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Mature hematopoietic cells develop from he-

matopoietic stem cells (HSCs) through a hier-

archically organized process that produces 

increasingly lineage-restricted cells with de-

creasing self-renewing capacity (Bryder et al., 

2006). Although HSCs and committed progen-

itors possess the ability to mature into multiple 

hematopoietic lineages, HSCs are unique in 

their long-term self-renewal capacity, which is 

highly associated with their relative quiescent 

nature (Wilson et al., 2008; Foudi et al., 2009; 

van der Wath et al., 2009). Previous studies have 

identi�ed numerous cell-intrinsic factors in-

volved in regulating HSC function, including 

the cell surface protein tyrosine kinase c-Kit, 

which interacts with its cognate ligand, stem 

cell factor (SCF), to regulate HSC self-renewal 

(Sharma et al., 2007; Thorén et al., 2008;  

Waskow et al., 2009; Wilson et al., 2009).

c-Kit signaling plays a critical role in reg-

ulating HSC function. For instance, mice 

harboring loss-of-function mutations in c-Kit 

exhibited reductions in HSC number and CFU-

spleen (McCulloch et al., 1964; Yee et al., 1994; 

Miller et al., 1996). In vivo treatment of 

mice with an anti–c-Kit monoclonal anti-

body (ACK2) that blocks the interaction be-

tween c-Kit and SCF promoted clearance of 

HSCs from the bone marrow, supporting the 

critical role of c-Kit–SCF interactions in pro-

moting HSC self-renewal (Shiohara et al., 

1993; Czechowicz et al., 2007). In contrast, 

mice bearing c-kit gain-of-function mutations 

exhibited a marked expansion of myeloid cells 

compatible with a myeloproliferative disor-

der (Bosbach et al., 2012). Also, mice with loss-

of-function mutations of c-Cbl, an E3 ubiquitin 
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Hematopoietic stem cells (HSCs) are heterogeneous with respect to their self-renewal, 

lineage, and reconstitution potentials. Although c-Kit is required for HSC function, gain 

and loss-of-function c-Kit mutants suggest that even small changes in c-Kit signaling 

profoundly affect HSC function. Herein, we demonstrate that even the most rigorously 

de�ned HSCs can be separated into functionally distinct subsets based on c-Kit activity. 

Functional and transcriptome studies show HSCs with low levels of surface c-Kit expression 

(c-Kitlo) and signaling exhibit enhanced self-renewal and long-term reconstitution poten-

tial compared with c-Kithi HSCs. Furthermore, c-Kitlo and c-Kithi HSCs are hierarchically 

organized, with c-Kithi HSCs arising from c-Kitlo HSCs. In addition, whereas c-Kithi HSCs 

give rise to long-term lymphomyeloid grafts, they exhibit an intrinsic megakaryocytic 

lineage bias. These functional differences between c-Kitlo and c-Kithi HSCs persist even 

under conditions of stress hematopoiesis induced by 5-�uorouracil. Finally, our studies 

show that the transition from c-Kitlo to c-Kithi HSC is negatively regulated by c-Cbl. Over-

all, these studies demonstrate that HSCs exhibiting enhanced self-renewal potential can be 

isolated based on c-Kit expression during both steady state and stress hematopoiesis. 

Moreover, they provide further evidence that the intrinsic functional heterogeneity pre-

viously described for HSCs extends to the megakaryocytic lineage.
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c-Kit+ Sca-1+ CD150+ CD34), we assessed the proliferative 

capacity and colony-forming ability of 100 double FACS-sorted 

c-Kithi and c-Kitlo HSCs seeded into cytokine-supplemented 

liquid cultures or methylcellulose media. To obtain pure and 

distinct populations of HSCs, we gated the top 30% and bot-

tom 30% of c-Kit expressors (Fig. 1 A and Fig. S1). After 7 d, 

mature hematopoietic cell output and colony types were 

evaluated. In liquid culture, c-Kithi HSCs produced 6.5-fold 

more cells than c-Kitlo HSCs (Fig. 1 B; P < 0.01). To con�rm 

the di�erence in the cell division kinetics of c-Kithi and  

c-Kitlo HSCs, we used HSCs isolated from mice expressing 

tetracycline-inducible GFP-labeled histone 2B (TetOP-H2B-

GFP), which allows the monitoring of cell division kinetics 

by measuring the rate of GFP dilution by �ow cytometry 

(Foudi et al., 2009). 1,200 c-Kithi and c-Kitlo HSCs from doxy-

cycline-treated TetOP-H2B-GFP mice were sorted into  

doxycycline-free media supplemented with complete cyto-

kines. After 5 d of culture, c-Kithi HSCs expressed 2.3-fold 

lower mean �uorescence intensity (MFI) of GFP than c-Kitlo 

HSCs (Fig. 1, C and D).

We next evaluated the di�erentiation kinetics and colony-

forming ability of c-Kitlo and c-Kithi HSCs. After 5 d in cyto-

kine-supplemented liquid culture, c-Kithi HSCs produced 

3.3-fold more LinSca-1c-Kit+ (LSK+) myeloid progeni-

tors and 1.9-fold fewer Lin Sca-1+ c-Kit+ (LS+K+) cells 

compared with c-Kitlo HSCs (P = 0.0073 and 0.02, respec-

tively; Fig. 1 E), suggesting that c-Kithi HSCs di�erentiate 

more rapidly than c-Kitlo HSCs. Although c-Kithi and c-Kitlo 

HSCs produced comparable frequencies of early myeloid/

erythroid precursors such as pregranulocyte-macrophage pre-

cursors (preGM) and preCFU erythroid precursors (preCFUe; 

not depicted), c-Kithi HSCs produced higher frequencies of 

precursors with megakaryocytic potential, including 1.5-fold 

more premegakaryocyte/erythroid progenitors (preMegE) in 

addition to 2.4-fold more committed megakaryocyte pro-

genitors (MkP; Fig. 1 F; Pronk et al., 2007). Consistent with 

more rapid di�erentiation kinetics of c-Kithi HSCs, c-Kithi 

HSCs produced 3.7-fold more colonies than c-Kitlo HSCs 

after 7 d in methylcellulose media (P < 0.01; Fig. 1 G), but 

after 14 d c-Kithi HSCs produced 1.3-fold fewer colonies. 

Furthermore, c-Kithi HSCs produced 1.7-fold more colonies 

derived from lineage-restricted progenitors (CFU-GM,  

CFU-G, and CFU-M), but 3.3-fold fewer colonies from multi-

potent progenitors (CFU-GEMM; Fig. 1 H). When 100,000 

cells from the primary methylcellulose cultures were second-

arily plated, c-Kitlo HSCs produced 5.3-fold more colonies 

than c-Kithi HSCs (P < 0.05; Fig. 1 G). These results show that 

c-Kithi HSCs proliferate and terminally di�erentiate more 

rapidly than c-Kitlo HSCs and exhibit reduced replating e�-

ciency. Consistent with these studies, c-Kithi HSCs from freshly 

isolated, wild-type bone marrow showed evidence of increased 

cell cycling and were 2.4-fold enriched for cells in the G2/S/

M phases of the cell cycle in comparison to c-Kitlo HSCs  

(P = 0.001; Fig. 1 I). Together, these data indicate that c-Kithi 

HSCs proliferate and di�erentiate more rapidly than c-Kitlo 

HSCs and that they preferentially adopt megakaryocytic fates.

ligase that produces a negative feedback response to c-Kit sig-

naling, exhibited a mild myeloproliferative disorder (Zeng  

et al., 2005; Masson et al., 2006; Rathinam et al., 2008), under-

scoring the consequences of constitutive c-Kit signaling on 

HSC/progenitor proliferation and/or commitment. Collec-

tively, these �ndings indicate that marked alterations in c-Kit 

signaling result in dramatic HSC phenotypes, but it is not 

clear whether the variation in c-Kit activity in normal HSCs 

results in varying functional consequences for HSCs.

