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            Abstract
Mitochondrial DNA (mtDNA) mutations are maternally inherited and are associated with a broad range of debilitating and fatal diseases1. Reproductive technologies designed to uncouple the inheritance of mtDNA from nuclear DNA may enable affected women to have a genetically related child with a greatly reduced risk of mtDNA disease. Here we report the first preclinical studies on pronuclear transplantation (PNT). Surprisingly, techniques used in proof-of-concept studies involving abnormally fertilized human zygotes2 were not well tolerated by normally fertilized zygotes. We have therefore developed an alternative approach based on transplanting pronuclei shortly after completion of meiosis rather than shortly before the first mitotic division. This promotes efficient development to the blastocyst stage with no detectable effect on aneuploidy or gene expression. After optimization, mtDNA carryover was reduced to <2% in the majority (79%) of PNT blastocysts. The importance of reducing carryover to the lowest possible levels is highlighted by a progressive increase in heteroplasmy in a stem cell line derived from a PNT blastocyst with 4% mtDNA carryover. We conclude that PNT has the potential to reduce the risk of mtDNA disease, but it may not guarantee prevention.
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                    Figure 1: Early PNT promotes survival of normally fertilized zygotes after PNT.[image: ]


Figure 2: Blastocyst development after ePNT.[image: ]


Figure 3: Gene expression patterns in unmanipulated controls and ePNT blastocysts.[image: ]


Figure 4: Carryover of karyoplast mtDNA in ePNT blastocysts.[image: ]
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Extended data figures and tables

Extended Data Figure 1 ltPNT and pronuclei centralization after ePNT.
a, Schematic showing timing of ltPNT and ePNT. b, Images showing the stages of the ltPNT process: left, late pronuclear zygote; middle, enucleation; right, fusion. Scale bar, 20 μm. Note large pronuclei and pipette size compared with Fig. 1b and Supplementary Videos 1 and 2. c, Images show unmanipulated and ePNT zygotes at 16–18 h after fertilization. Scale bars, 20 μm. d, Pronuclei centralization and division to the two-cell stage assessed by live cell imaging in control and ePNT zygotes (not significant). Comparisons by χ2 test.


Extended Data Figure 2 Blastocyst morphology and effect of PNT on blastocyst development and quality.
a, Schematic showing cell lineages in a mammalian blastocyst: trophectoderm; primitive endoderm and epiblast. b, Morphological criteria and scoring system used for grading human blastocysts31. Top, degree of expansion ranging from an early, unexpanded blastocyst (score 1) to fully expanded (score 6). Middle, range of ICM morphologies from absent (score 1) to large but tightly packed (score 5). Bottom, range of trophectoderm morphologies from scant and discontinuous (score 1) to a fully formed layer of tightly packed cells (score 3). Box colours correspond to the grades shown in c. c, Table used to assign blastocyst grades, according to levels of expansion, and morphology of the ICM and trophectoderm. Grade F (not shown) was assigned to embryos that developed to the blastocyst stage but subsequently showed signs of degeneration. d, Graph showing the relationship between blastocyst grade and implantation. Data obtained from clinical IVF cycles (n = 531) in which unmanipulated single blastocysts were replaced on day 5. Implantation is defined by the detection of a fetal heartbeat at 6 weeks after IVF treatment. There was no case in which a grade D or F blastocyst was replaced. P values are shown (χ2 test). e, ltPNT experimental conditions, blastocyst formation (P < 0.01; χ2 test) and quality. A total of 51 zygotes from 10 donors were allocated either to an unmanipulated control group (Ctr.; n = 12) or to ltPNT involving transfer between pairs of zygotes from the same donor (n = 29) or replacement back into the same zygote (autologous PNT (Atlg.) n = 10). f, ePNT (series I) experimental conditions, blastocyst formation and quality. This series of experiments involved a total of 58 zygotes from 13 donors. Zygotes were allocated to a control group (n = 19), or to ePNT involving either autologous (n = 18) or heterologous (Het.; n = 21) transfers. Differences are not significant (χ2 test and Fisher’s exact test). g, Image of an ePNT blastocyst fixed on day 6 and stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar, 50 μm. h, Cell number assessed by nuclear counts showing comparable numbers in control and ePNT (series II) blastocysts and significantly reduced numbers in ltPNT and ePNT (series I) blastocysts (P = 0.001; one-way analysis of variance (ANOVA) with Tukey’s HSD test). Mean ± standard deviation (s.d.) calculated from individual blastocysts, numbers indicated on the x-axis.


