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humans, researchers have yet to determine why two homol-
ogous DNA recombinases, namely, RAD51 and DMC1, are 
required in mammalian meiosis.40 41 To identify the mechanism 
of HR, we should create a RAD51 mutant model that specif-
ically disrupts only one of the RAD51-HR-DSB repair func-
tions, which are mitosis and meiosis HR-DSB repair functions. 
Unfortunately, knockout rodents of Rad51 or Rad51 paral-
ogues are embryonically lethal,20–24 so mechanistic studies on 
RAD51-HR-DSB repair in meiosis are limited. Using a sepa-
ration-of-function mutant form of Rad51, Veronica Cloud 
et al19 reported that Rad51 performs a filament-forming 
function in HR of meiosis, but the function of homolo-
gous joint molecules is unnecessary. This observation prob-
ably indicates that Rad51 uses different functions between 
mitotic and meiotic cells. In the present study, we identified 
XRCC2 recessive mutations in a family with complete meiotic 
arrest, azoospermia and infertility. The mouse model with the 
Xrcc2L14P mutation replicated the phenotypes. Homozygous 
female mice exhibited reproductive disorders that were consis-
tent with premature ovary failure. Human XRCC2 and mouse 
Xrcc2 mutants did not exhibit other identifiable phenotypes. 
Although Xrcc2-c.41T>C showed 30% splicing changes, 
the full Xrcc2 protein was detected. We then proposed that 

XRCC2-Leu14Pro was a meiosis-specific mutation, and this 
finding was further confirmed by the following aspects.

First, unlike an XRCC2-truncated male showing congen-
ital malformations and atypical Fanconi anaemia, patients 
with XRCC2-c.41T>C/p.Leu14Pro exhibited infertility only. 
Shamseldin et al31 and Park et al32 identified a truncating 
XRCC2 (homozygous XRCC2-p.Arg215*) on a 2.5-year-old 
male who displayed microcephaly, absent thumbs, absent first 
metacarpal and scaphoid bones, absent radius, facial paralysis, 
ectopic kidney and severe growth deficiency. The somatic cells 
of this child displayed a marked increase in the frequency of 
unrepaired DSBs in response to crosslinking agents. Thus, 
the child was proposed to be affected with atypical Fanconi 
anaemia.31 32 In the present study, when the infertile brothers 
(IV:2 and IV:3) with the XRCC2-c.41T>C/p.Leu14Pro homo-
zygous mutation were examined independently by a neurol-
ogist, haematologist and orthopaedist, neither exhibited any 
of the abovementioned malformations (data not shown). In 
the assay of the somatic cells cultured with DNA breakage 
agents, the frequencies of the unrepaired chromosomal 
breaks of XRCC2-p.Leu14Pro lymphocytes did not increase 
(online supplementary table S7 and figure S5). Thus, the 
XRCC2-p.Leu14Pro mutation did not disrupt the HR-DSB 

Figure 4 Histology of ovaries showing ovulation defect in Xrcc2l14P/l14P females. (a) normal ovary of a littermate control. (B) Ovary of an infertile Xrcc2l14P/

l14P female at 90 dpp. (c,D) Ovary of an fertile Xrcc2l14P/l14P female at 93 dpp. note: no corpora lutea or follicle was identifiable in one side of the ovary (c), 
and few corpora lutea or follicles were observed for the other side of the ovary (D). Magnification: a,B,c,D=40×. Box: ovaries. dpp, days postpartum.
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repair function in somatic cells, or the effect was minimal that 
it was hardly distinguished.

Second, in contrast to the Xrcc2−/− mice exhibiting embry-
onic lethality, reduced size and morphological abnormalities, 
the Xrcc2L14P/L14P mice were viable with unreduced size and 
did not show identifiable malformation other than repro-
ductive defects. These observations verified that Xrcc2 is 
involved in HR-mediated DSB repair.22 24 31 32 Deans et al22 
constructed an Xrcc2 knockout model, in which exon 3 
(86% ofanXrcc2 coding sequence) is deleted. In more than 
300 offspring, heterozygote intercrosses fail to produce 
any Xrcc2−/− mice, thereby indicating that Xrcc2−/− mice 
are embryonically lethal.22 Additionally, Xrcc2−/− embryos 
displaying growth retardation and morphological abnormali-
ties are observed.22 In the present study, the Xrcc2L14P mouse 
model revealed that the heterozygote intercrosses transmitted 
the mutation to the offspring at normal Mendelian frequen-
cies (about 1:2:1; supplementary table S8). The Xrcc2L14P/L14P 
mice were viable, and their size, body weights and physical 
characteristics were indistinguishable among the three groups 
of offspring (online supplementary tables S8–S12 and figure 
S6).

