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Pharmacological inhibition of EGFR signaling enhances
G-CSF–induced hematopoietic stem cell mobilization
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Mobilization of hematopoietic stem and progenitor cells
(HSPCs) from bone marrow into peripheral blood by the cytokine
granulocyte colony–stimulating factor (G-CSF) has become
the preferred source of HSPCs for stem cell transplants1–9.
However, G-CSF fails to mobilize sufficient numbers of
stem cells in up to 10% of donors, precluding autologous
transplantation in those donors or substantially delaying
transplant recovery time2. Consequently, new regimens are
needed to increase the number of stem cells in peripheral blood
upon mobilization. Using a forward genetic approach in mice,
we mapped the gene encoding the epidermal growth factor
receptor (Egfr) to a genetic region modifying G-CSF–mediated
HSPC mobilization. Amounts of EGFR in HSPCs inversely
correlated with the cells’ ability to be mobilized by G-CSF,
implying a negative role for EGFR signaling in mobilization. In
combination with G-CSF treatment, genetic reduction of EGFR
activity in HSPCs (in waved-2 mutant mice) or treatment with
the EGFR inhibitor erlotinib increased mobilization. Increased
mobilization due to suppression of EGFR activity correlated with
reduced activity of cell division control protein-42 (Cdc42),
and genetic Cdc42 deficiency in vivo also enhanced
G-CSF–induced mobilization. Our findings reveal a previously
unknown signaling pathway regulating stem cell mobilization
and provide a new pharmacological approach for improving
HSPC mobilization and thereby transplantation outcomes.
Cytokine-induced mobilization of HSPCs is evolutionarily conserved
from mice to humans, such that inbred strains of mice are considered
a valuable experimental system for studies that can be translated to
humans. Much of the current knowledge about the cellular and molecular events regulating G-CSF–induced mobilization comes from
studying this process in mice. Using a forward genetic approach and
a congenic mouse model, we previously identified linkage between a
locus on mouse chromosome 11 and regulation of HSPC mobilization10. In a congenic line named B6.D2 chr11 (line G) derived from

genetic crosses between C57BL/6 and DBA/2 mice, a 36-Mbp region
of chromosome 11 derived from DBA/2 conferred an approximately
threefold increase in mobilization (Fig. 1a). To further narrow the
interval conferring increased mobilization, we generated new subcongenic mice from line G by further backcrossing to C57BL/6 mice10
(Fig. 1b). Mobilization was determined using a standard G-CSF mobilization protocol10,11 (Fig. 1c). Subcongenic lines 106, 1023 and 1804
showed increased mobilization compared to C57BL/6 mice, whereas
line 338 had a phenotype similar to that of C57BL/6 (Fig. 1c). These
data narrow the interval conferring enhanced mobilization to the
14.7–19.5 Mbp region of chromosome 11 (Fig. 1b).
Twelve genes are located within this 5-Mbp interval of chromosome 11 (Supplementary Table 1). Gene chip expression analyses
of 11 of these transcripts (as represented on the Affymetrix MOE430
microarray) revealed differential expression of the genes Egfr and C1d
between line G and C57BL/6 mice (Fig. 1d). Because EGFR is known
to have a key role in both cell adhesion and migration, we selected it
as a potential quantitative trait gene in the interval. By quantitative
real-time RT-PCR, we confirmed that Egfr expression was decreased
in hematopoietic progenitor cells (HPCs) isolated from the bone marrow of line G and line 1804 compared to HPCs of C57BL/6 mice under
steady state conditions and, more markedly, upon G-CSF–induced
mobilization (Fig. 1e). We also found that Egfr expression was lower
in HPCs compared to other tissues of C57BL/6 mice (Supplementary
Table 2). These data demonstrate an inverse correlation between Egfr
expression with mobilization and imply a negative role for EGFR
signaling in mobilization.
