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Vascular niche E-selectin regulates hematopoietic stem
cell dormancy, self renewal and chemoresistance
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The microenvironment, or niche, surrounding a stem cell largely governs its cellular fate. Two anatomical niches for hematopoietic
stem cells (HSCs) have been reported in the bone marrow, but a distinct function for each of these niches remains unclear.
Here we report a new role for the adhesion molecule E-selectin expressed exclusively by bone marrow endothelial cells in the
vascular HSC niche. HSC quiescence was enhanced and self-renewal potential was increased in E-selectin knockout (Sele−/−)
mice or after administration of an E-selectin antagonist, demonstrating that E-selectin promotes HSC proliferation and is a
crucial component of the vascular niche. These effects are not mediated by canonical E-selectin ligands. Deletion or blockade
of E-selectin enhances HSC survival threefold to sixfold after treatment of mice with chemotherapeutic agents or irradiation and
accelerates blood neutrophil recovery. As bone marrow suppression is a severe side effect of high-dose chemotherapy, transient
blockade of E-selectin is potentially a promising treatment for the protection of HSCs during chemotherapy or irradiation.
HSCs reside in the bone marrow and generate the cells needed to
replenish the blood and immune system. This process requires tight
regulation, with instructions provided by cues within specific local
microenvironments (niches). At least two anatomical HSC niches have
been described in the bone marrow: an endosteal or osteoblastic niche
within 2–3 cell diameters from the bone–bone marrow interface1–5
and an endothelial or (peri-)vascular niche adjacent to bone marrow
endothelial sinuses6–9. Whether these two anatomically defined
niches have separate functions, and the degree to which factors at
these niches control HSC behavior, is under intense investigation 10.
The identification of functional components unique to each of these
niches would greatly contribute to these investigations.
Endothelial selectins are cell adhesion molecules that are expressed
at the vascular HSC niche to which hematopoietic stem and pro
genitor cells (HSPCs) adhere. The selectins are a family of three
cell adhesion molecules with well-characterized roles in leukocyte
homing. E-selectin (endothelial selectin) and P-selectin (platelet
selectin) are typically expressed by endothelial cells at sites of injury
or inflammation, enabling leukocytes with counter-receptors to roll
on the activated vasculature11. Consistent with this function, leukocytes in mice deficient for both E- and P-selectin (or their functional receptors) have severely impaired leukocyte migration12,13.
However P- and E-selectin are constitutively expressed on bone
marrow endothelium14–16, aiding the homing and engraftment of
circulating HSPCs17,18. Here we demonstrate an additional role for
E-selectin in steady-state hematopoiesis. We show that E-selectin on
the bone marrow vasculature directly induces HSC proliferation and
chemosensitivity at the expense of HSC self renewal.

RESULTS
HSCs cycle slower when E-selectin is absent in mice
To determine whether the absence of endothelial selectins alters HSC
quiescence, we first measured HSC turnover in wild-type (WT) and
E-selectin knockout (Sele−/−) mice by BrdU incorporation in vivo.
BrdU is a thymidine analog that is incorporated into genomic DNA
during the S phase of cell division. After BrdU administration, we harvested bone marrow cells from the mice and measured the percentage
of phenotypic Lin−Kit+ Sca1+ (LKS+) CD34− HSCs19 that had incorporated BrdU. The percentage of HSCs incorporating BrdU steadily
increased over time, with 50% of the HSCs in WT mice incorporating
BrdU and entering S phase by 3.3 d in vivo (Fig. 1a–c). HSC turnover
was markedly reduced in Sele−/− mice and in mice with knockout alleles
of both P- and E-selectin (Selp−/− Sele−/−); these mice required ~9.5 d
for 50% of their HSCs to be BrdU+ (2.8-fold slower than WT)
(Fig. 1a–c). Notably, this reduced HSC turnover was specific to
E-selectin knockout mice, as HSC cycling in P-selectin knockout
(Selp−/−) mice was similar to that in WT mice (Fig. 1c). We also observed
these differences in HSC turnover using other phenotypic markers of
HSCs (Supplementary Fig. 1). These results show that E-selectin, but
not P-selectin, acts in the bone marrow to accelerate HSC turnover.
Slower HSC cycling in vivo would suggest increased quiescence and
greater self-renewal potential. We confirmed this by three independent
assays: cell-cycle analysis, hydroxyurea S-phase suicide assay and rhodamine 123 (Rho) efflux. Cell-cycle analyses using an antibody to Ki-67,
a nuclear marker of cell cycling, showed that 30% more HSCs were quiescent (in the G0 phase) in Sele−/− mice compared to WT mice (Fig. 1d,e).
We confirmed this result using the hydroxyurea in vivo suicide assay20.
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Figure 1 HSC quiescence is increased in E-selectin knockout (Sele−/−) mice. (a–c) HSC turnover measured by BrdU incorporation in mice of the indicated
genotypes continuously administered BrdU. At set periods of time, the percentage of BrdU incorporation in phenotypic HSCs was measured. (a) Dot plot
showing the LKS+ gate within Lin− bone marrow cells (left). BrdU after 3 d of incorporation and CD34 expression on gated LKS + cells from representative
mice (right). Inserted quadrants show percentages of cells in each quadrant of the dot plots. (b) Cytospins of sorted HSCs (LKS+CD34−) stained for BrdU
incorporation after 5 d of BrdU administration. Scale bar, 50 µm. (c) Percentage of bone marrow LKS+CD34− HSCs that incorporated BrdU over time.
