	Study type
	MSH2
	PMID ID
	Reference

	Expression
	· Incresed expression during germ cells premeiotic DNA replication (rat)
· Incresed expression in proliferating spermatogonia and leptotene and zygotene spermatocytes (mouse)
· Expressed in all spermatogenesis stages exept mature spermatozoa (human)
· High expression levels in testis (human). Expressed in all human tissues
· Reduced leveles of transcript and protein in testis of infertile men with azoospermia
	· 9034308
· 10684825
· 15467433
· 19483466
· 30711825


	[1]
[2]
[3]
[4]
[5]

	Animal
	· Msh2-/- mice fertile, presening with incresed frequency of lmphoid tumors with microsalite instability
· Caenorhabditis elegans mutants incresed microsatelite instability. Decresed damage incuded apoptosis and sligthy decreased fertility and premature death
· Msh2 -/- mice no significant increase in the sperm recombination fraction
· Msh2 -/- mice germinal instability of the CTG repeats (also premeiotic)
· Msh2 -/- mice fertile, however presenting some germ cell loss with reduced tubule diameter and incresed apoptosis at day 30. Supposed role in repair drugin 1st wave of spermatogenesis
· Msh2-deficient mice similar meiotic recombination rates as wild type 
	· 7550317
· 11830642
· 12195036
· 14701736
· 17912366
· 32362315
	[6]
[7]
[8]
[9]
[10]
[11]

	Human
	· Incresed aneuplody frequency of sperm in men with MSH2 mutation
· MSH2 gene defects and microsatellite instability in infertile men with azoospermia, mainly in Sertoli cell-only syndrome
· MSH2 promoter methylation negatively correlated with sperm concentration and overall total sperm concentration. 
	· 10712226
· 12569174
· 33112435

	[12]
[13]
[14]


Table S1 Characterization of studies evaluating the role between MSH2 and spermatogenesis.




Table S2 Characterization of studies evaluating the role between MSH3 and spermatogenesis. Only expression and human studies could be obtained.
	Study type
	MSH3
	PMID ID
	Reference

	Expression
	· Increased expression in pachytene spermatocytes (mouse)
· Expressed in all human tissues 
	· 10684825
· 19483466

	[2]
[4]

	Human
	· rs26279 in MSH3 significantly different between men with idiopathic infertility and control. Risk factor for azoospermia
	· 31342644
	[15]















Table S3 Characterization of studies evaluating the role between MSH4 and spermatogenesis.
	Study type
	MSH4
	PMID ID
	Reference

	Expression
	· Highest expression in the testis (human)
· Detection of MSH4 transcripts in testis (human)
· Predominant expression in testis (mouse)
· Expression in testis (mouse) 
· Expressed only in fertile males and not in infertile men with Sertoli cell-only syndrome
· Reduced expression in infertile men with spermatogenic failure
	· 19483466
· 9299235
· 11178747
· 11553915
· 18706547
· 20075417
	[4]
[16]
[17]
[18]
[19]
[20]

	Animal
	· Msh4 -/- mice infertile (both male and female), presenting reduced testicular size and meiotic arrest. Abnormal chromosomal synapsis.
· The absence of the gene in Caenorhabditis elegans associated with suppressed apoptosis (required for the apoptotic response of meiotic DNA damage)
· Candidate gene for reproductive capacity (Anas platyrhynchos)
· The gene in Caenorhabditis elegans involved with the completion of meiosis recombination
	· 10809667
· 23832114
· 36315611
· 12967565

	[21]
[22]
[23]
[24]