Advances in cell sorting techniques have enabled the pu-

ri�cation of HSCs to near homogeneity such that 10 out of 

13 of these cells can long-term reconstitute myeloablated 

mice at a single-cell level (Lineage c-Kit+ Sca-1+ CD150+ 

CD34; (Morita et al., 2010)). Additionally, HSC populations 

negative for Flk2, CD48, and CD41 or low in rhodamine stain-

ing are further enriched for self-renewing cells (Christensen 

and Weissman, 2001; Kiel et al., 2005; Weksberg et al., 2008). 

Genetic tracing and single-cell HSC transplants have shown 

that immunophenotypically de�ned populations of HSCs are 

functionally heterogeneous, di�ering with respect to various 

properties including cell cycling status, engraftment capacity, 

lineage bias, and self-renewal potential (Müller-Sieburg et al., 

2002; Dykstra et al., 2007; Gerrits et al., 2010). These �ndings 

underscore the need for improving methods to prospectively 

isolate functionally distinct HSC subtypes to better character-

ize the molecular basis of their di�erences.

Highly puri�ed normal HSCs (Lineage c-Kit+ Sca-1+ 

CD150+ CD34 Flk2 CD48 CD41) express a log-fold 

range in cell surface c-Kit levels. Given the importance of  

c-Kit signaling in HSC maintenance and the dramatic pheno-

types induced when the pathway is perturbed, we hypothe-

sized that di�erences in c-Kit signaling would result in 

di�erential HSC function and identify functionally distinct 

classes of HSCs. Our data indicate that even the most en-

riched HSC populations can be fractionated based on cell 

surface c-Kit expression levels, with c-Kitlo HSCs exhibiting 

enhanced self-renewal and long-term reconstitution potential 

compared with c-Kithi HSCs. Functional studies both in vitro 

and in vivo demonstrate that HSCs with higher levels of  

c-Kit signaling preferentially di�erentiate into megakaryocytes, 

a previously unappreciated lineage bias found within the pur-

est HSCs. We also show that the ability of c-Kit expression 

levels to distinguish these HSC subtypes is preserved even in 

the context of bone marrow insult, indicating that c-Kit signal-

ing is not stochastic, but instead represents a precisely regulated 

signaling pathway required for physiologically appropriate 

HSC function. Finally, we show that the transition from c-Kitlo 

to c-Kithi HSCs is negatively regulated by c-Cbl, an E3 ubiq-

uitin ligase, to ensure proper control over the composition of 

functionally distinct HSC subtypes.

RESULTS
Expansion potential and proliferation  
of HSCs vary based on c-Kit levels
To determine whether di�erential expression of c-Kit on 

HSCs can identify functionally distinct HSCs (Lineage  

http://www.jem.org/cgi/content/full/jem.20131128/DC1
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transplanted with c-Kitlo HSCs exhibited increasing periph-

eral blood donor CD45 chimerism levels from 4 to 16 wk 

after transplant (34.9–78.8%), c-Kithi HSC-transplanted mice 

did not exhibit a signi�cant increase in chimerism during the 

same time period (30.7–21.6%). By week 16 after transplant, 

chimerism levels of all lineages were signi�cantly lower in 

mice transplanted with c-Kithi HSCs compared with c-Kitlo 

HSC-transplanted mice (B cells: 23.89 vs. 80.97%, P = 0.0003; 

T cells: 18.22 vs. 59.54%, P = 0.0007; granulocytes: 18.01 vs. 

83.99%, P < 0.0001), consistent with a long-term engraft-

ment defect.

Although peripheral blood granulocyte chimerism is gen-

erally considered a good indicator of HSC chimerism, it is 

not clear whether fractionating HSCs based on c-Kit expression 

might enrich for lineage-biased HSCs, thereby providing a 

c-Kithi HSCs exhibit poor engraftment potential
Given the correlation between HSC function and quiescence, 

we hypothesized that the more proliferative c-Kithi HSCs 

would exhibit poorer reconstitution potential than c-Kitlo 

HSCs (Glimm et al., 2000; Passegué et al., 2005; Wilson et al., 

2008; Foudi et al., 2009; van der Wath et al., 2009; Pietras  

et al., 2011). To characterize the engraftment potential of c-Kithi 

and c-Kitlo HSCs, 400 cells of each HSC subset (CD45.2+) 

were competitively transplanted with 300,000 competitor 

bone marrow cells (CD45.1+) into lethally irradiated, con-

genic recipients (CD45.1+). Peripheral blood chimerism  

levels were assessed each week after transplantation. Mice 

transplanted with c-Kitlo and c-Kithi HSCs exhibited compa-

rable total CD45 chimerism levels in the peripheral blood up 

to 4 wk after transplant (Fig. 2, A–D). However, whereas mice 

Figure 1. Differential expression of c-Kit 
subdivides HSCs into distinct populations.  
(A) c-Kithi and c-Kitlo HSCs were de�ned as the 

top 30% or lowest 30% of c-Kit expressors, 

respectively, among immunophenotypically 

de�ned HSCs (Lin c-Kit+ Sca-1+ SLAM+ CD34). 

(B) c-Kithi and c-Kitlo HSCs were double FACS-

sorted into liquid culture media supplemented 

with differentiation-inducing cytokines. After  

5 d in culture, total cell output was quanti�ed 

using a hemocytometer. (C) TetOP-H2B.GFP mice 

were given doxycycline-treated water for 6 wk 

before experimentation. 100 TetOP-H2B.GFP+  

c-Kithi or c-Kitlo HSCs were double FACS-sorted 

into cytokine supplemented liquid culture. After 

5 d, label retention by c-Kit+ (green), c-Kitlo 

(blue), and c-Kithi (red) HSCs was measured by 

�ow cytometry. (D) The GFP mean �uorescence 

intensity (MFI) in c-Kitlo and c-Kithi HSCs was 

quanti�ed. (E) Differentiation kinetics were as-

sessed by determining the cellular composition 

of progeny derived from HSCs using �ow cy-

tometry after 5 d in liquid culture. (F) Develop-

ment of mature progenitors by C57BL/6 c-Kithi 

and c-Kitlo HSCs was assessed by �ow cytometry 

after 5 d in culture (preGM, LSK+ CD41 

CD16/32 CD105 CD150; preCFUe, LSK+ 

CD41 CD16/32 CD105+ CD150+; preMegE, 

LSK+ CD41 CD16/32 CD105 CD150+; 

MkP, LSK+ CD41+ CD150+). (G) 100 c-Kithi and 

c-Kitlo HSCs were double FACS-sorted into cyto-

kine supplemented methylcellulose media, and 

total colony output was scored at indicated time 

points. After 14 d of primary culture, 100,000 

cells from each culture were replated into fresh 

methylcellulose media. (H) Colony types were 

scored in primary and secondary colony assays 

after 14 d in culture. (I) Cell cycle analysis of 

freshly isolated bone marrow was performed 

using Ki67 and Hoechst 33342, and positive 

gates were drawn based on isotype controls. 

Results are representative of three independent 

experiments, and shown as mean ± SEM. n = 4–5 

mice. *, P < 0.05; **, P < 0.01; ***, P < 0.0001.
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secondary recipients with 300,000 competitor recipient mar-

row cells. 16 wk after secondary transplant, peripheral blood 

donor CD45 chimerism levels were 5.6-fold higher in second-

ary recipients transplanted with c-Kitlo LS+K+ cells com-

pared with c-Kithi LS+K+ cells (P = 0.005; Fig. 2 H). To 

con�rm the di�erence in the self-renewal properties of c-Kitlo 

and c-Kithi HSCs, 400 Slam+ CD34 HSCs were puri�ed 

from a separate cohort of primary recipients transplanted with 

either c-Kithi or c-Kitlo HSCs, and these cells were trans-

planted into lethally irradiated, secondary recipients. At week 

16, donor HSC chimerism levels in secondary recipients 

were 7.8-fold higher in recipients receiving HSCs from  

c-Kitlo HSC primary recipients than c-Kithi HSC primary 

recipients (P = 0.0013; Fig. 2 I). These results are consistent 

skewed view of HSC engraftment potential. Thus, we di-

rectly assessed HSC chimerism of transplanted recipients by 

�ow cytometry. Bone marrow aspirations performed at weeks 

7 and 18 after transplant revealed stable donor HSC chime-

rism levels with no signi�cant changes in mice transplanted 

with c-Kitlo HSCs, whereas HSC chimerism signi�cantly de-

creased in c-Kithi HSC-transplanted mice (Fig. 2, E and F). 