Data are pooled from four separate experiments. ***P < 0.001. (d,e) Cell-cycle analysis of LKS+CD34− HSCs. (d) Typical dot plots of DNA content
(Hoechst 33342) plotted versus Ki-67 nuclear antigen staining. The cell-cycle phases were defined as G0 (Ki-67 − and 2n DNA), G1 (Ki-67+ and 2n DNA)
and S-G2-M (Ki-67+ and DNA >2n). (e) Percentage of LKS+CD34− HSC in phase G0 (quiescence). (f) HSC quiescence in Sele−/− and WT mice as measured
by hydroxyurea (HU) in vivo suicide assay. Data shows the number of surviving reconstituting units (RU) per femur after injection with HU or no HU control.
(g,h) Rhodamine efflux by HSCs. (g) Contour plot showing Rho efflux and CD48 staining on gated bone marrow LKS + cells from representative mice.
(h) Percentage of bone marrow LKS+ cell able to efflux Rho. Data are pooled from three separate experiments. Each symbol in c,e,f and h represents data
for one mouse. All statistical significance was calculated by nonparametric Mann-Whitney test. All data are shown as the mean ± s.d.

We injected hydroxyurea, an S phase–specific cytotoxic drug, into Sele−/−
or WT mice and then tested the bone marrow of these mice in longterm competitive repopulation (LT-CR) transplant assays to quantify
the number of surviving HSCs. We found sixfold more surviving HSCs
(expressed as reconstituting units21 per femur) in Sele−/− compared to
WT mice (Fig. 1f), confirming that a higher frequency of HSCs are quiescent when E-selectin is absent. Lastly, we measured Rho fluorescence
to assess HSC numbers. Rho is a vital fluorescent dye effluxed by longterm repopulating HSCs with highest engraftment potential, similarly
to Hoechst 33342 dye efflux by side-population cells22. The amount of
Rho efflux was higher in HSCs from Sele−/− mice compared to those
from WT or Selp−/− mice (Fig. 1g,h). Collectively these data confirm
that E-selectin at the vascular niche induces HSC cycling.
Despite differences in HSC quiescence, the total number of HSCs
per femur was not significantly different between Sele−/− and WT
mice, as measured by either limiting dilution LT-CR transplant assay
or phenotypic analysis (Supplementary Fig. 2). This result shows
that the effects of an E-selectin–deficient microenvironment on HSCs
are qualitative (a greater proportion of HSCs being quiescent with
heightened self renewal), not quantitative.
HSC proliferation induced by E-selectin is cell extrinsic
To confirm that the increased HSC quiescence in Sele−/− mice is
extrinsic to the HSCs (that is, microenvironmentally mediated),
we generated fetal liver transplantation chimeras using fetal liver cells
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from WT and Sele−/− embryos and established long-term chimerism
after transplantation into WT or Sele−/− adult recipients. When transplanted into Sele−/− recipients, WT HSCs showed 2.5-fold less turn
over. In contrast, both WT and Sele−/− HSCs showed normal turnover
when transplanted into WT recipients (Fig. 2).
We next confirmed that, within the bone marrow, E-selectin is
expressed exclusively by endothelial cells. We detected E-selectin RNA
transcripts only in sorted bone marrow endothelial cells and not in any
other hematopoietic or stromal cell populations tested (Fig. 3a). Overall,
the amount of E-selectin mRNA was 16-fold higher in the bone marrow
endosteal region as compared to the central bone marrow (Fig. 3b).
Flow cytometry showed a similar enrichment of E-selectin–expressing
endothelial cells in the endosteal region as compared to the central bone
marrow (Fig. 3c), suggesting that the vasculature expressing E-selectin
is enriched near the interface with bone. Furthermore, the number of
E-selectin–positive endothelial cells increased 18-fold at the endosteum
during the recovery phase from irradiation, when surviving HSCs must
cycle to regenerate hematopoiesis (Supplementary Fig. 3). Together
these data confirm that E-selectin expressed by endothelial cells at the
HSC vascular niche accelerates HSC proliferation, and that this effect
is extrinsically mediated by the bone marrow microenvironment.
