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            Abstract
Successful mammalian cloning using somatic cell nuclear transfer (SCNT) into unfertilized, metaphase II (MII)-arrested oocytes attests to the cytoplasmic presence of reprogramming factors capable of inducing totipotency in somatic cell nuclei1,2,3. However, these poorly defined maternal factors presumably decline sharply after fertilization, as the cytoplasm of pronuclear-stage zygotes is reportedly inactive4,5. Recent evidence suggests that zygotic cytoplasm, if maintained at metaphase, can also support derivation of embryonic stem (ES) cells after SCNT6,7,8, albeit at low efficiency. This led to the conclusion that critical oocyte reprogramming factors present in the metaphase but not in the interphase cytoplasm are ‘trapped’ inside the nucleus during interphase and effectively removed during enucleation9. Here we investigated the presence of reprogramming activity in the cytoplasm of interphase two-cell mouse embryos (I2C). First, the presence of candidate reprogramming factors was documented in both intact and enucleated metaphase and interphase zygotes and two-cell embryos. Consequently, enucleation did not provide a likely explanation for the inability of interphase cytoplasm to induce reprogramming. Second, when we carefully synchronized the cell cycle stage between the transplanted nucleus (ES cell, fetal fibroblast or terminally differentiated cumulus cell) and the recipient I2C cytoplasm, the reconstructed SCNT embryos developed into blastocysts and ES cells capable of contributing to traditional germline and tetraploid chimaeras. Last, direct transfer of cloned embryos, reconstructed with ES cell nuclei, into recipients resulted in live offspring. Thus, the cytoplasm of I2C supports efficient reprogramming, with cell cycle synchronization between the donor nucleus and recipient cytoplasm as the most critical parameter determining success. The ability to use interphase cytoplasm in SCNT could aid efforts to generate autologous human ES cells for regenerative applications, as donated or discarded embryos are more accessible than unfertilized MII oocytes.
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                    Figure 1: Cell cycle progression in two-cell mouse embryos.


Figure 2: Development of mouse embryos generated by interphase SCNT.


Figure 3: Characterization of ntES cells and live offspring born after interphase SCNT.
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Extended data figures and tables

Extended Data Figure 1 Maternal and embryonic gene expression patterns.
a, Immunocytochemical detection of Gapdh signal demonstrated even distribution in nuclei and cytoplasm in MII oocytes and interphase zygotes and two-cell embryos (original magnification, ×400). b, Expression of Gapdh normalized to Actb. No significant differences were seen between intact and enucleated two-cell embryos (four replicates each containing pooled RNA from five embryos, P > 0.05). c, Gapdh expression was relatively low and constant with no significant differences seen until the eight-cell stage. Expression was increased in 16-cell embryos and blastocysts (three replicates each containing pooled RNA from ten embryos, *P < 0.05; **P < 0.01). d, Gene expression of the transcriptional regulators Bmi1, Hsf1, Brg1, Sall4 and Esrrb, the transcription factor Oct4, and epigenetic factors Apobec1, Aid and Tet1 during mouse pre-implantation embryo development. The level of expression of Brg1, Apobec1, Oct4, Sall4, Aid, Tet1 and Esrrb underwent marked increases at or after the four-cell stage. The red bars indicate enucleated oocytes, zygotes or two-cell embryos. No significant differences were observed between intact and enucleated counterparts (n = 3 biological replicates, P > 0.05). Gene expression was normalized to Gapdh. Error bars indicate average ± s.d. cyto, cytoplast; I, interphase; M, metaphase; MII, metaphase II-arrested oocyte; Z, zygote.


Extended Data Figure 2 Protein expression of candidate reprogramming factors.
a, Immunocytochemical detection of Bmi1, Hsf1 and Brg1 in zygotic interphase, metaphase and two-cell interphase embryos. The expression pattern of these proteins was similar to that observed for mRNA expression (Extended Data Fig. 1d). I2C embryos were fixed 4 h after cleavage. I, interphase; M, metaphase; Z, zygote. b, Western blot detection of Brg1 in nuclear donor cells and in intact and enucleated two-cell embryos (n = 40). c, Immunocytochemical detection of Brg1 and Hsf1 in nuclear donor FFs and ES cells. Scale bars, 400 µm. d, Immunocytochemical detection of Brg1 and Hsf1 in SCNT embryos (original magnification, ×400). MII, MII oocyte.


