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Key Points

•HSCs contribute ro-
bustly to steady-state
hematopoiesis.

• Platelets receive exten-
sive influx from HSCs
compared with other
myeloid or lymphoid
cells.

Characterization of hematopoietic stem cells (HSCs) has advanced largely owing to

transplantation assays, inwhich the developmental potential of HSCs is assessed generally in

nonhomeostatic conditions. These studies established that adult HSCs extensively contribute

to multilineage hematopoietic regeneration upon transplantation. On the contrary, recent

studies performing lineage tracing of HSCs under homeostatic conditions have shown that

adult HSCs may contribute far less to steady-state hematopoiesis than would be anticipated

based on transplantation assays. Here, we used 2 independent HSC-lineage–tracing models

to examine the contribution of adult HSCs to steady-state hematopoiesis. We show that

adult HSCs contribute robustly to steady-state hematopoiesis, exhibiting faster efflux

toward the myeloid lineages compared with lymphoid lineages. Platelets were robustly

labeled by HSCs, reaching the same level of labeling as HSCs by 1 year of chase. Our results

support the view that adult HSCs contribute to the continuous influx of blood cells during

steady-state hematopoiesis.

Introduction

Our understanding of the cellular character and the molecular mechanisms governing hematopoietic stem
cells (HSCs) has relied largely on transplantation assays. Bone marrow transplantation has proven the
existence of HSCs,1-3 shed light on the mechanisms that regulate self-renewal and multilineage
differentiation,4-6 identified multiple cell-surface markers to purify HSCs,7-9 and revealed heterogeneity
within the HSC pool.10-13 In particular, use of sophisticated cell-surface markers and transplantation
methods have documented self-renewal and multilineage differentiation of single prospectively isolated
HSCs.7,8,11,13-15 Although these studies have lent crucial insights into the fundamental properties of
HSCs, they are limited by the fact that the potential of HSCs are assessed in a nonphysiological
transplantation setting involving myeloablation. While understanding the potential of HSCs has clinical
significance, improving our understanding of how HSCs behave in steady state may provide novel insights
into the pathophysiology of hematological disorders involving HSCs.

Recent advances in genetic labeling of HSCs in situ have provided novel insights into the behavior of
HSCs in steady state. A study using transposon-based barcoding of hematopoietic cells revealed that
steady-state hematopoiesis is supported by a large number of transient clones that receive little influx
from HSCs.16 Another study that used an HSC-specific inducible Cre system driven by the Tie2
promoter (Tie2MCM; referred to as Tie2-CreER) found that HSCs labeled by Tie2-CreER have slow
contribution to hematopoiesis, such that an equilibrium between labeled HSCs and their progeny is not
reached within the lifespan of mice.17 The implication of this study is that, despite the fact that they
exhibit limited self-renewal capacity in transplantation assays, multipotent progenitors (MPPs) are capable
of extensive self-renewal in steady state and are themajor contributors of hematopoiesis. The Tie2-CreER strain
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was also used in a Cre-loxP–mediated barcoding study, which also
supported the notion that HSCs have a relatively small contribution to
steady-state hematopoiesis.18 Consistent with these findings, ablation of
.90% of HSCs had minimal impact on steady-state hematopoiesis.19

By contrast, a recent lineage-tracing study usingPdzk1ip1-CreER strain
reported extensive contribution of labeled HSCs to hematopoiesis in
steady state.20 Furthermore, labeling HSC clones with multiple
fluorescent proteins in HUe mice revealed that native hematopoiesis is
supported by several large clones that are relatively stable, although
some clones fluctuated in terms of their size.21 Thus, the clonal behavior
of HSCs during steady-state hematopoiesis remains unclear. Additional
work with different mouse models is needed to comprehensively
understand the steady-state behavior of HSCs.

Here, we used 2 independent lineage-tracing models to demonstrate
that HSCs actively contribute to steady-state hematopoiesis. We
identified Krt18 as a gene enriched in HSC and performed lineage
tracing of HSCs using Krt18-CreER. We also used a recently
described mouse model to lineage trace HSCs by the expression of
Fgd5.22 The genetically labeled HSCs actively contributed to
hematopoiesis, with particularly rapid efflux into platelets and myeloid
cells. Our results support the model in which immunophenotypically
defined HSCs are active participants in hematopoietic homeostasis.