Absence of E-selectin enhances HSC chemoresistance
Bone marrow suppression and life-threatening neutropenia can follow
cytotoxic chemotherapy, and direct chemotherapy-induced damage
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Faster blood recovery after irradiation of Sele−/− mice
We next investigated whether peripheral leukocyte counts would also
recover faster after stress in Sele−/− mice. Intensive high-dose chemotherapy in human patients typically results in prolonged leukopenia
with pronounced neutropenia. Mice, however, showed only a short drop
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to HSCs is a contributing factor. Although HSCs can undergo self
renewal, high-dose or repeated rounds of chemotherapy or irradiation can eventually exhaust the self-renewal capacity of the HSC
pool, leading to prolonged bone marrow suppression and cytopenia. To test whether the relatively quiescent HSCs in Sele−/− mice
are more resistant to chemotherapy, we explored several models,
including HSC survival after a single round of treatment with the
antimetabolite 5-fluorouracil (5-FU) or repeated rounds of treatment with the alkylating agent cyclophosphamide (CYP), which also
has immunomodulatory properties. We intraperitoneally administered each of these two cytotoxic drugs to WT and Sele−/− mice and
determined the number of surviving HSCs by LT-CR transplant
assays. Indeed, 2.6-fold more HSCs, measured as reconstitution
units (RU) per femur, survived a single injection of 5-FU in Sele−/−
mice (356 ± 123 (mean ± s.d.) RU per femur) compared to WT mice
(133 ± 57 RU per femur; Fig. 4a). This difference was more pronounced when the mice were treated with four rounds of CYP (one
round every 2 weeks): HSCs in Sele−/− mice showed an almost eightfold greater survival compared to those in WT mice (1 in 52 of the
initial reconstitution units per femur survived in WT mice compared
to 1 in 9 in Sele−/− mice) (Fig. 4a).
To test whether these effects on HSC survival would result in
enhanced survival of the mice, we intraperitoneally administered
5-FU once every 10 d (150 mg per kg body weight) to cohorts of
WT or Sele−/− mice and monitored them for survival. In this assay,
Sele−/− mice showed significantly more resistance to repeated rounds
of chemotherapy, with a median survival time exceeding 140 d,
compared to a median survival time of 58 d in WT mice (Fig. 4b).
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Figure 2 The effect of E-selectin on HSC turnover is mediated by the
bone marrow microenvironment. (a) Model showing the establishment
of transplantation chimeras using fetal liver cells from WT C57BL/6 or
Sele−/− embryos at embryonic day 13.5 (E13.5 FL) that were transplanted
into lethally irradiated WT or Sele−/− adult recipients. HSC turnover in
these transplantation chimeras was tested 20 weeks after transplant,
at which time they were treated with BrdU for 3 d. (b) Flow cytometry dot
plot gating for LKS+ cells (left) and contour plots of BrdU incorporation
and CD34 expression in gated LKS+ cells (right). (c) Percentage of bone
marrow LKS+CD34− HSCs that incorporated BrdU. Each dot represents
a single mouse. Bars are the mean ± s.d. All statistical significance was
calculated by nonparametric Mann-Whitney test.
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in the number of blood leukocytes after cytotoxic injection (Fig. 5).
In contrast, we found that 9.0 Gy split-dose irradiation was not
lethal in C57BL/6 mice but did induce prolonged leucopenia; under
these conditions, WT mice required 28 d for their blood leukocyte
numbers to return to the minimum normal threshold of 4,000 blood
leukocytes per microliter. Blood leukocyte recovery was significantly
accelerated in Sele−/− mice after irradiation (Fig. 4c).
E-selectin antagonist also increases HSC chemoresistance
To be clinically useful, the benefits of enhanced HSC chemoresistance
and faster leukocyte recovery after treatment need to be achievable
by transient administration of an E-selectin antagonist. GMI-1070 is
a small synthetic glycomimetic that blocks binding of E-selectin to its
receptors23. GMI-1070 has >50-fold higher selectivity for E-selectin
than P- or L-selectin and is currently in phase 2 clinical trials for
a separate indication, sickle-cell crisis23.
We intraperitoneally administered GMI-1070 or saline to WT mice
for 18–25 d and analyzed its effects on HSCs. We used a long period
of GMI-1070 administration (bi-daily for 18–25 d), as recent studies
have suggested that true HSCs cycle very infrequently in bone
marrow, once every 35 d or more24,25; thus, a prolonged period of drug
administration may be needed to alter HSC turnover. Administration
of GMI-1070 to WT mice delayed HSC cycling, with 37% less BrdU
incorporation after a 3 d BrdU pulse (Fig. 5a), and increased the proportion of Rho-effluxing HSCs 44% compared to saline-administered
controls (Fig. 5a). Therefore GMI-1070 was efficacious at reducing
Figure 3 E-selectin–expressing endothelial cells are enriched in
the endosteal region. (a) E-selectin mRNA expression relative to
β2-microglobulin (β2m) in the specified bone marrow cell populations
sorted from WT mice and subjected to qRT-PCR. MSC, mesenchymal
stromal cells. Data are the mean ± s.d. (b) E-selectin mRNA expression
relative to β2-microglobulin (β2m) in RNA extracts from central bone
marrow (cBM) and endosteal regions of the femur. Data are mean ± s.d.
from 3–4 mice per group. The data were normalized such that E-selectin
mRNA expression in cBM was set to a value of 1. (c) The frequency of
CD45−Lin−CD31+ endothelial cells expressing E-selectin (Esel),
as determined by flow cytometry of bone marrow cells collected
from central bone marrow and endosteum stained with mouse
E-selectin–specific antibody. Data are mean ± s.d. from four mice per
group. All statistical significance was calculated by nonparametric
Mann-Whitney test.
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in reconstitution potential when the donor bone marrow was derived
from mice pretreated with GMI-1070 (Fig. 5b). In tertiary transplant recipients, the number of reconstitution units per femur was
3.3-fold higher if the original donor had been pretreated for 25 d
with GMI-1070 (1,036 ± 261 compared to 309 ± 143 CD45.2+ RU
per femur for saline-injected donors). These results show that
transient pretreatment with the E-selectin antagonist in vivo significantly increases the self-renewal capacity of HSCs.
