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Hematopoietic stem cells (HSCs) are multipotent pro-
genitors that give rise to all types of blood cells. In the
present study, we document that HSC development and
functions are negatively regulated by the E3 ubiquitin
ligase c-Cbl (casitas B-cell lymphoma). HSCs of c-Cbl~/~
mice exhibit augmented pool size, hyperproliferation,
greater competence, and enhanced long-term repopulat-
ing capacity. Our mechanistic studies identified that
c-Cbl/~ HSCs are hyperresponsive to thrombopoietin
(TPO) and display elevated levels of STAT5 phosphory-
lation, thus leading to increased c-Myc expression. In
essence, our data unequivocally identify c-Cbl as a novel
negative regulator of developmental and functional prop-
erties of HSCs.
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Hematopoietic stem cells (HSCs) have the ability to
strike a balance between self-renewal and lineage com-
mitment (Morrison et al. 1995). A constellation of intrin-
sic and extrinsic cellular mechanisms regulate self-re-
newal versus differentiation of HSCs (Phillips et al.
2000). Even though the phenotypic and functional prop-
erties of HSCs have been characterized extensively, al-
most nothing is known about the molecular machinery
that governs self-renewal of HSCs (Phillips et al. 2000).
To date, many candidate genes crucial for HSC self-re-
newal have been identified. These include transcrip-
tional factors, cell cycle regulators, signaling molecules,
surface receptors, and cytokines (Attar and Scadden
2004). However, thus far, the importance of ubiquityla-
tion pathways and E3 ligases in HSC self-renewal re-
mains elusive.
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The ¢-Cbl (casitas B-cell lymphoma) proto-oncogene is
the cellular homolog of v-Cbl, the retroviral transform-
ing gene of the Cas NS-1 murine leukemia virus (Lang-
don et al. 1989). ¢c-Cbl functions mainly as a negative
regulator of signal transduction pathways, largely
through its E3 ubiquitin ligase activity (Levkowitz et al.
1999; Thien and Langdon 2001; Duan et al. 2004;
Schmidt and Dikic 2005; Ryan et al. 2006). The ¢-Cbl
protein has been suggested to execute degradation of
various cellular proteins, receptors, and signaling mol-
ecules including STATS5, Notchl, and c-Kit (Goh et al.
2002; Jehn et al. 2002; Zeng et al. 2005). c-Cbl~/~ mice are
viable, fertile, and outwardly normal in appearance; nev-
ertheless, an increase in positive selection of thymic T
cells and enhanced ductal density and branching of
mammary glad were observed (Murphy et al. 1998; Nara-
mura et al. 1998). Despite the vast knowledge available
on the biochemistry of ¢-Cbl, the contribution of ¢-Cbl
to the development of the immune system remains
largely unknown. In the present study, we hypothesized
that ¢-Cbl might play a pivotal role in the development
and functions of HSCs.

Results and Discussion
c-Cbl deficiency leads to augmented HSC numbers

To determine whether ¢-Cbl is expressed in HSCs, de-
fined cell fractions that include long-term HSCs (LT-
HSCs; Lin Scal*c-Kit"CD34 Flt37), short-term HSCs
(ST-HSCs; Lin~Scal*c-Kit*CD34*F1t37), and multipotent
progenitors (Lin"Scal*c-Kit"CD34'Flt3*) were sorted
from the bone marrow (BM) of C57BL/6 mice and real-
time PCR analysis was performed. Although the expres-
sion of ¢c-Cbl mRNA was detected in all HSC subsets,
maximal expression of ¢c-Cbl was found in the LT-HSCs
(Supplemental Fig. 1A).