Similarly, mice transplanted with c-Kitlo HSCs maintained 

high multipotent progenitor (MPP; LS+K+ CD34+) chimerism 

levels, whereas MPP chimerism levels decreased in c-Kithi 

HSC-transplanted mice (Fig. 2 G). To evaluate the self- 

renewal potential of transplanted HSCs, 400 donor LS+K+ 

cells were puri�ed from primary c-Kithi and c-Kitlo HSC en-

grafted recipients and were transplanted into lethally irradiated 

Figure 2. c-Kithi HSCs exhibit reduced 
engraftment potential. 400 c-Kithi and  

c-Kitlo HSCs were double FACS-sorted from 

3-mo-old C57BL/6 (CD45.2+) mice and com-

petitively transplanted into lethally irradi-

ated C57BL/6.SJL (CD45.1+) recipients with 

300,000 recipient-type bone marrow cells. 

Donor CD45+ (A), Gr1+Mac1+ granulocyte (B), 

B220+ B cell (C), and CD3+ T cell chimerism 

(D) levels were evaluated in the peripheral 

blood of primary recipients at the indicated 

time points. Each data point represents an 

individual recipient. (E) At week 18 after 

transplant, bone marrow cells from primary 

recipients were harvested, and donor HSC (F) 

and MPP (LS+K+ CD34+; G) chimerism levels 

were compared with bone marrow aspirates 

drawn at week 7 after transplant. (H) 400 

donor LS+K+ cells were double FACS-sorted 

from recipients of c-Kithi or c-Kitlo HSCs and 

competitively transplanted into secondary, 

lethally irradiated recipients with 300,000 

recipient-type bone marrow cells. Donor 

CD45 chimerism levels in the peripheral 

blood of secondary recipients were mea-

sured. (I) 400 donor LS+K+ Slam+ CD34 

HSCs were double-FACS sorted from an in-

dependent cohort of primary recipients that 

received c-Kithi or c-Kitlo HSCs, and then 

competitively transplanted into secondary, 

lethally irradiated recipients with 300,000 

recipient-type marrow. Donor HSC chime-

rism levels in the bone marrow of secondary 

recipients were measured. (J) 600 pCxeGFP+ 

c-Kitlo and c-Kithi HSCs were double FACS-

sorted and transplanted into lethally irradi-

ated mouse recipients. The total number  

of bone marrow lodged donor HSCs was 

evaluated 24 h after transplant. (K) qPCR  

of mRNA transcripts isolated from 2,000 

double-sorted c-Kithi or c-Kitlo HSCs.  

Results are representative of at least two 

independent experiments, and shown as 

mean ± SEM. n = 7–9 mice. *, P < 0.05; 

**, P < 0.01; ***, P < 0.0001.
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progenitors with gradually decreasing self-renewal capacity 

(Pronk et al., 2007; Laurenti and Dick, 2012). Because c-Kitlo 

HSCs exhibit signi�cantly higher self-renewal capacity com-

pared with c-Kithi HSCs, we hypothesized that c-Kitlo HSCs 

are more primitive than c-Kithi HSCs and give rise to them. 

Assessment of c-Kit levels on c-Kitlo or c-Kithi HSCs after 24 h 

in liquid culture revealed that 62% of c-Kitlo HSCs acquired 

expression of c-Kit to levels comparable to those of c-Kithi 

HSCs before culture, whereas c-Kithi HSCs maintained their 

surface levels of c-Kit (P = 0.00002; Fig. 3, A and B). Consistent 

with this �nding, when c-Kitlo and c-Kithi HSCs were com-

petitively transplanted and c-Kit surface levels were assessed 

on long-term engrafted HSCs, c-Kit expression on donor 

c-Kitlo HSCs increased (MFI of 1,203 to 2,563; P = 0.02), 

whereas c-Kit expression levels on donor-cKithi HSCs did not 

signi�cantly change (Fig. 3 C). These results are consistent with 

a model in which c-Kitlo HSCs give rise to c-Kithi HSCs.

c-Kithi HSCs exhibit a megakaryocytic lineage bias
HSCs exhibit cell-intrinsic biases toward the lymphoid or my-

eloid lineages, and lineage-biased HSCs may be prospectively 

isolated on the basis of cell surface markers or di�erential drug 

e�ux potential (Uchida et al., 2003; Dykstra et al., 2007; 

Weksberg et al., 2008; Beerman et al., 2010; Pang et al., 2011). 

Because levels of CD150 distinguish HSCs with myeloid (high 

CD150) or lymphoid (low CD150) biased di�erentiation, we 

measured surface CD150 levels on c-Kithi and c-Kitlo HSCs, 

and found no di�erence in CD150 expression (Fig. 4 A). Con-

sistent with this result, transplanted c-Kithi and c-Kitlo HSCs 

produced comparable frequencies of mature lymphocytes and 

granulocytes/monocytes in the peripheral blood of primary 

recipients up to 16 wk after transplant (Fig. 4 B).

Although our in vitro assays indicated that c-Kithi HSCs 

give rise to increased numbers of megakaryocytes, they did 

not distinguish whether this was caused by increased prolifer-

ation of megakaryocyte-committed precursors or increased 

with the decreased in vitro colony replating activity of c-Kithi 

HSCs compared with c-Kitlo HSCs, and con�rm that c-Kithi 

HSCs exhibit reduced self-renewal capacity.

The mechanisms underlying the di�erences in long-term 

reconstitution capacity of c-Kithi and c-Kitlo HSCs could also 

include de�ciencies in homing to the bone marrow niche. 

Because the levels of peripheral blood myeloid chimerism from 

c-Kithi and c-Kitlo HSC transplants were not signi�cantly dif-

ferent in primary recipients during the �rst 4 wk (Fig. 2 B), 

these �ndings strongly argue against a homing de�ciency. 

Nonetheless, to assess homing potential directly, we performed 

bone marrow homing assays by transplanting c-Kithi and  

c-Kitlo HSCs into lethally irradiated recipients. Evaluation of 

the bone marrow 24 h later revealed no statistically signi�cant 

di�erence in the number of c-Kithi and c-Kitlo HSCs present 

in the bone marrow, further supporting that di�erential hom-

ing of c-Kithi and c-Kitlo HSCs is not the reason for the ob-

served di�erences in long-term engraftment (Fig. 2 J).

To better understand the molecular mechanisms under-

lying the functional di�erences between c-Kitlo and c-Kithi 

HSCs, we evaluated the expression levels of genes previously 

shown to regulate HSC function. Self-renewal potential is 

regulated by multiple transcription factors. For instance, the 

loss or gain of function of Bmi-1, NF-Ya, or certain HOX 

family genes is associated with premature HSC exhaustion or 

leukemogenesis, respectively (Rizo et al., 2006). qPCR anal-

ysis of transcripts isolated from double-FACS sorted c-Kithi 

and c-Kitlo HSCs revealed a 3 to eightfold reduction in the 

expression of Bmi-1, HoxA10, NF-Ya and HoxB4 (Fig. 2 K). 