	Human
	· Peak at late zygotene
· Mutation analysis of MSH4, SYCP3, and DNMT3L in patients with maturation arrest and couples with recurrent miscarriages (observation of four amino acid altering sequence variants). No differences in the frequency of the variants between cases and control
· A 46, X,t(Y;1)(p11.3;p31) carrier, with azoospermia presenting decreased expression of MSH4, located near the breakpoint. The downregulation of MSH4 and other near genes proposed to negatively affect spermatogenesis.
· Identification of two men with homozygous MSH4 missense variants (c.1913C>T, p.Pro638Leu; c.2261C>T, p.Ser754Leu)
· Whole exome sequencing (WES) of an infertile man with maturation arrest from a consanguineous family. Identification of a stop-gain mutation (c.1552C>T, p.Gln518Ter). Sanger sequencing confirmed the inheritance of the variants. No obvious expression of MSH4 in the testis of the patient
· Consanguineous family, with six of ten infertile siblings (2 sisters with POI 3 brothers with NOA, and one with oligozoospermia). All, except the oligozoospermic sibling (heterozygous), carrying a homozygous missense variant (c.2261C>T, p. Ser754Leu) in MSH4, segregating in the family. 
· WES data from 1305 men from the Male Reproductive Genomics (MERGE) study and on an infertile man with maturation arrest from a consanguineous family. Identification of one infertile man harboring two stop-gain mutations (c.1453C>T; c.1686del; p.Gln485Ter, p.Val563Ter). Another infertile man harboring a homozygous stop-gain mutation (c.2198C>A, p.Ser733Ter) in MSH4  Maturation arrest at the zygotene-like stage.
· Identification of two homozygous frameshift variants and two compound heterozygous variants in MSH4 in four pedigrees with NOA with maturation arrest (c.1950G>A c.2179delG, p.Trp650Ter,  p.Asp727MetfsTer11; c.244G>A, c.670delT, p.Gly82Ser,  p.Leu224CysfsTer3; c.2220_2223del, p.Lys741ArgfsTer2; c.805_812del, p.Val269Glnfs*15). 
· Assessment of the functional impact of potential pathogenic missense variants, termed VUS in reproductive genes in a mouse model. rs141042002 (p.Thr410Met) not resulting in reproductive disorders 
· A stop-gain variant (c.118C>T, p.Gln40Ter) segregating in a family with NOA and POI. Unsuccessful testicular sperm retrieval
· Identification of a homozygous splice-site variant (c.2107+5G>A) in a patient with NOA
	· 16123081
· 21126912
· 28627638
· 32741963
· 33437391
· 33448284
· 34755185
· 35090489
· 37459509
· 38175272
· 39267058

	[25]         [26]         [27]         [28]         [29]         [30]         [31]         [32]          [33]         [34]          [35]


	Other
	· Suggested role in chromosome synapsis and together with MLH1 in meiotic recombination
· MSH4-MSH5 complex role in Holliday junction recognition and preservation of meiotic double break repair intermediates
· MSH4 in interaction with other meiotic proteins (RAD51, DMC1)
	· 10928988
· 15304223
· 15489243
	[36]
[37]
[38]


Abbreviations: NOA, nonobstructive azoospermia, POI; primary ovarian insufficiency; SNP, single nucleotide polymorphisms; WES, whole exome sequencing




Table S4 Characterization of studies evaluating the role between MSH5 and spermatogenesis.
	Study type
	MSH5
	PMID ID
	Reference

	Expression
	· Highest expression in the testis (human)
· Highest expression of MSH5 in testis (human)
· High expression of MSH5 in testis (human)
· Expression during the primary spermatocytes and elongated spermatids stage (human)
· High expression at early preleptotene to zygotene stages (mouse)
· Expressed only in fertile males and not in infertile men with Sertoli cell-only syndrome
· Reduced expression in infertile men with spermatogenic failure 
	· 19483466
· 9740671
· 9787078
· 10029069
· 18459961
· 18706547
· 20075417
	[4]
[39]
[40]
[41]
[42]
[19]
[20]

	Animal
	· Msh5-/- mice infertile (both male and female) with reduced testicular size and meiotic arrest. 
· Msh5 -/- mice infertile (male and female) with reduced testis size. Meiotic arrest at the zygotene stage with aberrant synapsis.
· Caenorhabditis elegans msh-5 mutants decreased crossover frequencies (role in meiotic crossing over and chiasma formation)
· Caenorhabditis elegans msh-5 involved with the completion of meiosis recombination
· Spermatocytes from Msh5 -/- mice undergoing apoptosis in mid-pachytene
· Msh5 mutant mice impaired meiotic silencing of unsynapsed chromatin and meiotic sex chromosome inactivation
· Absence of the gene in Caenorhabditis elegans associated with suppressed apoptosis (required for the apoptotic response of meiotic DNA damage)
· Mice with homozygous mutated ATPase domain infertile, presenting meiotic abnormalities and reduced testis weight. In comparison to Msh5-/- mice spermatocytes progress to late pachytene or further. Pachynema spermatocytes double-strand breaks, and failure of MutLy accumulation
	· 9916805
· 10072381
· 11014811
· 12967565
· 16055729
· 18663141
· 23832114
· 30944090
	[43]
[44]
[45]
[24]
[46]
[47]
[22]
[48]