To test for a possible inhibitory role of EGFR signaling in mobilization, we treated C57BL/6 mice with a combination of G-CSF and
epidermal growth factor (EGF). We found a dose-dependent inhibition of HPC mobilization by EGF (Fig. 2a). EGF in the dose range
tested did not restrict steady-state mobilization in mice not treated
with G-CSF (data not shown). To test whether activation of EGFR
signaling with EGF reduced stem cell mobilization, we performed
competitive transplants with equal volumes of blood from C57BL/6
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to 0.14 ± 0.07 for G-CSF plus EGF (Fig. 2c). As suggested by the
reduced EGFR expression in HPCs from line 1804 mice (Fig. 1e),
these mice were significantly less sensitive to inhibition of mobilization by EGF relative to C57BL/6 mice (Fig. 2d). EGFR is activated by several ligands in addition to EGF, including transforming
growth factor-α (TGF-α), betacellulin and heparin-binding EGF

mice treated with G-CSF or with G-CSF and EGF (0.8 μg EGF per
g body weight) (Fig. 2b). Transplantation of peripheral blood from
mice treated with G-CSF and EGF resulted in approximately fivefold less chimerism 3 months after transplant compared to peripheral blood from mice treated with G-CSF alone, corresponding to a
decrease in repopulating units (RU)12 from 1.9 ± 0.7 RU for G-CSF

Number of CFCs per 1 ml PB
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c

Figure 2 EGF reduces G-CSF–induced mobilization of HSPCs. (a) Mobilization efficiency of C57BL/6 mice after a single dose of EGF on day 5 of the
standard G-CSF regimen (n = 6, at least three mice per group), *P < 0.05 versus G-CSF only. (b) Schematic of the setup for competitive transplant
experiments in c to measure repopulating units in peripheral blood using identical volumes of peripheral blood as donor tissue from mice treated
with G-CSF (n = 3) or G-CSF and EGF (n = 4) in competition with identical numbers of C57BL/6 CD45.1 + bone marrow cells. BM, bone marrow.
(c) Repopulating unit values based on donor chimerism measured by flow cytometry in peripheral blood 3 months after transplant. *P < 0.05.
(d) Mobilization of line 1804 compared to C57BL/6 mice after G-CSF and EGF treatment. #P < 0.05 versus G-CSF alone, *P < 0.05 C57BL/6 versus
line 1804 at the same dose of EGF. (e) Expression of known EGFR ligands in total bone marrow. RT-PCR was performed with specific primers for the
genes encoding epidermal growth factor (EGF), TGF-α, HB-EGF and betacellulin (BTC) using cDNA isolated from total bone marrow (TBM) and lung
(positive control). Error bars represent the mean ± s.e.m.
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(HB-EGF)12. Expression of TGF-α and HB-EGF mRNAs, but not of EGF
or betacellulin mRNAs, was detected by RT-PCR in bone marrow
cells (Fig. 2e). Expression array analyses previously revealed expression of EGF in bone marrow stromal cells 13. Thus, multiple EGFR
ligands are found in bone marrow.
The overall goal of these studies was to identify therapeutic targets
to increase stem cell mobilization. To test the hypothesis that inhibition of EGFR signaling would enhance mobilization, we used both
genetic and pharmacological approaches. As a genetic model we used
mice that are heterozygous for the waved-2 mutation in Egfr (wa2/+
mice) a strain that has a spontaneous mutation in the tyrosine kinase
domain of EGFR, substantially reducing receptor activity14. To determine the consequences of reduced EGFR signaling in hematopoietic
cells on mobilization, we reconstituted B6.SJL(BoyJ) Ly5.1 recipient
mice with either littermate control or wa2/+ bone marrow (Fig. 3a).
Mice reconstituted with wa2/+ bone marrow showed a significant
increase in mobilization compared to controls (Fig. 3b). Steady-state
levels of colony-forming cells (CFCs) in bone marrow were similar in
C57BL/6, line G and wa2/+ mice, indicating that the increase mobilization in line G or wa2/+ HPCs is related to the number of HPCs in
BM prior to mobilization (data not shown).