Extended Data Figure 3 Survival and blastocyst development after ePNT between zygotes obtained from freshly harvested and vitrified oocytes.
a, Experimental scheme for heterologous ePNT in series II. Because of unpredictability in the response to ovarian stimulation, heterologous transfers involved reciprocal ePNT between zygotes generated from freshly harvested and vitrified oocytes. This resulted in reconstituted zygotes whose cytoplasts originated from a fresh oocyte (FreshCy), or from a vitrified oocyte (VitCy). Oocytes for these experiments were vitrified predominantly at the MII stage (blue box; n = 80 zygotes; 25 donors). We also conducted a series of experiments to determine whether vitrification at the 2PB stage (green box; n = 34 zygotes; 13 donors) would promote improved blastocyst formation. b, Survival of reconstituted zygotes as a proportion of those submitted to autologous (Atlg.) and heterologous (Het.) ePNT according to the stage of vitrification (MII or 2PB) and according to whether the cytoplast was derived from a fresh (FreshCy) or a vitrified (VitCy) oocyte. Loss was generally due to karyoplast lysis, excessive leakage of cytoplasm, or degeneration of reconstituted zygotes during subsequent incubation. Differences are not significant (χ2 test). c, Sucrose was initially included in the manipulation medium to facilitate enucleation and fusion, however, it was later removed because the data indicated that the osmotic effect resulted in increased mtDNA carryover (see Fig. 4b). Omission of sucrose from the enucleation medium had a small, but not significant, effect on survival of zygotes whose cytoplasts originated from vitrified MII oocytes (χ2 test). d, Blastocyst formation as a percentage of zygotes submitted to the ePNT procedure recorded on days 5 and 6 after fertilization. e, Blastocyst formation recorded on days 5 and 6 as a percentage of zygotes that survived the ePNT procedure. The numbers in each group and P values are shown, χ2 test. f, Blastocyst quality grades (see Extended Data Fig. 2c, d) on days 5 and 6 (not significant; Fisher’s exact test). Source data files are available online.

                          Source data
                        


Extended Data Figure 4 Array-CGH results for PNT blastocysts.
Summary of array-CGH results obtained from ICM and trophectoderm samples from control (n = 11) and ePNT (n = 30) blastocysts. Blastocysts are ordered by grade within experimental groups. The karyoplast donor age is also shown.


Extended Data Figure 5 Experimental approach and bioinformatics analysis of single-cell RNA-seq data from ePNT and control blastocysts.
a, Flow diagram showing the steps involved in RNA-seq of single cells microdissected from human blastocysts. b, Summary table of control and ePNT blastocysts submitted for RNA-seq analysis. For the purpose of gene expression analysis, we distinguish between ePNT blastocysts derived from fusion of cytoplasts and karyoplasts with the same, and different, mitochondrial genomes. Those with the same mitochondrial genomes included blastocysts from autologous ePNT and from a zygote pair donated by two sisters, which we refer to as homologous ePNT. Blastocysts arising from heterologous ePNT represent new combinations of nuclear and mitochondrial genome and are subgrouped according to the cytoplast origin (see Extended Data Fig. 4). c, Flow diagram outlining the bioinformatics analysis of RNA-seq data. Data were normalized either as reads per kilobase per million mapped reads (RPKM)41 or using DESeq2 (ref. 36). Normalized data were used to generate PCA plots, t-SNE plots and heatmaps.


Extended Data Figure 6 Analysis of differential gene expression in good quality ePNT and control blastocysts.
a, PCA matrix using the first ten principal components of DESeq2 VST normalized data for the top 12,000 most variable genes. Global gene expression is indistinguishable between unmanipulated control and ePNT samples, PC1 versus PC2 highlighted in blue box. b, PCA matrix as shown in a, distinguished by lineage, clearly seen in PC2 versus PC3 (pink box). c, t-SNE analysis after DESeq2 VST normalization of 6,000 of the most variably expressed genes, where samples were distinguished by lineage. Sample numbers and blastocyst grades are shown. Autologous and homologous ePNT samples are derived from blastocysts in which the karyoplast and cytoplast had the same mitochondrial genome. Heterologous ePNT samples were derived from pairs of zygotes with different mitochondrial genomes (Extended Data Fig. 5). Samples from experimental controls and reference population were combined for the purpose of the analyses shown in a and b.


Extended Data Figure 7 Expression of lineage-specific genes and mitochondrial OXPHOS genes in control and ePNT embryos.
a, Heatmap showing log2-transformed RPKM values of selected differentially expressed genes in trophectoderm (n = 10), epiblast (n = 10) and primitive endoderm (n = 10) lineages. b, Heatmap showing expression of mitochondrial OXPHOS genes after unsupervised hierarchical clustering. Expression of OXPHOS genes encoded by mtDNA is variable both within and between blastocysts. Control and ePNT samples cluster together, irrespective of whether the cytoplast and karyoplast had the same (blue font) or different (purple font) mtDNA. Sample numbers and blastocyst grades are shown. The reference population includes a previously published series14. Autologous and homologous ePNT samples are derived from blastocysts in which the karyoplast and cytoplast had the same mitochondrial genome. Heterologous ePNT samples were derived from pairs of zygotes with different mitochondrial genomes (Extended Data Fig. 5b). Expression levels are indicated on a high-to-low scale (purple–white–green). Source data files are available online for a and b.