This enrichment of genes that regulate self-renewal in c-Kitlo 

HSCs is consistent with their increased self-renewal and en-

graftment potential in vivo.

c-Kitlo HSCs and c-Kithi HSCs are hierarchically organized
The hematopoietic system is hierarchically organized, with 

HSCs di�erentiating into increasingly lineage committed 

Figure 3. Hierarchical organization of c-Kitlo and 
c-Kithi HSCs. (A) 100 c-Kitlo and c-Kithi HSCs were dou-

ble FACS-sorted into cytokine supplemented liquid cul-

ture using the depicted sorting gate (far left). After 24 h 

of culture, cells were restained and surface c-Kit expres-

sion was reevaluated to measure surface levels of c-Kit 

on c-Kitlo (middle) and c-Kithi (far right) HSCs. (B) The 

frequency of c-Kithi HSCs produced by c-Kitlo or c-Kithi 

HSCs was calculated by dividing the number of total 

c-Kithi HSCs in the well by the total number of HSCs 

remaining in each well. (C) Surface c-Kit expression on 

donor HSCs in recipient bone marrow at week 18 after 

transplant was compared with surface c-Kit expression 

on donor c-Kithi and c-Kitlo HSCs at the time of trans-

plant by �ow cytometry. Results are representative of 

four independent experiments. n = 7 mice.
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number of wells containing megakaryocytes after 5 d (Fig. 4 C). 

c-Kithi HSCs showed a statistically signi�cant increase in mega-

karyocyte production, with 45% of c-Kithi HSCs producing 

frequency of megakaryocyte-biased HSCs. Therefore, in two 

independent experiments we double FACS-sorted 10 single 

c-Kitlo or c-Kithi HSCs into liquid culture and counted the 

Figure 4. c-Kithi HSCs exhibit a megakaryocytic differentiation bias. (A) CD150 expression on c-Kithi and c-Kitlo HSCs from freshly isolated bone 

marrow cells was measured by �ow cytometry. (B) Donor leukocyte contributions to peripheral blood T cells (CD3+), B cells (B220+), and granulocytes 

(Gr1+Mac1+) was assessed by �ow cytometry in mice competitively transplanted with 400 c-Kithi or c-Kitlo HSCs. (C) Single c-Kithi or c-Kitlo HSCs were 

sorted into cytokine supplemented media and the number of individual HSCs that produced megakaryocytes was evaluated 7 d later. Light microscope 

images of representative wells are presented with arrows indicating megakaryocytes (left). Bars, 100 µm. c-Kithi HSCs gave rise to megakaryocytes in a 

statistically signi�cant manner compared with c-Kitlo HSCs (P = 0.002). Graphic depiction of the frequency of individual c-Kithi and c-Kitlo HSCs giving rise 

to megakaryocytes from two independent experiments (right). (D) Frequency of immunophenotypically de�ned myeloid progenitors arising from 400  

c-Kithi and c-Kitlo HSCs transplanted into lethally irradiated recipients 5 d after transplant. (E) Lethally irradiated mice were transplanted with 400 double-

sorted GFP+ c-Kithi or GFP+ c-Kitlo HSCs from pCxeGFP transgenic mice. Bone marrow of primary recipients was harvested at day 5 and 7 after transplant 

to evaluate early myeloid commitment and polyploid, CD41+ megakaryocyte maturation, respectively. (F) Donor platelet chimerism levels were evaluated 

in lethally irradiated mice competitively transplanted with 400 double FACS-sorted GFP+ c-Kithi or c-Kitlo HSCs with 300,000 recipient-type bone marrow 

cells. Numbers shown in red represent percent donor platelet chimerism. (G) The ratio of platelet production by donor c-Kithi HSCs was normalized to that 

of donor c-Kitlo HSC. (H) qPCR of mRNA transcripts isolated from 2,000 double-FACS sorted c-Kithi or c-Kitlo HSCs. Results are representative of two to 

three independent experiments and are shown as mean ± SEM. n = 4–6 mice. *, P < 0.05; **, P < 0.01.
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megakaryocytes, whereas only 5% of c-Kitlo HSCs produced 

megakaryocytes (P = 0.002).

To con�rm the in vitro megakaryocyte-biased fates of  

c-Kithi HSCs, we performed transplantation assays using 

HSCs from transgenic mice constitutively expressing GFP 

(pCxeGFP) to allow tracing of donor-derived platelets (Forsberg  

et al., 2006). Analysis of the bone marrow 5 d after transplanta-

tion of 400 HSCs and 300,000 competitor bone marrow cells 

into lethally irradiated mice revealed that GFP+ c-Kithi HSCs 

produced 2-fold more preMegE progenitors and twofold 

more MkP than GFP+ c-Kitlo HSCs (P = 0.03; Fig. 4 D; 

Pronk et al., 2007). In addition, c-Kithi HSCs produced sixfold 

fewer preCFU-E progenitors. To determine if c-Kithi HSCs 

produced functional, platelet-forming megakaryocytes, we as-

sessed polyploid megakaryocyte formation in the bone mar-

row of mice transplanted with GFP+ c-Kithi or c-Kitlo HSCs. 

At 7 d after transplant, c-Kithi HSCs produced 3.3-fold more 

polyploid (≥8n) CD41+ megakaryocytes than their c-Kitlo 

counterparts (P = 0.04; Fig. 4 E). Con�rming the platelet-

forming potential of HSC-derived megakaryocyte-commit-

ted progenitors as well as the more rapid di�erentiation 

kinetics of c-Kithi HSCs, transplanted c-Kithi HSCs gave rise 

to 9.1-fold more CD61+ platelets (P = 0.006) and reached 

maximum platelet output 2 d earlier than c-Kitlo HSCs (Fig. 4,  

F and G). However, c-Kitlo HSCs produced 2.9-fold more 

platelets than c-Kithi HSCs (P = 0.06) when assessed in long-

term grafts (day 66 after transplant), consistent with the im-

paired long-term lymphomyeloid reconstitution potential 

observed for c-Kithi HSCs.

To investigate the molecular basis of the functional di�er-

ences between c-Kithi and c-Kitlo HSCs, we measured the 

expression levels of genes that regulate commitment to the 

megakaryocytic lineage. Fli-1 binds Gata-1 and Fog-1 to co-

ordinately regulate the expression of genes essential for mega-

karyocyte maturation, including Cxcl4 (Platelet Factor 4) and 

Gpix (Glycoprotein 9; Iwasaki et al., 2006). Gata-2 is also in-

volved in megakaryocyte commitment, although it is most 

highly expressed in myelomonocytic progenitors. Consistent 

with their increased megakaryocytic potential, c-Kithi HSCs 

showed 2 to sixfold higher levels of Fli-1, Gata-1, Cxcl4, and 

Gpix expression than c-Kitlo HSCs (Fig. 4 H). Conversely,  

c-Kithi HSCs expressed lower levels of Gata-2, consistent with 

previous observations that high levels of Gata-1 directly re-

press Gata-2 expression. These results indicate that c-Kithi 

HSCs are primed to adopt megakaryocyte lineage fates.

5-Fluorouracil (5-FU) treatment enriches for c-Kitlo HSC
5-FU is a nucleotide analogue that induces death in rapidly 

dividing cells and therefore enriches the bone marrow for 

quiescent cell populations, including HSCs and immature he-

matopoietic progenitors (Katayama et al., 1993). Previous 

studies have shown that 5-FU treatment results in decreased 

c-Kit cell surface expression on LS+K+ cells, but whether or 

not these cells represent a speci�c HSC subtype was not de-

termined (Randall and Weissman, 1997). We used 5-FU treat-

ment to study whether stress-induced changes in c-Kit 

expression re�ect changes in the functional composition of 

HSCs. As c-Kithi HSCs are more proliferative than c-Kitlo 

HSCs, we hypothesized that 5-FU would preferentially induce 

apoptosis and di�erentiation of c-Kithi HSCs, causing a func-

tional enrichment of c-Kitlo HSCs in the marrow. To test this 

hypothesis, 100 c-Kit+, c-Kitlo, or c-Kithi HSCs were cultured 

in cytokine supplemented liquid culture media containing 5-FU 

(5ug/ml) or vehicle control. After 4 d, vehicle-treated c-Kit+ 

and c-Kitlo HSCs up-regulated c-Kit expression to levels sim-

ilar to those present on c-Kithi HSCs (88 and 84%, respec-

tively; Fig. 5 A). However, signi�cantly fewer 5-FU–treated 

c-Kit+ and c-Kitlo HSCs up-regulated c-Kit expression to  

c-Kithi levels (40 and 52%, respectively; P = 0.018 and 0.05). 