To determine whether the Egfr mutation affects mobilization by
acting in bone marrow cells or HPCs, as predicted from our previously published experiments analyzing mobilization in congenic
line G10, or alternatively in bone marrow stromal cells, we performed
competitive transplants and mobilizations with bone marrow cells
from wa2/+ or wild-type (WT) mice (Ly5.2) admixed with competitor
bone marrow cells (Ly5.1) (Fig. 3c). Donor chimerism was 50% in
both cases (Fig. 3d), but a significantly higher frequency of Ly5.2
CFCs were mobilized in mice reconstituted with wa2/+ bone marrow
(80%) compared to mice reconstituted with WT bone marrow (60%)
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(Fig. 3e), with a 2.6-fold increase in wa2/+ CFCs in peripheral blood
upon mobilization relative to control CFCs (calculations according to
ref. 12). We also saw a similar skewing toward wa2/+ CFCs in spleen
and bone marrow after mobilization (Supplementary Fig. 1a–c)
as well as in the Lin−c-Kit+ HPC compartment in peripheral blood
(Supplementary Fig. 1d). Mobilization of neutrophils, which are
thought to supply the secondary signals leading to HSPC mobilization upon G-CSF treatment15, was not altered in wa2/+ competitive mobilization experiments (Supplementary Fig. 1e,f) suggesting
that EGFR signals through a neutrophil-independent pathway in
G-CSF–induced mobilization. Although these data support a primarily HPC-intrinsic role of inhibition of EGFR signaling in enhancing
mobilization, these data do not exclude the possibility that additional
cell-extrinsic or systemic effects of reduced EGFR signaling influence
HSPC mobilization efficiency.
To determine whether pharmacological inhibition of EGFR acti
vity results in enhanced mobilization, C57BL/6 mice were mobilized
with G-CSF and treated with erlotinib, a specific inhibitor of EGFR
activity16. Treatment with erlotinib (2.5–10 μg per g body weight)
during the G-CSF regimen increased mobilization of HPCs (Fig. 3f).
This treatment also increased mobilization of hematopoietic stem
cells, as assessed by competitive transplantation of cells mobilized to
peripheral blood, with an RU value of 1.1 ± 0.4 for G-CSF compared
to RU values of 4.4 ± 1.2 and 7.6 ± 2.5 for erlotinib (5 μg and 10 μg
per g body weight, respectively) (Fig. 3g,h and Supplementary
Fig. 2). Erlotinib did not promote mobilization in the absence of
G-CSF (Supplementary Fig. 3), implying that the action of erlotinib
on mobilization depends on additional unidentified factors induced
by G-CSF. Notably, whereas inhibition of G-CSF–induced mobilization by EGF or activation of mobilization by erlotinib resulted in an
approximately twofold change in mobilization of HPCs (Figs. 2a and 3f),
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up to a fivefold change in repopulating units occurred in response to
these pharmacological treatments (Figs. 2c and 3h), implying a larger
effect of EGFR signaling on the mobilization of stem than on progenitor cells. One explanation for this difference might be that changes
in EGFR signaling alter the homing or engraftment ability of HSCs
or both when transplanted into the recipient animal. Another explanation might be that HSCs are more sensitive to changes in EGFR
signaling compared to HPCs.
To identify possible mechanisms by which EGFR signaling alters
mobilization, we examined known downstream targets of EGFR signaling, which include the family of small Rho GTPases (Rac1, Rac2
and Cdc42; refs. 17–19). Changes in the activity of these proteins have
previously been shown to play a key part in the migration and adhesion of HSPCs6,20,21. We performed effector domain pull-down experiments to determine whether activation of EGFR signaling affects the
activity of the Rho GTPases (Fig. 4). Mobilization by G-CSF resulted
in increased activity of Cdc42 in C57BL/6 mice (Fig. 4j). Consistent
with activation of Cdc42 in fibroblasts in response to EGF19, activation
of EGFR signaling by EGF in G-CSF–treated mice further increased
Cdc42 activity in low-density bone marrow (LDBM) cells compared
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to G-CSF treatment alone (Fig. 4a). Conversely, inhibition of EGFR
signaling by erlotinib decreased the abundance of active Cdc42
compared to mice treated with G-CSF alone (Fig. 4b,c). Additionally,
phosphorylation of p38, a known downstream target of both Cdc42
and EGFR signaling22,23, was substantially increased upon activation
of EGFR by EGF (Supplementary Fig. 4). Neither EGF nor erlotinib
altered the cellular composition of LDBM (data not shown), excluding
altered cellular composition as a cause for altered Cdc42 activity.
