technologies, Wokingham, UK) on 

four distinct platforms: the IGBMC sequencing plateform, Strasbourg, France (agilent 50M, 

HiSeq2000), the Genoscope, Evry, France (agilent v5, HiSeq2000); IntegraGen, Evry, France 

(Agilent CR, HiSeq4000),  and Novogen, Hong Kong, China (agilent v6, HiSeqX,).  

All datasets were reanalyzed using our updated bioinformatics pipeline, following the 

GATK 3.7 best practice recommendations. Briefly: sequencing reads were aligned against the 

GRCh38 reference genome using BWA-MEM 0.7.17, resulting BAM files were cleaned and 

sorted and duplicates were marked using Picard 2.7.1, and variants were called using GATK 

HaplotypeCaller to produce GVCF files. The GVCF files were then merged with a custom 

script (https://github.com/bcm-uga/mergeGVCFs) to obtain a single GVCF, and a final VCF 

file was produced with GATK GenotypeGVCFs. The most promising candidate variants were 

identified using an in-house bioinformatics pipeline (Perl scripts available upon request), as 

follows. Low-quality variant calls (DP<5, GQ<20, or less than 15% of reads supporting the 

ALT allele) were removed.  We used Variant Effect Predictor (VEP version 92)
1
 to annotate 

the variants and predict their impact. Variants with a minor allele frequency greater than 5% 

in the NHLBI ESP6500 [Exome Variant Server, NHLBI GO Exome Sequencing Project 

(ESP), Seattle, WA], greater than 3% in 1000 Genomes Project phase 3 datasets, or greater 

than 1% in gnomAD v2.0 (http://gnomad.broadinstitute.org/) were discarded. We also 

compared these variants to an in-house database of 193 control exomes enriched for North 

African subjects (n=153) corresponding to the geographical origin of the majority of subjects 
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in this study and which are under-represented in public SNP databases. All variants present in 

homozygous state in this control database were excluded. We then only retained variants 

impacting splice donor or acceptor sites or causing frameshifts, in-frame insertions or 

deletions, stop gain, stop loss or missense variants except those scored as "tolerated" by SIFT 

(sift.jcvi.org) and as "benign" by Polyphen-2 (genetics.bwh.harvard.edu/pph2). Gene 

expression data from the Genotype-Tissue Expression (GTEx) Project were added and used to 

strengthen the likely implication of the selected candidate variants. 

Quantitative real-time RT-PCR (RT-qPCR) analysis 

A panel of 10 organs was used for experiments: placenta, lung, pancreas, testis, trachea, 

kidney, whole brain, skeletal muscle, liver and heart. Each sample was assayed in triplicate 

for each gene on a StepOnePlus (LifeTechnologies®) with Power SYBR®Green PCR Master 

Mix (Life Technologies®). The PCR cycle was as follows: 10 min at 95°C, 1 cycle for 

enzyme activation; 15 s at 95°C, 60 s at 60°C with fluorescence acquisition, 40 cycles for the 

PCR.  RT-qPCR data were normalized using the two reference housekeeping genes RPL6 and 

RPL27 for human with the -∆∆Ct method
2
. The 2

-∆∆Ct
 value was set at 1 in brain cells, 

resulting in an arbitrary expression of 1. The efficacy of primers was checked using a standard 

curve. Melting curve analysis was used to confirm the presence of a single PCR product. 

Statistics were performed using a two-tailed t-test on Prism 4.0 software (GraphPad, San 

Diego, CA) to compare the relative expression of MAATS1 transcripts in several organs. 

***P< 0.001. 

Minigene assays 

All recombinant plasmid constructs were produced as described previously
3
.  The wild-type 

MAATS1 plasmid construct (pSplicePOLR2G–MAATS1_WT) was generated by cloning 

sequence of exon 1, 5’UTR, and the intronic flanking regions of MAATS1 into the 
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pSplicePOLR2G vector. Generation of the pSplicePOLR2G vector was described previously
4
. 

The c.124G>C; p.(Asp42His) variant was also introduced in the pSplicePOLR2G–MAATS1_ 

c.124G>C vector by using the QuickChange Site-Directed mutagenesis kit according to 

themanufacturer’s instructions (Agilent Technologies, Santa Clara, CA). Sequencing analyses 

were performed to check the integrity of all of the plasmid constructs. 

