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Fundamental properties of unperturbed
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Haematopoietic stem cells (HSCs) are widely studied by HSC trans-
plantation into immune- and blood-cell-depleted recipients. Single
HSCs can rebuild the system after transplantation1–5. Chromosomal
marking6, viral integration7–9 and barcoding10–12 of transplanted HSCs
suggest that very low numbers of HSCs perpetuate a continuous
stream of differentiating cells. However, the numbers of productive
HSCs during normal haematopoiesis, and the flux of differentiating
progeny remain unknown. Here we devise a mouse model allowing
inducible genetic labelling of the most primitive Tie21 HSCs in bone
marrow, and quantify label progression along haematopoietic devel-
opment by limiting dilution analysis and data-driven modelling.
During maintenance of the haematopoietic system, at least 30% or

5,000 HSCs are productive in the adult mouse after label induction.
However, the time to approach equilibrium between labelled HSCs
and their progeny is surprisingly long, a time scale that would exceed
the mouse’s life. Indeed, we find that adult haematopoiesis is largely
sustained by previously designated ‘short-term’ stem cells downstream
of HSCs that nearly fully self-renew, and receive rare but polyclonal
HSC input. By contrast, in fetal and early postnatal life, HSCs are
rapidly used to establish the immune and blood system. In the adult
mouse, 5-fluoruracil-induced leukopenia enhances the output of HSCs
and of downstream compartments, thus accelerating haematopoietic
flux. Label tracing also identifies a strong lineage bias in adult mice,
with several-hundred-fold larger myeloid than lymphoid output, which
is only marginally accentuated with age. Finally, we show that trans-
plantation imposes severe constraints on HSC engraftment, consist-
ent with the previously observed oligoclonal HSC activity under these
conditions. Thus, we uncover fundamental differences between the
normal maintenance of the haematopoietic system, its regulation by
challenge, and its re-establishment after transplantation. HSC fate
mapping and its linked modelling provide a quantitative framework
for studying in situ the regulation of haematopoiesis in health and
disease.

The paucity of HSCs has largely impeded direct measurements of their
functions in situ. To determine fundamental properties (frequencies of
active HSCs, fluxes between stem and progenitor compartments, res-
idence time and expansion in compartments) of unperturbed steady-
state haematopoiesis13, we devised an experimental system for inducible
genetic marking of HSCs in situ. As driver for Cre recombinase (Cre) we
used the Tie2 (also known as Tek) locus, which is expressed in embryonic
and adult HSCs14,15. We generated a knock-in mutant expressing from
the Tie2 locus a gene encoding codon-improved Cre (iCre) fused to
two modified oestrogen receptor binding domains (designated MCM)16

(Extended Data Fig. 1a–c). We chose this weakly inducible and tightly
regulated system to prevent leakiness. The Tie2MCM allele was crossed to
RosaYFP mice expressing the yellow fluorescent protein (YFP) reporter in
a Cre-dependent manner. In the absence of tamoxifen, we did not detect

YFP1 haematopoietic cells in bone marrow, thymus and spleen in
Tie2MCM/1RosaYFP mice (n 5 30; data not shown). After tamoxifen treat-
ment, MCM becomes active and deletes the stop cassette of the YFP
marker gene, thus rendering Cre-expressing cells and their non-Cre-
expressing progeny YFP-positive (Extended Data Fig. 1d). Early after treat-
ment (20 days) the labelled cells were almost exclusively HSCs, defined
as lineage marker (Lin)2Kit1Sca-11 (LSK) CD1501CD482 (refs 3, 17
and 18) (Fig. 1a). In a total of 112 adult Tie2MCM/1RosaYFP mice, a mean
of 1.0% of HSCs were labelled in situ after tamoxifen treatment (Extended
Data Fig. 1e). Transplantation of a single YFP-marked HSC into gen-
etically conditioned HSC recipients (Rag22/2 cc2/2 KitW/Wv; cc is also
known as Il2rg)19 led to long-term donor HSC engraftment and multi-
lineage reconstitution in primary and secondary recipients (Extended
Data Fig. 1f), hence initially labelled cells were functional HSCs (Extended
Data Table 1). We ruled out the possibility that HSC numbers and
functions were compromised by loss of one Tie2 allele in Tie2MCM/1

mice in a series of control experiments (Extended Data Fig. 2).
We estimated by limiting dilution analysis frequencies of HSCs con-

tributing to overall haematopoiesis, and to lymphoid and myeloid line-
ages (Fig. 1b and Extended Data Fig. 1g–j). At least one out of three HSCs
contributed YFP1CD451 progeny in the bone marrow between 6 and
34 weeks after labelling. This is the overall and cumulative frequency
regardless of the type of lineage produced, and it represents a lower limit
given that all mice with labelled HSCs also contained labelled progeny.
Considering 2.8 3 108 total nucleated bone marrow cells per mouse20,
and an HSC frequency of 0.006%, a mouse has ,17,000 HSCs; 30%
active HSCs indicates that ,5,000 HSCs contributed to normal haema-
topoiesis within the observation period. In transplantation experiments,
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Figure 1 | Inducible HSC labelling in Tie2MCM/1RosaYFP mice and
frequency estimates on HSC output. a, Phenotype of labelled cells 20 days
after tamoxifen injection. b, Limiting dilution analysis of labelled HSCs and
lineage output. The fraction of negative mice for YFP-expressing Lin1CD451

cells (green), granulocytes (red), pro B cells (blue) or double-positive (DP)
thymocytes (black) was plotted on a logarithmic scale against the number of
YFP1 HSCs (Extended Data Fig. 1g–j). Arrows indicate lower detection limit
(no negative mice in these groups).
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absolute numbers of contributing HSCs are 100-fold lower10,11 than our
estimate for steady state haematopoiesis. We also determined pathway
frequencies from HSCs to granulocytes, and T and B cell progenitors
(Fig. 1b and Extended Data Fig. 1g–j). The results revealed correlations
between the numbers of labelled HSCs and labelled lineage output, with
the (time-averaged) probability for finding labelled granulocytes being
five- to tenfold higher than lymphocytes.