We did not detect significant changes in the abundance of the GTPbound forms of Rac1 or Rac2 (data not shown). Collectively, these data
demonstrate that changes in EGFR signaling upon G-CSF–induced
mobilization affect the amount of active Cdc42 and additional downstream signaling events.
As release of cells from the stroma is a prerequisite for mobilization24 and Cdc42 is known to be involved in HSPC adhesion, we
tested the ability of bone marrow–derived HPCs from G-CSF-treated
C57BL/6 mice to adhere to stroma in response to EGF or erlotinib
treatment, as assessed with a cobblestone area–forming cell (CAFC)
adhesion assay11. EGF treatment enhanced adhesion of HPCs from
G-CSF–treated mice to stroma (Fig. 4d), whereas treatment with
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erlotinib reduced adhesion (Fig. 4e). Thus, EGFR signaling may alter
HSPC mobilization by  altering cell adhesion or chemoattraction.
Adhesion and chemoattraction of HSPCs is mediated by integrins
and chemokine receptors. We measured the expression of integrins
α4 and α5, the CXCR4 chemokine receptor25 and CD26 (ref. 26) on
Lin−c-Kit+ HPCs isolated from G-CSF–treated mice also treated with
or without EGF. The effect of EGF treatment on the expression of these
proteins was either not significant or, in the case of CD26, less than
10% compared to G-CSF only, and these effects did not correlate with
mobilization efficiency (Supplementary Fig. 5a–d). These data suggest that additional receptors may be involved in altering cell adhesion
upon activation of EGFR signaling, although we cannot exclude the
possibility that changes in integrin activation status (which is crucial
for the regulation of adhesion27–31), rather than changes in integrin
abundance at the cell surface, might be involved in EGF-mediated
regulation of mobilization efficiency. We also found that activation of
EGFR by EGF correlated with a reduction in the percentage of HPCs
in the S phase of mitosis (Supplementary Fig. 5e), suggesting that
changes in cell cycle parameters may also contribute to inhibition of
mobilization by EGF30,31.
We next studied the role of the EGF-EGFR-Cdc42 axis on mobilization
using two complementary genetic approaches. First, G-CSF–induced
mobilization in WT mice was significantly reduced by treatment with
EGF (Fig. 4f), whereas mobilization in naive, untransplanted wa2/+
mice was not affected (Fig. 4g), implying that inhibition of mobilization by EGF depends on EGFR activity. In contrast to the experiments in which mice reconstituted with wa2/+ bone marrow showed
a higher mobilization efficiency compared to mice reconstituted with
bone marrow from littermate controls (Fig. 3a,b), the number of HPCs
mobilized in naive wa2/+ mice after G-CSF treatment was reduced
in both peripheral blood and spleen compared to littermate controls,
whereas the number of bone marrow CFCs was unchanged (Fig. 4g and
Supplementary Fig. 6a,b). One possible explanation for these discrepant results with respect to the role of EGFR signaling in mobilization
is that constitutively reduced EGFR signaling in bone marrow stromal
cells, in contrast to its role in HSPCs, confers reduced mobilization efficiency. To test this hypothesis, we transplanted B6.SJL(BoyJ) Ly5.1 bone
marrow cells into wa2/+ or littermate mice and induced mobilization
with G-CSF after hematopoietic reconstitution (2 months after transplantation). The number of mobilized HPCs in reconstituted wa2/+
mice was lower than that in reconstituted WT mice (Supplementary
Fig. 6c,d), indicating that constitutively low EGFR signaling either bodywide or specifically in bone marrow stromal cells of the recipient mice,
or in both, impairs mobilization and suggests an effect of constitutively
low EGFR signaling on bone marrow stromal cells. The effect of constitutively decreased EGFR activity in bone marrow cells with respect to
mobilization is thus distinct from the effect of pharmacological transient inhibition of EGFR signaling induced by erlotinib in both bone
