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            Abstract
Sexually dimorphic mammalian tissues, including sexual organs and the brain, contain stem cells that are directly or indirectly regulated by sex hormones1,2,3,4,5,6. An important question is whether stem cells also exhibit sex differences in physiological function and hormonal regulation in tissues that do not show sex-specific morphological differences. The terminal differentiation and function of some haematopoietic cells are regulated by sex hormones7,8,9,10, but haematopoietic stem-cell function is thought to be similar in both sexes. Here we show that mouse haematopoietic stem cells exhibit sex differences in cell-cycle regulation by oestrogen. Haematopoietic stem cells in female mice divide significantly more frequently than in male mice. This difference depends on the ovaries but not the testes. Administration of oestradiol, a hormone produced mainly in the ovaries, increased haematopoietic stem-cell division in males and females. Oestrogen levels increased during pregnancy, increasing haematopoietic stem-cell division, haematopoietic stem-cell frequency, cellularity, and erythropoiesis in the spleen. Haematopoietic stem cells expressed high levels of oestrogen receptor-Î± (ERÎ±). Conditional deletion of ERÎ± from haematopoietic stem cells reduced haematopoietic stem-cell division in female, but not male, mice and attenuated the increases in haematopoietic stem-cell division, haematopoietic stem-cell frequency, and erythropoiesis during pregnancy. Oestrogen/ERÎ± signalling promotes haematopoietic stem-cell self-renewal, expanding splenic haematopoietic stem cells and erythropoiesis during pregnancy.
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                    Figure 1: Haematopoietic stem cells divide more frequently in female mice than in male mice.[image: ]


Figure 2: Increased haematopoietic stem-cell division in female mice depends on the ovaries and is stimulated by oestradiol.[image: ]


Figure 3: Oestradiolâ€“ERÎ± signalling promotes haematopoietic stem-cell division in female mice.[image: ]


Figure 4: Increased haematopoietic stem-cell division, haematopoietic stem-cell frequency, and erythropoiesis in the spleen during pregnancy depend on ERÎ± signalling in haematopoietic cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Castration or ovariectomy modestly increased the numbers of B cells in the bone marrow without affecting the numbers of haematopoietic stem cells or MPPs.
a, Castration (cast) or ovariectomy (ovx) did not significantly affect the numbers of haematopoietic stem cells or MPPs in the bone marrow (femurs and tibias). b, Castration or ovariectomy significantly increased the numbers of B220+ B cells in the bone marrow but did not affect the numbers of Mac1+/Gr1+ myeloid cells, CD3+ T cells, or Ter119+ erythroid cells in the bone marrow or spleen. 3 sham and 4 gonadectomized mice used in 3 independent experiments. All data represent meanâ€‰Â±â€‰standard deviation; *Pâ€‰<â€‰0.05 by Studentâ€™s t-test.


Extended Data Figure 2 Administration of oestradiol (E2) to mice induced erythropoiesis in the spleen.
aâ€“c, Treatment of male and female mice for 1â€‰week with E2, with or without P, did not affect the numbers of Mac1+/Gr1+ myeloid cells, B220+ B cells, or CD3+ T cells in the bone marrow or spleen of either sex. d, E2 and E2+P treatment did significantly increase the number of Ter119+ erythroid cells in the spleen of male mice, and E2 treatment significantly increased the number of Ter119+ erythroid cells in the spleen of female mice. n = 3 mice per treatment in 3 independent experiments. All data represent meanâ€‰Â±â€‰standard deviation; *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.005; ***Pâ€‰<â€‰0.0005 by Studentâ€™s t-test comparing each treatment to vehicle.


Extended Data Figure 3 Administration of exogenous oestrogen and progesterone significantly increased serum oestrogen and progesterone levels in mice but progesterone did not affect haematopoietic stem-cell division in vivo.
a, Oestradiol treatment significantly increased serum oestradiol levels in male and female mice but the increased levels remained within the physiological range, similar to levels observed during pregnancy (see Fig. 4e) (male oil, 22; male E2, 20; female oil, 33; female E2, 14 mice used in 8 independent experiments). b, Progesterone treatment significantly increased serum progesterone levels in male and female mice (n = 3 mice per treatment in 3 independent experiments). Note that this did not affect bone marrow or spleen cellularity, haematopoietic stem-cell frequency, or haematopoietic stem-cell division (Fig. 2bâ€“d). c, Esr1-deficient mice had normal levels of serum progesterone (n = 3 mice per group in 3 independent experiments). dâ€“f, Administration of a progesterone receptor antagonist, RU486 (RU), did not affect bone marrow or spleen cellularity (d), haematopoietic stem-cell frequency in the bone marrow (e), or the division of haematopoietic stem cells, MPPs, or WBM cells (f). All data represent meanâ€‰Â±â€‰standard deviation from 3 independent experiments, except as indicated above; *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.005; ***Pâ€‰<â€‰0.0005 by Studentâ€™s t-test comparing each treatment to vehicle (oil).