Third, p.Leu14Pro is located on the linker region of 
XRCC2. In RAD51 paralogues, we observed that all of the 
members except XRCC2 are composed of three domains, 
namely, N-terminal and C-terminal domains connected by a 
linker region41 (online supplementary figure S9). However, 
XRCC2 comprises two domains, namely, a C-terminal 
domain and a linker region, and lacks an N-terminal domain41 
(online supplementary figure S9). Previous studies stated 
that the linker region of RAD51 paralogues is essential for 
protein–protein interactions,20 42 and two complexes, namely, 
BCDX2 and CX3, have been suggested.20 37 38 In the present 
study, p.Leu14Pro mutation occurred on the linker region of 
XRCC2 (online supplementary figure S9), and this phenom-
enon is different from the previously reported truncating 
p.Arg215*mutation that truncated a part of the C-terminal 
region of XRCC2 (online supplementary figure S8A) on a 
patient with atypical Fanconi anaemia.30 32

Therefore, this study identified a novel genetic entity of HR-me-
diated DNA repair gene mutation, that is, the point mutation 
on the linker region of XRCC2 was a meiosis-specific mutation 
causing meiotic arrest and infertility. Further functional studies on 
the mutation in the XRCC2 linker region should be conducted.

Acknowledgements the authors are grateful to the family members who 
participated in this study. 

Contributors YJY and lQW designed the research. YJY, JHg, lD, YMZ, HH, lHt, 
WJc, JHg, Mt, KWW performed the sample collection and the research. YJY, JHg and 
lD performed the bioinformatics analysis. YJY and lQW analysed the experimental 
data and wrote the paper.

Funding this work was supported by grants from the national natural Science 
Foundation of china (31501017, to YJY), the Key nature Science Foundation of 
Hunan children’s Hospital (2015-0002, to YJY), the national natural Science 
Foundation of china (81771599, to lQW), and the Key laboratory fund of Hunan 
Province (2018tP1028, to YYJ).

Competing interests none declared.

Patient consent Obtained.

ethics approval Hunan children’s Hospital.

Provenance and peer review not commissioned; externally peer reviewed.

open access this is an open access article distributed in accordance with the 
creative commons attribution non commercial (cc BY-nc 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 

properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

reFereNCes
 1 lotti F, Maggi M. Ultrasound of the male genital tract in relation to male reproductive 

health. Hum Reprod Update 2015;21:56–83.
 2 american Urological association. the evaluation of the azoospermic male: aUa 

best practice statement. 2011 https://www. auanet. org/ guidelines/ male- infertility- 
azoospermic- male-(reviewed-and-amended-2011).

 3 Matzuk MM, lamb DJ. the biology of infertility: research advances and clinical 
challenges. Nat Med 2008;14:1197–213.

 4 lee JY, Dada r, Sabanegh e, carpi a, agarwal a. role of genetics in azoospermia. 
Urology 2011;77:598–601.

 5 Miyamoto t, Hasuike S, Yogev l, Maduro Mr, ishikawa M, Westphal H, lamb 
DJ. azoospermia in patients heterozygous for a mutation in SYcP3. Lancet 
2003;362:1714–9.

 6 Bashamboo a, Ferraz-de-Souza B, lourenço D, lin l, Sebire nJ, Montjean D, Bignon-
topalovic J, Mandelbaum J, Siffroi JP, christin-Maitre S, radhakrishna U, rouba H, 
ravel c, Seeler J, achermann Jc, Mcelreavey K. Human male infertility associated 
with mutations in nr5a1 encoding steroidogenic factor 1. Am J Hum Genet 
2010;87:505–12.

 7 arafat M, Har-Vardi i, Harlev a, levitas e, Zeadna a, abofoul-azab M, Dyomin V, 
Sheffield Vc, lunenfeld e, Huleihel M, Parvari r. Mutation in tDrD9 causes non-
obstructive azoospermia in infertile men. J Med Genet 2017;54:633–9.

 8 ayhan Ö, Balkan M, guven a, Hazan r, atar M, tok a, tolun a. truncating 
mutations in taF4B and ZMYnD15 causing recessive azoospermia. J Med Genet 
2014;51:239–44.

 9 Yatsenko an, georgiadis aP, röpke a, Berman aJ, Jaffe t, Olszewska M, Westernströer 
B, Sanfilippo J, Kurpisz M, rajkovic a, Yatsenko Sa, Kliesch S, Schlatt S, tüttelmann F. 
X-linked teX11 mutations, meiotic arrest, and azoospermia in infertile men. N Engl J 
Med 2015;372:2097–107.