marrow stromal cells and HSPCs, which resulted in enhanced mobilization (Fig. 3f–h). The distinct outcomes of EGFR signaling pathways
in bone marrow stromal cells and HSPCs are further supported by
the finding that EGFR expression in C57BL/6 CD45–Ter119− bone
marrow stromal cells, in contrast to HSPCs, was not altered by G-CSF
(Fig. 1e and Supplementary Fig. 7a); that inhibition of G-CSF–induced
mobilization by EGF did not result in an altered percentage of bone
marrow stromal cells (Supplementary Fig. 7b); and that the expression of CXCL12, integrins α4 and α5, vascular cell adhesion molecule-1
(VCAM-1) and CD44 in stromal cells was not different in mice treated
with G-CSF plus EGF compared to G-CSF alone (Supplementary
Fig. 7b–f and data not shown)1,25,32,33.
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To unequivocally determine whether Cdc42 is necessary for altering
mobilization upon EGFR signaling, we induced mobilization in mice
that were selectively deficient in Cdc42 in bone marrow cells including HSPCs. G-CSF–induced mobilization was significantly enhanced
in mice reconstituted with Cdc42−/− bone marrow cells compared to
mice reconstituted with WT control bone marrow cells (Fig. 4h,i,
P = 0.03), and, similarly to data obtained in wa2/+ mice, mobilization of Cdc42−/− HPCs was not significantly inhibited by EGF, unlike
WT control cells (Fig. 4h,i). Consistent with these data, experiments
employing a small molecule inhibitor of Cdc42 activity also suggested
that erlotinib increases mobilization by reducing Cdc42 activity (W.L.,
L. Wang, X. Shang, M.A.R., F. Marchioni et al., unpublished data).
These data indicate that EGF-EGFR signaling affects mobilization
through modulation of Cdc42 activity.
Last, to investigate the role of Cdc42 in our genetic model of
interstrain differences in mobilization, we determined the amount
of active Cdc42 in G-CSF–treated C57BL/6 and line 1804 congenic
mice. Cdc42 activity in LDBM cells was increased in G-CSF–treated
C57BL/6 mice relative to untreated mice, whereas it was not altered
in 1804 mice (Fig. 4j), suggesting that one mechanism of enhancing
G-CSF–induced mobilization is through reduction of the amount of
active Cdc42.
Mobilization of HSPCs is a quantitative trait, and the mechanisms
responsible for the variability in mobilization observed in patients
are unclear34,35. Using a forward genetic approach, our data demonstrate a role for EGFR signaling in regulating mobilization, in part
by regulating Cdc42 activity. The expression of the human EGFR
protein is determined primarily by the abundance of its mRNA,
which correlates with allelic polymorphisms36. Owing to an absence
of definitive data on DNA polymorphisms and their functional relevance for the EGFR region in the mouse, both changes in EGFR
expression as well as differences in EGFR activity might be responsible for the effects on mobilization in our genetic model system.
Our data do not exclude that additional genes in the interval on
chromosome 11, such as C1d, might further regulate mobilization
by as yet unknown mechanisms.
Our data support a model in which relative changes in Cdc42
activity in response to EGF or erlotinib, with respect to the
elevated baseline level set by G-CSF, are responsible for alterations in mobilization. Although our data point to effects on mobilization via the EGFR-Cdc42 pathway, the activation status of
Cdc42 itself is not an indicator for general mobilization efficiency and has to be interpreted within the cellular and molecular
context. This view is also supported by the overall context-dependent role of Cdc42 activity in hematopoiesis, as, in addition to our
data, previous studies have shown that both the absence of Cdc42
activity in the knockout mouse model as well as elevated Cdc42
activity in aged mice correlate with elevated numbers of HSPCs in
peripheral blood 11,21,37,38. Our data demonstrate that pharmacological inhibition of EGFR signaling enhances stem cell mobilization, suggesting that therapeutic application of EGFR inhibition
might improve G-CSF–induced HSPC mobilization and stem cell
therapy outcomes.