In contrast to 5-FU–treated c-Kit+ HSCs and c-Kitlo HSCs, 

c-Kithi HSCs retained high levels of c-Kit expression, 5-FU 

treatment induced eightfold greater cell death in c-Kithi HSCs 

than c-Kitlo HSCs (P = 0.014), and 5-FU–treated c-Kithi HSCs 

produced �vefold more LSK and LSK+ progenitors 

than 5-FU–treated c-Kitlo HSCs and c-Kit+ HSCs (P = 0.004 

and 0.04, respectively; Fig. 5, B and C). Together, these data 

demonstrate that 5-FU does not decrease c-Kit levels on c-Kithi 

HSCs and that 5-FU enriches for c-Kitlo HSC by preferen-

tially inducing apoptosis and di�erentiation in c-Kithi HSCs.

We next determined whether the c-Kitlo HSCs enriched 

in the bone marrow after 5-FU exhibit preserved functional 

properties similar to those observed in c-Kitlo HSCs from 

mice during steady-state hematopoiesis. As mice exhibit a 

maximum enrichment of c-Kitlo LS+K+ cells 3 d after 5-FU 

treatment (Randall and Weissman, 1997), we double FACS-

sorted 10 c-Kitlo or c-Kithi HSCs into cytokine-supplemented 

liquid culture media from mice treated with vehicle or 5-FU 

(167 mg/kg) at 3 d after treatment (Fig. 5 D). After 9 d in cul-

ture, c-Kithi HSCs from 5-FU–treated mice produced three-

fold more megakaryocytes (Lin CD41+) than c-Kitlo HSCs 

from 5-FU–treated mice (Fig. 5 E), consistent with our �nd-

ing that c-Kithi HSCs in untreated mice are megakaryocyte 

biased. Overall, these data demonstrate that the diminished  

c-Kit expression on HSCs in 5-FU–treated mice re�ects 

changes in the functional composition of HSCs, and that the 

change in expression in c-Kit on HSCs in the context of  

5-FU treatment is not a stochastically determined state.

Elevated c-Kit signaling is required for c-Kithi HSC function
The ability to enrich self-renewing HSCs on the basis of  

c-Kit expression suggests that even small changes in c-Kit 

signaling regulate the balance between HSC self-renewal and 

lineage commitment. Because SCF binding to c-Kit activates 

several signaling molecules involved in cell proliferation and 

cell fate decisions (Gotoh et al., 1996; Ryan et al., 1997), we 

assessed c-Kit signaling activity by measuring the levels of 

phosphorylated Stat5 and Stat3 in freshly isolated bone mar-

row by �ow cytometry. Consistent with their higher levels of 

c-Kit signaling, c-Kithi HSCs contained a twofold higher fre-

quency of cells expressing phosphorylated Stat5 and phos-

phorylated Stat3 than c-Kitlo HSCs (P = 0.02 and 0.02, 

respectively; Fig. 6, A and B).
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granulocyte-macrophage progenitors (GMPs; Fig. 6 F), imatinib 

treatment did induce a 2.4-fold decrease in the absolute number 

of megakaryocyte/erythroid progenitors (MEPs) in compari-

son to vehicle-treated controls (P = 0.04), thereby supporting 

a model in which the di�erentiation kinetics and megakaryo-

cyte-biased di�erentiation of c-Kithi HSCs depends on ele-

vated c-Kit signaling in vivo.

To con�rm that the megakaryocyte-biased di�erentiation 

of c-Kithi HSCs depends on c-Kit signaling, c-Kitlo and  

c-Kithi HSCs were cultured in cytokine supplemented media 

containing titrated amounts of SCF, and the total number of 

megakaryocytes produced was determined by light micros-

copy after 5. In the absence of SCF, c-Kithi HSCs produced 

5.5-fold more megakaryocytes than c-Kitlo HSCs (Fig. 6 G). 

However, c-Kithi HSCs produced 7-, 10-, and 14-fold more 

megakaryocytes than c-Kitlo HSCs when cultured with 0.3, 

0.6, and 1.0 ng/ml of SCF, respectively, indicating that in-

creasing concentrations of SCF preferentially induce increased 

megakaryocyte production in c-Kithi HSCs. Thus, mega-

karyocyte-biased di�erentiation of c-Kithi HSCs depends on 

c-Kit signaling.

Because imatinib is not entirely speci�c for c-Kit, we 

used a second, more speci�c approach to block c-Kit signal-

ing, using a monoclonal antibody (ACK2) that binds to c-Kit 

We next sought to determine if elevated levels of c-Kit 

signaling are required for the di�erentiation kinetics or mega-

karyocytic lineage bias of c-Kithi HSCs. We �rst tested whether 

transient inhibition of c-Kit signaling inhibits the proliferative 

capacity of c-Kithi HSCs by treating c-Kithi and c-Kitlo HSCs 

cultured in cytokine-supplemented liquid culture with vehi-

cle control or imatinib, a well-described inhibitor of c-Kit 

signaling (Agosti et al., 2004). To evaluate the e�ect of ima-

tinib on HSCs, and not downstream progenitors, we limited 

imatinib exposure to 24 h, a time period during which un-

treated HSCs exhibit minimal proliferation with only 1 of 20 

HSC dividing in that time period under similar culture con-

ditions (unpublished data). 7 d after imatinib was removed 

from the media, imatinib-treated c-Kithi HSCs produced  

2.7-fold fewer cells (P < 0.05; Fig. 6, C and D) and 3.3-fold 

fewer LSK+ progenitors compared with vehicle controls 

(Fig. 6 E). However, imatinib treatment did not signi�cantly 

a�ect the total cell output or di�erentiation of c-Kitlo HSCs 

into LSK+ cells.

To con�rm the e�ect of imatinib on HSCs in vivo, mice 

were given daily doses of imatinib (25 mg/kg) by intraperito-

neal injection for 7 d before analysis of bone marrow cells. 

Although imatinib treatment did not signi�cantly a�ect the 

absolute number of common myeloid progenitors (CMPs) or 

Figure 5. 5-Fluorouracil treatment preferentially 
eliminates c-Kithi HSCs and enriches for c-Kitlo HSCs 
with preserved function. (A) 100 c-Kitlo, c-Kithi, and 

total c-Kit+ HSCs were double FACS-sorted into cytokine-

supplemented media with 5-FU or vehicle controls. The 

percent of c-Kithi or c-Kitlo HSCs (out of total 

LS+K+CD150+CD34 HSCs remaining in the well) was 

assessed after 48 h by �ow cytometry. (B) Total cell 

counts remaining after 5-FU treatment were measured 

manually using a hemocytometer. (C) The frequency of 

mature progenitors (LSK+ and LSK) cells produced 

after 4 d of culture was measured by �ow cytometry. 

(D) Representative plot of c-Kit expression changes on 

HSCs after in vivo 5-FU treatment (167 mg/kg) at 3 d 

after treatment. (E) Megakaryocyte production from 10 

c-Kithi and c-Kitlo HSCs isolated from vehicle or 5-FU–

treated mice were assessed by �ow cytometry after 9 d 

of culture. Results are representative of two independent 

experiments, and shown as mean ± SEM, n = 4.  