To understand the role of ¢c-Cbl in HSC development,
we first studied the phenotype of HSCs in ¢-Cbl™~ mice.
In contrast to the recent report demonstrating the role of
¢c-Cbl in down-regulating c-Kit receptor expression in
mast cell lines (Zeng et al. 2005), our analysis of HSCs
revealed similar expression levels of c-Kit and Scal in
¢-Cbl/~ and c-Cbl*/* mice. Next, we estimated the pool
size of LSK (Lin Scal*c-Kit*) cells in the BM. Interest-
ingly, we found a significant increase in both relative and
absolute numbers of the LSK fraction in c¢-Cbl™/~ mice
compared with the wild-type littermates (Fig. 1A;
Supplemental Fig. 1B). To further understand whether
the increased LSK pool is due to an increased frequency
of LT-HSCs, we enumerated the cell numbers of HSC
fractions. While the relative proportions of LT-HSCs and
ST-HSCs remain similar in c-Cbl-deficient and wild-type
mice (Fig. 1B, top panel), their absolute numbers were
significantly increased in c-Cbl~/~ mice (Fig. 1B, bottom
panel). To corroborate these findings, an alternative im-
munophenotyping approach (Kiel et al. 2005) that iden-
tifies the most primitive HSCs based on the “SLAM
code” (CD150*CD48") was adopted. In line with our pre-
vious results, the numbers of CD150"CD48" cells were
increased in ¢-Cbl~~ mice compared with the controls
(Fig. 1C; Supplemental Fig. 1C). Regardless of the in-
creased HSC numbers, analysis of the differentiated he-
matopoietic lineages revealed comparable numbers of B
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Figure 1. Augmented size of HSC pool in c¢-Cbl~- BM. (A) Total
BM cells of c-Cbl*/* and c-Cbl~/~ were prepared and stained with
antibody cocktail that recognizes lineage markers (CD11b, Grl,
B220, CD3e, and TER119), Scal, and c-Kit, and were analyzed by
flow cytometry. Lin~ cells were pregated (top panels) and further
analyzed for Scal and c-Kit expression (middle panels). (Bottom pan-
els) Absolute numbers of LSK cells, as average per animal (two tibia
and fibula), were determined. Each group contains n = 5 mice, age 4
wk. Data are representative of seven independent experiments. (B)
Relative (top) and absolute (bottom) numbers of LT-HSCs, ST-HSCs,
and MPPs were determined, as average per animal (two tibia and
fibula), by discriminating LSK cells based on CD34 and Flt3 expres-
sion. Each group contains n = 5 mice, age 4 wk. Data are represen-
tative of seven independent experiments. (C, bottom panel) Abso-
lute numbers of CD150*CD48" cells, as average per animal (two
tibia and fibula), were determined from the BM (n = 5 mice). Data
are representative of five independent experiments.

(CD19*), DC (CD1l1c*), NK (NK1.1*), T (CD3e), and ery-
throid (TER119*) lineage cells in ¢c-Cbl mutant and wild-
type mice (data not shown). Nevertheless, a modest in-
crease of myeloid cell (CD11b*) numbers was observed
in c-Cbl~~ mice (C. Rathinam and R.A. Flavell, unpubl.).

c-CblI"’~ HSCs are more potent and competent than
wild-type HSCs in reconstituting the hematopoietic
system

In an attempt to assess the functional properties of
c-Cbl/~ HSCs, particularly in a quantitative setting,
competitive repopulation experiments were performed.
Limiting dilutions of LSK cells derived from either
¢-Cbl~/~ or wild-type mice (both CD45.2) were mixed
with defined numbers of wild-type competitor (CD45.1)
LSK cells and were transplanted into lethally irradiated
congenic (CD45.1) recipients. After 4, 8, 12, and 24 wk of
transplantation, recipient mice were bled, and the per-
centage of donor-derived (CD45.2*) blood cells was cal-
culated (Supplemental Fig. 2). Strikingly, the proportion
of donor-derived hematopoiesis was consistently higher,
at all indicated time points, in groups of mice injected
with ¢-Cbl~/~ LSK cells, when compared with the groups
that received wild-type LSK cells (Fig. 2A). Next, to as-
sess donor-derived multilineage reconstitution, the per-
centage of CD45.2-derived lympho-myeloid lineage
cells, in the peripheral blood of recipient mice, was cal-
culated. Analysis revealed a comparable efficiency in
multilineage differentiation of LSK cells obtained from
both ¢c-Cbl~/~ and wild-type mice. However, the propor-
tion of donor-derived lympho-myeloid cells was much

¢-Cbl controls hematopoietic stem cells

higher in recipients injected with c-Cbl/~ LSK cells
(Fig. 2B).