Methods
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturemedicine/.
Accession codes. Microarray data has been deposited in the Array
Express database with accession code E-MEXP-2911.
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Mice. C57BL/6 mice (6–8-weeks-old) were obtained from the US National
Cancer Institute, and congenic and subcongenic mice were obtained from
laboratory stocks. Mice were housed in the animal barrier facility at CCHMC.
C57BL/6.SJL(BoyJ) mice were obtained from the divisional stock (derived from
mice obtained from the Jackson Laboratory) or from the US National Cancer
Institute (C57BL/6 Ly5.2Cr). Waved-2 mice (wa2/+) were obtained from
Jackson Laboratories and housed in the animal barrier facility at CCHMC.
Mx-1-Cre;Cdc42flox/flox mice were generated as previously described39. The
Mx-1-Cre;Cdc42flox/flox mice had a mixed 129/C57BL/6 background and were
then crossed to C57BL/6 mice for at least three generations in pathogen-free
conditions. All mouse studies were approved by the Institutional Animal Care
and Use Committee at CCHMC.
Mobilization. Mobilization was induced by treating mice with human G-CSF
(Amgen) at 12.5 μg ml−1 in PBS containing 0.1% BSA and administered intraperitoneally at 100 μg per kg body weight per day once a day for 5 d, and the
mice were analyzed on day 6. Mouse recombinant EGF (0.2–3.6 μg per g body
weight) (PeproTech) was dissolved in PBS and administered intraperitoneally on
the last day of the G-CSF regimen. Erlotinib (2.5–100 mg per kg body weight)
(OSI Pharmaceuticals) was dissolved in methylcellulose and administered by
gavage on days 3, 4 and 5 of the G-CSF regimen.
Colony forming cell assays. 150 μl of peripheral blood was added to HBSS
and mixed with 4 ml of methylcellulose (Stem Cell Technologies) containing
50 ng ml−1 recombinant mouse stem cell factor, 10 ng ml−1 recombinant mouse
interleukin-3 and 10 ng ml−1 recombinant human interleukin-6 (PeproTech)
and incubated at 37 °C. Samples were plated in triplicate in six-well plates
(Falcon) and, between days 7 and 10 after plating, colonies with more than 50
cells were counted. CFC counts were also determined in spleen (1 × 105) by
the same protocol.
Transplantation. For competitive transplants, peripheral blood–derived cells
or bone marrow collected from the tibiae and femurs of 6- to 8-week-old mice
(donor) and C57BL/6.SJL(BoyJ) (competitor) mice were transplanted into BoyJ
recipient mice (2 × 106 cells of each competitor and donor) that had been lethally
irradiated with a total dosage of 11.75 Gy (7-Gy and 4.75-Gy doses, 4 h apart).
Cells were subsequently transplanted into the retro-orbital sinus in a volume of
200 μl in Iscove’s modified Dulbecco’s medium (IMDM) containing 2% FCS.
Eight weeks after transplantation, the chimerism of the peripheral blood was
analyzed by flow cytometry of a panel of markers consisting of CD45.2 and
B220 for B cells, CD3ε for T cells and Mac-1 and Gr-1 combined for the myeloid
lineage cells.
RU values were calculated according to a previously published method40. To
generate mice with a hematopoietic system devoid of Cdc42, bone marrow (4 ×
106 cells) from Mx1-Cre;Cdc42flox/flox mice was injected into the tail vein of
lethally irradiated recipient C57BL/6.SJL/BoyJ mice. Eight weeks after transplantation, peripheral blood chimerism was analyzed by flow cytometry. Mice
with <95% donor reconstitution were not further studied. Mice were consecutively treated with three doses of sterile polyinosinic-polycytidylic acid (polyI:C;
Amersham) every other day at 10 μg per g body weight to induce Cdc42 deletion. Complete (>95%) deletion of the cdc42 gene in hematopoietic cells was
confirmed by PCR analysis, as previously publishedco.