HSC quiescence may confer resistance to cytotoxic chemotherapy
or radiotherapy. Indeed, when donor mice were administered a
single dose of 5-FU and bone marrow transplanted in an LT-CR
assay, we found that 2.9-fold more HSC survived if 5-FU donors
had also been pretreated with GMI-1070 compared to 5-FU alone
(Fig. 5c). Thus, transient administration of an E-selectin antagonist
almost exactly mimics the increased HSC chemoresistance of Sele−/−
mice (Fig. 4a).

Neutrophils × 10 per ml blood

HSC proliferation despite the fact that GMI-1070 is bioactive for only
2 h in the serum after each bi-daily injection (when at a serum concentration of >10 µg ml−1) (data not shown).
Although pretreatment with the E-selectin antagonist induced
HSC quiescence, it did not increase HSC number per femur by
either phenotypic analysis or LT-CR transplant assay in primary
recipients (Fig. 5b). To further explore whether HSC self renewal
was affected, we performed serial bone marrow transplantations.
Serial transplantation is used to rapidly age HSCs, as extensive HSC
self renewal is required to repopulate the whole hematopoietic system
in each successive recipient. The use of serial bone marrow transplantation in the mouse mimics the gradual decline in HSC function
over a lifetime in transplanted patients. When donor mice had been
pretreated with saline, blood chimerism declined with each serial
transplant, consistent with a gradual decline in HSC function, as
previously reported26. In sharp contrast, there was a steady increase

ch
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Figure 4 HSCs from Sele−/− mice are chemoresistant and radioresistant. (a) Long-term reconstitution units (RU) 16 weeks after transplant in competitive
repopulation transplant assays performed using bone marrow from donor WT or Sele−/− mice, either untreated, after 7 d of treatment with a single dose of
5-FU or after treatment with four rounds of CYP. NS, not significant. Data are the mean ± s.d. (b) Mouse survival in mice injected with 5-FU once every 10 d.
(c) Blood leukocyte recovery in WT and Sele−/− mice irradiated with 9.0 Gy. Each dot represents data for a single mouse. Bars are the mean ± s.d. for each
time point. *P < 0.05, **P < 0.01, ***P < 0.001. All statistical significance was calculated by nonparametric Mann-Whitney test.
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marrow (BM) cells from GMI-1070–treated or saline-treated mice were transplanted into lethally irradiated congenic recipients together with an equal
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control mice administered a single dose of 5-FU, as indicated. *P < 0.05, ***P < 0.001. Each symbol in a and d represents data from a single mouse,
and all data are the mean ± s.d. All statistical significance was calculated by nonparametric Mann-Whitney test.
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Short-term administration of GMI-1070 in mice also accelerated
the recovery of blood neutrophils after 5-FU treatment (Fig. 5d).
Therefore, transient pretreatment with an E-selectin antagonist not
only increases the proportion of HSCs that are able to survive chemotherapy but also accelerates blood leukocyte recovery afterward.
Noncanonical E-selectin ligands mediate HSC proliferation
We have previously demonstrated that adhesion of human and
mouse HSPCs to E- and P-selectin alters HSPC behavior in vitro27,28.
P-selectin glycoprotein ligand-1 (PSGL-1, also called CD162), the
best-characterized selectin ligand, binds to both P- and E-selectin
and is expressed by HSPCs, as well as by mature myeloid cells 27–30.
However, absence of PSGL-1 did not prevent LKS+ HSPC adherence
to E-selectin (Fig. 6a,b), even though the adhesion of mature Gr1 +
myeloid cells to E-selectin was abrogated (Fig. 6b). Similarly, the
absence of both PSGL-1 (Selplg−/−) and the sialylated CD44 glycoform
HCELL (Cd44−/−), another canonical E-selectin ligand expressed by
HSPCs and mature leukocytes30,31, did not prevent HSPC binding
to E-selectin in static-adhesion and flow cytometry–based assays
(Fig. 6a,b). Furthermore, HSCs from Selplg−/− Cd44−/− mice incorporated BrdU at the same rate as did HSCs from WT mice (Fig. 6c,d)
and did not show a significant difference in the number of Rhonegative cells (Fig. 6e,f), indicating that noncanonical ligands on
HSCs mediate E-selectin–induced HSC proliferation.
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To characterize E-selectin ligands on HSPCs, we used E-selectin–
coated magnetic beads in pulldown experiments with lysates of
Lin−Kit+ HSPCs from Selplg−/− Cd44−/− mice and looked for the presence of candidate E-selectin ligands by western blotting. Antibodies
to CD43, endoglycan or CD147 (ref. 32) did not detect these candidate E-selectin ligands in pulldowns from HSPC extracts (data not
shown). However, we did detect E-selectin ligand-1 (ESL-1), which
most likely forms part of the E-selectin ligand signaling complex33–35
(Fig. 6g). We did not detect any other candidate E-selectin ligands,
such as CD65 (by flow cytometry) or death receptor 3 (ref. 36)
(by quantitative RT-PCR (qRT-PCR)) on LKS+ HSPCs.