	Human
	· MSH5 C85T (rs2075789) (CT+TT) (polymorphism associated with risk of male infertility (severe oligozoospermia or azoospermia)
· rs2075789 risk factor for azoospermia and oligozoospermia
· rs11754464 associated with risk for NOA
· Patients with the C85T allele; rs2075789 (CT + TT genotypes) altered sperm concentration, morphology, and DNA fragmentation – incresed radiotherapy induced spermatogenic impairment
· MSH5 rs2075789 (C85T) polymorphism in spermatocytes results in incresed apoptosis  and decreased control of error-prone NHEJ in ionizing radiation-induced cells
· Four unrelated infertile men harboring deleterious homozygous MSH5 variant (c.75dup, p.Ser26GlnfsTer42; c.964C>T, p.Arg322Cys; c.1857del, p.Ala620GlnfsTer9; c.1857del, p.Ala620GlnfsTer9). The c.1857del; p.Ala620GlnfsTer9 resulted in protein truncation, while the c.75dup; p.Ser26GlnfsTer42 variant led to absence of the protein. 
· Identification of three unrelated infertile men, harboring MSH5 variants (c.678_681del; p.Tyr227ValfsTer21; c.830C>T, c.1459G>T, p.Pro277Leu, p.Asp487Tyr; c.1459G>T, c.1914C>A, p.Asp487Tyr, p.Cys638Ter). A homozygous mutation in MSH5 tested on a mouse model, resulting in infertile mice. CRISPR-Cas9 for a rescue experiment. Some mature spermatozoa with head and tall were observed in the testes, however, no mature sperm found in the epididymis.
· One homozygous copy number variant (CNV) (c.1015_2508del) and one homozygous splice donor variant (c.537+1G>A) in the MSH5 observed each in two infertile men with maturation arrest
· A variant (c.1126del, p.Ser376AlafsTer6) observed in two NOA brothers from one consanguineous family. Functional studies confirmed the degradation of MSH5 mRNA
· Risk gene for non-obstructive azoospermia
	· 19808033
· 22594646
· 26199320
· 27370712
· 32306546
· 34755185
· 34980881
· 35172124
· 35742973
· 36259570
	[49]
[50]
[51]
[52]
[53]
[31]
[54]
[55]
[56]
[57]

	Other
	· MSH4-MSH5 complex role in Holliday junction recognition and preservation of meiotic double break repair intermediates
	· 15304223

	[37]


Abbreviations: CNV, copy number variant; NHEJ, non-homologous end joining;  NOA, nonobstructive azoospermia



Table S5 Characterization of studies evaluating the role between MSH6 and spermatogenesis. Only expression and animal studies could be obtained
	Study type
	MSH6
	PMID ID
	Reference

	Expression
	· Expressed in all human tissues (highest in testis)
	· 19483466

	[4]

	Animal

	· Msh6 Drosophila mutants decreased DNA repair during meiotic recombination (increased level of postmeiotic segregation)
	· 17339220
	[58]















Table S6 Characterization of studies evaluating the role between MLH1 and spermatogenesis.
	Study type
	MLH1
	PMID ID
	Reference

	Expression/  
Immuno-fluorescence
	· Mainly expressed in premeiotic germ cells (human)
· Expression in all human tissues (highest in testis)
· Expressed in both fertile men and infertile men with Sertoli cell-only syndrome
· Reduced expression in infertile men with spermatogenic failure
· MLH1 protein detected in mild and late spermatocytes (Mus mattheyi) - Immunofluorescence
· Higher MLH1 expression in idiopathic infertile men compared to control
	· 15467433
· 19483466
· 18706547
· 20075417
· 34573416
· 38683237

	[3]
[4]
[19]
[20]
[59]
[60]