To corroborate these findings, we performed similar
competitive repopulation experiments using RBC-de-
pleted total BM cells. BM cells of either c-Cbl~/~ or wild-
type mice were mixed with competitor BM (CD45.1)
cells at defined ratios (1:10, 1:1, and 10:1, respectively)
and transplanted into lethally irradiated CD45.1 con-
genic recipients.

After 5, 10, and 20 wk of transplantation, recipient
mice were bled, and the frequency of donor-derived he-
matopoiesis and multilineage reconstitution was as-
sessed. As expected, the donor-derived hematopoiesis
was higher in recipients injected with c-Cbl~~ BM cells,
compared with the recipients that received wild-type BM
cells (Supplemental Fig. 3). Thus, the data of total BM
transplantation experiments rule out the possibility that
c-Cbl-deficient HSCs “simply changed” their surface
marker phenotype.

To evaluate the long-term repopulating abilities of
c-Cbl/~ HSCs under competitive conditions, serial
transplantation experiments were performed. BM cells
(2 x 10°) from the selected groups (1:20, 1:10, and 1:1) of
primary recipients were transplanted into lethally irra-
diated CD45.1 secondary recipients. Three months after
transplantation, peripheral blood of the recipients was
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Figure 2. c-Cbl~~ HSCs are more efficient and competent in recon-
stituting the hematopoietic system. (A,B) Competitive repopulation
experiment. Varying numbers of CD45.2* ¢-Cbl~~ and ¢-Cbl*/* LSK
cells were mixed with defined numbers of CD45.1* (competitor)
LSK cells and subsequently transplanted into lethally irradiated (11
Gy) CD45.1* congenic recipients (N = 10 mice). After 4, 8, 12, and 24
wk of transplantation, recipient mice were bled and the total per-
centage of donor-derived (CD45.2*) blood cells (A) and their lympho-
myeloid differentiation capacities (B) were determined. (B) Recipi-
ents transplanted with donor LSK cells in the absence of competitor
cells (last set of bars) served as controls. Data are representative of
two independent experiments. (C) Secondary transplantation experi-
ment. RBC-depleted BM cells (2 x 10°) from the indicated groups of
primary recipients (of the competitive repopulation experiments)
were injected into lethally irradiated CD45.1* congenic recipients
(N = 10 mice). Three months after secondary transplantation, recipi-
ent mice were bled and the proportion of donor-derived cells was
calculated. Data are representative of two independent experiments.
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Figure 3. Increased HSC pool size of c-Cbl~/~ mice is cell-intrinsic.
(A) Sorted LSK cells from c-Cbl*/* (CD45.1) mice were transplanted
into lethally irradiated (11 Gy) c¢-Cbl”~ or c-Cbl*/* (CD45.2) con-
genic recipients. (Top panels) Three months after transplantation,
donor-derived (CD45.1*) lin~ cells were gated and analyzed for Scal
and c-Kit expression. (Bottom panel) Absolute numbers of donor-
derived LSK cells were determined from the BM of both hind limbs
(n =5 mice). Data are representative of two independent experi-
ments. (B) Sorted LSK cells from either c-Cbl~/~ or ¢c-Cbl*/* (CD45.2)
mice were transplanted into lethally irradiated (11 Gy) wild-type
congenic (CD45.1) recipients. (Top panels) Three months after trans-
plantation, donor-derived (CD45.2%) lin~ cells were gated and ana-
lyzed for Scal and c-Kit expression. (Bottom panel) Absolute num-
bers of donor-derived LSK cells were determined from the BM of
both hindlimbs (n =5 mice). Data are representative of two inde-
pendent experiments.

analyzed for CD45.2-derived hematopoiesis (Supplemen-
tal Fig. 4). In contrast to the c-Cbl*/* recipient groups,
¢-Cbl~/~ recipient groups displayed an increase of donor
(CD45.2)-derived hematopoiesis over time (Fig. 2GC;
Supplemental Fig. 5).