Extended Data Figure 4 Oestrogen treatment increased the frequency of Ki67+ cycling haematopoietic stem cells.
a, Administration of oestrogen (E2) significantly increased the frequency of haematopoietic stem cells in G1 phase of the cell cycle, and reduced the frequency of haematopoietic stem cells in G0 phase of the cell cycle based on Ki67/propidium iodide staining (n = 3 mice per treatment in 3 independent experiments). b, c, Col1A1-H2B-GFP; Rosa26-M2-rtTA mice pulsed with doxycycline for 6â€‰weeks to induce H2Bâ€“GFP expression were treated with oil (blue histogram) or E2 (red histogram) for 2â€‰weeks without doxycycline. E2 treatment significantly increased the rate of haematopoietic stem-cell division as indicated by the reduced frequency of GFPhigh quiescent haematopoietic stem cells and the increased frequency of GFPlow moderately cycling haematopoietic stem cells (5 oil-treated and 4 E2-treated mice used in 3 independent experiments). All data represent meanâ€‰Â±â€‰standard deviation; *Pâ€‰<â€‰0.05 by Studentâ€™s t-test comparing each treatment to vehicle (oil).


Extended Data Figure 5 Female mice have increased frequencies of megakaryocyteâ€“erythroid progenitors (MEPs) and apoptotic Ter119+ cells relative to male mice.
a, Annexin-V staining of the indicated cell populations in the bone marrow of male and female mice revealed a significantly increased frequency of apoptotic Annexin-V+ cells among Ter119+ erythroid progenitors in female mice. b, Female mice had a significantly increased frequency of CD34âˆ’CD16/32âˆ’Linâˆ’Sca-1âˆ’c-kit+ MEPs, but no significant differences in the frequencies of CD34+CD16/32âˆ’Linâˆ’Sca-1âˆ’c-kit+ CMPs, CD34+CD16/32+Linâˆ’Sca-1âˆ’c-kit+ GMPs, or Flt3+IL-7R+Linâˆ’Sca-1lowc-kitlow CLPs. c, None of the restricted progenitors or differentiated cells displayed differences in cell-cycle status between male and female mice (aâ€“c, n = 5 mice per group in three independent experiments). Data represent meanâ€‰Â±â€‰standard deviation; *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.005; by Studentâ€™s t-test comparing each treatment between sexes.


Extended Data Figure 6 Inhibiting oestrogen signalling by anastrozole treatment or Esr1 deficiency did not affect the numbers of haematopoietic cells in the bone marrow or spleen.
a, Administration of anastrozole (Ana) to mice for 2â€‰weeks did not significantly affect the number of Ter119+ erythroid cells, CD3+ T cells, B220+ B cells, or Mac1+/Gr1+ myeloid cells in the bone marrow or spleen (4 PBS-treated and 6 anastrozole-treated mice were used in 4 independent experiments). b, c, Esr1 deficiency did not significantly affect bone marrow cellularity (b) or the frequencies of haematopoietic stem cells or MPPs (c) in either sex. d, Esr1 deficiency did not significantly affect the numbers of Ter119+ erythroid cells, CD3+ T cells, B220+ B cells, or Mac1+/Gr1+ myeloid cells in the bone marrow or spleen of normal mice. âˆ’/âˆ’ indicates Esr1-deficient mice and +/+ indicates wild-type littermate control mice (bâ€“d, n = 3 mice per group in 3 independent experiments). All data represent meanâ€‰Â±â€‰standard deviation.


Extended Data Figure 7 Pharmacological ERÎ± activation, but not ERÎ² activation, is sufficient to promote haematopoietic stem-cell division.
Male mice (n = 5 mice per treatment in 3 independent experiments) were treated with oil, ERÎ± agonist PPT, or ERÎ² agonist DPN for 14â€‰days then pulsed with BrdU for 10â€‰days, beginning on the fourth day of hormone treatment. a, b, PPT or DPN treatment did not significantly affect the cellularity of bone marrow or spleen (a), or the frequencies of haematopoietic stem cells or MPPs in bone marrow (b). c, PPT treatment, but not DPN treatment, significantly increased erythropoiesis in bone marrow and spleen. d, PPT significantly increased the division rates of haematopoietic stem cells and MPPs, but DPN failed to do so, suggesting that ERÎ± activation, but not ERÎ² activation, promotes haematopoietic stem cell division. Data represent meanâ€‰Â±â€‰standard deviation; ***Pâ€‰<â€‰0.0005 by Studentâ€™s t-test comparing each treatment to vehicle (oil).


Extended Data Figure 8 E2 treatment changes haematopoietic stem-cell gene expression profile in a manner consistent with increased cell division.
a, b, Gene set enrichment analysis revealed that haematopoietic stem cells from mice treated with E2 exhibited significant enrichment in the expression of genes involved in cell cycling (a). We also observed a significant enrichment in the expression of genes with E2F1 motifs in haematopoietic stem cells from E2-treated mice, consistent with the role of E2Fs in cell-cycle control (b). n = 3 mice per treatment of each sex were used to isolate independent aliquots of RNA from haematopoietic stem cells for gene expression profiling.
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        Editorial Summary
Maleâ€“female difference in blood stem cells
The extent to which stem cells are regulated by long-range signals versus local signals within tissues is a fundamental question in stem-cell biology. Much recent research has focused on how the stem-cell niche responds to local signals within tissues. But in conditions such as starvation or pregnancy it is likely that systemic signals will modulate stem-cell function in multiple tissues, and this study demonstrates a long-range effect of oestrogen on haematopoietic stem cells (HSCs) in pregnant mice. Using a genetic approach, the authors show that HSC stimulation, which would help the mother to meet increased haematopoietic demands, is dependent on expression of the oestrogen receptor (ERÎ±). Hormonal levels differ in males and females but so too do the HSC cells â€” stem cells in female mice divide significantly more frequently than those in male mice in response to oestrogen.
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