	Animal
	· Mlh1 -/- mice infertile (both male and female) with reduced testis size. Normal mating without observed mature spermatozoa. Germ meiotic arrest at the pachytene stage. Cells presenting microsatellite instability and impaired mismatch repair 
· Mlh1 -/- mice infertile (both male and female) with microsatellite instability. Mice presenting meiotic arrest (localization of MLH1 at crossing-over sites)
· Mlh1 -/- mice spermatocytes presenting meiotic abnormalities and apoptosis of metaphase cells
· MLH1 localized to the chiasmata
· Observed in spermatocytes in association with MLH3 from mid-pachynema
· Mlh1 -/- mice presenting increased mid-preleptotene and bouquet frequencies (spermatocytes)
· mlh1 -/- zebrafish infertile (only males) with arrested spermatogenesis at metaphase I. Zebrafish incresed testicular weight. 
· mlh1 -/- zebrafish (more inbred) not completely infertile. Reduced total weight of spermatids and spermatozoa. Malformed aneuploid embryos
· Mlh1(G67R/G67R) mutant mice infertile (both male and female), presenting maturation arrest. Mice presenting DNA repair deficiency and cancer predisposition. In comparison to Mlh1(-/-) mice, the G67R/G67R mice less intestinal tumors
· Male mlh1e00130 Drosophila melanogaster fertile (production of viable sperm). Females infertile.
· Mlh1+/- mouse sperm associated with microsatellite instability.  Mlh1 +/- promotor methylation associated with incresed microsatellite instability
· Mlh1 -/- mice presenting normal prophase I progression (completion of epigenetic transitions)
· Human missense SNPs in MLH1 and MLH3, predicted to be deleterious tested in a mouse model. Mlh1K618T/K618T male mice subfertile, producing 40 % fewer pups.
	· 8674118
· 8673133
· 12217320
· 14704203
· 16260499
· 17010969
· 17237513
· 18247060
· 18337503
· 29290392
· 33740045
· 34571960
· 34408140

	[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]

	Human
	· MLH1 gene defects and microsatellite instability in infertile men with azoospermia, mainly in Sertoli cell-only syndrome
· Peak at pachytene
· rs4647269 risk factor for azoospermia and oligozoospermia and incresed sperm DNA damage
· Patients carrying both the MLH1 rs1800734 TC/TT and the MLH3 rs175080 CT/TT at an incresed risk of male infertility
· Infertile men with obstructive and nonobstructive azoospermia lower expression of miR-188-3p (lower histone acetylation level of miR-188-3p promoter). Reduction of miR-188-3p led to an upregulation of MLH1, promoting apoptosis
· Men with oligozoospermia significantly more methylated MLH1 compared to normozoospermic men. Positive correlation of reactive oxygen species levels and MLH1 methylation
· rs1800734 and rs4647269 in MLH1 significantly different between infertile men with oligozoospermia and control. Risk factor for severe oligozoospermia
· MLH1 promoter methylation positively correlated with the percentage of aniline blue-positive sperm (immature sperm)

	· 12569174
· 16123081
· 22594646
· 26086992
· 27868267
· 28983945
· 31342644
· 33112435


	[13]
[25]
[50]
[74]
[75]
[76]
[15]
[14]


	Other
	· Together with MSH4's role in meiotic recombination
· Together with MLH3 involved with the promotion of meiotic crossing over with MSH4 and MSH5

	· 10928988
· 16260499
	[36]
[65]





Table S7 Characterization of studies evaluating the role between MLH3 and spermatogenesis.
	Study type
	MLH3
	PMID ID
	Reference

	Expression
	· Low expression in all human tissues (highest levels in colon, testis, heart, and thyroid) 
· Expressed in spermatocytes (mouse) – interaction of MLH3 with MSH4. Expression in testis (human)
· Expressed in both fertile men and infertile men with Sertoli cell-only syndrome
· Reduced expression in infertile men with spermatogenic failure
	· 19483466
· 12095912
· 18706547
· 20075417

	[4]
[77]
[19]
[20]

	Animal
	· Mlh3 -/- mice infertile (both male and female), presenting decreased testicular size and meiotic arrest. In males most cells reached diplonema and metaphase, presenting aneuploidies resulting in apoptosis. 
· MLH3 localized to the chiasmata
· Observed in spermatocytes from early pachynema
· Mlh3 -/- mice presenting incresed frequency of mutations (immunoglobulin variable regions)
· Mlh3 -/- mice altered class switch DNA recombination and somatic hypermutation
· Spermatocytes from Mlh3 -/- mice incresed noncrossovers (role in crossover promotion)
· Mice homozygous for a mutation (3DN/DN) in the endonuclease domain in Mlh3 infertile with reduced testicular size. Compared to Mlh3 -/- mice, the 3DN/DN mice spermatocytes with likely normal double-strand break and synapsis number and loading of MutLy. Mice display normal loading of meiotic factors for crossover resolution, but present abnormalities in meiotic recombination repair and chiasmata loss.
· Mlh3 new candidate gene associated with semen traits in Duroc pigs (GWAS)
· Human missense SNPs in MLH1 and MLH3, predicted to be deleterious tested in a mouse model. Mlh3R1230H/R1230H male mice infertile with decresed testicular size.