The pSplicePOLR2G vector was digested with EcoRI (New England Biolabs) at 37°C 

overnight, gel-purified using the NucleoSpin Extract II system (Macherey-Nagel) and stored 

at 20°C until use. MAATS1 inserts were amplified with the proofreading HotStar Hi-Fi DNA 

polymerase (Qiagen). Thirty-five cycles of PCR were performed as follows: denaturation at 

94°C for 15 s, annealing at 58°C for 60 s, and extension at 72°C for 60 s. In-Fusion cloning 

reactions were done following the manufacturer's recommendations (Clontech). 

HEK293T cells from the American Type Culture Collection were incubated at 37°C in 

a 5% CO2 humidified atmosphere and propagated in Dulbecco’s Modified Eagle Medium 

(DMEM; Lonza, Newington, NH) supplemented with 10% fetal bovine serum and 5 µg/mL 

plasmocin (InvivoGen, San Diego, CA). Cells were transiently transfected using 

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s recommendations and using 

a 3:1 transfection reagent (µL)/plasmid DNA ratio (µg).  

Forty eight hours after transfection, total RNA was extracted and purified with a RNA 

extraction kit (RNeasyMini Kit, Qiagen) and eluted with RNasefree water. One microgram of 

total RNA served as a template for a subsequent RT-PCR. RT-PCR products were loaded on 

an agarose gel for sizing and gel-purified for direct sequencing. 

Transmission Electron Microscopy analysis of human sperm cells 

Human sperm cells were fixed by incubation in 0.1 M phosphate buffer pH 7 supplemented 

with 3% glutaraldehyde (Grade I; Sigma-Aldrich Co. Saint-Louis, MO, USA) for 2 h at room 
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temperature. The samples were washed twice in PBS and resuspended in 0.2 M sodium 

cacodylate buffer. The samples were then post-fixed by incubation with 1% osmium tetroxide 

(Electron Microscopy Sciences, Hatfield, UK), after which they were dehydrated by 

immersion in a graded series of alcohol solutions and embedded in Epon resin (Polysciences 

Inc., Warrington, USA). Semi-thin sections were cut and stained with toluidine blue-Azur II. 

Ultra-thin sections (90 nm) were cut with a Reichert Ultracut S ultramicrotome (Reichert-

Jung AG, Wien, Austria) and were then stained with uranyl acetate and lead citrate. Sections 

were analyzed with a JEOL 1011 microscope and digital images were acquired with a Gatan 

Erlangshen CCD camera and Digital Micrograph software. 

 

Immunostaining in human sperm cells 

Sperm cells were fixed in phosphate-buffered saline (PBS)/4% paraformaldehyde for 1 min at 

room temperature. After washing in 1 ml PBS, the sperm suspension was spotted onto 0.1% 

poly L-lysine pre-coated slides (Thermo Scientific). After attachment, sperm were 

permeabilized with 0.1% (v/v) Triton X-100 –DPBS (Triton X-100; Sigma-Aldrich) for 5 min 

at RT. Slides were then blocked in 5% normal serum–DPBS (normal goat or donkey serum; 

GIBCO, Invitrogen) and incubated overnight at 4°C with the primary antibodies. The list of 

primary antibodies is described in Table S3. Washes were performed with 0.1% (v/v) Tween 

20–DPBS, followed by 1 h incubation at room temperature with secondary antibodies. Highly 

cross-adsorbed secondary antibodies (Dylight 488 and Dylight 549, 1:1000) were from 

Jackson Immunoresearch®. Appropriate controls were performed, omitting the primary 

antibodies. Samples were counterstained with DNA was counterstained with DAPI II and 

mounted with DAKO mounting media (Life Technology). Fluorescence images were captured 

with a confocal microscope (Zeiss LSM 710).  
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SUPPLEMENTARY FIGURES 

 

 

Figure S1. Relative mRNA Expression of human MAATS1 transcripts. RT-qPCR was 

performed with cDNAs from various human tissues purchased from Life Technologies®. A 

panel of 10 organs was used for experiments: placenta, lung, pancreas, testis, trachea, kidney, 

whole brain, skeletal muscle, liver and heart. Each sample was assayed in triplicate for each 

gene on a StepOnePlus (LifeTechnologies®) with Power SYBR®Green PCR Master Mix 

(Life Technologies®). The PCR cycle was as follows: 10 min at 95°C, 1 cycle for enzyme 

activation; 15 s at 95°C, 60 s at 60°C with fluorescence acquisition, 40 cycles for the PCR.  

RT-qPCR data were normalized using the two reference housekeeping genes RPL6 and 

RPL27 for human with the -∆∆Ct method
9
. The 2

-∆∆Ct
 value was set at 1 in brain cells, 

resulting in an arbitrary expression of 1. The efficacy of primers was checked using a standard 

curve. Melting curve analysis was used to confirm the presence of a single PCR product. 