To address the fluxes from adult HSCs via stem and progenitor com-
partments to peripheral lineages, we resolved the output from in-situ-
labelled HSCs kinetically (Fig. 2a–f). Unexpectedly, up to 3 weeks after
induction in adult mice, the label was exclusively retained in HSCs with
no label found in LSK CD1502CD482 short-term (ST)-HSCs, and LSK
CD1502CD481 multipotent progenitors (MPPs) (Fig. 2b). Within these
downstream stem and progenitor compartments, the first marked cells
emerged from 4 weeks onwards (Fig. 2c). Beyond 16 weeks, labelled HSCs
had contributed to all analysed progenitor and mature cell lineages, with
labelled myeloid cells arising sooner than labelled lymphoid cells (Fig. 2e, f).
Analysis of overall bone marrow cells further indicated that the label
emanates from marked HSCs (Extended Data Fig. 3a). Very few myeloid
progenitors (0.010% common myeloid progenitors (CMPs); 0.001%
granulocyte–macrophage progenitors (GMPs); 0.006% megakaryocyte–
erythroid progenitors (MEPs)) in the bone marrow were also initially
marked (Fig. 2b, asterisk), consistent with weak expression of Tie2 in
myeloid progenitors (http://www.immgen.org; data not shown) leading
to direct, HSC-independent, labelling. Because of the limited life span of
CMPs, GMPs and their progeny (Extended Data Fig. 4), the presence of
labelled cells beyond 6 weeks after tamoxifen treatment reflects only cells
that have arisen de novo from labelled HSCs.

Given the extraordinarily slow label progression out of the adult HSC
compartment, we investigated how rapidly HSCs are used during devel-
opment (Fig. 2g–k and Extended Data Fig. 3b). Tie2MCM/1RosaYFP mice
were treated in utero in midgestation (embryonic day (E) 10.5) with tam-
oxifen. While initially (E12.5) almost exclusively HSCs (but not erythro-
myeloid progenitors21; Extended Data Fig. 5) were marked in fetal liver,
the label progressed within days to progenitors in fetal liver and bone
marrow, and by 1 week after birth, equilibrium was nearly reached
between labelled HSCs and the entire peripheral system. Hence, HSC
use is very rapid (and possibly complete) during development but slow
during maintenance of the system (Fig. 2l).

We exploited the kinetic data for adult mice (Fig. 2b–f) to infer the
fluxes between stem and progenitor compartments as well as residence
time and expansion of the cells in the compartments (Fig. 3). In a given
reference compartment (for example, ST-HSCs) the cells lost by onward
differentiation (for example, towards MPPs) are replaced by influx from
the upstream compartment (for example, HSCs), and by cell production
in the reference compartment itself (Fig. 3a). The flux is the product of
the rate of differentiation per cell and the total amount of cells under-
going differentiation. The movement of label between compartments con-
tains information on the rate (Fig. 3b), and the ratios of total cell num-
bers were determined for stem and progenitor compartments (Extended
Data Fig. 6a). These considerations form the basis of our model for quan-
tifying the labelling data (Supplementary Methods and Supplementary
Discussion).

The steady label frequency of around 1% is consistent with self-renewal
of labelled HSCs (Fig. 3c; HSC panel). In compartments downstream
from HSCs, labelled cells incrementally replaced non-labelled cells
(Fig. 3c). The mathematical model fitted the label frequencies measured
up to 240 days after induction, and correctly predicted label frequencies
at later time points (Fig. 3c).

We estimated the rates of cell differentiation and net proliferation
in the stem and progenitor compartments (Fig. 3d, e, Extended Data
Fig. 6b, c and Supplementary Methods). The rate of net proliferation
equals the number of cells born per day minus cells lost by death during
the same time period. On average, per day, 1 out of 110 HSCs differ-
entiates into an ST-HSC, and 1 out of 22 ST-HSCs differentiates into an
MPP (Fig. 3d, f). At the MPP stage, considered a lymphoid–myeloid

bifurcation point, we estimate that per day 1 out of 46 MPPs generates
a CLP, while 1 MPP generates 4 CMPs (Fig. 3d, f). Given that the cell
numbers also increase from HSC to ST-HSC and MPP (Fig. 3f), the
efflux of cells exceeded influx in all of these compartments. To maintain
compartment size, this flux difference is balanced by net proliferation
(efflux minus influx 5 net proliferation). The rates of net proliferation
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Figure 2 | Label progression through the haematopoietic system during
adult maintenance and fetal development. a, HSC label induction and output
analysis in adult tamoxifen-treated Tie2MCM/1RosaYFP mice. b–f, Percentages
of YFP1 cells among the indicated haematopoietic cells in bone marrow,
spleen and thymus. Mice were analysed at 1–3 (b; n 5 12), 4–6 (c; n 5 10), 8–12
(d; n 5 9), 16–20 (e; n 5 12) and 26–34 (f; n 5 10) weeks after label induction.
Dots represent individual mice, and bars indicate the mean. DN, double
negative thymocytes; Gr, granulocytes; Mac, macrophages. g–k, In utero
HSC label induction and analysis in fetal, newborn and 1-week-old
Tie2MCM/1RosaYFP mice. YFP labelling frequencies were determined at E12.5
(h; n 5 9), E15.5 (i; n 5 10), in newborns (j; n 5 6) and 1 week after birth
(k; n 5 8) for the indicated organs and cells. l, Kinetic of label progression from
HSCs to ST-HSCs in embryonic (red; n 5 66) and adult (blue; n 5 110) mice
(n per time points; see Supplementary Methods); arrows indicate tamoxifen
treatment. Data are mean and s.e.m.
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increased from HSC via ST-HSC to MPP compartments, in parallel with
the differentiation rates (Fig. 3d, e).

Together, the differentiation rate and net proliferation determine how
close a compartment operates to self-renewal. To quantify the degree of
self-renewal, we define the residence time in a compartment as the time
period in which the compartment would decay to 37% (1/e) of its size,
if all influx were switched off. The residence time is determined by the
duration a cell and its progeny spend in the compartment before being
lost by differentiation or cell death. The compartment residence times
can be estimated from the labelling data (Supplementary Methods).