*, P < 0.05; **, P < 0.01.
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Figure 6. HSCs with differential c-Kit expression exhibit varying levels of c-Kit signaling. (A and B) Histograms of phosphorylated Stat5 and 

Stat3 levels in freshly isolated c-Kitlo HSCs (blue), c-Kithi HSCs (red), and isotype control (orange). Frequencies of phosphorylated Stat5+ or Stat3+ cells 

among c-Kithi and c-Kitlo HSCs were evaluated by flow cytometry. (C and D) 100 c-Kithi and c-Kitlo HSCs were double FACS-sorted into cytokine-

supplemented liquid culture and treated for 24 h with imatinib (1.0 µM) or vehicle controls, after which time cells were placed into fresh media. After 7 d 

of culture, total cells produced by imatinib or vehicle-treated c-Kithi and c-Kitlo HSCs were measured. Bar, 400 µm. (E) Total number of LSK+ progenitors 

produced by vehicle or imatinib-treated c-Kithi or c-Kitlo HSCs was measured by �ow cytometry. (F) After 7 d of daily imatinib treatment in vivo (25 mg/kg), 

the absolute numbers of myeloid progenitors in the bone marrow of vehicle or imatinib-treated mice were assessed using �ow cytometry (CMP:  

Lin c-Kit+ Sca-1 CD16/32 CD34+, GMP: Lin c-Kit+ Sca-1 CD16/32+ CD34+; MEP: Lin c-Kit+ Sca-1 CD16/32 CD34). (G) 100 c-Kithi or c-Kitlo HSCs 

were double FACS-sorted into wells containing varying amounts of SCF ranging from 0 to 1 ng/ml. Megakaryocyte number in each well was assessed 

(after 5 d of megakaryocyte production) by c-Kithi HSCs normalized to that of c-Kitlo HSCs (left). Light microscope images of representative wells are 

shown. Arrows indicate megakaryocytes (right). Bar, 100 µm. (H) 100 c-Kithi or c-Kitlo HSCs were double FACs-sorted into cytokine-supplemented liquid 

culture and incubated with anti–c-Kit antibody (ACK2) or isotype controls. Total number of cells produced in each well was assessed manually using a 

hemocytometer. (I) 600 c-Kithi and c-Kitlo HSCs were double FACS-sorted into cytokine-supplemented liquid culture and treated with ACK2 or isotype 

control for 24 h, after which they were competitively transplanted into lethally irradiated recipients (CD45.1+) with 300,000 recipient-type bone marrow 

cells. Donor CD45 chimerism levels in the peripheral blood of mice transplanted with c-Kitlo HSCs (top) or c-Kithi HSCs (bottom) were assessed at indicated 

time points. (J) Donor HSC chimerism levels were evaluated in bone marrow aspirates from primary recipients of isotype or ACK2-treated c-Kithi HSCs at 

week 12 after transplant. Results are representative of at least two independent experiments, and shown as mean ± SEM. n = 3 mice. *, P < 0.05;  

**, P < 0.01; ***, P < 0.0001.
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To con�rm our observations in vivo, wild-type mice were 

treated with PP2 daily for 9 d. Although PP2 treatment did not 

increase the absolute number of c-Kitlo HSCs in mice, it in-

duced a 1.5-fold increase in the absolute number of c-Kithi HSCs, 

as well as a twofold increase in MkP frequency (P = 0.002) 

and 1.4-fold increase in circulating platelets (P = 0.02; Fig. 7, 

C, D, and G). These �ndings are consistent with a model in 

which c-Cbl activity negatively modulates c-Kit protein levels 

and suppresses the transition of c-Kitlo to c-Kithi HSCs, thereby 

preventing megakaryocytic-biased di�erentiation of HSCs.

As pharmacological inhibition of c-Cbl promoted the 

di�erentiation of c-Kitlo to c-Kithi HSCs, we investigated 

whether mice lacking c-Cbl would exhibit a similar pheno-

type (Zeng et al., 2005; Caligiuri et al., 2007; Rathinam et al., 

2008; Naramura et al., 2010). Consistent with c-Cbl playing a 

negative role in megakaryocytic di�erentiation, 25-wk-old  

c-Cbl/ mice showed 3.5-fold and 4-fold increases in the 

frequencies of preMegE and MkP, respectively (P = 0.01 and 

0.03; Fig. 7, E and F). c-Cbl/ mice also exhibited a 1.5-fold 

increase in circulating platelets compared with age- and sex-

matched C57BL/6 (WT) controls (P = 0.02; Fig. 7 H). To as-

sess whether c-Cbl de�ciency alters the di�erentiation potential 

di�erences observed in normal HSCs de�ned by c-Kit ex-

pression levels, c-Kithi and c-Kitlo HSCs from WT and c-Cbl/ 

mice were cultured in cytokine supplemented medium. WT 

c-Kithi HSCs produced 2.9-fold more MkPs and 2.2-fold 

more Lin cells compared with WT c-Kitlo HSCs, and  

c-Cbl/ c-Kithi HSCs produced threefold more MkP and 

Lin progenitors than c-Cbl/ c-Kitlo HSCs after 5 d  

(P = 0.002; Fig. 7 I). Thus, c-Cbl loss did not alter the mega-

karyocyte-biased di�erentiation and di�erentiation kinetics of 

WT c-Kithi HSCs (Fig. 7 I). To test whether c-Cbl de�ciency 

promoted the transition from c-Kitlo to c-Kithi HSCs, 400  

c-Kitlo HSCs were double-sorted from c-Cbl/ or WT mice 

and each population was competitively transplanted into le-

thally irradiated mice with 300,000 recipient-type bone mar-

row cells. The percentage of c-Kithi or c-Kitlo HSCs produced 

by each donor HSC population was evaluated in bone marrow 

harvested from primary recipients at week 18 after transplan-

tation. Consistent with c-Cbl negatively regulating the transi-

tion from c-Kitlo to c-Kithi HSCs, mice transplanted with WT 

c-Kitlo HSCs showed nearly equal frequencies of donor HSCs 

expressing c-Kithi and c-Kitlo HSCs in long-term engrafted 

mice, whereas mice transplanted with c-Cbl/ c-Kitlo HSCs 

showed signi�cant di�erences in c-Kithi and c-Kitlo donor-

derived HSCs with 59% c-Kithi HSCs and 8% c-Kitlo HSCs 

(P = 0.002 and 0.003, respectively; Fig. 7 J).

DISCUSSION
HSCs express a unique combination of surface antigens, en-

abling the prospective isolation of cell populations highly en-

riched for long-term repopulating activity. However, genetic 

tracing and single-cell transplant experiments have shown 

that even the most highly enriched HSC populations are het-

erogeneous with respect to reconstitution potential, self- 

renewal, and lineage bias. Unfortunately, methods to prospectively 

and competes for SCF binding to determine whether c-Kit 

inhibition a�ects HSC proliferation (Shiohara et al., 1993; 

Czechowicz et al., 2007). Treatment of c-Kithi HSCs with 

ACK2 for 24 h resulted in 2.2-fold fewer cells than isotype-

treated controls (P < 0.05), whereas ACK2 treatment did not 

signi�cantly a�ect c-Kitlo HSC proliferation (Fig. 6 H), con-

�rming that the proliferation of c-Kithi HSCs is regulated by 

c-Kit signaling.

As c-Kithi and c-Kitlo HSCs di�ered with respect to their 

long-term reconstitution capacities, we next evaluated whether 

their di�erences in c-Kit signaling a�ected their in vivo re-

constitution capacity by blocking c-Kit signaling using ACK2. 

After incubation with ACK2 or isotype control antibody for 

24 h in cytokine-supplemented media, c-Kithi or c-Kitlo HSCs 

were transplanted with 300,000 competitor bone marrow 

cells into lethally irradiated mice. Mice receiving isotype-con-

trol or ACK2-treated c-Kitlo HSCs exhibited similar increases 

in donor CD45 chimerism in the peripheral blood from week 

2 to 12 after transplant (8–82% vs. 0.5–78%, respectively;  

Fig. 6 I, top). In contrast, although recipients of isotype control 

treated c-Kithi HSCs exhibited an increase in donor chimerism, 

recipients of ACK2-treated c-Kithi HSCs exhibited markedly 

lower donor chimerism during the same time period (15–57% 

vs. 8–15%, respectively; Fig. 6 I, bottom). Bone marrow aspi-

rates taken at week 16 after transplant showed that donor chi-

merism levels of HSCs, MPPa, and MPPb in recipients of 

isotype-control treated c-Kithi HSCs were signi�cantly higher 

than in mice transplanted with ACK2-treated c-Kithi HSCs 

(46 vs. 7.8%, P = 0.005; 54 vs.15%, P = 0.04; and 85 vs 20%, 

P = 0.005, respectively; Fig. 6 J). Collectively, these data dem-

onstrate that the distinct reconstitution properties of c-Kithi 

HSCs depend on increased c-Kit signaling.

c-Cbl negatively regulates the transition  
from c-Kitlo to c-Kithi HSCs
As di�erences in HSC function are determined by the level of 

c-Kit expression and signaling, we investigated the mechanisms 

regulating surface expression of c-Kit. Previous studies have 

shown that binding of SCF to c-Kit on AML cell lines results in 

the phosphorylation and activation of c-Cbl, an E3 ubiquitin  

ligase that negatively regulates SCF signaling by ubiquitinating 

c-Kit and stimulating internalization of activated c-Kit (Zeng  

et al., 2005; Masson et al., 2006). Consistent with our hypoth-

esis that c-Cbl negatively regulates c-Kit surface expression on 

HSCs, c-Kitlo HSCs showed 4.4-fold more phosphorylated 

c-Cbl+ cells than c-Kithi HSCs (P = 0.02; Fig. 7 A).