Statistics were performed using a two-tailed t-test on Prism 4.0 software (GraphPad, San 

Diego, CA) to compare the relative expression of MAATS1 transcripts in several organs. 

***P< 0.001. 
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Figure S2 Alignment of CFAP91 sequences from several orthologs around human amino-

acid 42 (marked by a blue square). 
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Figure S3 In silico prediction of 5’ splice sites in MAATS1 exon 1 by Alamut v2.10. Wild-type sequence (top) and c.124G>C; p.(Asp42His) 

(NM_033364.3) (bottom). Black arrows indicate the preferential 5’ donor splice site, respectively. 
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Figure S4 Functional analysis of the c.124G>C; p.(Asp42His) (NM_033364.3) variant in a 

splicing minigene assay.(A) Plasmid constructs used in the study. The POLR2G gene region 

consisting of exons 1 to 3 (black boxes) was cloned into the pcDNA3.1 vector. The wild-type 

MAATS1 plasmid construct (pSplicePOLR2G–MAATS1_WT) was generated by cloning 

sequence of exon 1, 5’UTR, and the intronic flanking regions of MAATS1 (grey boxes ) into 

the pSplicePOLR2G vector. The c.124G>C; p.(Asp42His) variant was introduced in the 

plasmid pSplicePOLR2G–MAATS1_c.124G>C. (B) Agarose gel analysis of the RT-PCR 

products obtained from transcripts generated from the pSplicePOLR2G–MAATS1_WT and 

pSplicePOLR2G–MAATS1_c.124G>C minigene constructs (C) Sequencing of the purified 

RT-PCR products. c.124G>T causes partial intronic retention of 49 bp (D) Schematic 

representation of the alternative splicing event. 
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Figure S5 Outer dynein arms are not affected by MAATS1 variants. Sperm cells from a fertile 

control individual and MAATS1_3 and MAATS1_4 patients stained with anti-DNAI2 

(H00064446-M01, Abnova, mouse, 1:400, red), a protein located in the outer dynein arm, and 

anti-acetylated tubulin (PA5-19489, ThermoFisher, rabbit, 1:500, green) antibodies. DNA 

was counterstained with DAPI II. DNAI2 immunostaining is present throughout the flagellum 

with no differences between control and patients. Scale bars: 10 µm. 
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Figure S6 Inner dynein arms are not affected by MAATS1 variants. Sperm cells from a fertile 

control individual and MAATS1_3 and MAATS1_4 patients stained with anti-DNALI1 

(HPA028305, Sigma-Aldrich, rabbit, 1:100, green), a protein located in the inner dynein arm, 

and anti-acetylated tubulin (32-2500, ThermoFisher, mouse, 1: 1000, red) antibodies. DNA 

was counterstained with DAPI II. DNALI1 immunostaining is present throughout the 

flagellum with no differences between control and MAATS1 patients. Scale bars: 10 µm. 
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Figure S7 WDR66 immunostaining is absent from MAATS1 patients. Sperm cells from a 

fertile control individual and MAATS1_3 and MAATS1_4 patients stained with anti-WDR66 

(HPA040005, Sigma-Aldrich, rabbit, 1:50, green) and anti-acetylated tubulin (32-2500, 

ThermoFisher, mouse, 1: 1000, red) antibodies. DNA was counterstained with DAPI II. 

Contrary to the control, the WDR66 immunostaining is not detectable in the sperm flagellum 

from MAATS1 patients. Scale bars: 10 µm. 
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SUPLLEMENTARY TABLES 

 

Table S1 Primer sequences used for Sanger sequencing verification of MAATS1 variants in human. 

Primer names Primer sequences (5’-3’) Tm  

MAATS1_F_ex1 CAGTAACCATCGAGGAGCCC 
60°C 

MAATS1_R_ex1 CCAGAGGGTCGTGTTTCGTT 
MAATS1_F_ex6 CTACTGTGGGCACTCAGACTG 

60°C 
MAATS1_R_ex6 ACATACATAGGAATGTGCATTCAGT 

 

Tm: melting temperature 

 

Table S2 Primers used for RT-qPCR of MAATS1 in human. 