Human neutrophils express both glycoprotein and glyco
sphingolipid E-selectin ligands37. We next investigated whether mouse
HSCs also express E-selectin–binding cell-surface glycosphingolipid
ligands. We incubated mouse bone marrow HSPCs overnight in the
presence of 18 µM 1-phenyl-2-palmitoyl-3-morpholino-1-propanol
(PPMP), a potent inhibitor of the glucosylceramide synthetase that
is involved in the synthesis of glycosphingolipids38. PPMP treatment reduced E-selectin binding by 88% in Selplg−/−Cd44−/− HSPCs
and 30% in WT HSPCs (Fig. 6h). PSGL-1 glycoprotein binding to
P-selectin was unaltered by PPMP treatment, showing the specificity
of this treatment for glycosphingolipid ligands (Fig. 6h).
Together these results suggest that, in the absence of both PSGL-1
and CD44/HCELL, glycosphingolipids are major E-selectin ligands
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on mouse HSPCs. Furthermore, as cell-surface glycosphingolipids
are reported to be potent adhesion and signaling molecules (forming the glycosynapse39,40), such glycosphingolipids may be involved
in transducing E-selectin–mediated signaling from endothelial cells
forming the vascular niche to HSCs.
DISCUSSION
Here we report that E-selectin expressed on the bone marrow
vasculature is a potent driver of HSC proliferation in vivo. Furthermore,
we found that transient administration of a small synthetic E-selectin
antagonist blocks proliferative signaling by the vascular HSC niche,
promoting HSC quiescence, HSC self renewal and increased survival
after treatment with chemotherapeutic agents in vivo.
Environmental cues are crucial regulators of normal and malignant stem-cell behavior. Far from being homogenous, bone marrow
tissue contains a mosaic of microenvironments, each of which provides a unique set of instructions regulating or reinforcing cell fate.
The most potent and quiescent HSCs are enriched near osteoblasts
lining the endosteal bone surface1–4,24 and in poorly perfused areas
of the bone marrow41, leading to the hypothesis that unique factors
and cues at these niches actively maintain HSC quiescence and selfrenewal capacity. By inference, HSCs located outside these speciali
zed niches may commit to hematopoietic lineages and lose stem-cell
potential in the absence of osteoblastic cues. We now show that the
adhesion molecule E-selectin is a crucial component of the vascular
HSC niche that actively induces HSC proliferation. E-selectin deficiency or antagonism leads to HSC quiescence, a greater capacity to
self renew and enhanced chemoresistance. Our findings challenge the
current assumption that factors unique to the osteoblastic niche alone
maintain HSC dormancy and self renewal and are supported by recent
evidence showing a key role for Kit ligand expressed by endothelial
cells in HSC maintenance10. Indeed it seems that in the absence of a
specific E-selectin–mediated proliferative signal, greater numbers of
HSC remain quiescent.
That HSC proliferation seems to be regulated by E-selectin but
not P-selectin is surprising, as both endothelial selectins are largely
redundant in function in the periphery, and Sele−/− mice have no
obvious phenotype and have normal blood indices42,43. Intravital
imaging studies on mouse calvariae have suggested that E-selectin is
expressed mainly on bone marrow sinusoidal vasculature, whereas
P-selectin is present on larger blood vessels16. Thus, it seems that
these two endothelial selectins may be expressed in distinct, possibly
nonoverlapping locations in the bone marrow and have distinct functional roles in this tissue. Furthermore, we found that the expression
of E-selectin is greatly increased during the recovery phase after irradiation when HSCs divide to reconstitute hematopoiesis, supporting
the notion that E-selectin promotes HSC proliferation in regenerating
or inflamed bone marrow.
The identity of the E-selectin ligand involved in regulating
HSC cycling in the bone marrow remains uncertain. None of the
canonical E-selectin ligands tested had an effect on HSCs; however,
the involvement of ESL-1 cannot be excluded, as we detected it in
E-selectin pulldowns from HPSC cell lysates. ESL-1 is a glycoprotein
of the Golgi apparatus, but in cell culture, its expression may be
redirected to the cell-surface plasma membrane after post-translational
modifications, such as the addition of a glycosylphosphatidylinositol
anchor44,45. Notably, inhibition of sphingolipid glycosylation reduced
the E-selectin binding of Selplg−/− Cd44−/− HSCs by 88%, suggesting
that glycosphingolipids may also be important E-selectin ligands on
HSCs. To our knowledge, glycosphingolipid E-selectin ligands have
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not previously been reported on normal adult stem cells. It is tempting
to speculate that such glycosphingolipid E-selectin ligands might be
involved in cell signaling only when HSCs are already in close physical
contact with E-selectin at the vascular niche.
Aberrant glycosylation is characteristic of many tumor cells
and is a frequent early marker of oncogenic transformation46. The
de novo expression of E-selectin ligands on tumor cells is thought to
aid their homing and engraftment into the bone marrow47–49. Our
findings suggest that the acquisition of E-selectin ligands by tumor
cells may also influence subsequent tumor cell proliferation and
tumor growth.