If c-Cbl negatively regulates c-Kit surface expression on 

HSCs, pharmacologic inhibition of c-Cbl should increase  

c-Kit expression on HSCs. Thus, we double-sorted c-Kithi or 

c-Kitlo HSCs into cytokine-supplemented media and treated 

them with PP2, an inhibitor of Src that decreases c-Cbl phos-

phorylation (Zeng et al., 2005). After 24 h of treatment, PP2-

treated c-Kithi HSCs did not exhibit signi�cant changes in 

surface c-Kit levels compared with vehicle control, whereas 

c-Kitlo HSCs exhibited a twofold increase in surface c-Kit 

MFI (P = 0.03), a level comparable to c-Kithi HSCs (Fig. 7 B). 
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HSCs are poorer engrafters. Their latter �nding stands in con-

tradiction to our experimental results. We believe the discrep-

ancy between the two studies is due to the use of di�erent 

gating strategies to identify low c-Kit expressors, as well as the 

absence of CD150 and CD34 antibodies to help de�ne HSCs 

in the prior study. Throughout our studies, the gate for c-Kitlo 

HSCs was drawn to identify the population of cells that are 

clearly positive for c-Kit expression. In contrast, Matsuoka  

et al. (2011) drew their low c-Kit gate to include cells that are 

low to negative for c-Kit, likely introducing signi�cant con-

tamination of their LSK gate with non-HSC-like cells (Fig. S2). 

The di�ering conclusions drawn by the Matsuoka et al. (2011) 

study and ours are likely due to di�erences in the cell popula-

tions transplanted. Indeed, our analysis of LS+Klo cells using 

our gating strategy for c-Kit expression reveals a relative  

enrichment of HSCs (Linc-Kit+Sca-1+CD34SLAM+) in 

comparison to Matsuoka et al.’s population of LS+Klo cells, 

which were signi�cantly enriched with non-HSCs (Fig. S2). 

Using a more highly enriched population of HSCs de�ned 

by their Lin-c-Kit+Sca-1+CD34-SLAM+ immunophenotype, 

we show that these long-term HSCs can be fractionated into 

isolate such HSC subtypes are lacking, underscoring the need 

to develop methods to isolate functional HSC subtypes to 

better understand the molecular mechanisms underlying their 

varying biological potentials.

Although various strategies to identify long-term HSCs 

based on surface antigen expression have been described, al-

most all immunophenotypic de�nitions of HSCs rely on ex-

pression of c-Kit, which is a functional signaling receptor 

critical for maintaining HSC self-renewal and niche inter-

actions (McCulloch et al., 1964; Maloney et al., 1978; Nakano  

et al., 1989; Wang and Bunting, 2008). Remarkably, despite 

the fact that the most highly puri�ed HSCs exhibit a log-fold 

variation in expression of this receptor that is known to be 

critical for HSC function, relatively little e�ort has been de-

voted to investigating whether HSCs with varying c-Kit levels 

may represent functionally distinct HSC subtypes.

Matsuoka et al. (2011) previously demonstrated that low 

levels of c-Kit expression on HSCs was positively correlated 

with quiescent HSC cell cycle status, but they found that 

transplanted LS+Klo cells reconstituted myeloablated recipi-

ents more poorly than LS+K+ cells, suggesting that c-Kitlo 

Figure 7. Loss of c-Cbl activity pro-
motes the transition from c-Kitlo to  
c-Kithi HSCs. (A) The level of phosphory-

lated c-Cbl in wild-type c-Kitlo and c-Kithi 

HSCs was assessed by intracellular staining, 

followed by flow cytometry. (B) 400 c-Kithi 

or c-Kitlo HSCs were double FACS-sorted into 

cytokine-supplemented liquid culture con-

taining PP2 (0.01 M) or vehicle controls. 

Surface c-Kit levels were assessed by �ow 

cytometry after 24 h of treatment. (C and D) Mice 

were treated daily with PP2 (5 mg/kg) or 

vehicle control for 9 d, and frequencies of  

c-Kitlo HSCs, c-Kithi HSCs, and myeloid pro-

genitors were determined per two femurs and 

tibias. (E and F) Frequencies of myeloid pro-

genitors were evaluated in two femurs and 

tibias of c-Cbl/ and WT mice. (G and H) 

Circulating platelet numbers were assessed 

in WT mice treated with PP2 or vehicle con-

trol, as well as in c-Cbl/ mice using a He-

mavet counter. (I) 100 WT or c-Cbl/ c-Kithi 

or c-Kitlo HSCs were sorted into media, and 

the production of progenitors by each cell 

type was assessed after 5 d. The frequency of 

progenitors produced by c-Kithi HSCs was 

normalized to the frequency produced by  

c-Kitlo HSCs. (J) Production of donor c-Kithi 

HSCs was measured in mice competitively 

transplanted with WT or c-Cbl/ c-Kitlo 

HSCs. Results are representative of at least 

two independent experiments, and shown as 

mean ± SEM, n = 3 to 4 mice. *, P < 0.05;  

**, P < 0.01; ***, P < 0.001.

http://www.jem.org/cgi/content/full/jem.20131128/DC1
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Our data support a model in which c-Kit surface expres-

sion and signaling levels are �nely regulated to ensure the proper 

balance between HSC self-renewal and non–self-renewing 

cell divisions associated with commitment to the megakaryo-

cytic lineage. For example, although the distribution of c-Kit 

expression on HSCs changes under condition of stress such as 

5-FU treatment, the functional di�erences between c-Kithi 

and c-Kitlo HSCs are largely preserved under these conditions. 

In addition, c-Kit expression levels are conserved in c-Kithi 

and c-Kitlo HSCs after transplantation, con�rming the associa-

tion between c-Kit expression levels and stable HSC functional 

subtypes. Thus, c-Kit levels appear to be regulated to assure 

proper HSC responses to physiological stimuli. Although our 

data support a model in which, tonic or low levels of c-Kit 

activity are required for long-term HSC maintenance in the 

normal, wild-type setting, it is clear that markedly attenuated 

c-Kit signaling can be deleterious and results in HSC loss, as 

demonstrated by loss-of-function c-Kit mutants and ACK2-

treated c-Kithi HSCs. Thus, consistent with our �ndings of pre-

served function of HSCs based on c-Kit expression levels in 

the context of 5-FU treatment. HSCs require �nely tuned lev-

els of c-Kit signaling to maximize their self-renewal properties.

The E3 ubiquitin ligase c-Cbl was previously described as 

a potential regulator of c-Kit signaling by promoting degra-

dation of active c-Kit receptors in AML cell lines (Zeng et al., 

2005); however, its potential role in regulating c-Kit in vivo 

was not described previously, despite the description of the  

c-Cbl/ mouse myeloproliferative phenotype (Rathinam et al., 

2010). Using orthogonal approaches, our experimental data 

are consistent with a model in which c-Cbl is a negative reg-

ulator of c-Kit in HSCs and therefore promotes self-renewal 

and nonmegakaryocyte biased hematopoietic di�erentiation. 

Pharmacological inhibition of c-Cbl with PP2 increased sur-

face c-Kit levels in c-Kitlo HSCs, and in vivo treatment of 

PP2 increased the frequencies of c-Kithi HSCs, MkPs, and 

platelets. Moreover, c-Cbl–de�cient c-Kitlo HSCs produced 

significantly higher frequencies of c-Kithi HSCs than WT  

c-Kitlo HSCs in the transplantation setting, supporting a critical 

role of c-Cbl in the transition from c-Kitlo to c-Kithi HSCs. 