	· 12091911
· 14704203
· 16260499
· 16564751
· 16622010
· 18430927
· 31170160
· 36766254
· 34408140

	[78]
[64]
[65]
[79]
[80]
[81]
[82]
[83]
[73]

	Human
	· Peak at pachytene
· MLH3 variants in infertile men with spermatogenic arrest (two MLH3 variants potentially predispose to spermatogenic arrest).
· MLH3 C2531T polymorphism (CT+TT) associated with risk of male infertility (severe oligozoospermia or azoospermia)
· Identification of variants in MLH3. Overexpression of MLH3 suggested to disrupt MLH1/MLH3 and MLH1/PM2 complexes, leading to meiosis failure
· Patients carrying both the MLH1 rs1800734 and TC/TT and the MLH3 rs175080 CT/TT at an incresed risk of male infertility
· rs 175080 associated with oligozoospermia in Caucasians
· Genotype AA of rs175080 lower sperm concentration and motility. Better embryological output and higher clinical pregnancy rate in AA and GA genotypes. 
· Identification of an infertile man with a homozygous frameshift variant in MLH3 (c.615delA p.Asp206Thrfs*18) 
· Identification of a homozygous variant (c.3632delA, p.Asn1211Metfs*49) in MLH3 in two brothers with severe oligozoospermia. 
·  aCGH on infertile men with maturation arrest, and SCOS. Identification of CNV in MLH3 (partial deletion). Due to the presumed likely autosomal recessive inheritance, an unlikely causality
	· 16123081
· 17482610
· 19808033
· 22344730
· 26086992
· 26520453
· 28157160
· 32469048
· 33517345
· 36041235
	[25] [84]          [49] [85]            [74] [86]  [87] [88] [89] [90]

	Other
	· Together with MLH1 involved with the promotion of meiotic crossing over with MSH4 and MSH5
· Role in the differentiation of crossover precursors into double Holliday junctions.

	· 16260499
· 37595556
	[65]            [91]


Abbreviations: aCGH, Array-based comparative genomic hybridization: CNV, copy number variant; GWAS, genome-wide association studies; SCOS, Sertoli cell-only syndrome





Table S8 Characterization of studies evaluating the role between PMS1 and spermatogenesis. Only expression studies could be obtained.
	Study type
	PMS1
	PMID ID
	Reference

	Expression
	· Incresed expression in testis (human)
· Reduced levels of transcript and protein in the testis of infertile men with azoospermia 
· Incresed expression of PMS1 in non-obstructive azoospermia men compared to control
· PMS1 down-regulated in men with a high DNA fragmentation index (≥30%), compared with controls (<30%)


	· 19483466
· 30711825
· 36121211
· 36272896


	[4]
[5]
[92]
[93]















Table S9 Characterization of studies evaluating the role between PMS2 and spermatogenesis.
	Study type
	PMS2
	PMID ID
	Reference

	Expression
	· Incresed expression in proliferating spermatogonia and leptotene and zygotene spermatocytes (mouse)
· Expressed in the testis. Highest expression in the nervous system tissues (human). 
· Expressed in both fertile men and infertile men with Sertoli cell-only syndrome
	· 10684825
· 19483466
· 18706547
	[2]
[4]
[19]


	Animal
	· Pms2 -/- mice infertile (only male), presenting only abnormal spermatozoa with reduced number (chromosome synapsis abnormalities). Mice additionally presenting with microsatellite instability and cancer susceptibility (sarcomas, lymphomas)
· Pms2  -/- mice no significant increase in the sperm recombination fraction
· Pms2E702K knock-in mice presenting cancer predisposition and incresed mutation rates. In comparison to Pms2 -/- mice, Pms2E702K knock-in mice fertile
· Mice with the absence of the ATP domain of Pms2 fertile (alternative splicing of the allele) – role of PMS2 in the stabilization of MLH1 before crossing over
· Homozygous (Pms2c.1993A>G) mice splicing defect. Mice observed as fertile, compared to null variant mice. Pms2c.1993A>G mutant mice presenting incresed microsatelite instability and intestinal adenomas
	· 7628019
· 12195036
· 20624957
· 26753533
· 34489406

	[94]
[8]
[95]
[96]
[97]

	Human
	· rs1059060 risk factor for azoospermia and oligozoospermia and incresed sperm DNA damage
	· 22594646

	[50]
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