Materials and methods

Mice

The mouse alleles used in this study were Krt18-CreER (Tg(KRT18-
cre/ERT2)23Blpn/J, Jackson Laboratory [JAX] stock 017948),23

Fgd5-ZsGreen-2A-CreER,22Rosa26-LSL-YFP (JAX stock 006148),
and Rosa26-LSL-tdTomato (JAX stock 007909) on a C57BL/6
background. CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ, JAX stock
002014) were used as transplant recipient mice. Mice of both sexes
were used. Mice were housed in Association for Assessment and
Accreditation of Laboratory Animal Care–accredited, specific-
pathogen–free animal care facilities at Baylor College of Medicine
(BCM), and all procedures were approved by the BCM Institutional
Animal Care and Use Committee.

Tamoxifen and 5-FU treatment

Mice were injected intraperitoneally with 100 mL corn oil containing
2.5 mg tamoxifen (Sigma, St. Louis, MO) every day for 5 days.
5-fluorouracil (5-FU) (Sigma) dissolved in phosphate-buffered saline
(PBS) to a final concentration of 50 mg/mL was injected 2 weeks after
the first tamoxifen treatment with a single dose of 150 mg/kg.

Transplantation

Male 10- to 12-week-old CD45.1 mice were randomly assigned to
groups after receiving 2 doses of radiation (500 cGy) administered at
least three hours apart (total 1000 cGy). Thirty yellow fluorescent
protein (YFP)1 or YFP2HSCs were transplanted retro-orbitally, along
with 5 3 105 CD45.1 whole bone marrow cells, into each recipient.

Flow cytometry and HSC isolation

Bone marrow cells were either flushed from the long bones (tibias
and femurs) or isolated by crushing the long bones (tibias and
femurs), pelvic bones, and vertebrae with mortar and pestle in
Hank’s buffered salt solution without calcium and magnesium,
supplemented with 2% heat-inactivated bovine serum (Gibco, Grand
Island, NY). Cells were triturated and filtered through a nylon screen

(100 mm; Sefar America, Kansas City, MO) or a 40-mm cell strainer
(Fisher Scientific, Pittsburg, PA) to obtain a single-cell suspension.
For isolation of CD1501CD482Lineage2Sca-11c-kit1 HSCs, bone
marrow cells were incubated with phycoerythrin (PE)-Cy5–conjugated
anti-CD150 (TC15-12F12.2; BioLegend, San Diego, CA), PE-
conjugated (HM48-1; BioLegend), or PE-Cy7–conjugated anti-
CD48, allophycocyanin (APC)–conjugated anti-Sca-1 (Ly6A/E;
E13-6.7), and biotin-conjugated anti-c-kit (2B8) antibody, in addition
to antibodies against the following fluorescein isothiocyanate (FITC)–
conjugated lineage markers: CD41 (MWReg30; BD Biosciences,
San Jose, CA), Ter119, B220 (6B2), Gr-1 (8C5), CD2 (RM2-5),
CD3 (KT31.1), and CD8 (53-6.7). For the isolation of YFP1 HSCs,
the FITC channel was left open, and PE-conjugated lineage markers
were used instead. For the isolation of tdTomato1 (which are also
ZsGreen1) HSCs, the FITC and PE channels were left open, and
Brilliant Violet 421 (BV421)–conjugated lineage markers were used
instead. For isolation of CD34-CD16/32Lineage2Sca-12c-kit1