To confirm that competition occurred at the HSC
level and did not reflect combined effects in the differ-
entiated lineages, BM LSK cells from the secondary re-
cipients were gated and their CD45 isotype expression
was analyzed. The increase in donor-derived hematopoi-
esis in recipients that received c-Cbl-deficient cells was
directly proportional to the increased frequency of
CD45.2 LSK cells in the BM (Supplemental Fig. 6A). To
rule out the possibility that the increased repopulation
efficiency of c-Cbl-deficient LSK cells might be due to
increased homing properties, CFSE-labeled LSK cells of
c-Cbl~/~ and wild type were transplanted into lethally
irradiated wild-type (CD45.1) recipients. Analysis of
CFSE*CD45.2* LSK cells in the BM of recipients, after 12
h of transplantation, suggested a comparable homing ef-
ficiency between ¢-Cbl™/~ and wild-type cells (Supple-
mental Fig. 6B).

Taken together, these results clearly demonstrate that
the c-Cbl~/~ HSCs are more potent than the wild-type
HSCs in repopulating the hematopoietic system.

Recently, osteoclasts (cells involved in bone resorp-
tion) have been shown to play a crucial role in regulating
HSC mobilization (Kollet et al. 2006). In addition,
c-Cbl/~ mice exhibit defects in osteoclast functions
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(Chiusaroli et al. 2003). Thus, to exclude the possible
involvement of the “stem cell niche” in regulating the
pool size of HSCs (Moore and Lemischka 2006; Scadden
2006), wild-type (CD45.1) LSK cells were transplanted
into either lethally irradiated c-Cbl~/~ or wild-type re-
cipient (CD45.2) mice. Three months later, donor-de-
rived hematopoiesis in c-Cbl~~ and wild-type recipients
was confirmed (Supplemental Fig. 7). Analysis of LSK
cells of donor origin (CD45.1) indicated a similar HSC
pool size in both c-Cbl/~ and wild-type recipients (Fig.
3A). Alternatively, c-Cbl mutant LSK cells were injected
into wild-type (CD45.1) recipients, and analysis of LSK
cells after 3 mo of transplantation revealed an increase in
frequency of c-Cbl~/~-derived LSK cells in wild-type re-
cipients (Fig. 3B). However, the multilineage differentia-
tion capacity of c-Cbl”/~ and wild-type donor cells was
comparable (Supplemental Fig. 8).

¢-Cbl mutant HSCs show hyperproliferation in vivo
and are hyperresponsive to thrombopoietin (TPO)
in vitro

To elucidate whether the increased HSC pool size in
c-Cbl-deficient mice is due to their accelerated prolifera-
tion rates in vivo, BrdU labeling experiments were per-
formed. A comparison between wild-type and ¢-Cbl mu-
tant cells identified an increased proliferation of c-Cbl~/~
HSCs (Fig. 4A). Next, we analyzed the in vitro prolifera-
tive potential of c¢-Cbl-deficient LSK cells, using CFSE
dilution experiments, in response to a HSC cytokine
cocktail (IL3, SCF, IL6, TPO, and FIt3L). While wild-type
cells showed modest proliferation rates, an augmented
proliferation was noticed with c-Cbl~/~ cells (Supple-
mental Fig. 9). Next, the ex vivo expansion potential of
c-Cbl/~ LSK cells was quantified. Although both c-Cbl
mutant and wild-type cells were equally viable (>85%)
for up to 10 d of in vitro culture, a sustained ex vivo
expansion was observed only with c-Cbl”/~ HSCs
(Fig. 4B).