 10 Yang F, Silber S, leu na, Oates rD, Marszalek JD, Skaletsky H, Brown lg, rozen 
S, Page Dc, Wang PJ. teX11 is mutated in infertile men with azoospermia 
and regulates genome-wide recombination rates in mouse. EMBO Mol Med 
2015;7:1198–210.

 11 He WB, tu cF, liu Q, Meng ll, Yuan SM, luo aX, He FS, Shen J, li W, Du J, Zhong cg, 
lu gX, lin g, Fan lQ, tan YQ. DMC1 mutation that causes human non-obstructive 
azoospermia and premature ovarian insufficiency identified by whole-exome 
sequencing. J Med Genet 2018;55:198–204.

 12 tan YQ, tu c, Meng l, Yuan S, Sjaarda c, luo a, Du J, li W, gong F, Zhong c, Deng 
HX, lu g, liang P, lin g. loss-of-function mutations in tDrD7 lead to a rare novel 
syndrome combining congenital cataract and nonobstructive azoospermia in humans. 
Genet Med 2017.

 13 Okutman O, Muller J, Skory V, garnier JM, gaucherot a, Baert Y, lamour V, 
Serdarogullari M, gultomruk M, röpke a, Kliesch S, Herbepin V, aknin i, Benkhalifa M, 
teletin M, Bakircioglu e, goossens e, charlet-Berguerand n, Bahceci M, tüttelmann 
F, Viville S. a no-stop mutation in MageB4 is a possible cause of rare X-linked 
azoospermia and oligozoospermia in a consanguineous turkish family. J Assist Reprod 
Genet 2017;34:683–94.

 14 Maor-Sagie e, cinnamon Y, Yaacov B, Shaag a, goldsmidt H, Zenvirt S, laufer n, 
richler c, Frumkin a. Deleterious mutation in SYce1 is associated with non-
obstructive azoospermia. J Assist Reprod Genet 2015;32:887–91.

 15 choi Y, Jeon S, choi M, lee MH, Park M, lee Dr, Jun KY, Kwon Y, lee OH, Song SH, 
Kim JY, lee Ka, Yoon tK, rajkovic a, Shim SH. Mutations in SOHlH1 gene associate 
with nonobstructive azoospermia. Hum Mutat 2010;31:788–93.

 16 tenenbaum-rakover Y, Weinberg-Shukron a, renbaum P, lobel O, eideh H, gulsuner 
S, Dahary D, abu-rayyan a, Kanaan M, levy-lahad e, Bercovich D, Zangen D. 
Minichromosome maintenance complex component 8 (McM8) gene mutations result 
in primary gonadal failure. J Med Genet 2015;52:391–9.

 17 Bishop DK, Park D, Xu l, Kleckner n. DMc1: a meiosis-specific yeast homolog of e. 
coli reca required for recombination, synaptonemal complex formation, and cell cycle 
progression. Cell 1992;69:439–56.

 18 Zadorozhny K, Sannino V, Beláň O, Mlčoušková J, Špírek M, costanzo V, Krejčí l. 
Fanconi-anemia-associated mutations destabilize raD51 filaments and impair 
replication fork protection. Cell Rep 2017;21:333–40.

 19 cloud V, chan Yl, grubb J, Budke B, Bishop DK. rad51 is an accessory factor for 
Dmc1-mediated joint molecule formation during meiosis. Science 2012;337:1222–5.

 20 chun J, Buechelmaier eS, Powell Sn. rad51 paralog complexes BcDX2 and cX3 act 
at different stages in the Brca1-Brca2-dependent homologous recombination 
pathway. Mol Cell Biol 2013;33:387–95.

 21 Shu Z, Smith S, Wang l, rice Mc, Kmiec eB. Disruption of murec2/raD51l1 in 
mice results in early embryonic lethality which can Be partially rescued in a p53(-/-) 
background. Mol Cell Biol 1999;19:8686–93.

 22 Deans B, griffin cS, Maconochie M, thacker J. Xrcc2 is required for genetic stability, 
embryonic neurogenesis and viability in mice. Embo J 2000;19:6675–85.