Finally, chemotherapy-induced bone marrow suppression remains
a clinical problem. Reducing the myelosuppressive effect of chemotherapy could result in less infection and less of a requirement for
blood product and hospital support. Our study of how the vascular
niche regulates stem-cell behavior suggests a new approach to alleviate
these potentially life-threatening complications of chemotherapy.
Methods
Methods and any associated references are available in the online
version of the paper.
Note: Supplementary information is available in the online version of the paper.
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Mice, injections and sample preparation. All mouse experiments were
approved by the University of Queensland animal experimentation ethics
committee. WT (CD45.2+) C57BL/6 and congenic B6.SJL (CD45.1+) mice
were purchased from the Animal Resource Centre, Perth, Australia. Knockout
mice were donated by P. Frenette (Sele−/−, Selp−/− and Sele−/− Selp−/−), Bruce
and Barbara Furie (Selplg−/−), and T. Mak (Cd44−/−). All mice had been backcrossed on a C57BL/6 background at least eight times. All mice were age
and sex matched within an experiment. No differences between sexes were
observed between experimental replicates. Transplantation recipients were
females to reduce fighting.
BrdU was administered at 0.5 mg ml−1 in drinking water changed twice
weekly. 5-FU was injected at 150 mg per kg body weight intraperitoneally (i.p.)
once or every 10 d; CYP was injected at 200 mg per kg body weight i.p. once every
two weeks for a total of four rounds of injection. GMI-1070 from GlycoMimetics
was administered i.p. at 50 mg per kg body weight per injection bi-daily.
After euthanasia, femurs were collected and flushed into ice-cold PBS plus
2% newborn calf serum (NCS) for the isolation of bone marrow cells. The
empty femurs were flushed twice more in PBS then flushed with 1 ml TRIzol
(Invitrogen) for endosteal RNA preparation50 or with 1 mg ml−1 collagenase 1
(Worthington) every 5 min at 37 °C for 30 min to dislodge endosteal cells,
which were then used for flow cytometry51,52.
Flow cytometry stains. All antibody dilutions and clone numbers are described in
Supplementary Table 1. For Rho staining, bone marrow cells were resuspended
at 1 × 106 ml−1 in warm PBS plus 2% NCS containing 10 ng ml−1 Rho (Invitrogen)
and incubated for 20 min at 37 °C with agitation. Cells were then washed in warm
PBS plus 2% NCS and allowed to efflux the dye for 15 min at 37 °C before washing
on ice and staining with biotinylated lineage antibody cocktail (CD3ε, CD5, B220,
CD11b, Gr1 and Ter119) and biotinylated CD41 together with streptavidin (SAV)
conjugated to peridinin chlorophyll protein complex (PerCP)-CY5.5, antibody
to Sca1 conjugated to phycoerythrin (PE)-CY7, antibody to Kit conjugated to
allophycocyanin (APC), CD48-PacificBlue and CD150-PE53.
For BrdU staining, bone marrow cells were first enriched in Kit+ cells by
magnetic-activated cell sorting (MACS) using mouse CD117 magnetic beads
and an auto-MACS device (Miltenyi, Germany). Kit+ enriched cells were stained
with biotinylated lineage plus CD41 antibody cocktail together with SAV-PerCPCY5.5, antibody to Sca1-PE-CY7, antibody to Kit-APC-H7, CD48-PacificBlue,
CD150-PE and CD34-FITC. In initial experiments, LKS+CD34− cells were
first sorted by fluorescence-activated cell sorting (FACS), spread on slides and
then stained for BrdU incorporation. In later experiments, anti-BrdU staining
was performed in suspension, and BrdU incorporation was analyzed by flow
cytometry as previously described53. Both methods used anti-BrdU kits from
BD Pharmingen.
The cell cycle was analyzed on Kit+ MACS-enriched cells. Live cells were
surface stained with CD48-PerCP-Cy5.5, antibodies to Sca1-PE-CY7, antibodies
to Kit-APC-H7, CD34-e660 and CD150-PE and then fixed and permeabilized before staining with FITC-conjugated antibodies to Ki-67 and Hoechst
33342 (ref. 53).
For endothelial cell staining, recovered endosteal cells were stained with
FITC-conjugated lineage cocktail, CD45-APC-Cy7, CD31-APC, Sca1-PECY7 and PE-conjugated rat antibodies to mouse E-selectin or isotypematched control.
Mouse transplantations and blood recovery. In standard LT-CR transplant
assays, 2 × 105 donor CD45.2+ bone marrow cells (unless otherwise specified)
were mixed with 2 × 105 competing whole bone marrow cells from congenic
B6.SJL CD45.1+ mice and injected retro-orbitally into lethally irradiated (11.0 Gy
split dose) congenic CD45.1+ recipients, as previously described54. For
chemotherapy-treated mice, the equivalent of 1% of the femoral contents at
7 d after treatment with 5-FU, or 10% of the femoral contents at 14 d after four
rounds of CYP treatment, was injected together with 2 × 105 congenic competing
bone marrow cells in each irradiated recipient mouse. Mice were given Bactrim
antibiotic in their drinking water for 2 weeks after transplantation.
