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            Abstract
Genomic instability can trigger cellular responses that include checkpoint activation, senescence and inflammation1,2. Although genomic instability has been extensively studied in cell culture and cancer paradigms, little is known about its effect during embryonic development, a period of rapid cellular proliferation. Here we report that mutations in the heterohexameric minichromosome maintenance complexâ€”the DNA replicative helicase comprising MCM2 to MCM73,4â€”that cause genomic instability render female mouse embryos markedly more susceptible than males to embryonic lethality. This bias was not attributable to XÂ chromosome-inactivation defects, differential replication licensing or X versus Y chromosome size, but rather to â€˜malenessâ€™â€”XX embryos could be rescued by transgene-mediated sex reversal or testosterone administration. The ability of exogenous or endogenous testosterone to protect embryos was related to its anti-inflammatory properties5. Ibuprofen, a non-steroidal anti-inflammatory drug, rescued female embryos that contained mutations inÂ not only the Mcm genes but also the FancmÂ gene; similar to MCM mutants, Fancm mutant embryos have increased levels of genomic instability (measured as the number of cells with micronuclei) from compromised replication fork repair6. In addition, deficiency in the anti-inflammatory IL10 receptor was synthetically lethal with the Mcm4Chaos3 helicase mutant. Our experiments indicate that, during development, DNA damage associated with DNA replication induces inflammation that is preferentially lethal to female embryos, because male embryos are protected by high levels of intrinsic testosterone.
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                    Fig. 1: Female-biased embryonic lethality in MCM-depleted mice.[image: ]


Fig. 2: Anti-inflammatory activity of testosterone protects male embryos from the lethality induced by genomic instability.[image: ]


Fig. 3: Maternal genomic-instability genotype affects viability and placental inflammation of female embryos.[image: ]


Fig. 4: Dams with intrinsic genomic instability cause increased levels of DNA damage in the placenta.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 X chromosomeÂ inactivation is not perturbed in MCM-mutant embryos.
Mouse female embryos bearing one X-chromosome-linked GFP transgene were dispersed into single cells, and examined by flow cytometry for GFP fluorescence. Control mice were female littermates with a genotype of Mcm4C3/+Mcm2+/+ or Mcm4C3/C3Mcm2+/+. The centre line represents the mean, and error bars represent the s.d. in GFP+ cells among the individual embryos (n) used. There was no significance difference (n.s)Â between the values by an unpaired two-tailed t-test (PÂ =Â 0.926). C3/C3, Mcm4C3/C3; M2/+, Mcm2Gt/+.

                          Source data
                        


Extended Data Fig. 2 Placental, but not embryonic, levels of MCM are decreased in MCM mutantsÂ independent of maternal genotype, and NSAID does not rescue levels of MCM.
a, Representative western blots of protein lysates from E13.5 embryos and placentae of the indicated genotypes (top of each lane), immunolabelled with antibodies against MCM2, MCM4 and Î²-actin. The samples came from dams of two genotypes (indicated at the top of the panel). C3/C3, Mcm4C3/C3; C3/+, Mcm4C3/+; M2/+, Mcm2Gt/+. Note that the levels of MCM4 are particularly affected. The experiment was performed twice for each maternal genotype. For gel source data, see Supplementary Fig.Â 1. b, Placental levels of MCM2 and MCM4 proteins from the indicated maternal genotypes were quantified from western blots (including blots additional to those shown in a), which were imaged (seeÂ Methods) and normalized to actin and protein levels in theÂ wild type. Each plotted point represents a single placenta. P values are from an unpaired, two-tailed t-test. Placentae corresponding to male or female Mcm4C3/C3Mcm2Gt/+ genotypes are indicated. Centre lines represent the mean, and error bars indicate s.d. c, Embryonic levels of MCM2 and MCM4 proteins were determined as in b. Each plotted point represents a single embryo. Embryos corresponding to male or female Mcm4C3/C3Mcm2Gt/+ genotypes are indicated. The results were not significant by a one-way analysis ofÂ variance (ANOVA).
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Extended Data Fig. 3 Sex-specific altered expression of inflammation genes in mutants.
a, Heat map of the ratio of FPKM values for key genes from top-ranking genes from the following three gene set enrichment analysis hallmarks: EMT, allograft rejection and interferon-Î³ response. The ratios are expressed as female:male for each of the indicated embryo and dam genotypes. Data are from RNA-seq on nÂ =Â 16 placentae; nÂ =Â 6 Mcm4C3/C3Mcm2Gt/+ placentae of embryos from Mcm4C3/C3 dams, nÂ =Â 6 Mcm4C3/C3Mcm2Gt/+ placentae of embryos from Mcm4C3/+Mcm2Gt/+ dams and nÂ =Â 4 placentae of embryos from homozygous Mcm4C3/C3 matings. Equal numbers of male and female mice were used. C3/C3, Mcm4C3/C3; C3/+, Mcm4C3/+;Â M2, Mcm2Gt/+. b, Maternal genotype affects the expression of inflammation genes. The ratios of female:male FPKM values of Mcm4C3/C3Mcm2Gt/+ embryos for Mcm4C3/C3 dams are plotted, compared to Mcm4C3/+Mcm2Gt/+ dams for the same gene sets as in a. The highest and lowest ranked genes are all related to inflammation responses.
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