For HSCs, given that the labelling frequencies are maintained over time
(Fig. 3c) despite efflux (Fig. 3d), net proliferation ensures complete self-
renewal, and the residence time is theoretically infinite. Linking our esti-
mate of the HSC net proliferation rate (,1 out of 110 per day; Fig. 3e, f)
to proliferation measurements would imply that in assays using 5-bromo-
29-deoxyuridine (BrdU) ,1% of HSCs were labelled per day if HSCs
lived indefinitely (and ,2% if HSC lifetime was 100 days). This figure
is in the order of magnitude of the reported ,4% BrdU labelling per day
in the ‘HSC-1’ population (as a subset of LSK SLAM-defined HSCs)18,
suggesting that the Tie21 HSCs we label in situ reside at the top of
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Figure 3 | Inference of stem and progenitor cell differentiation, and
proliferation from label progression. a, At steady state, the rate of cell loss in a
reference compartment due to cell differentiation and death is balanced by cell
influx from the upstream compartment, and by proliferation within the
reference compartment. This balance relates the total upstream and reference
compartment sizes (nU and nR, respectively) to the rates of cell differentiation
(aU and aR) and to net proliferation (proliferation 2 death) (bR 5 lR 2 dR).
b, The label frequency in the reference compartment (fR) equilibrates over time
with the label frequency in the upstream compartment (fU). The time for
label equilibration tR 5 1/(aR 2 bR) (residence time) is determined by how
rapidly cells are lost from the reference compartment. c, HSC label over time
(blue dots; red dashed line, average), label progression (blue dots, with s.e.m.,

as in Fig. 2l), and mathematical model fitting (red lines, best fit; grey shades,
95% confidence bands). Data measured at ,400 days were not used for fitting
(green points, n 5 11 mice) but have been predicted correctly by the model.
d, e, Inferred average rates of cell differentiation (d) and net proliferation (e) for
stem and progenitor cell compartments (with 95% confidence intervals).
f, Dynamics of stem and progenitor cell compartments inferred from the
experimental data. Relative compartment sizes are symbolized by grey boxes,
and magnitude of fluxes by arrow width. g, The model based on data in young
mice (blue dots) also predicts data obtained in very old mice (green dots).
h, Inferred rates of myeloid and lymphoid differentiation from MPPs in
younger (7–238 days after label induction; CMPs only considered beyond
42 days) (n 5 110) and older (332–802 days) (n 5 41) mice.
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the HSC hierarchy. For ST-HSCs, net proliferation almost accounts for
the efflux towards MPPs, and the compartment requires only minimal
influx from HSCs. Hence, even ST-HSCs operate near self-renewal, their
residence time is exceedingly long (330 days), and label progression does
not reach equilibrium within the ,2-year lifetime of a mouse (Fig. 3g).
Substantial self-renewal (residence time 70 days) was found even at the
MPP stage. Proliferation of MPPs leads to an efflux of cells into common
lymphoid progenitors (CLPs) and CMPs that is approximately ,280 times
the influx from ST-HSCs (Fig. 3f), making the MPPs a key amplifier. We
also analysed progenitor compartments downstream from CLPs (pro B)
and CMPs (MEPs and GMPs) (Extended Data Fig. 6d).

An imbalance between myeloid and lymphoid production has been
viewed as an age-dependent HSC property22. We used fate mapping to
re-address this question independent of transplantation, and found a
marked myeloid bias that, however, was only marginally accentuated
with age through relative loss of lymphoid potential (Fig. 3h). Such bias
could be caused by skewed differentiation from a common progenitor,
or by preferential proliferation in the myeloid branch. Phenotypes and
designations of tested progenitors at putative branch points are shown
in Extended Data Fig. 7. In both scenarios, which are not mutually
exclusive, production of CMPs was several-hundred-fold larger than
that of CLP.

To examine the responsiveness of haematopoiesis to perturbation, we
challenged HSC-labelled mice with a single injection of 5-fluoruracil (5-
FU), a cytotoxic agent causing a transient leukopenia in the blood (Fig. 4a, b).
After peripheral rebound, we observed higher stem and progenitor cell
labelling frequencies, relative to HSC labelling, than in untreated mice
(Fig. 4c). This accelerated label equilibration between HSCs and sub-
sequent compartments after haematopoietic injury indicates feedback
inhibition on HSCs output under steady state. These data are fit by a
model in which the kinetics of net proliferation and differentiation are
accelerated (at least) in both HSC and ST-HSC compartments, but not in
either alone (Fig. 4d and Supplementary Discussion).

Output from highly polyclonal HSCs in adult haematopoiesis in situ
(Fig. 1b) is in contrast to oligoclonal HSC activity found in transplanta-
tion experiments7–12. To address this discrepancy, we followed the fate of
in-situ-marked HSCs after conventional bone marrow transplantation.
Adult Tie2MCM/1RosaYFP mice were treated with tamoxifen, and Lin2Kit1

bone marrow cells from each donor (CD45.2) were transplanted into

1–4 lethally irradiated recipients (CD45.1) (Fig. 5a). For each donor, the
HSC labelling frequency was recorded before transplantation (‘input’).
Despite uniformly strong donor HSC engraftment after 16–18 weeks
(average 90%; Fig. 5b), the percentages of YFP-marked cells among
total donor HSC (‘output’) were highly variable compared to the input
frequencies in individual recipients (Fig. 5c). Input and output were
roughly equal (within sampling error) in only 6 out of 32 recipients,
whereas in most recipients donor HSCs were either lost (14 out of 32) or
overrepresented (12 out of 32) (Fig. 5d). We estimate that on average 1
out of 33 donor HSCs engrafted (Extended Data Fig. 8a–c). In two ex-
treme cases, YFP1 donor HSCs represented only 0.3% or 0.6% of the
input, but 17% or 35%, respectively, of the output, suggesting much
stronger proliferation than for HSCs under steady state (Extended
Data Fig. 8d and Supplementary Discussion). In summary, the participa-
tion of individual engrafted HSCs to the repopulation of the bone mar-
row is highly heterogeneous.