Multilineage chimerism was measured by flow cytometry at 16–25 weeks after
transplant and after staining of blood leukocytes with CD45.1-PE, CD45.2-APC,
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CD11b-PE-CY7, B220-APC-CY7 and CD3ε-FITC. The number of CD45.2+
reconstitution units (RU) injected per recipient mouse was calculated using the
formula (D × C)/(100 – D), where D is the percentage of recipient blood leukocytes that are CD45.2+ at the 16-week test bleed, and C the number of competing
CD45.1+ reconstitution units that were co-injected (in most cases C = 2, meaning that 2 × 105 competing bone marrow cells were injected). Reconstitution
units per femur were then calculated. One RU is defined as the HSC content in
1 × 105 bone marrow cells21.
For serial transplants, primary recipients were euthanized 25 weeks after
transplant, femoral bone marrow was harvested and pooled within each group,
and the equivalent of 10% of the femoral content of one mouse (~2.5 × 106
bone marrow cells) was injected into each lethally irradiated congenic secondary
recipient (eight recipients per group). Multilineage chimerism was measured
16 weeks after secondary and tertiary transplant.
In vivo hydroxyurea suicide assay. Sele−/− and age-matched, sex-matched
WT mice were injected twice (8 h apart) i.p. with 900 mg per kg body weight
hydroxyurea20. Bone marrow was harvested 2 h after the last hydroxyurea
injection by crushing individual femurs in PBS plus 2% FCS. The equivalent of
1% of the bone marrow leukocytes from the femur of each Sele−/− or WT mouse
was mixed with 1% of the bone marrow leukocytes from the femurs of congenic
B6.SJL (CD45.1+) untreated mice and transplanted into lethally irradiated B6.SJL
recipients. Lineage chimerism was measured at 16 weeks after transplant.
Transplantation chimeras. Eight-week-old female Sele−/− and WT mice were
lethally irradiated with 11.0 Gy (in two split doses of 5.5 Gy 3–4 h apart). The
next day, fetal livers were harvested at E13.5 from Sele−/− and WT pregnant
females and gently crushed with the back of a 5-ml syringe piston over a 40-µm
sieve in PBS plus 2% FCS. Fetal liver cells were pooled, washed once and resuspended in sterile saline for injection. Each lethally irradiated recipient received
cells from one-third of a fetal liver injected retro-orbitally. BrdU incorporation
was measured at 20 weeks after transplantation.
Blood recovery after irradiation. Mice were irradiated with a split dose of
9.0 Gy (two split doses of 4.5 Gy 3 h apart) and then allowed to recover. Mice
were given Bactrim antibiotic in their drinking water until their blood counts
recovered. A small amount of blood was collected from the tail vein at set timepoints before and after irradiation and subjected to blood leukocyte counts using
an automated hematological analyzer (Sysmex KX21).
E-selectin adhesion assays. For static adhesion assays, 96-well plates were coated
with purified recombinant mouse VCAM-1, E-selectin– or P-selectin–human
IgG1 (huIgG1)-Fc fusion proteins (R&D Systems)28, washed and blocked with
BSA. Sorted bone marrow LKS+ cells were labeled with 10 µM calcein-AM28
(Molecular Probes) and washed, and then 5,000 labeled cells were added to
each of triplicate selectin- or control-coated wells. After gentle sedimentation
by centrifugation, cells were left in contact with the coated surface for 20 min
at 4 °C, washed four times, and the percentage of adherent cells was quantified
as previously described28.
For selectin binding in suspension, recombinant E-selectin–huIgM fusion
protein supernatants were precomplexed with CY5-conjugated donkey F(ab)2
antibody to human IgM (Jackson Immunoresearch) for 1 h on ice as previously
described31 and then added to bone marrow cells prestained on ice with biotin
ylated lineage markers (B220, CD3ε and Ter119), SAV–AlexaFluor 700, Gr1FITC, CD11b-PacificBlue, Sca1-PE-CY7 and Kit-PE in Fc block media containing
4 mM CaCl2 or media containing EDTA as a negative nonbinding control. After
20 min on ice, cells were washed and analyzed by flow cytometry with 2 µg ml−1
7-aminoactinomycin D to assess viability. In some experiments, bone marrow cells
were enriched in Kit+ cells by MACS and cultured overnight in Iscove’s Modified
Dulbecco’s Medium supplemented with 10% FCS and 50 ng ml−1 recombinant
mouse Kit ligand with or without 18 µM PPMP (Sigma) to block sphingolipid
glycosylation before measurement of selectin-huIgM binding.