To identify the specific cytokine(s) responsible for the
increased ex vivo expansion of ¢-Cbl-deficient HSCs, pu-
rified LSK cells of c-Cbl~/~ and wild-type mice were cul-
tured in the presence of individual cytokines, and their
expansion rates were quantified. While both c-Cbl~/~ and
wild-type HSCs cultured in the presence of other cyto-
kines showed similar rates of ex vivo expansion, c-Cbl~/~
HSCs cultured in the presence of TPO only, SCF + TPO,
and cytokine cocktail showed accelerated ex vivo expan-
sion (Fig. 4C). Next, we assessed the viability of c-Cbl~/~
HSCs in the presence of TPO. Interestingly, the viability
of c-Cbl-deficient LSK cells was much higher when com-
pared with the wild-type cells (Fig. 4D; Supplemental
Fig. 10). To assess whether ¢-Cbl is phosphorylated in
HSCs upon addition of TPO, either CD34~ LSK or lin~
cells of wild-type mice were stimulated with TPO, and
phospho-c-Cbl levels were measured. Interestingly,
¢-Cbl underwent phosphorylation in response to TPO
(Supplemental Fig. 11). To explain the hyperproliferative
phenotype of c-Cbl~/~ LSK cells at the molecular level,
the expression status of various candidate molecules,
implicated previously in HSC proliferation (Attar and
Scadden 2004; Satoh et al. 2004), was quantified through
real-time PCR. Despite similar expression levels of p18,
p21, and p27 in c-Cbl wild-type and mutant cells
(Supplemental Fig. 12), increased levels of c-Myc tran-
scripts were found in c-Cbl-deficient HSCs (Fig. 4E).
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Figure 4. c-Cbl/~ HSCs exhibit accelerated proliferation rates and
hyperresponsiveness to TPO signals. (A) In vivo BrdU incorporation
experiment. The in vivo proliferation potential of c-Cbl*/* and
c-Cbl/~ LSK cells was measured by flow cytometry after feeding
BrdU through drinking water for 2 d. LSK cells were pregated and
histograms were generated for quantifying the incorporated BrdU.
Data are representative of two independent experiments. (B) Ex vivo
expansion of LSK cells of c-Cbl*/* and ¢c-Cbl~/~ mice. Cells (1 x 10%)
were cultured in the presence of cytokine cocktail. At indicated
time points, aliquots of cells were counted and the absolute num-
bers were calculated. Shown are the mean values of duplicate
samples. Data are representative of three independent experiments.
(C) CD347LSK cells (1 x 10%) of c-Cbl*/* and ¢-Cbl/~ mice were cul-
tured in the presence of indicated cytokines. After 4 d of in vitro
culture, cells were counted and the absolute numbers were calcu-
lated. Shown are the mean values of triplicate samples. Data are
representative of two independent experiments. (D) Viability of
HSCs in response to TPO. LSK cells from c¢-Cbl*/* and c¢-Cbl~/~ mice
were cultured in the presence of either cytokine cocktail or TPO for
48 h. Cells were stained with propidium iodide and analyzed by flow
cytometry. Cells cultured in the absence of cytokines served as
negative control. Data are representative of three independent ex-
periments. (E) c-Myc mRNA expression in LSK cells on day 0 and
day 3 of in vitro culture in the presence of cytokine cocktail. Input
c¢DNA quantity was normalized according to HPRT expression lev-
els. Shown are the mean values of duplicate samples. Data are rep-
resentative of three independent experiments.