Inducible labelling of HSCs in normal mouse bone marrow showed
that during development HSCs are rapidly used to establish the haema-
topoietic system. Once this is accomplished, individual HSCs are only
rarely active, but over time a large portion of HSCs contributes to adult
haematopoiesis. Indeed, although the mean HSC labelling frequency
was low, all mice with marked HSCs produced labelled progeny, indi-
cating that a large fraction, or at least 30%, of all HSCs contributes to
haematopoiesis in adult mice after label induction. By contrast, pre-
vious work based on barcoding showed that few HSCs actively drive
haematopoiesis after transplantation. We re-addressed HSC diversity
in the wake of transplantation, avoiding potential pitfalls of cellular
heterogeneity of mixing experiments. The observed HSC oligoclonality
is hence a hallmark of post-transplantation but not normal unperturbed
haematopoiesis. These findings indicate that experimental and possibly
also clinical HSC transplantations are based on a much smaller stem
cell foundation than physiological haematopoiesis.

HSC proliferation has often been taken as a proxy for asymmetric cell
division (for example, ref. 23) and, also indirectly, as measure of differ-
entiation rates. Proliferation may, however, not only yield differentiating
progeny but also compensate for cell loss, precluding proliferation as
an unambiguous marker of differentiation rates. Here, we quantified
haematopoietic flux based on label progression from HSCs. Our data
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support in principle an order of differentiation in situ from HSCs to
ST-HSCs and MPPs and onwards. However, in divergence from the
idea of a continuous stream from the top of a haematopoietic pyramid,
a very low flux emanated from HSCs. While ST-HSCs are relatively
short-lived on transplantation, in situ this compartment is exceedingly
long-lived because ST-HSC self-renewal is almost sufficient to make
up for the cell loss by differentiation. We hence identified this com-
partment as the primary source of haematopoietic maintenance in
mice. This reservoir property of ST-HSCs readily explains the apparent
HSC-independence of haematopoiesis noted in a recent report24. How-
ever, to maintain the ST-HSC compartment in the long run (.1 year),
it requires continuous input from HSCs; we estimate that per day 150
HSCs feed into this compartment (17,000 total HSC 3 1/110 differ-
entiating per day). Hence, true HSC deficiency may go unnoticed for
extended periods of time while functionally impaired ST-HSC and MPP
compartments would cause rapid signs of acute bone marrow failure
(Extended Data Fig. 9).

Collectively, HSCs act in development as founding stem cells, and
in adult mice as replenishing cells, ST-HSCs as long-term amplifying
cells, and MPPs as intermediate-term amplifying cells. The described
fate-mapping system may also visualize responses to haematopoietic
challenges imposed by cancer, infections, cachexia or ageing. The accel-
erated HSC output in response to haematopoietic injury by treatment
with 5-FU underscores this outlook.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Generation of Tie2MCM/1 knock-in mice. For inducible marking of HSC in situ we
used the Tie2 locus as driver for Cre recombinase (Cre). Because conventional Cre
was insufficient for inducible HSC labelling in our first Tie2 knock-in mutant, we
constructed a second one in which we inserted a gene encoding codon-improved
Cre (iCre) fused to two modified oestrogen receptor binding domains, referred to
as MCM16, into the first exon of the Tie2 locus by homologous recombination in
embryonic stem cells. The targeting strategy is depicted schematically in Extended
Data Fig. 1a. The targeting construct consisted, from 59 to 39, of a short homologous
arm (from 21898 to 21 base pairs (bp)) upstream of the ATG start codon of the Tie2
gene (ENSMUSG00000006386), a splice donor site, an intron and a splice acceptor site
(intron), all taken from the rabbit b-hemoglobin (HBB2) gene25, the coding sequence
of codon-improved Cre26 flanked by two mutated oestrogen receptor sites16,27, a
poly-adenylation signal (pA) from the rabbit b-hemoglobin gene, a FRT-flanked
neomycin (Neo) resistance gene, a long homologous arm (nucleotides 14 to 14983
of the Tie2 gene, considering the adenine in the ATG start codon as position 11),
and finally the diphtheria toxin subunit A gene (DT-A) for selection against random
integration. This weakly inducible and tightly regulated system was chosen to pre-
vent leakiness28. The complete nucleotide sequence of the final targeting vector can
be obtained from the authors on request. Gene targeting experiments were per-
formed in E14.1 embryonic stem cells. Correct homologous recombination of the
targeting vector resulted in replacement of the start codon (nucleotides 11 to 13) in
the first exon of the Tie2 locus with the MCM cassette. Correctly targeted clones were
first identified by PCR. Targeted embryonic stem cell clones were transiently trans-
fected with a plasmid (pCAGGS-FlpE-GFP) expressing Flp-recombinase (gift from
H. J. Fehling) to delete the Neo cassette. Site-specific integration and Neo deletion
were confirmed by Southern blotting. DNA was digested with BspHI. Blots were
hybridized with a radiolabelled 1.0-kb iCre-specific probe. All Tie2 gene sequences
upstream and downstream of exon 1 are preserved in the Tie2MCM allele. A Neo-
deficient embryonic stem cell subclone (Tie2MCMDNeo) was injected into C57BL/6
blastocysts, and chimaeric mice were backcrossed to C57BL/6 mice to transmit the
Tie2MCM allele. Heterozygous Tie2MCM/1 mice are fertile and show no apparent
abnormalities. Homozygous Tie2MCM/MCM embryos die between E9.5 and E12.5,
as previously described for Tie22/2 mice29,30.
Induction of reporter gene expression by tamoxifen. Tie2MCM/1 mice were crossed
to RosaYFP (Gt(ROSA)26Sortm1.1(EYFP)Cos) mice31. Tamoxifen (1 g; Sigma T5648) was
dissolved in 4 ml ethanol absolute and 36 ml peanut oil (Sigma P2144) at 55 uC.
Aliquots of tamoxifen (25 mg ml21) were stored at 220 uC and heated to 37 uC
shortly before usage. Mice were injected daily on 5 consecutive days with 1 mg
tamoxifen intraperitoneally. For in utero tamoxifen treatments the day of the plug
was regarded as day 0.5 of the pregnancy (E0.5). Pregnant mice were treated by oral
gavage on E7.5 or E10.5 with a single dose of 2.5 mg tamoxifen and 1.75 mg pro-
gesterone (Sigma P0130) to counteract late fetal abortions. Delivery of the pups was
routinely assisted by caesarean section at E20.5, and mice were raised by foster
mothers.
Flow cytometry. Bone marrow cells were flushed from femurs, tibias, coxa and
humeri using PBS supplemented with 5% heat-inactivated FCS in PBS. Cells were
filtered through a 20-mm filter (Falcon). Spleens, thymi and fetal organs were directly
mashed in a 20-mm filter with a plunger of a syringe. Fc receptors were blocked
by incubating cells in 5% FCS with purified mouse IgG (500mg ml21, Jackson
ImmunoResearch Laboratories). All stainings were performed in 5% FCS on ice for
30 min with optimal dilutions of commercially-prepared antibodies. Reagents used
were CD3e allophycocyanin (APC) (17A2), CD3e eFluor780 (17A2), CD3e phy-
coerythrin (PE) (145-C11), CD4 PE-Cy7 (GK1.5), CD8 APC (53-6.7), CD11b PE
(M1/70), CD11b PE-Cy7 (M1/70), CD11b PerCP Cy5.5 (M1/70), CD16/32 PE-Cy7
(93), CD16/32 PE-Cy5.5 (93), CD19 PerCP-Cy5.5 (ID3), CD34 eFluor660 (RAM34),
CD45 PE-Cy7 (30-F11), CD45.1 eFluor660 (A20), CD45.2 PE (104), CD48 APC
(HM 48-1), CD48 PE (HM 48-1), CD117 eFluor780 (2B8), CD127 PE-Cy7 (A7R34),
CD135 PE (A2F10), Sca-1 PE-Cy7 (D7), Sca-1 PerCP-Cy5.5 (D7), Tie2 biotin (bio)
(TEK4), Tie2 PE (TEK4) (eBioscience), CD3e bio (500A2), CD4 bio (GK1.5), CD4
PE (H129.19), CD8 bio (53-6.7), CD8 PE (53-6.7), CD11b APC (M1/70), CD19 APC
(1D3), CD19 bio (1D3), CD19 PE (1D3), CD45 bio (30-F11), Gr-1 APC (RB6-8C5),
Gr-1 bio (RB6-8C5), Gr-1 PE (RB6-8C5), IgM bio (R6-60.2), IgM PE (R6-60.2),
Streptavidin PE-Cy7, Sca-1 PE (E13 161.7), Ter119 APC (Ter119), Ter119 bio
(Ter119), Ter119 PE (Ter119) (BD Pharmingen), CD4 APC (RM4.5), CD19 QDot605
(6D9), streptavidin APC, streptavidin QDot605, Sca-1 PE-Cy5.5 (D7) (Invitrogen/
Molecular Probes), CD11b bio (M1/70.15) (Caltag), CD135 bio (A2F19), CD150
PE-Cy7 (TC15-12F12.2), CD229 PE (Ly9AB3) (Biolegend). The lineage cocktail (Lin)
was composed of CD3e, CD4, CD8, CD11b, CD19, Gr-1 and Ter119. To enrich for
Lin-negative progenitor populations, bone marrow cells were stained with lineage
markers followed by depletion with Dynabeads (Life technologies) according to the
manufacturer’s instruction. Dead cells were excluded by staining with Sytox Blue
(Invitrogen). Cells were analysed on a FACSFortessa, or sorted by FACSAriaIII (all