 23 Pittman Dl, Schimenti Jc. Midgestation lethality in mice deficient for the reca-related 
gene, rad51d/rad51l3. Genesis 2000;26:167–73.

 on S
eptem

ber 28, 2021 by guest. P
rotected by copyright.

http://jm
g.bm

j.com
/

J M
ed G

enet: first published as 10.1136/jm
edgenet-2017-105145 on 24 July 2018. D

ow
nloaded from

 

https://dx.doi.org/10.1136/jmedgenet-2017-105145
https://dx.doi.org/10.1136/jmedgenet-2017-105145
https://dx.doi.org/10.1136/jmedgenet-2017-105145
https://dx.doi.org/10.1136/jmedgenet-2017-105145
https://dx.doi.org/10.1136/jmedgenet-2017-105145
https://dx.doi.org/10.1136/jmedgenet-2017-105145
https://dx.doi.org/10.1136/jmedgenet-2017-105145
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1093/humupd/dmu042
https://www.auanet.org/guidelines/male-infertility-azoospermic-male-(reviewed-and-amended-2011)
https://www.auanet.org/guidelines/male-infertility-azoospermic-male-(reviewed-and-amended-2011)
http://dx.doi.org/10.1038/nm.f.1895
http://dx.doi.org/10.1016/j.urology.2010.10.001
http://dx.doi.org/10.1016/S0140-6736(03)14845-3
http://dx.doi.org/10.1016/j.ajhg.2010.09.009
http://dx.doi.org/10.1136/jmedgenet-2017-104514
http://dx.doi.org/10.1136/jmedgenet-2013-102102
http://dx.doi.org/10.1056/NEJMoa1406192
http://dx.doi.org/10.1056/NEJMoa1406192
http://dx.doi.org/10.15252/emmm.201404967
http://dx.doi.org/10.1136/jmedgenet-2017-104992
http://dx.doi.org/10.1038/gim.2017.130
http://dx.doi.org/10.1007/s10815-017-0900-z
http://dx.doi.org/10.1007/s10815-017-0900-z
http://dx.doi.org/10.1007/s10815-015-0445-y
http://dx.doi.org/10.1002/humu.21264
http://dx.doi.org/10.1136/jmedgenet-2014-102921
http://dx.doi.org/10.1016/0092-8674(92)90446-J
http://dx.doi.org/10.1016/j.celrep.2017.09.062
http://dx.doi.org/10.1126/science.1219379
http://dx.doi.org/10.1128/MCB.00465-12
http://dx.doi.org/10.1128/MCB.19.12.8686
http://dx.doi.org/10.1093/emboj/19.24.6675
http://dx.doi.org/10.1002/(SICI)1526-968X(200003)26:3<167::AID-GENE1>3.0.CO;2-M
http://jmg.bmj.com/


636 Yang Y, et al. J Med Genet 2018;55:628–636. doi:10.1136/jmedgenet-2017-105145

Novel disease loci

 24 Johnson rD, liu n, Jasin M. Mammalian Xrcc2 promotes the repair of Dna double-
strand breaks by homologous recombination. Nature 1999;401:397–9.

 25 lim DS, Hasty P. a mutation in mouse rad51 results in an early embryonic lethal that is 
suppressed by a mutation in p53. Mol Cell Biol 1996;16:7133–43.

 26 li r, Yu c, li Y, lam tW, Yiu SM, Kristiansen K, Wang J. SOaP2: an improved ultrafast 
tool for short read alignment. Bioinformatics 2009;25:1966–7.

 27 li r, li Y, Fang X, Yang H, Wang J, Kristiansen K, Wang J. SnP detection for massively 
parallel whole-genome resequencing. Genome Res 2009;19:1124–32.

 28 li H, Durbin r. Fast and accurate long-read alignment with Burrows-Wheeler 
transform. Bioinformatics 2010;26:589–95.

 29 McKenna a, Hanna M, Banks e, Sivachenko a, cibulskis K, Kernytsky a, garimella 
K, altshuler D, gabriel S, Daly M, DePristo Ma. the genome analysis toolkit: a 
Mapreduce framework for analyzing next-generation Dna sequencing data. Genome 
Res 2010;20:1297–303.

 30 li Q, Wang K. interVar: clinical interpretation of genetic variants by the 2015 acMg-
aMP guidelines. Am J Hum Genet 2017;100:267–80.

 31 Shamseldin He, elfaki M, alkuraya FS. exome sequencing reveals a novel Fanconi 
group defined by Xrcc2 mutation. J Med Genet 2012;49:184–6.

 32 Park JY, Virts el, Jankowska a, Wiek c, Othman M, chakraborty Sc, Vance gH, 
alkuraya FS, Hanenberg H, andreassen Pr. complementation of hypersensitivity to 
Dna interstrand crosslinking agents demonstrates that Xrcc2 is a Fanconi anaemia 
gene. J Med Genet 2016;53:672–80.