 

Primer names Primer sequences (5’-3’) Tm 

MAATS1_RT_F  AAGCTACCCTGATTCGCAGC 
60°C 

MAATS1_RT_R  ATGTCCCTTCCATTCCCGAC 

RPL6_RT_F TCCATTCGTCAGAGCAAACA 
56°C 

RPL6_RT_R TACGGAGCAGCGCAAGAT 

RPL27_RT_F AGAGTACCTTGTGGGCAT 
56°C 

RPL27_RT_R TGATGGCACCTCAGATCGC 

 

Tm: melting temperature 
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Table S3 List of primary antibodies used in immunofluorescence experiments in human. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primary antibodies Reference Species Protein localization Dilution 

 

Human experiments 

DNAI2 Abnova® H00064446-M01 mouse ODA 1/400 

DNALI1 Sigma-Aldrich® HPA028305 rabbit IDA 1/100 

RSPH1 Sigma-Aldrich® HPA017382 rabbit RS 1/100 

WDR66 Sigma-Aldrich®  HPA040005 rabbit CSC 1/50 

SPAG6 Sigma-Aldrich® HPA038440 rabbit CPC 1/500 

Acetylated tubulin ThermoFisher® 32-2500 mouse Microtubules 1/1000 

Acetylated tubulin ThermoFisher® PA5-19489 rabbit Microtubules 1/500 

     

 

Abbreviations are as follows : ODA, Outer Dynein Arms ; IDA, Inner Dynein Arms ; RS, Radial Spokes ; FS, Fibrous sheath ; CPC, 

Central Pair Complex; CSC, calmodulin- and spoke-associated complex 
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Table S4 Endogenous tagging and RNAi primer sequences for T. brucei experiments. 

Endotag 1340 GCGTGTGCAGGCGTGTTGCCCCTTCAACGTACTTTATTTTTCACTTACTCCTGCGTACCATAAAGTCGCT 

ACCTCTTACgtataatgcagacctgctgc 

1387 CGGTCACGCCCTCCCACTTCCGCCGTGAAACCATTTGCACCCAACACCGACGCTGGTTTCTGCTGCGTTC 

GGTAGTACATactacccgatcctgatcc 

RNAi 1342 GTGGCGGCCGGCCGCTCTAGAATGTACTACCGAACGCAGCAG 

1343 AGCCCCGGGCCCCCCCTCGAGacgtcccatcccaacgcgttttg  
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Table S5 List of primary antibodies used in immunofluorescence and Western-blot experiments in Trypanosoma. 

Antibody Source dilution IF dilution WB 

Anti-HA.11 Biolegend 1:1,000 1,1000 

Anti-PFR2 Ref
1
 1:2,000  

Anti-TbSAXO Ref
2
 1:1,000  

Anti-enolase Ref
3
  1:10,000 

anti-mouse HRP-

conjugated 
Jackson 115-035-062  1:10,000 

anti-rabbit HRP-

conjugated 
Sigma A91-69  1:10,000 

anti-mouse FITC-

conjugated 
Sigma F-2012 1:100  

anti-rabbit Alexa594-

conjugated 
Thermofischer A11012 1:100  
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Table S6 MAATS1 variants identified by exome sequencing in the cohort of 167 MMAF individuals.   

 

  

 

 

 

 

 

 

 

 

 

Gene 
Variant genomic 

coordinates  (GRCh38) 
Transcript 

cDNA 

Variation 
Amino acid variation Individuals Origin Allelic status 

Minor 

allele 

frequency 

(gnomAD) 

dbSNP153 SIFT PolyPhen SPiCE 

MAATS1 chr3:119715744 NM_033364.3 c.682+1G>A Splice donor variant MAATS1_1 North Africa Homozygous 3.98×10
−6

 rs147597066 - - - 

MAATS1 chr3:119715744 NM_033364.3 c.682+1G>A Splice donor variant MAATS1_2 North Africa Homozygous 3.98×10
−6

 rs147597066 - - - 

MAATS1 chr3:119703222 NM_033364.3 c.124G>C p.Asp42His MAATS1_3 North Africa Homozygous 8.42×10
-5

 rs149348782 0 0.9999 0.99196 

MAATS1 chr3:119703222 NM_033364.3. c.124G>C p.Asp42His MAATS1_4 North Africa Homozygous 8.42×10
-5

 rs149348782 0 0.9999 0.99196 

MAATS1 chr3:119703222 NM_033364.3 c.124G>C p.Asp42His MAATS1_5 North Africa Homozygous 8.42×10
-5

 rs149348782 0 0.9999 0.99196 

MAATS1 chr3:119703222 NM_033364.3 c.124G>C p.Asp42His MAATS1_6 North Africa Homozygous 8.42×10
-5

 rs149348782 0 0.9999 0.99196 
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SUPPLEMENTARY VIDEOS 

 

 

 

 
Video S1 Illustration of cell mobility of WT cells. 

 

Video S2 Illustration of cell mobility of TbMAATS1-RNAi cells induced for 8 days. 
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