Becton & Dickinson), and data were analysed by BD FACSDiva software. Bone
marrow cell populations were defined as follows: HSCs (Lin2Kit1Sca-11CD1501

CD482), ST-HSCs (Lin2Kit1Sca-11CD1502CD482), ST-HSCs CD2292, ST-HSCs
CD2291, MPPs (Lin2Kit1Sca-11CD1502CD481), CLPs (Lin2IL7R1Flk21Kitlow

Sca-1low), pro B cells (CD191IgM2), B cells (CD191IgM1), CMPs (Lin2Kit1Sca-12

CD341CD16/32low), GMPs (Lin2Kit1Sca-12CD341CD16/321) and MEPs (Lin2

Kit1Sca-12CD342CD16/322). Populations in the spleen were defined as follows:
T cells (CD31CD192CD11b2Gr-12), B cells (CD191CD32CD11b2Gr-12), gran-
ulocytes (Gr-11CD11b1CD32CD192) and macrophages (CD11b1Gr-12CD32

CD192). The populations in the thymus were defined as follows: double-negative
thymocytes (CD42CD82) (DN), double-positive thymocytes (CD41CD81) (DP),
CD41 thymocytes (CD41CD82) (CD4) or CD81 thymocytes (CD42CD81) (CD8).
Erythromyeloid progenitors (Lin2Kit1CD451/low) in fetal liver were defined as
described previously21,32.
Mice. Mice carrying constitutively active reporter alleles (panYFP or panRFP) were
generated by crossing RosaYFP or RosadtRFP reporter mice31,33 to germline Cre-deleter
mice34. Offspring constitutively expressing YFP or RFP in all tissues were back-
crossed towards the C57BL/6 background, and used in competitive transplantation
experiments (Extended Data Fig. 2h, i) and in adoptive transfers of myeloid and
lymphoid progenitors (Extended Data Fig. 4). Rag22/2 cc2/2 KitW/Wv mice19 were
used for adoptive transfer experiments without previous irradiation (Extended Data
Figs 1f, 2h, i and 4). For transfer experiments with irradiation, congenic B6.SJL-
Ptprca Pep3b/BoyJ (H-2b; CD45.11) mice were used as recipients (Fig. 5). All animal
procedures were approved by the Regierungspräsidium Karlsruhe, and performed in
accordance with the Institutional Guidelines. Both male and female mice were used
at ages ranging from embryonic E12.5 to around 120 weeks (2 years). No mice were
excluded from the analysis. No randomization and no blinding were used.
PCR genotyping. Tissues were lysed in lysis buffer (DirectPCR-Lysis Reagent Tail,
Peqlab) according to the manufacturer’s instruction. Mice were genotyped by PCR
for 2 min at 94 uC (20 s at 94 uC, 30 s at 51 uC, 1 min at 72 uC) 35 times; 10 min
at 72 uC using a common 59 oligonucleotide annealing upstream of the rabbit b-
hemaglobin gene (59-CATCGCATACCATACATAGGTGGAGG-39) and a 39 oli-
gonucleotide annealing to the rabbit b-hemaglobin gene (59-AATCAAGGGTCC
CCAAACTCAC-39), yielding a 526-bp DNA fragment indicating the Tie2MCM