Ablation of ¢c-Cbl leads to hyperphosphorylation and
accumulation of STAT5 protein in HSCs

The members of the Cbl family of proteins are highly
conserved and contain a tyrosine kinase-binding (TKB)
domain and a RING finger domain. While the TKB do-
main of ¢-Cbl is involved in binding to specific phospho-
tyrosine motifs on signaling proteins, the RING finger
domain is vital for its E3 ligase activity (Thien and Lang-
don 2001; Thien et al. 2001; Duan et al. 2004; Schmidt
and Dikic 2005; Ryan et al. 2006). A point mutation that
substitutes cysteine with an alanine at the 379 position
of the ¢c-Cbl RING finger domain abolishes its E3 ligase
function (Joazeiro et al. 1999; Ota et al. 2000; Thien and
Langdon 2001; Schmidt and Dikic 2005; Ryan et al.
2006). Recently, knock-in mice (referred to as c-Cbl*/7)
with a Cys-to-Ala substitution at position 379 in the
RING finger domain of c-Cbl have been generated and
reported (Thien et al. 2005). Although E3 ligase activity
is ablated, expression levels of the mutant ¢-Cbl protein
remain unaffected in c-Cbl*/~ mice, as do adaptor-bind-
ing functions and the integrity of its TKB domain. To
evaluate whether the increased HSC pool in ¢-Cbl-defi-
cient mice is due to the lack of E3 ligase function of

¢-Cbl controls hematopoietic stem cells

¢-Cbl, the HSC compartment in c-Cbl*/~ mice was ana-
lyzed. As noticed in c-Cbl”~ mice, the frequencies of
LT-HSCs, ST-HSCs, and MPPs were significantly in-
creased in c-Cbl*/~ mice when compared with their
wild-type littermates (Fig. 5A). Next, we checked wheth-
er HSCs of c-Cbl*/~ mice show hyperproliferative re-
sponses to TPO. As expected, HSCs of c-Cbl*/~ mice
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Figure 5. Increased HSC numbers in c-Cbl*/~ mice and enhanced
STATS5 phosphorylation in ¢c-Cbl mutant HSCs. (A) Total BM cells
of c-Cbl*/* and c-Cbl*/~ were prepared and stained with antibody
cocktail that recognizes lineage markers, Scal, and c-Kit, and were
analyzed by flow cytometry. (Top) Lin~ cells were pregated and fur-
ther analyzed for Scal and c-Kit expression. Relative (middle) and
absolute (bottom) numbers of LT-HSCs, ST-HSCs, and MPPs of G1
were determined, as average per animal (two tibia and fibula), by
discriminating LSK cells based on CD34 and Flt3 expression. Each
group contains n = 5 mice, age 4 wk. Data are representative of two
independent experiments. (B) CD34 LSK cells (1 x 10%) of ¢c-Cbl*/*
and c-Cbl*/~ mice were cultured in the presence of indicated cyto-
kines. After 4 d of in vitro culture, cells were counted and the ab-
solute numbers were calculated. Shown are the mean values of trip-
licate samples. Data are representative of two independent experi-
ments. (C) Phospho-STAT5 detection in HSCs. Sorted CD34 LSK
cells from c-Cbl*/* and c¢-Cbl/~ mice were stimulated with TPO for
indicated time points. Cells were fixed, permeabilized, treated with
PE-conjugated phospho-STATS5 antibodies, and analyzed by flow cy-
tometry. Shaded histograms represent c-Cbl*/* cells and open histo-
grams represent c-Cbl™/~ cells. Data are representative of three in-
dependent experiments. (D) Detection of intracytoplasmic STAT5
protein levels. Sorted LSK cells of c-Cbl*/+ and c¢-Cbl~/~ mice were
fixed, permeabilized, and stained with primary antibodies specific
for STATS5 protein. After incubation with fluorochrome-conjugated
secondary antibodies, cells were washed and analyzed by flow cy-
tometry. Cells treated with isotype (filled histograms) served as con-
trols. Data are representative of two independent experiments. (E)
¢-Cbl interacts with STATS5. Lin~ cells of wild-type BM were trans-
duced with retroviruses encoding c¢-Cbl-myc-IRES-EGFP and
STATS5-IRES-Neomycin. Thirty-six hours after transduction, GFP*
cells were sorted and cultured in the presence of G418 for 3 d. Cells
were harvested and lysed, and the cell lysates were subjected to
coimmunoprecipitation using myc antibodies. Precipitates were
subjected to immunoblotting and were detected using ¢-Cbl and
STATS5 antibodies. Cells transduced with only c-Cbl-IRES-EGFP
and backbone (IRES-EGFP) served as controls. (F) LSK cells of
c-Cbl~/~ mice were transduced with retroviruses either encoding
STATS5-specific ShRNAT or control backbone. Thirty-six hours after
transduction, GFP* cells were sorted and cultured either in the pres-
ence (black) or the absence (white) of TPO. After 4 d of in vitro
culture, cells were counted and the absolute numbers were calcu-
lated. Shown are the mean values of triplicate samples. Data are
representative of two independent experiments.
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exhibited increased in vitro proliferation in the presence
of TPO (Fig. 5B). Based on these results, we hypothesized
that c-Cbl-mediated ubiquitylation is critical for normal
TPO signaling in HSCs.