Extended Data Figure 3 Cell cycle determination in nuclear donor cells.
a, Confluent FF populations subjected to flow cytometric processing. After sorting by size and density, 91% of small-sized cells were in the G0/G1 phase of the cell cycle. b, Proliferating FF populations were mostly at S phase. c, ES cell populations by flow cytometry. The size was correlated with the cell cycle, 70% of the small-, medium- and large-sized cells were at G0/G1, S and G2/M, respectively. d, FITC-conjugated BrdU was used to define S-phase FFs and ES cells. PI, propidium iodide. Scale bars, 100 μm. e, Correlation of cell size and cell cycle in FFs and ES cells. Cell size was measured photographically after 3.7% formaldehyde fixation. S-phase cells were separated by BrdU integration (green). The assignments of cell size provided in panels a, b and c were defined from the results in panel e (*P < 0.05). pFFs, proliferating fetal fibroblasts.


Extended Data Figure 4 Nuclear staining of cell-cycle-matched and mismatched SCNT embryos.
Left, expanded nuclei of developmentally competent two-cell SCNT embryos generated by transfer of S-phase FF nuclei into enucleated S-phase two-cell embryo. Middle and right panels, condensed or dispersed nuclei of arrested SCNT embryos generated after cell cycle mismatch between donor nucleus and recipient cytoplasm. Embryos were arrested and apoptotic by the G1/S or S/G2 cell cycle checkpoints, respectively. SCNT embryos were fixed 15 h after cleavage (original magnification, ×400).


Extended Data Figure 5 Genotyping of chimaeric mice.
a, Chromatogram of mtDNA depicting sequence differences at 11,939, 12,062 and 12,122 base pairs (bp) and demonstrating that mtDNA in ntES cells was derived from recipient embryo cytoplasm. Sequence differences between chimaera host embryos and ntES cells at 11,939, 12,199, 12,002, 12,005, 12,008 and 12,062 bp allowed quantification of chimaerism. The mtDNA from a diploid chimaeric mouse appeared as a double peak. The tetraploid chimaera showed only ntES cell mtDNA (GeneBank accession EF108343.1). b, Allele refractory mutation system quantitative PCR (ARMS-qPCR) assay in diploid and tetraploid chimaeras. Similar colours indicate similar origin. Distances between colour plots represent the contribution of chimaeric host embryos. Amplification plot (left) and bar graph (right). Detection limit of this assay is 0.01%. c, High ntES cell contribution chimaeric female and her pups demonstrating germline transmission. White spot on the head of the dam originated from the ICR host embryo. d, Tetraploid embryo complementation pups born after ntES cell (black) injection into host eight-cell-stage tetraploid embryos. e, Genotyping of tetraploid complementation pups.


Extended Data Figure 6 Cloned offspring and genotyping.
a, Body and placenta of cloned and control pups delivered by caesarean section at 20 days. Clones and placentas were larger or smaller than controls. Scale bars, 0.5 cm. b, Fetal and placental weights (g) of cloned and control pups. c, Genotyping of nuclear donor cells and cloned pups carrying ROSA26+/−OG2+/−.


Extended Data Table 1 Origin of ntES cell lines generated by SCNT into enucleated I2CFull size table


Extended Data Table 2 Ability of ntES cells to contribute to chimaerasFull size table


Extended Data Table 3 In vivo development of embryos derived by nuclear transfer into enucleated I2C or MII oocytesFull size table





Supplementary information
Enucleation and nuclear transfer procedures developed for interphase SCNT into 2-cell mouse embryos
A mouse 2-cell embryo was secured with holding pipette and zona pellucida was drilled with a laser pulse and then an enucleation pipette was inserted through the opening. Both blastomeres were enucleated under Hoffman contrast microscopy, and an intact nuclear donor cell was introduced into each enucleated blastomere using fusogenic activity of HVJ-E. (WMV 12050 kb)
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Reprogramming the early embryo
The reprogramming that occurs following somatic cell nuclear transfer (SCNT) during infertility treatment and other procedures is thought to be dependent on the recipient cytoplasm being strictly arrested at metaphase. Shoukhrat Mitalipov and colleagues now show that interphase two-cell mouse embryos support the reprogramming of transplanted somatic nuclei and generation of embryonic stem cells or cloned mice. This suggests that factors capable of inducing pluripotency are present in the cytoplasm of interphase cells, and that removal of the nuclei of such cells does not deplete a recipient egg of necessary reprogramming factors as was thought. If these findings extend to humans, they could boost efforts to generate human embryonic stem cells for regenerative applications, as donated cells in the interphase stage (fertilized embryos) are more accessible than those in the metaphase stage (immature egg cells).
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