allele, and a 39 oligonucleotide (59-GAGGCAGCATCTGTCTACAAGAGATGG-39),
yielding a 745-bp DNA fragment indicating the Tie21 allele.
Single-cell transplantation. YFP1 HSCs (LSK CD1501CD482) were isolated from
tamoxifen-treated Tie2MCM/1RosaYFP mice by electronic single-cell deposition into
individual wells of a U-bottom 96-well plate containing 100ml sterile 5% FCS. Before
injection, 100ml sterile PBS was added to each well, and single cells were injected
intravenously into individual Rag22/2 cc2/2 KitW/Wv recipients. Peripheral blood
samples were collected 4–8 weeks after transfer from the submandibular vein into
EDTA-containing microtubes (Sarstedt) to screen for progeny of donor cells (detected
by YFP expression). Organs of recipient mice were analysed at least 16 weeks after
transplantation as shown in Extended Data Fig. 1f. For secondary transplantations,
YFP1Lin2Kit1 bone marrow cells from the primary recipients were purified by cell
sorting and 3 3 104 cells were intraveneously injected into individual Rag22/2 cc2/2

KitW/Wv recipients. At least 16 weeks after transfer organs were analysed by flow
cytometry.
Competitive transplantation. Equal cell numbers (500–1,000 of each) of HSCs
(LSK CD1501CD482) from Tie2MCM/1 mice (either with panRFP reporter allele
or without), and wild-type competitor HSCs (LSK CD1501CD482) from Tie21/1

mice (panYFP) were co-injected intraveneously into Rag22/2 cc2/2 KitW/Wv recipi-
ent mice. Peripheral blood samples were collected 4–8 weeks after transfer to screen
for progeny of donor cells (not shown), and after at least 16 weeks the organs indi-
cated in Extended Data Fig. 2 were analysed for the contributions of progeny from
Tie2MCM/1 or Tie21/1 HSC. To assess the life span of myeloid progenitor and
mature granulocytes, cell-sorter-purified CMPs and GMPs (mixed as one popu-
lation) from panRFP mice were intraveneously injected together with CLPs from
panYFP mice into Rag22/2 cc2/2 KitW/Wv recipient mice (5 3 104 CMPs plus GMPs
and 0.5 3 104 CLPs per mouse). Peripheral blood samples were collected 7, 14, 21
and 32 days after transplantation from the submandibular vein into EDTA-contain-
ing microtubes (Sarstedt) to screen by flow cytometry for donor-derived progeny
cells.
Transplantation into lethally irradiated mice. Lin-negative Kit1 cells from tamox-
ifen-treated Tie2MCM/1RosaYFP mice (CD45.2) were sorted and 0.5 3 105–2.0 3 105

cells injected intraveneously into lethally irradiated (1,100 cGy; split dose with 4 h
time gap between each dose; Cesium 137 GammaCell40 Irradiator, Besttheratronics)
congenic B6.SJL-Ptprca Pep3b/BoyJ mice. Recipient mice were maintained on anti-
biotic water (1.17 g l21 neomycin sulphate) for 14 days. Bone marrow of recipient
mice was analysed after at least 16 weeks after transplantation.
Proliferation assay. Tie2MCM/1 and Tie21/1 littermate mice were injected intra-
peritoneally with 1 mg EdU (Invitrogen) in PBS. After 24 h, the bone marrow was
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collected, cells were stained with the appropriate antibodies before sorting cell-
surface receptor Tie2-positive (LSK Tie21CD1501CD482) and cell-surface receptor
Tie2-negative (LSK Tie22CD1501CD482) HSCs, each from Tie2MCM/1 and Tie21/1

littermates. Cells were collected in individual tubes containing 50% FCS, fixed and
permeabilized, and the Click-it reaction was performed using the Click-iT EdU Flow
Cytometry Assay Kit (Invitrogen) according to the manufacturer’s protocol.
5-FU treatment. 5-FU (Sigma F6627) was dissolved in sterile PBS, and tamoxifen-
treated Tie2MCM/1RosaYFP mice were intravenously injected with a single dose of
250 mg kg21 or PBS. Mice were maintained on antibiotic (1.17 g neomycin sul-
phate per litre of drinking water) for 14 days. Peripheral blood was collected 4, 7, 10
and 12 days after 5-FU from the submandibular vein into EDTA-containing micro-
tubes (Sarstedt). Absolute numbers of leukocytes per microlitre blood were deter-
mined by flow cytometry using anti CD45 PE-Cy7 (30-F11; eBioscience) antibody
and APC-conjugated CaliBRITE Beads (BD Biosciences) as standard. On day 12 or
18 after 5-FU treatment bone marrow cells were isolated and analysed by flow
cytometry. With two-tailed t-test, effect size d 5 1, a 5 0.05 and power 0.8, group
sizes should be 17 per sample group. We chose n 5 15 (control) and n 5 18 (5-FU
treatment).
Mathematical methods. Mathematical modelling and parameter inference from
the experimental data are described in the Supplementary Information. The cor-
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Extended Data Figure 1 | Generation of the Tie2MCM allele, labelling of
HSCs in tamoxifen-treated Tie2MCM/1RosaYFP mice, and groups for
limiting dilution analysis. a, The endogenous Tie2 locus, the gene targeting
vector and the targeted allele with (Tie2MCMNeo) and without (Tie2MCMDNeo)
neomycin are depicted. Oligonucleotides and DNA probe for genotyping, and
restriction sites used for Southern blotting are indicated (not drawn to scale).
b, PCR verification of the targeted Tie2MCM allele in embryonic stem cells
before and after neomycin deletion. c, Southern blot analysis of Tie2MCMNeo