Flow cytometry. Immunostaining and flow cytometry analyses were performed
according to standard procedures and analyzed on a FACSCanto flow cytometer
(BD Biosciences). Monoclonal antibodies to Ly5.2 (clone 104, BD Biosciences,
FITC conjugated) and Ly5.1 (clone A20, BD Biosciences, phycoerythrin (PE)
conjugated) were used to distinguish donor from recipient and competitor
cells. For lineage analysis in hematopoietic tissues, antibodies against CD3ε
(clone 145-2C11, PE-Cy7 conjugated), B220 (clone RA3-6B2, allophycocyanin
(APC) conjugated), Mac-1 (clone M1/70, APC-Cy7 conjugated) and Gr-1 (clone
RC57BL/6-8C5, APC-Cy7 conjugated, all from BD Biosciences) were used. Cell
cycle analysis was performed on cells isolated from mice 45 min after BrdU injection and analyzed according to the manufacturer’s protocol (BD Biosciences).
Cell surface receptor staining was performed with antibodies against CD49d
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(clone 9C10, PE conjugated), CD49e (clone 5H10-27 (MFR5), PE conjugated),
CD26 (clone H194-112, FITC conjugated) and antibody to CXCR4, (551966,
PE conjugated; all from BD Biosciences) and analyzed by flow cytometry.
Cobblestone-area forming cell adhesion assays. FBMD-1 cells were seeded in
IMDM supplemented with 15% FCS and 5% horse serum (Gibco) at a density
of 1,000 cells per well in a 96-well plate. Bone marrow cells were plated onto
the FBMD-1 stromal cell line using 3,000, 1,500, 750 or 375 cells per well (15
wells tested at each cell density) in CAFC medium (IMDM supplemented with
20% horse serum (Gibco) and 10−5 M hydrocortisone (Sigma)). To determine
progenitor cell adhesion, nonadherent cells were washed off the FBMD-1 stroma
after 2 h and fresh CAFC medium was added to each well. The frequency of total
and adherent HPCs was determined as the frequency of cobblestone areas 7 d
after initiation of the assay.
Quantitative reverse transcription PCR. EGFR mRNA abundance was determined by real-time RT-PCR using Taqman Universal PCR reagents (Applied
Biosystems, Assay ID Mm00433023_m1).
RT-PCR. Expression of EGFR ligands in total bone marrow was determined by RT-PCR using specific primers for the genes encoding EGF,
TGF-α, HB-EGF and betacellulin in cDNA isolated from total bone marrow. Amplification of mRNA encoding mouse EGFR ligands was performed
with the following primer sets: EGF sense 5-GAGAGGTGCAGGACCT
G-3′ and antisense 5′-CACCAATTGCTGGTGATTTG-3′; TGF-α sense
5′-TGTGTGATAAAGCTGCCTGC-3′ and antisense 5′-CACCCTTTGAGGTTC
GTGT-3′; HB-EGF sense 5′-ATAGCTTTGCGCTGTGACCT-3′ and antisense
5′-CACACTCTTTGGTCCCACCT-3′; betacellulin sense 5′-GGAACCTG
AGGACTCATCCA-3′ and antisense 5′-GAGCCATTGGTTTCTGGTGT-3′.
Rho-GTPase effector domain pull-down assays. Relative levels of GTPbound Rac1, Rac2 and Cdc42 were determined by effector pull-down assays.