megakaryocyte-erythrocyte progenitors (MEPs), CD341CD16/322

Lineage2Sca-12c-kit1 common myeloid progenitors (CMPs), and
CD341CD16/321Lineage2Sca-12c-kit1 granulocyte-macrophage
progenitors (GMPs), bone marrow cells were incubated with
AF700-conjugated anti-CD34 (RAM34; eBioscience, San Diego,
CA), PE-Cy7–conjugated anti-CD16/32 (93; BioLegend), PE-Cy5–
conjugated anti-Sca-1 (Ly6A/E; E13-6.7), and biotin-conjugated anti-
c-kit (2B8) antibody, in addition to antibodies against the following
PE- or BV421-conjugated lineage markers: Ter119, B220 (6B2), Gr-1
(8C5), Mac-1 (M1/70), CD2 (RM2-5), CD3 (KT31.1), and CD8
(53-6.7). Unless otherwise noted, antibodies were obtained from
BioLegend, BD Biosciences, or eBioscience (San Diego, CA). Biotin-
conjugated antibodies were visualized using streptavidin-conjugated
APC-Cy7. HSCs were sometimes pre-enriched by selecting c-kit1

cells using paramagnetic microbeads and autoMACS (Miltenyi Biotec,
Auburn, CA). Nonviable cells were excluded from sorts and analyses
using the viability dye 49,6-diamidino-2-phenylindole (DAPI) (1 mg/mL).
To analyze hematopoietic lineage composition, bone marrow cells or
splenocytes were incubated with PerCPCy5.5-conjugated anti-B220,
PE- or BV421-conjugated anti-Ter119, APC-conjugated anti-CD3,
APC-eFluor780–conjugated anti-Mac-1 (M1/70), and PE-Cy7–
conjugated anti-Gr-1 antibodies. Platelets in the unlysed, EDTA-
treated peripheral blood samples were identified as forward scatter/
side scatterlow CD411Ter1192 events. Flow cytometry was performed
with FACSAria II, FACSCanto II, LSR II, or LSRFortessa flow-
cytometers (BD Biosciences).

Quantitative real-time PCR

HSCs and other hematopoietic cells were sorted into Trizol (Life
Technologies, Carlsbad, CA), and RNA was isolated according to
the manufacturer’s instructions. Complementary DNA was made
with SuperScript VILO Master Mix (Life Technologies). Quantitative
polymerase chain reaction (PCR) was performed using a ViiA7
Real-Time PCR System (Life Technologies). Each sample was
normalized to b-actin. Data were analyzed using the 22DDct method.
Primers are listed in supplemental Table 1.

Single-cell quantitative real-time PCR

A published protocol was adapted to perform single-cell quantita-
tive PCR.24 Single HSCs were sorted into 5 mL 23 CellsDirect
reaction mix (Thermo Fisher) deposited in each well of a 96-well plate. A
total of 4 mL reaction mix (0.2 mL SuperScript III/RT Platinum Taq mix,
2.5 mL primer mix [final concentration of each primer, 200 nM], 1.2 mL
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RNase-free H2O, and 0.1 mL SUPERase-In) was then added to each
well. Reverse transcription and preamplification was performed in a
thermocycler with the following program: 50°C for 15 minutes, 70°C for
2 minutes, 95°C for 2 minutes, 18 cycles of 95°C for 15 seconds, and
60°C for 4 minutes. Samples were then treated with ExoSAP-IT (37°C
for 30 minutes and 80°C for 15 minutes) to remove excess primers.
Treated complementary DNA was used for real-time PCR. For
visualization, DCt values have been scaled to a proportion of the
dynamic range of expression values for each gene (minimum expres-
sion 5 0.0, maximum 5 1.0). Single cells that had Ct values of Actb
higher than no-cell control were removed from the analysis. Primers are
listed in supplemental Table 1.

HSC immunostaining

HSCs and other populations were sorted and cytospun on glass slides.
Cells were fixed in ice-cold methanol for 5 minutes in220°C, washed in
PBS, and blocked in blocking buffer (4% goat serum, 0.4% BSA, and
0.1% NP-40 in PBS) before being incubated with anti-Krt18 antibody
(PA5-14263, Thermo Fisher) diluted 1:50 in blocking buffer overnight at
4°C. Slideswere rinsed and incubatedwith Alexa Fluor 555–conjugated
goat anti-rabbit antibody (Invitrogen, Eugene, OR) at 1:500 dilution in
blocking buffer containing DAPI. Images were obtained using a Leica
DMI 6000B microscope.