(2Flp) and Tie2MCMDNeo (1Flp), and wild-type embryonic stem-cell clones.
d, Principle of inducible fate mapping. In the absence of tamoxifen MCM is
inactive (reporteroff). Tamoxifen treatment activates the reporter (reporteron).
After tamoxifen treatment, labelled cells and their progeny remain marked
(reporteron). e, Summary of HSC labelling frequencies of tamoxifen-treated
Tie2MCM/1RosaYFP mice (n 5 112; 5 times on 5 consecutive days) analysed
between 1 and 34 weeks after label induction. These data are the basis for the
kinetic analysis (Fig. 2a–f) and for the mathematical modelling (Fig. 3). Each

dot represents an individual mouse. Bar indicates mean (1.041 6 0.8013 s.d.).
f, A single YFP1 LSK CD1501CD482 HSC from a tamoxifen-treated
Tie2MCM/1RosaYFP mouse was transplanted into a Rag22/2 cc2/2 KitW/Wv

recipient mouse (1u transfer). Donor cells were identified by YFP expression,
and analysed 16 weeks after transplantation in bone marrow (BM), thymus and
spleen using the markers shown. YFP1Kit1 donor bone marrow cells were re-
transplanted into a secondary Rag22/2 cc2/2 KitW/Wv recipient (2u transfer),
and analysed as described for the primary transfer. g–j, HSC labelling
frequencies in tamoxifen-treated Tie2MCM/1RosaYFP mice analysed 6 weeks
onwards after label induction were used for limiting dilution analysis of CD451

output, granulocytes (n 5 60) (g, h), pro B cells and double-positive thymocytes
(n 5 79) (i, j). Each dot represents an individual mouse. Mice grouped together
are highlighted in black or white (groups I–IV). Mathematical calculations are
shown in the tables (h, j). In g, data shown represent the aggregate of labelling
frequencies below 1% shown in e, plus data obtained in mice receiving only a
single tamoxifen injection.
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Extended Data Figure 2 | Characterization of Tie2MCM/1 mice.
a–d, Numbers of haematopoietic cell subsets isolated from bone marrow
(a, b), thymus (c) and spleen (d) of Tie2MCM/1 (n 5 10; black) and Tie21/1

(n 5 10; white) littermates were determined by flow cytometry. Each dot
represents an individual mouse. Bars indicate mean. e, f, Flow cytometric
analysis of a representative Tie2MCM/1 (top) and Tie21/1 (bottom) mouse
gated on Lin2 cells, and analysed for expression of Kit versus Sca-1. Further
analysis of Lin2Kit1Sca-11 (LSK) cells for CD150 and CD48 revealed
comparable marker distributions (f). Percentages of LSK cells among the Lin2

fraction (left), and of HSCs, ST-HSCs and MPPs among the LSK fraction
(right) in the bone marrow of three independent Tie2MCM/1 (black) and

Tie21/1 (white) mice. Data are mean 6 s.d. g, Proliferation rates in surface
receptor Tie2-positive and Tie2-negative HSCs in the bone marrow of
Tie2MCM/1 (black) and Tie21/1 (white) mice 24 h after EdU administration.
Data represent mean 6 s.d. from two independent experiments of FACS-sorted
populations from Tie2MCM/1 (nExp1 5 5; nExp2 5 3) and Tie21/1 (nExp1 5 3;
nExp2 5 2) mice. h, i, Rag22/2 cc2/2 KitW/Wv recipients (n 5 30; for analysis of
B and T cells in the spleen n 5 28) were injected with equivalent numbers of
Tie2MCM/1 and Tie21/1 HSCs (500–1,000 of each), and analysed after at least
16 weeks. The percentages of Tie2MCM/1 HSC-derived haematopoietic cells in
bone marrow, spleen and thymus are shown. Each dot represents an individual
mouse. Bars indicate mean.
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Extended Data Figure 3 | Kinetics of YFP label emergence after label
induction in total bone marrow cells in adult mice, and in fetal liver and
bone marrow cells in fetal and early postnatal mice. a, Percentages of YFP1

cells among total non-lineage-depleted bone marrow cells of tamoxifen-treated
Tie2MCM/1RosaYFP mice (n 5 47). Time point 0 corresponds to the time of

tamoxifen treatment of adult mice (all of which were at least 6 weeks).
b, Tie2MCM/1RosaYFP mice (n 5 32) were treated with tamoxifen on E10.5
(time point 0). Subsequently, percentages of YFP1 cells were determined
among total fetal liver on E12.5 and E15.5, and in bone marrow at birth and
1 week of age. Each dot represents an individual mouse.
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Extended Data Figure 4 | Donor-derived myeloid cells disappear within
6 weeks after adoptive transfer. a, Rag22/2 cc2/2 KitW/Wv recipient mice
(n 5 8) received CMPs and GMPs (together 5 3 104 per mouse) from panRFP
mice together with CLPs (0.5 3 104 per mouse) from panYFP mice. Peripheral

blood samples were measured 7, 14, 21 and 32 days after transplantation.
b, Analysis of donor chimaerism of CMP/GMP-derived (Gr-11CD11b1

granulocytes, red) and CLP-derived (CD191 B cells, yellow) progeny. Each line
represents an individual mouse.
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Extended Data Figure 5 | Labelling of HSCs, but not erythromyeloid
progenitors, in Tie2MCM/1RosaYFP embryos treated on E10.5 in utero by
tamoxifen. a, Tie2MCM/1RosaYFP embryos were treated with tamoxifen on
E7.5 or E10.5, and analysed at E12.5. b–e, Fetal liver cells from representative
Tie2MCM/1RosaYFP embryos labelled on E10.5 (b) or E7.5 (d) were analysed by
flow cytometry for YFP labelling in HSCs (LSK CD1501CD482) and

erythromyeloid progenitors (EMP) (Lin2Kit1CD451/low) (see Methods for
references). HSCs were marked in mice labelled at E7.5 and E10.5, but
erythromyeloid progenitors were not marked in mice labelled on E10.5.
c, d, Summary of experiments depicted in b (n 5 8) (c) and d (n 5 6) (e). Each
dot represents an individual embryo. Bars indicate mean.
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Extended Data Figure 6 | Details of model analysis. a, Ratio of compartment
sizes for stem and progenitor cell compartments. Compartment sizes were
determined by cell counting of cell suspensions from bone marrow, spleen and
thymus in a Neubauer chamber combined with phenotypic definition of each
population by flow cytometry. Mean and s.e.m. for n 5 10 mice are shown.
b, Confidence bounds for the model parameters. Profile likelihoods (blue lines)
for the inverse residence times, k 5 1/t, of cells in the ST-HSC, MPP, CMP and
CLP compartments (units: per day). The profile likelihoods have been
computed as described in Supplementary Methods, with the experimental data
from Fig. 3c. The red lines indicate the 95% confidence level. Except for the
CMPs, for which the data are consistent with a broad range of k (that is, the
CMP residence time is low), the residence times are accurately determined by
the label propagation data alone. In particular, the very low k for the ST-HSCs
shows that this compartment operates near self-renewal. c, Profile likelihoods
(blue lines) and 95% confidence level (red lines) for the net proliferation rates
(b) and differentiation rates (a), computed with the data of Fig. 3c and
Extended Data Fig. 4 (unit: per day). The differentiation rate from HSCs
(aHSCRST-HSC) has the same profile likelihood as the net proliferation of HSC