Though these studies highlight a new function of c-Cbl in 

the regulation of HSC subtype composition, we suspect that 

a complex orchestration of cell-intrinsic factors and microen-

vironmental factors may also regulate c-Kit stability and/or 

activity, possibly through the generation of membrane-bound 

and soluble SCF by cells that make up the bone marrow 

microenvironment. Such studies directed at dissecting the 

relative contributions of cell intrinsic or extrinsic-mediated 

signals in regulating HSC c-Kit levels in both homeostatic 

and stress conditions will yield important new insights regard-

ing the mechanisms that regulate the functional heterogene-

ity and composition of HSCs.

MATERIALS AND METHODS
Mice and transplantations. C57BL/6 and C57BL/6.SJL mice were pur-

chased from The Jackson Laboratory. All recipient mice were conditioned for 

c-Kithi and c-Kitlo populations and that HSCs expressing high 

levels of c-Kit exhibit signi�cantly reduced long-term and 

serial engraftment capacities and are megakaryocyte-biased. 

These functional di�erences were con�rmed by decreased ex-

pression of transcripts encoding self-renewal genes in c-Kithi 

HSCs. Moreover, we show that c-Kitlo and c-Kithi HSCs are hi-

erarchically organized, with c-Kitlo HSCs giving rise to c-Kithi 

HSCs, but not vice versa, as demonstrated through both in 

vitro di�erentiation assays and serial transplantation experi-

ments in vivo. Based on the developmental relationship be-

tween c-Kitlo and c-Kithi HSCs, the signi�cant di�erences in 

their long-term reconstitution potential in both primary and 

secondary transplants, and the functional evidence that c-Kit 

signaling activity mediates the di�erent functional outputs of 

c-Kitlo and c-Kithi HSCs, we believe that the preponderance 

of evidence supports a model in which our immunopheno-

typically de�ned c-Kitlo HSCs are the most primitive HSCs 

most enriched for self-renewing HSCs.

Our studies also provide functional evidence using multiple 

approaches to support a direct role of c-Kit signaling in mediat-

ing the di�erential functions observed within Linc-Kit+Sca-

1+CD34SLAM+ HSCs. First, c-Kithi HSCs exhibit elevated 

levels of c-Kit signaling as demonstrated by higher levels of intra-

cellular phosphorylated Stat5 and Stat3, both known downstream 

mediators of c-Kit signaling. Second, inhibition of c-Kit signal-

ing in c-Kithi or c-Kitlo HSCs using either inhibitors or blocking 

antibodies a�ected the engraftment potential and lineage-biased 

di�erentiation of c-Kithi HSCs, but not c-Kitlo HSCs. Together, 

these data indicate that lower levels of c-Kit surface expression 

and their reduced signaling identify HSCs that are enriched for 

long-term reconstitution capacity and self-renewal.

HSCs with high or low levels of CD150 exhibit biased dif-

ferentiation toward the myeloid or lymphoid lineage, respectively 

(Beerman et al., 2010), and HSCs with lower or upper side-pop-

ulation rhodamine staining are enriched for CD150hi myeloid-

biased cells or CD150lo lymphoid-biased cells, respectively 

(Challen et al., 2010). Here, we show that c-Kithi and c-Kitlo 

HSCs expressed similar levels of CD150, and that they produced 

a similar distribution of B-cells, T cells, and granulocytes in the 

peripheral blood of primary recipients; thus, the di�erences in  

c-Kithi and c-Kitlo HSC function is not due to di�erences in 

CD150 expression. In addition, c-Kithi HSCs preferentially de-

veloped into megakaryocytes, an intrinsic lineage-bias present at 

the level of the HSC that was not previously identi�ed by di�er-

ential CD150 or rhodamine staining. As c-Kithi HSCs also ex-

hibit increased cell cycling, these results are consistent with recent 

data that described heightened expression of megakaryocyte 

genes among nonquiescent, long-term HSCs. Based on the rapid 

di�erentiation kinetics and expression of key megakaryocyte 

genes in c-Kithi HSCs, we speculate that c-Kithi HSCs likely are 

rapidly recruited to expand and give rise to megakaryocytic pre-

cursors during emergency thrombopoiesis. It would be interest-

ing to determine whether c-Kithi HSCs are preferentially 

expanded in other situations associated with high platelet pro-

duction, such as acute blood loss, or in myeloproliferative dis-

orders associated with high platelet counts.
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ACK2, imatinib, and 5-FU treatment. Sorted cells were incubated with 

imatinib (1.0 µM in <1% DMSO solution), the anti–c-Kit antibody ACK2 

(eBioscience), isotype control (10 µg/ml), 5-FU (5 ng/ml), or vehicle (<1% 

DMSO in PBS) in cytokine-supplemented liquid culture (described above). For 

in vivo studies, mice were injected intraperitoneally with imatinib (25 mg/kg)  

or vehicle daily.

Cell cycle analysis. Bone marrow cells were stained with the LIVE/DEAD 

stain according to manufacturer instructions (Invitrogen). Hematopoietic 

stem and progenitor populations were identi�ed by staining with antibodies 

as described above. For cell cycle analysis, cells were �xed and permeabilized 

using a kit provided by eBioScience, and were stained with an antibody 

against Ki67 (BD Biosciences) and Hoechst 33342 (Invitrogen) for 30 min at 

room temperature immediately before �ow cytometric analysis.

Megakaryocyte ploidy staining. Bone marrow cells were harvested and 

stained with LIVE/DEAD stain (Invitrogen). After cells were incubated with 

antibodies against CD41, c-Kit, and CD150, they were �xed and permeabi-

lized according to manufacturer protocols (eBioScience). Nuclear DNA 

content was determined by staining with Hoechst 33342 for 30 min at room 

temperature immediately before �ow cytometric analysis.

qPCR. mRNA from 2,000 double FACS-sorted populations of c-Kithi and 

c-Kitlo HSC from 16-wk-old C57BL/6 mice was isolated using TRIzol  

(Invitrogen). Transcripts were reverse transcribed according to manufacturer 

protocols (Invitrogen), and qPCR was performed using SYBR Green  

(Applied Biosystems). GAPHD transcript levels were used for normalization. 

Primer sequences were determined using Primer3 Design Tool. Sequences 

for probes used include the following: HoxA10, 5-GGAAGCATGGA-

CATTCAGGT-3 and 5-CCAGGCAAGCAAGACCTTAG-3; NF-Ya, 

5-AGTAGGGGAGAGCAGCCTTC-3 and 5-CTAGCATGTGGGCA-

GACAGA-3; Cxcl4, 5-GGGCAGGCAGTGAAGATAAA-3 and 5-GAT-

CTCCATCGCTTTCTTCG-3; Gpix, 5-GTACCTGCCAGTCCTTG-

GAA-3 and 5-GGGTTGTGTGTCACATCCAG-3; Itga2b, 5-AAGCT-

CTGAGCACACCCACT-3 and 5-CTCAGCCCTTCACTCTGACC-3; 

Fli-1, 5-ACTTGACCAGGGTTGGTCTG-3 and 5-CTGCCCATTGT-

GAGGAATTT-3; Gata-1, 5-GATGGAATCCAGACGAGGAA-3 and  

5-GCCCTGACAGTACCACAGGT-3; Bmi-1, 5-TGTCCAGGTTCACA-

AAACCA-3 and 5-TGCAACTTCTCCTCGGTCTT-3; Gata-2, 5-ACC-

ACCCTTGATGTCCATGT-3 and 5-TGCATGCAAGAGAAGTCACC-3; 

Fog-1, 5-TGCTATATGTGCGCCTTGTC-3 and 5-TTGATGACT-

GCGGTAGCAAG-3; GAPDH, 5-AACTTTGGCATTGTGGAAGG-3 

and 5-ACACATTGGGGGTAGGAACA-3.

Online supplemental material. Fig. S1 shows the gating method used to 

de�ne c-Kitlo and c-Kithi HSCs. Fig. S2 is a comparison of di�erent gating 

strategies to identify c-Kit positive cells. Online supplemental material is 

available at http://www.jem.org/cgi/content/full/jem.20131128/DC1.
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