Quantification and statistical analysis

Data are presented as mean 6 standard deviation or mean 6
standard error of the mean (SEM), as indicated in the figure legends.
Comparison of 2 groups was performed using an unpaired Student t
test. Comparisons of .2 groups were performed by 1-way or 2-way
analysis of variance (ANOVA). P , .05 was considered significant.

Results

Krt18 expression is enriched in HSCs

Using the Gene Expression Commons25 and the hematopoietic
fingerprints26 to search for genes relatively enriched in HSCs, we
identified Krt18 as a candidate gene (Figure 1A-B). Krt18 exhibited
an expression pattern similar to other reported HSCmarkers, such as
Pdzk1ip,20 Fgd5,22 and Hoxb527 (Figure 1A-B; supplemental
Figure 1A-C). Krt18 expression was highest in HSCs, while other
hematopoietic stem/progenitor cells (HSPCs) and mature cells
exhibited low level of expression (Figure 1A-B). These results are
consistent with a recent study that reported enriched expression of
Krt18 and Krt7 in HSPCs, with particularly high levels in HSCs28

(supplemental Figure 1D). Quantitative real-time PCR (qRT-PCR) on
purified populations including CD1501CD482lin2Sca-11c-kit1

HSCs, CD1502CD482lin2Sca-11c-kit1 MPPs, CD1502CD481

lin2Sca-11c-kit1 hematopoietic progenitor cell 1 (HPC1), CD1501

CD481lin2Sca-11c-kit1 HPC2, and other immature and mature
hematopoietic cells showed that Krt18 is broadly expressed in
HSPCs, among which HSCs exhibit particularly high expression
levels (Figure 1C). Immunofluorescence staining of freshly isolated
HSCs, MPPs, HPC1/2, and mature cells revealed that Krt18 protein
was readily detectable in all HSCs (25 out of 25 HSCs) but was only
detectable at very low levels in immature cell populations and almost
undetectable in differentiated cells (Figure 1D). These results
establish that high Krt18 expression distinguishes HSCs from other
hematopoietic cells.

Krt18-CreER labels HSCs

Krt18-CreER transgenic mice have been generated and used in
lineage-tracing analysis of the epidermis, exhibiting specific but relatively
inefficient recombination in vibrissa Merkel cells.23 We obtained Krt18-
CreERmice and generated Krt18-CreER; loxP-STOP-loxP-EYFPmice
(hereafter referred as Krt18-CreER/YFP mice). To initiate lineage
tracing, we administered tamoxifen for 5 consecutive days and analyzed
YFP expression in hematopoietic cells 2 days after the last injection
(1 week; Figure 2A-B). A small fraction of bone marrow cells became
YFP1, among which most were HSCs (Figure 2B; supplemental
Figure 2A-B). At this time point, 2.06 1.2% of HSCs were YFP1, with
little to no expression of YFP in other populations, including MPPs
(Figure 2C). The relatively inefficient labeling by Krt18-CreER appeared
to be due to low expression of the Krt18-CreER transgene or inefficient
CreER activation,23 since both YFP1 and YFP2HSCs expressed Krt18
messenger RNA at similar levels, andKrt18was detected inmost HSCs
in a single-cell quantitative PCR assay (supplemental Figure 3A-B).
Immunophenotypic HSCs that were labeled by Krt18-CreER were
indeed functional HSCs, since competitive transplantation of 30 YFP1

or YFP2 HSCs both exhibited long-term multilineage reconstitution
(Figure 2D; supplemental Figure 3C). Thus, Krt18-CreER allows
labeling of a small fraction of HSCs in situ.