(bHSC) and is therefore not shown. aHSCRST-HSC, aST-HSCRMPP, aMPPRCLP,
bHSC and bST-HSC are accurately determined by the data. Moreover, both
aMPPRCMP and bMPP have a lower bound that is one and two orders of
magnitude larger than the respective parameters for ST-HSCs and HSCs,
showing that MPPs have significantly higher proliferation and differentiation
activities than the preceding compartments. Note that (bMPP) and aMPPRCMP

are strongly correlated (not shown). d, Label progression data and fit of the
mathematical model for further downstream myeloid precursors (CMPs to
GMPs or MEPs) and lymphoid precursors (CLPs to pro B cells) in the bone
marrow. Data were measured up to 238 days after label induction (blue points,
with s.e.m., as in Fig. 2l) have been used for the model fit (red lines, best fit and
grey shades, 95% confidence bands). The parameter values are as in
Supplementary Table 1 and, in addition, aCMPRGMP 5 2 (0.04, 4) day21,
aCMPRMEP 5 3 (0.1, 4) day21, aCLPRpro B 5 2 (0.8, 4) day21, bCMP 5 4 (21, 4)
day21, bCLP 5 3 (0.4, 4) day21, tGMP 5 0.12 (0.12, 33) days, tMEP 5 0.13 (0.13,
22) days, tproB 5 54 (6, 141) days (in brackets: 95% confidence bounds).
For further details see Supplementary Information.
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Extended Data Figure 7 | Consequences of lymphoid–myeloid branch
points at distinct stem or progenitor stages. a–c, Lymphoid–myeloid branch
points were considered at the MPP stage (a) or at the earlier CD2291 ST-HSC
subset (b). Each population is phenotypically defined as shown in c. MPPs
have also been termed HPC-1, and the CD2291 ST-HSC subset has also been
termed MPP2/3 (ref. 18). Cell flux rates per day are shown from the branch
points to CMPs or CLPs (right panels in a and b, with 95% confidence
intervals). In both scenarios, the production of CMPs is several-hundred-fold
larger than that of CLPs. Assuming the branch point at the CD2291 ST-HSC
stage, biased myeloid differentiation is still evident (,5-fold), but the large
uneven production is mainly achieved by flux amplification downstream from
the bifurcation. d, Label progression data and fit of the mathematical model.

Data measured up to 311 days after label induction in the ST-HSC CD2292 and
ST-HSC CD2291 compartments (orange points, with s.e.m.; groups of mice:
57 days n 5 7; 122 days n 5 4; 311 days n 5 8) and in CLP, MPP and CMP
compartments data measured up to 238 days (orange points, with s.e.m.;
groups of adult mice as in Fig. 2l) have been used for the model fit (red lines,
best fit; grey shades, 95% confidence bands). The resulting parameters
are aHSCRCD229–ST-HSC 5 0.0001 (0.00001–0.00016) day21, aCD229–ST-HSCR

CD2291ST-HSC 5 4 (2–4) day21, aCD2291ST-HSCRMPP 5 0.03 (0.02–0.06) day21,
aCD2291ST-HSCRCLP 5 0.007 (0.004–0.012) day21, bCD229–ST-HSC 5 4 (2–4)
day21, bCD2291ST-HSC 5 0.0 (20.06–0.0016) day21 and bMPP 5 4 (0.3–4)
day21 (in brackets: 95% confidence intervals). For further details see
Supplementary Methods.
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Extended Data Figure 8 | Limiting dilution analysis of in-situ-labelled
transplanted HSCs. a, Tie2MCM/1RosaYFP mice were injected with tamoxifen
(donor bone marrow; see Fig. 5a). Numbers of YFP1 HSCs in donor bone
marrow transplanted into 38 recipient mice are displayed. Each dot is an
individual recipient. Mice grouped together are highlighted in black or white
(groups I–IV). b, Data underlying limiting dilution analysis. c, Numbers of
injected YFP1 donor HSCs are plotted against the fraction of YFP-negative

recipients on a logarithmic scale. d, Histogram showing the extent of self-
renewing proliferation for engrafted YFP1 HSCs in mice labelled ‘within
sampling error’ and ‘overrepresented’ in Fig. 5d (n 5 18). Proliferation is shown
as the number of generations per engrafted HSC needed to achieve the
measured frequencies of YFP1 HSCs in the bone marrow 4 months after
transplantation. For further details see Supplementary Discussion.
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Extended Data Figure 9 | Simulated effects of ablation of HSCs, ST-HSCs or
MPPs. In the mathematical model used to fit the label progression data
(Fig. 3c), numbers of HSCs (a), HSCs and ST-HSCs (b), and HSCs, ST-HSCs
and MPPs (c) were reduced from its steady state value to zero at t 5 0, and
subsequently held there. The predicted responses in the downstream

compartments are shown. The horizontal black lines at 1/e 5 37% indicate
the residence times of the compartments that control the time scale of the
response. Note that these simulations assume that there are no homeostatic
mechanisms present within the compartments that could maintain their size
independent of input from upstream compartments.
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Extended Data Table 1 | Transplantations of in-situ-labelled HSC

YFP-marked stem cells from tamoxifen-treated Tie2MCM/1RosaYFP mice were injected into primary and secondary Rag22/2 cc2/2 KitW/Wv recipient mice. Phenotypes and cell numbers of injected cells, numbers of
primary (1u) and secondary (2u) recipients, and reconstitution results are given. Percentages in brackets reflect the proportions of reconstituted mice.
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