TPO exerts its biological effects through its receptor,

c-Mpl (Kimura et al. 1998). Stimulation of c-Mpl with
TPO results in the activation of JAK2, which in turn
phosphorylates STATS5, causing its nuclear translocation
(Kato et al. 2005). In order to identify the specific target
that is ubiquitylated by ¢-Cbl during TPO signaling, first
we quantified the protein levels of c-Mpl and Jak2 in
c-Cbl-deficient HSCs. Our results indicated similar ex-
pression profiles of ¢c-Mpl and Jak2 in c-Cbl-deficient
HSCs when compared with wild-type cells (Supplemen-
tal Fig. 13). Next, we evaluated the phosphorylation lev-
els of STATS5 protein in ¢c-Cbl-mutant HSCs in response
to TPO. Interestingly, an augmented STAT5 phosphory-
lation was observed in ¢-Cbl mutant HSCs (Fig. 5C).
Analysis of the total STAT5 protein in c¢-Cbl-deficient
HSCs suggested that the increased phosphorylation is
due to either increased synthesis or accumulation of
STATS5 protein in c¢-Cbl-deficient cells (Fig. 5D). These
results were confirmed independently by Western blot-
ting using lin~ cells (Supplemental Fig. 14). Next, we
quantified STAT5 mRNA through real-time PCR. Sur-
prisingly, STAT5 mRNA levels were comparable be-
tween c-Cbl/~ and wild-type LSK cells (Supplemental
Fig. 15), thus suggesting a post-translational deregulation
of STATS5 in c-Cbl-deficient cells. To demonstrate the
interaction between ¢-Cbl and STAT5, coimmunopre-
cipitation experiments were performed. Immunoblotting
analysis of the precipitates demonstrated an interaction
between c¢-Cbl and STAT5 in primary hematopoietic
progenitor cells (Fig. 5E). These data suggest that c-Cbl
might be involved in STAT5 degradation in HSCs.
To ?rove that the hyperproliferative phenotype of
c-Cbl™/~ HSCs is due to accumulated STAT5 protein lev-
els, LSK cells were transduced with lentiviruses encod-
ing shRNA specific for STAT5. The efficiency of STAT5
knockdown in LSK and lin~ cells was documented
(Supplemental Fig. 16A,B). Upon STAT5 knockdown,
¢-Cbl~/~ LSK cells showed a reduction in in vitro prolif-
eration only in the presence of TPO (Fig. 5F), but not in
the presence of either SCF alone or cytokine cocktail
(Supplemental Fig. 16C). Taken together, these data un-
doubtedly support a role for ¢-Cbl in the development
and maintenance of HSCs.