Adult HSCs contribute to steady-state hematopoiesis

We then chased tamoxifen-injected Krt18-CreER/YFP mice for up to
1 year to determine the contribution of HSCs to steady-state
hematopoiesis (Figure 3A-D). A small fraction of HSCs were YFP1

(3.0% 6 1.7%) 1 year after the tamoxifen treatment, exhibiting a
small increase in comparison with what was found immediately after
tamoxifen treatment (2.0% 6 1.2%), suggesting that self-renewing
HSCs were labeled by Krt18-CreER (Figure 3D). No background
labeling was observed in a control cohort chased in parallel without
tamoxifen treatment (supplemental Figure 2C). Since low levels of
labeling could be observed in MPPs and HPC1/2s immediately after
tamoxifen treatment (0.11% to 0.48%), it is possible that labeling of
downstream cells below this threshold derives from these progenitors.
However, any labeling beyond this threshold can be interpreted as
being derived from a cell population with initial labeling frequency
higher than the threshold, which in this case is the HSC fraction
(Figure 3A). At 4 weeks after the first injection, we found YFP1 cells
emerging in many fractions, including the lin2Sca-11c-kit1 (LSK)
fraction, myeloid progenitors (GMPs, CMPs, and MEPs), myeloid cells,
and platelets (Figure 3B). To quantify the extent to which progeni-
tors and mature cells become labeled downstream of HSCs, we
normalized the YFP1 frequency of each cell population to that of
HSCs in the same animal (Figure 3E-H). Myeloid progenitor cells and
myeloid cells were more rapidly labeled by YFP than lymphoid cells,
reaching up to 60% of the level of HSC labeling by 1 year of chase
(Figure 3F-H). Common lymphoid progenitors were also labeled up to
50% of the level of HSCs by 1 year of chase, paralleling the labeling of
B cells in the bone marrow and peripheral blood (Figure 3F-H). In
contrast, labeling of T-cells was significantly delayed compared with
B-cells (Figure 3G-H). These results establish that adult HSCs contribute
robustly to steady-state hematopoiesis, exhibiting faster contribution
toward the myeloid lineage compared with the lymphoid lineage.

The most striking finding was the robust labeling of platelets,
which exhibited rapid and substantial labeling (37 6 11% of HSC
labeling) even at 4 weeks after tamoxifen treatment (Figure 3B,H)
and continued to increase over time to reach the labeling
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efficiency of HSCs after one year (101 6 25% of HSCs;
Figure 3H). Within the immature LSK fraction, the rare HPC2
population, which has been shown to have megakaryocytic
potential,29,30 became labeled for .70% of the HSC labeling

frequency (Figure 3E). These results demonstrate that adult HSCs
not only robustly contribute to steady-state hematopoiesis but also
exhibit a strong tendency to contribute to the megakaryocytic/
platelet lineage in situ.
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Lineage tracing of HSCs with Fgd5-CreER

To examine HSC behavior in situ with an independent CreER driver,
we obtained the Fgd5-ZsGreen-2A-CreER strain22 and crossed
with a loxP-STOP-loxP-tdTomato reporter (hereafter referred to as
Fgd5-CreER/tdTomato mice). Fgd5 has shown to be specifically
expressed in HSCs and the Fgd5-CreER allele exhibits inducible
CreER activity exclusively in CD1501 HSCs.22 Similar to the
Krt18-CreER/YFP mice, we treated Fgd5-CreER/tdTomato mice
with tamoxifen for 5 consecutive days and analyzed at day 7
(Figure 4A). Consistent with the previous report, we found that
tdTomato1 cells are significantly enriched in the HSC fraction

compared with other populations at this early time point after
CreER activation (Figure 4B; supplemental Figure 4A-B). Thirty-
two percent 6 10% of HSCs became tdTomato1 at 1 week after
tamoxifen treatment, indicating that Fgd5-CreER is more efficient
and labels a larger fraction of HSCs than Krt18-CreER. Similar to our
experiments in Krt18-CreER/YFP mice, chasing the tamoxifen-
treated Fgd5-CreER/tdTomato mice for 4 and 26 weeks showed
that HSCs labeled by Fgd5-CreER also contribute robustly to steady-
state hematopoiesis (Figure 4C-D). At 4 weeks after tamoxi-
fen treatment, many cell populations, including cells in the LSK
fraction (MPPs, HPC1, and HPC2) and myeloid progenitors (CMPs,
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GMPs, and MEPs), became labeled with tdTomato. Within mature
hematopoietic cells, myeloid cells and platelets were robustly labeled
at 4 weeks. In particular, labeling in platelets was significantly higher
than any other population except for HSCs and HPC2 (Figure 4C).
At 26 weeks, all populations analyzed exhibited significant labeling
compared with the levels observed at 1 week, with HPC2 and
platelets exhibiting similar labeling frequencies as HSCs (Figure 4D).
Similar to the Krt18-CreER lineage-tracing model, no background
labeling was observed in a control cohort chased in parallel without
tamoxifen treatment (supplemental Figure 4C). These results confirm
the results obtained with Krt18-CreER and demonstrate that adult
HSCs contribute robustly to steady-state hematopoiesis.