E-selectin receptor pull down and western blotting. Protein G–conjugated
magnetic Dynabeads (Dynal) were loaded with recombinant mouse E-selectin–
huIgG1–Fc fusion protein or purified human IgG overnight at 4 °C on a
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Cell sorting for RNA expression by qRT-PCR. Total central bone marrow and
endosteal RNA were collected from individual mice using TRIzol as described
in the sample preparation section above. RNA was also extracted from the
following FACS-sorted bone marrow hematopoietic cell populations: HSPCs
(LKS+), macrophages (F4/80+Gr1−CD11b+), neutrophils (Gr1+F4/80−CD11b+),
B cells (B220+CD11b−) and T cells (CD3+CD11b−). For identifying stromal and
endothelial cells, partially crushed bones were incubated with 3 mg ml−1 type I
collagenase for 40 min at 37 °C; released cells were MACS-depleted of lineagepositive (Lin+) cells and then stained as previously described56. Bone marrow
endothelial cells (Lin−CD45−CD31+), MSCs (Lin−CD45−CD31−Sca1+CD51+)

and osteoblastic cells (Lin−CD45−CD31−Sca1−CD51+) were sorted as previously
validated52, and RNA was extracted. After DNase treatment and reverse transcription using random hexamers, real-time qRT-PCR with SYBR Green (ABI Systems)
was performed according to the manufacturer’s instructions using the following
oligonucleotides: β2-microglobulin (forward, 5′-TTCACCCCCACTGAGACT
GAT-3′; reverse, 5′-GTCTTGGGCTCGGCCATA-3′), E-selectin (forward,
5′-GTCTAGCGCCTGGATGAAAG-3′; reverse, 5′-ATYGCCACCAGATGTG
TGTA-3′, where Y indicates either C or T) and death receptor 3 (forward, 5′-TG
CCCAAAGGGACACTACAT-3′; reverse, 5′-GCAGCGGGTACAGTCAGTC
T-3′). A PCR from each sample before reverse transcription was also performed
to confirm the absence of contaminating genomic DNA.
Statistical analyses. A nonparametric Mann-Whitney test was used for statistical
analyses, except for the limiting dilution LT-RC assay, for which Poisson’s
statistics were calculated. All data are plotted as the mean ± s.d.

50. Lévesque, J.-P. et al. Hematopoietic progenitor cell mobilization results in hypoxia
with increased hypoxia-inducible transcription factor-1α and vascular endothelial
growth factor A in bone marrow. Stem Cells 25, 1954–1965 (2007).
51. Barbier, V., Winkler, I.G., Wadley, R. & Levesque, J.P. Flow cytometry measurement
of bone marrow perfusion in the mouse and sorting of progenitors and stems cells
according to position relative to blood flow in vivo. Methods Mol. Biol. 844, 45–63
(2012).
52. Winkler, I.G. et al. Bone marrow macrophages maintain hematopoietic stem cell
(HSC) niches and their depletion mobilizes HSC. Blood 116, 4815–4828
(2010).
53. Barbier, V., Nowlan, B., Levesque, J.P. & Winkler, I.G. Flow cytometry analysis of
cell cycling and proliferation in mouse hematopoietic stem and progenitor cells.
Methods Mol. Biol. 844, 31–43 (2012).
54. Barbier, V., Winkler, I.G. & Levesque, J.P. Mobilization of hematopoietic stem cells
by depleting bone marrow macrophages. Methods Mol. Biol. 904, 117–138
(2012).
55. Winkler, I.G., Hendy, J., Coughlin, P., Horvath, A. & Levesque, J.P. Serine protease
inhibitors serpina1 and serpina3 are down-regulated in bone marrow during
hematopoietic progenitor mobilization. J. Exp. Med. 201, 1077–1088 (2005).
56. Shen, Y. et al. Tissue inhibitor of metalloproteinase-3 (TIMP-3) regulates
hematopoiesis and bone formation in vivo. PLoS ONE 5, e13086 (2010).

npg

© 2012 Nature America, Inc. All rights reserved.

rotator (1 µg protein per 10 µl beads). Loaded beads were extensively washed
with HEPES-buffered saline containing 0.1% Triton X-100, 0.1% BSA, 4 mM
CaCl2 and 1 mM MgCl2 by magnetic pelleting. Then, 5 × 106 MACS-lineage
depleted and MACS-Kit+ enriched bone marrow cells from Selplg−/− Cd44−/−
mice were lysed on ice for 30 min in 1 ml HEPES-buffered saline containing
1% Triton X-100, 0.1% BSA, 4 mM CaCl2, 1 mM MgCl2, 200 µM phenylmethyl
sulfonyl fluoride, 2 µg ml−1 pepstatin A, 2 µg ml−1 aprotinin, 5 µM leupeptin and 1 µg ml−1 E64. Cells lysates were centrifuged at 13,000g for 10 min
at 4 °C, the supernatant was collected and the lysates were precleared with
naive protein G–conjugated beads for 30 min. Precleared cell lysates were
then rotated for 30 min at 4 °C with 4 µg E-selectin–coated beads or control human IgG-coated beads. Beads were washed four times by magnetic
pelleting. E-selectin–binding proteins were then eluted twice in 20 µl PBS plus
10 mM EDTA. Eluates were electrophoresed on an 8% polyacrylamide gel.
After electrotransfer, nitrocellulose-coated nylon membranes were blocked
and then incubated overnight with either 1/1,000 rabbit antibody to mouse
ESL-1 serum (donated by D. Vestweber)44, 1/500 biotinylated rat antibody to
mouse CD43 (clones S7 and 1B11, BD Pharmingen and BioLegend), 1/500
rabbit antibody to PODXL2 (16383-1-AP, Proteintec) or 1/500 rabbit antibody
to CD147 (ab70062, Abcam). Membranes were then washed and incubated with
1/10,000 IRDye800-conjugated donkey antibody to rabbit IgG (611-732-127,
Rockland Immunochemicals) or streptavidin. Membranes were analyzed with
an Odyssey Infrared Imaging System55.
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