Briefly, low-density bone marrow cells (1 × 107 cells from the upper layer
of a Ficoll gradient (density of 1.083, Sigma)) were lysed in an Mg2+ lysiswash buffer (Upstate Cell Signaling Solutions) containing 10% glycerol,
25 mM sodium fluoride, 1 mM sodium orthovanadate and a protease inhibitor
cocktail (Roche Diagnostics). Samples were incubated with PAK-1 binding
domain–conjugated agarose beads (Upstate Biotech) and bound (activated)
as well as unbound (nonactivated) Rho GTPases were detected by immunoblotting with antibodies specific for Rac1 (clone 23A8, Upstate), Rac2 (catalog
number NB100-883, Novus Biologicals) and Cdc42 (catalog number 05-542,
Upstate). The abundance of protein in the activated state was normalized to
the abundance of β-actin (clone AC-15, Sigma), and the relative amount was
quantified by densitometry.
Flow cytometric analysis of bone marrow stromal cells. The frequency of
nonhematopoietic cells containing osteoblasts, mesenchymal cells and progenitors was quantified by flow cytometry analysis on CD45−Ter119− bone
marrow cells, using APC-conjugated antibody to CD45 (clone 30-F11) and
APC-conjugated antibody to Ter119 (clone Ter-119), from e-Bioscience. For
quantification of CXCL12-expressing cells, rabbit antibody to mouse CXCL12
(ab25117, Abcam) was used, followed by incubation with donkey rabbit-specific
antibody conjugated to PerCP-Cy5.5 (Santa Cruz, sc-45106). In addition, expression of integrin α4 (clone 9C10), integrin α5 (clone 5H10-27 MFR5), CD44
(clone IM7) and VCAM-1 (clone 429 MVCAM.A) was analyzed by determining
the mean fluorescence intensity ratio compared to the isotype control fluorescence gated on CD45−Ter119− bone marrow cells. Antibodies were obtained
from BD Biosciences unless otherwise stated.
Mesenchymal progenitor cell assay. For the determination of the frequency
of colony-forming units of fibroblasts, bone marrow cells were plated in 1 ml
of medium containing IMDM, 30% of mesenchymal-selected FCS (Stem Cell
Technologies), 10 ng ml−1 recombinant mouse EGF, 10 ng ml−1 human plateletderived growth factor-BB and 40% of Methocult (Stem Cell Technologies) supplemented with 2 mM l-glutamine, 100 U ml−1 penicillin and 100 mg ml−1
streptomycin (Euroclone). Dishes were cultured for 12 d at 37 °C, 5% CO2 and
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100% humidity. Adherent cell clusters were stained with Diff-Quick (Fisher
Scientific) and clusters containing >50 cells were counted.

Statistical analyses. A paired Student’s t test was used to determine the significance of the difference between means of two groups. We used one-way analysis
of variance to compare means among three or more independent groups. We
applied a Newman-Keuls post hoc test with Prism4 whenever we conducted
multiple comparisons. Values were considered significant when P < 0.05.
Additional methods. Detailed methodology is described in the Supplementary
Methods.
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Whole-genome expression analysis. RNA from sorted Lin−c-Kit+ cells was
obtained with the Qiagen RNAase micro kit according to the manufacturer’s protocol. RNA was subsequently amplified and labeled by the CCHMC Affymetrix
core facility and reverse transcribed using a Nugene kit according to the manufacturer’s protocol. Labeled cDNA was then hybridized to an MOE430 array
(Affymetrix), and raw expression data were collected. Affymetrix .CEL files
of the respective microarrays were imported into the statistical programming
language R (http://www.r-project.org/) using the Affy Bioconductor (http://
www.bioconductor.org/) package. The data were then preprocessed (background corrected, log2-transformed, quantile-normalized and summarized)
by the rma function of the Affy package. The probe sequences were filtered
and regrouped during summarization according to RefSeq annotation with
custom chip description files (.CDF) for the MOE430 array provided by the
Molecular and Behavioral Neuroscience Institute of the University of Michigan
(Microarray Lab) (http://brainarray.mbni.med.umich.edu/Brainarray/Database/
CustomCDF/genomic_curated_CDF.asp). Differential expression between

C57BL/6 and DBA/2 mice of the 11 transcripts contained in the chromosome
11 interval was tested with a two-tailed t test for two samples with unequal variance (Welch’s t test) without multiple testing correction.
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