To determine whether hematopoietic stress accelerates the rate in
which HSCs contribute to hematopoiesis, we injected tamoxifen-
treated Fgd5-CreER/tdTomato mice with 5-FU to induce stress and
analyzed the peripheral blood at 1 and 2 weeks after 5-FU treatment
(Figure 4E). We found that the frequency of tdTomato1 cells in the
peripheral blood increased significantly after 5-FU treatment
(Figure 4F). The frequencies of tdTomato1 myeloid cells and
platelets were substantially increased after 5-FU treatment, consis-
tent with the higher contribution of HSCs to these lineages. Thus,
hematopoietic stress accelerates the rate in which HSCs contribute
to hematopoiesis.

Discussion

Here, we performed lineage tracing of adult HSCs using 2 independent
CreER drivers, Krt18-CreER and Fgd5-CreER. We found that adult
HSCs robustly contribute to steady-state hematopoiesis, with particu-
larly fast and robust contribution to the platelet lineage, followed by
myeloid cells and B cells. Upon hematopoietic stress caused by 5-FU,
the rate at which HSCs contribute to hematopoiesis was significantly
accelerated, consistent with previous reports.17,20 Overall, our results
are consistent with a recent report20 and support the conventional view
that hematopoiesis receives steady influx from HSCs. A potential
explanation for the discrepancy between studies using different CreER
lines (Tie2-CreER, Pdzk1ip1-CreER, Krt18-CreER, and Fgd5-CreER)
could be that each CreER line labels a somewhat distinct subpopu-
lation of HSCs. Of note, a recent study demonstrated that Tie2-GFP1

HSCs are distinct from Tie2-GFP2HSCs in terms of their reconstitution
potential and propensity to undergo symmetric self-renewal division.14

With both Krt18-CreER and Fgd5-CreER lineage-tracing experiments,
we observed slightly higher labeling efficiencies in HSCs compared with
MPPs, even at the latest time point analyzed. This is consistent with the
finding that a rare population of HSCs that are deeply quiescent exists
in adult bone marrow.31,32 Thus, although most HSCs divide and
contribute to hematopoiesis via MPPs and other progenitor cells, a small
subset of (genetically labeled) HSCs may remain dormant without
contributing to hematopoiesis.

We found that HSCs contributed more robustly to the myeloid lineage
than to the lymphoid lineage in steady state, consistent with previous
reports.17,20 Strikingly, platelets received the fastest and most robust
influx from labeled HSCs, reaching the labeling efficiency of HSCs and
complete equilibrium by 1 year after CreER activation. Moreover, the rare
HPC2 population29 that has been shown to possess megakaryocytic
potential in vitro and upon transplantation (termed MPP2 in Pietras
et al30) exhibited robust labeling from HSCs at a rate surpassing that of
MPPs (also called short-term HSCs). The HPC2 population was not
investigated in previous reports,16,17,20 and labeling of platelets byHSCs
were not traced in the studies by Sun et al and Busch et al. Recently, it
was reported that the megakaryocyte lineage is the predominant fate of
HSCs in the native state.33 Interestingly, HSCs have been shown to
produce HPC2/MPP2 after brief in vitro culture without apprecia-
ble production of MPPs (termed ST-HSCs in Pietras et al30). Therefore,
it is tempting to speculate that the hierarchical order of hematopoiesis is
different during native hematopoiesis than after transplantation, but
further work is needed to decipher the hierarchical organization of
hematopoiesis in the native state. The development of tools to lineage
trace HSC progeny, such as MPPs (ST-HSC) and HPC2 (MPP2),
should reveal important insights into the role of these progenitors in
steady-state hematopoiesis.
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