                          Source data
                        


Extended Data Figure 8 Measurement of heteroplasmy due to mtDNA carryover during ePNT.
a, Mitochondrial genotypes were determined by identifying polymorphic variants in the hypervariable mtDNA control regions of each donor. Sequence electropherograms of mtDNA non-coding control region with a sequence variant used for pyrosequencing (highlighted) (m.73A>G). b, Sequence pyrograms for the mtDNA variant (m.73A>G) in control samples. The expected level of variant is given along with the level determined by pyrosequencing (in brackets). c, Examples of the standard curve generated to increase accuracy in detecting low levels (0–25%) of heteroplasmy by pyrosequencing, which has previously been reported to accurately detect heteroplasmy at a level of 1% (ref. 42). Each data point represents the mean of 3–4 technical replicates. d, mtDNA carryover was measured by pyrosequencing using clumps of cells (n = 92) from day 6 blastocysts (n = 40; names shown on y axis). The cells were predominantly obtained from the trophectoderm (TE) layer (purple, n = 67). ICM cells (red, n = 5) and cells of mixed trophectoderm/ICM origin (green, n = 20) were also analysed. Each data point represents the mean of 2–3 technical replicates. e, mtDNA carryover from individual blastocysts calculated from data shown in d. Each data point represents either the mean value where more than one sample was tested (n = 28 ePNT blastocysts), or a single value where only one sample was tested (n = 12 ePNT blastocysts). Horizontal lines show median values for each experimental group. Blastocysts arising from ePNT performed in the absence of sucrose and fused with a fresh cytoplast (FreshCy) had significantly reduced mtDNA carryover compared with blastocysts where ePNT was performed in the presence of sucrose (P values and blastocyst numbers are shown; two-sided Mann–Whitney U-test). f, Graph showing the proportions of blastocysts (n = 40) with mtDNA carryover measurements falling within the specified levels (not significant: χ2 test). Source data files are provided for c–f.

                          Source data
                        


Extended Data Figure 9 Derivation and characterization of human ES cells from control and ePNT blastocysts.
a, Examples of outgrowths formed following explantation of the ICM from ePNT (n = 15) and control (n = 6) blastocysts used for hES cell derivations. The dashed white circle indicates the region picked for initial passage of the ICM outgrowth. Bottom, examples of hES cell colonies. b, Example of a normal karyogram from an PNT-hES cell line (45PNT); 4/4 lines tested showed a normal karyotype. The remaining hES cell line did not grow beyond passage 2 and was derived from a uniformly aneuploid blastocyst (55PNT; Extended Data Fig. 4). c, Immunostaining of representative PNT-hES cells (grown in mTeSR1) for NANOG, SSEA4 (green), SOX2 and OCT4 (red) with DAPI (blue) merge. Graph shows quantitative polymerase chain reaction with reverse transcription (qRT–PCR) analysis of control and PNT-hES cell lines for pluripotency transcripts NANOG, POU5F1 and SOX2. Horizontal line shows the median value, which is similar between hES cells from unmanipulated control blastocysts (Ctr.; n = 2 hES cell lines) and ePNT-hES cells (n = 4 ePNT-hES cell lines). d, Immunostaining of representative PNT-hES cells after 20 days in basal MEF media, confirming differentiation into all three germ layers: endoderm (α-fetoprotein (AFP); SOX17), mesoderm (α-smooth muscle actin (SMA); desmin (DES)) and ectoderm (β-III tubulin (TUJ1); SOX1) in green or red, with DAPI (blue) merge. Scale bars, 50 μm. e, Table showing the mtDNA variants and primers used to measure mtDNA carryover in PNT-hES cell lines. f, Summary table showing details of blastocysts and the corresponding hES cells. Aneuploidy in PNT-hES cell lines was analysed by metaphase spreads, except for 31PNT-hES, which was determined by array-CGH.


Extended Data Figure 10 Heteroplasmy in subclones of the hES cell line derived from 36PNT.
a, The 36PNT hES cell line was frozen at passage 3 (after derivation), thawed and subcloned to monitor heteroplasmy arising from the karyoplast donor mtDNA. Six colonies (15–20) were randomly selected at the first post-thaw passage (P3) and clumps of cells were plated on 3 tissue culture wells; 5/6 colonies gave rise to 3 subclones, which were grown to P11. Subclones are distinguished by colour in the graphs. Each data point represents the mean of two technical replicates for a single cell sample. Source data file is available online.
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The ePNT procedure in human zygotes
Video showing pronuclei being extracted in separate karyoplasts from a human zygote before being placed underneath the zona pellucida of a previously enucleated zygote. (MP4 23594 kb)


Removal of excess cytoplasm from the karyoplast during ePNT in human zygotes
Video showing karyoplast removal and shearing of excess cytoplasm in preparation for fusion with a previously enucleated zygote. (MP4 27801 kb)
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