 33 cartwright r, tambini ce, Simpson PJ, thacker J. the Xrcc2 Dna repair gene from 
human and mouse encodes a novel member of the reca/raD51 family. Nucleic Acids 
Res 1998;26:3084–9.

 34 Baudat F, Manova K, Yuen JP, Jasin M, Keeney S. chromosome synapsis defects 
and sexually dimorphic meiotic progression in mice lacking Spo11. Mol Cell 
2000;6:989–98.

 35 Keeney S, giroux cn, Kleckner n. Meiosis-specific Dna double-strand breaks 
are catalyzed by Spo11, a member of a widely conserved protein family. Cell 
1997;88:375–84.

 36 romanienko PJ, camerini-Otero rD. the mouse Spo11 gene is required for meiotic 
chromosome synapsis. Mol Cell 2000;6:975–87.

 37 Masson JY, tarsounas Mc, Stasiak aZ, Stasiak a, Shah r, Mcilwraith MJ, Benson Fe, 
West Sc. identification and purification of two distinct complexes containing the five 
raD51 paralogs. Genes Dev 2001;15:3296–307.

 38 Masson JY, Stasiak aZ, Stasiak a, Benson Fe, West Sc. complex formation by the 
human raD51c and Xrcc3 recombination repair proteins. Proc Natl Acad Sci U S A 
2001;98:8440–6.

 39 Park DJ, lesueur F, nguyen-Dumont t, Pertesi M, Odefrey F, Hammet F, neuhausen Sl, 
John eM, andrulis il, terry MB, Daly M, Buys S, le calvez-Kelm F, lonie a, Pope BJ, 
tsimiklis H, Voegele c, Hilbers FM, Hoogerbrugge n, Barroso a, Osorio a, giles gg, 
Devilee P, Benitez J, Hopper Jl, tavtigian SV, goldgar De, Southey Mc. Breast cancer 
Family registryKathleen cuningham Foundation consortium for research into Familial 
Breast cancer. rare mutations in Xrcc2 increase the risk of breast cancer. Am J Hum 
Genet 2012;90:734–9.

 40 Dai J, Voloshin O, Potapova S, camerini-Otero rD. Meiotic knockdown and 
complementation reveals essential role of raD51 in mouse spermatogenesis. Cell Rep 
2017;18:1383–94.

 41 Kuznetsov S, Pellegrini M, Shuda K, Fernandez-capetillo O, liu Y, Martin BK, Burkett 
S, Southon e, Pati D, tessarollo l, West Sc, Donovan PJ, nussenzweig a, Sharan 
SK. raD51c deficiency in mice results in early prophase i arrest in males and sister 
chromatid separation at metaphase ii in females. J Cell Biol 2007;176:581–92.

 42 Miller Ka, Sawicka D, Barsky D, albala JS. Domain mapping of the rad51 paralog 
protein complexes. Nucleic Acids Res 2004;32:169–78.

 on S
eptem

ber 28, 2021 by guest. P
rotected by copyright.

http://jm
g.bm

j.com
/

J M
ed G

enet: first published as 10.1136/jm
edgenet-2017-105145 on 24 July 2018. D

ow
nloaded from

 

http://dx.doi.org/10.1038/43932
http://dx.doi.org/10.1128/MCB.16.12.7133
http://dx.doi.org/10.1093/bioinformatics/btp336
http://dx.doi.org/10.1101/gr.088013.108
http://dx.doi.org/10.1093/bioinformatics/btp698
http://dx.doi.org/10.1101/gr.107524.110
http://dx.doi.org/10.1101/gr.107524.110
http://dx.doi.org/10.1016/j.ajhg.2017.01.004
http://dx.doi.org/10.1136/jmedgenet-2011-100585
http://dx.doi.org/10.1136/jmedgenet-2016-103847
http://dx.doi.org/10.1093/nar/26.13.3084
http://dx.doi.org/10.1093/nar/26.13.3084
http://dx.doi.org/10.1016/S1097-2765(00)00098-8
http://dx.doi.org/10.1016/S0092-8674(00)81876-0
http://dx.doi.org/10.1016/S1097-2765(00)00097-6
http://dx.doi.org/10.1101/gad.947001
http://dx.doi.org/10.1073/pnas.111005698
http://dx.doi.org/10.1016/j.ajhg.2012.02.027
http://dx.doi.org/10.1016/j.ajhg.2012.02.027
http://dx.doi.org/10.1016/j.celrep.2017.01.024
http://dx.doi.org/10.1083/jcb.200608130
http://dx.doi.org/10.1093/nar/gkg925
http://jmg.bmj.com/