In essence, the present study documents that c-Cbl
deficiency in HSCs leads to increased STAT5 phosphor-
ylation in response to TPO and results in enhanced c-
Myc expression (Supplemental Fig. 17). Interestingly, a
direct correlation between increased STAT5 activation
and augmented c-Myc expression has been observed pre-
viously (Matikainen et al. 1999; Lord et al. 2000; Tsu-
ruyama et al. 2002), and constitutive activation of
STATS5 in HSCs leads to leukemic transformation (Kato
et al. 2005). The HSC phenotype of c-Cbl~/~ mice such as
hyperproliferation and increased competence could be
explained, at least partly, by the increased c-Myc expres-
sion in HSCs. In keeping with our findings, retroviral-
mediated expression of either constitutively active
STATS5 or c-Myc results in hyperproliferation and aug-
mented self-renewal of HSCs (Satoh et al. 2004; Kato et
al. 2005). However, we cannot exclude the possibility
that there are additional mechanisms through which c-
Cbl regulates HSC functions. Nevertheless, our data
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provide novel molecular insights into the negative regu-
lation of HSC development.

Over the past few decades, it has become evident that
protein ubiquitylation plays a vital role in a variety of
cellular processes such as morphogenesis of neuronal
networks, long-term memory, circadian rhythms, regu-
lation of the immune and inflammatory responses, and
biogenesis of organelles (Hershko and Ciechanover 1998;
Ciechanover and Schwartz 2002). Abnormalities in the
ubiquitylation system have been shown to cause patho-
logical responses including malignant transformation
and several genetic diseases (Ciechanover and Schwartz
2002). In the immune system, knowledge of ubiquityla-
tion pathways—in particular, the role of E3 ligases—is
largely confined to lymphocyte functions (Liu 2004,
Mueller 2004). The study presented here highlights, for
the first time, the importance of E3 ligases and ubiqui-
tylation pathways in the control of HSC development
and function.

Further understanding of the roles played by c¢-Cbl in
cytokine signaling might be useful for manipulating
stem cells for tissue engineering and cell-based thera-
pies.

Materials and methods

Mice

¢-Cbl~/~ and c-Cbl*/~ mice were generated as reported previously (Nara-
mura et al. 1998; Thien et al. 2005). ¢c-Cbl~/~, ¢-Cbl*/*, c¢-Cbl*/~, and
CD45.1 mice were kept under specific pathogen-free conditions in the
animal care facility at Yale University. All mouse experiments were
approved by the Institutional Animal Care and Use Committee of Yale
University.

Cell culture

In vitro cultures were performed using purified CD34~ LSK or LSK cells
in the presence of either all or some of the following recombinant cyto-
kines: 10 ng/mL rm-IL3, 10 ng/mL rm-IL6, 50 ng/mL rm-SCF, 10 ng/mL
rm-TPO, and 50 ng/mL rh-FIt3L (all from Peprotech). Cells were cultured
in IMDM medium supplemented with 10% FCS, 2 mM L-glutamine, 1%
penicillin-streptomycin and 1 mM nonessential amino acids. To assess
viability, cells were harvested, stained with 1 ng/mL propidium iodide
(Sigma Aldrich), and analyzed by flow cytometry.

Western blotting and immunoprecipitation
For Western blot analysis, 20 ng of protein was loaded on a 3%-8% TA
gel (Invitrogen), separated by electrophoresis, and blotted onto nylon
membranes. The membranes were treated with primary antibodies spe-
cific for STATS5, phospho-STATS5, ¢-Cbl, and phospho-c-Cbl (all from
BD), and GAPDH (Santa Cruz Biotechnologies) followed by staining with
secondary antibodies conjugated to horseradish peroxidase. The enzy-
matic reaction was visualized using SuperSignal West Pico Chemilumi-
nescent Substrate Kit (Pierce).

Immunoprecipitation was performed with Myc antibodies using a
commercially available kit (Upstate Biotechnology) according to the
manufacturer’s instructions.

Statistical analysis

Data are presented as mean + SEM. Statistical significance was assessed
using a two-sided Student’s t-test. P values of >0.05 were considered to be
nonsignificant (NS), and P values of <0.05 were represented as an aster-
isk (*).
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