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Abstract (limit 300 words)

T-cell acute lymphoblastic leukemia (T-ALL) is a highly proliferative disease derived from T cell
progenitors. We have identified Cul4A-DDB1-DCAF1 as an E3 ubiquitin ligase complex able to
control expansion and survival of stem and progenitor populations in early adult and fetal
hematopoiesis. DDB1 function is absolutely essential for cell cycle progression and progenitor
survival. DDB1 is expressed significantly higher in T-ALL patient samples, and also expressed
higher in mouse T-ALL. Strikingly, lymphocyte progenitors lacking DDB1 activity are unable to
initiate and maintenance T-ALL. However, the mechanisms of DDB1 complex action in T-ALL are
not clear. In this proposal, we will address the following specific aims. (1) Identifying substrates of
the Cul4A-DDB1 ligase specifically in immune cells by tandem affinity purification for tagged DDB1
in a T-ALL cell line. (2) Characterizing the role of DCAF1, a substrate recognizing subunit of the
complex, in HSCPs maintenance and differentiation using a DCAF1f/fCreERT2+ conditional
knockout mouse model. (3) Determining the role of DCAF1 in T-ALL initiation and maintenance
utilizing Notch1-IC driven T-ALL model combined with inducible deletion of DCAF1 in
DCAF1f/fMx1Cre+ animals. Overall goal of our application is to identify a novel enzymatic pathway
that can be targeted in future T-ALL therapy protocols.
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BACKGROUND
BACKGROUND
T cell acute lymphoblastic leukemia (T-ALL) is a disease induced by the transformation of T lymphocyte
progenitors. T-ALL comprises approximately 20-25% of all ALL cases and has significantly poorer prognosis
than other ALLs. It mainly afflicts children and adolescents. Although treatment outcome in T-ALL has
improved in recent years, mechanisms of T-ALL initiation and progression are not clear. It is thus very
important to identify and study the molecular pathways that control both disease induction and maintenance in
this particular type of cancer.
Ubiquitin-proteasome system has emerged as an important aspect of post-translational regulation in both
hematopoietic stem cells (HSC)/progenitors and leukemic cells. The activity of Notch1, the most frequently
mutated oncogene found in T-ALL (3), is tightly modulated in normal T cell development. Ubiquitin conjugation
takes place at nearly every step of the Notch pathway. But so far only one E3 ligase, Fbw7, has been shown to
specifically target nuclear Notch for degradation. We initially identified Fbw7 as a tumor suppressor in T-ALL
(4), which controls the stability of oncogenes including Notch1 and cMyc. Recently we demonstrated Fbw7
governs quiescence of HSCs (5, 6). These findings underscore the important role of E3 ligases in HSC
homeostasis and T-ALL pathogenesis. In an effort to screen novel E3 ubiquitin ligase family members critical in
normal hematopoiesis and T-cell transformation, we identified DDB1 in a complex with Cullin4, as a potential
important player. DDB1 is highly expressed in hematopoietic stem cells and progenitors as well as in T-ALL
samples. DDB1 is a component of the Cul4A-DDB1 E3 ubiquitin ligase complex. DDB1 recruits Cul4A-DDB1
associated factors (DCAF), a family of WD40 repeat proteins which confer substrate specificity. The Cul4ADDB1 ligase has been shown to target several substrates for ubiquitin dependent degradation. The list of
substrates include the DNA replication licensing factor Cdt1(7, 8), the cell cycle inhibitor p27Kip1 (9) and p21Cip1
(10), and the histone methlytransferase PR-Set7 (11, 12). The numerous substrates of the Cul4A-DDB1 ligase
suggest that it could affect a variety of cellular functions.
SIGNIFICANCE Currently, Bortezomib, a general proteasome inhibitor, is used for treatment of blood
malignancies including multiple myeloma and mantle cell lymphoma. We have previously demonstrated effects
of the drug in T-ALL (13). However, to achieve higher specificity and to minimize off-target effects, it is
desirable to generate inhibitors that selectively target specific ubiquitin ligase complexes active in tumors.
Recently, the first inhibitor specific to an individual E3 ubiquitin ligase has been identified in budding yeast (14,
15), suggesting the possibility of generating drugs targeting human E3 ligases which were previously thought
undruggable. In this proposal, we will characterize the role of a novel E3 ligase Cul4A-DDB1 in T-ALL
pathogenesis and determine whether they can be new “druggable” therapeutic targets in future T-ALL
treatment.

SPECIFIC AIMS

Recent identification of the first specific inhibitor to an individual E3 ubiquitin ligase makes E3 ligases
promising therapeutic targets in cancer treatment. In an effort to screen novel E3 ubiquitin ligase members
important for normal and malignant hematopoiesis, we identified the DDB1 E3 ligase as an essential player.
Our preliminary studies have revealed DDB1 as a novel regulator for maintenance and differentiation of
hematopoietic stem and progenitor cells. DDB1 deletion specifically targets transiently amplifying progenitor
subsets but not quiescent cells and rapidly induces apoptosis and cell cycle defects. In addition, initiation and
maintenance of T cell acute lymphoblastic leukemia (T-ALL) is absolutely dependent on DDB1. However
mechanisms of the Cul4A-DDB1 complex action in T-ALL progression are not clear. We propose the following
specific aims to study the role of Cul4A-DDB1 ubiquitin ligase in initiation and maintenance of this disease.
AIM 1. Identifying specific substrates of the Cul4A-DDB1 ubiquitin ligase complex in leukemic cells.
DDB1 is highly expressed in transiently amplifying progenitor cells. It is also expressed at higher levels in
human and mouse T-ALL. Our data have demonstrated that silencing DDB1 completely blocked T-ALL
initiation and progression, suggesting DDB1 function is essential for T-ALL development. We hypothesize that
the role of DDB1 in T-ALL is mediated by degrading substrates important for T-ALL. To this end, we will use
proteomic approaches to identify key substrates of the Cul4A-DDB1 ligase complex in leukemic cells.
AIM 2. The role of DCAF1 in homeostasis of HSC and progenitor cells. The Cul4DDB1 complex recognizes
substrates through a family of WD40-containing proteins named DCAFs. Based on our preliminary data,
DCAF1 associates with DDB1, which suggests that DDB1 function could be mediated by DCAF1. To probe the
role of DCAF1 in hematopoietic stem and progenitor cells, we will transplant DCAF1f/fERT2Cre+ bone marrow
progenitors into lethally irradiated recipient mice, and induce the deletion of DCAF1 by injecting tamoxifen. We
will study the HSC and progenitor compartments, apoptosis, DNA damage and cell cycle status upon the
DCAF1 deletion, and compare to the phenotypes observed in DDB1-deleted models.
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AIM 3. The role of DCAF1 in leukemia initiation and maintenance. We have revealed that DDB1 is critical
for T-ALL initiation and maintenance. Since DDB1 recognizes substrates via DCAFs and we have shown that
DCAF1 associates with DDB1 in leukemic cells, we will determine the importance of DCAF1 in the
pathogenesis of T-ALL in vivo, both in the initiation and maintenance of T-ALL. We will use a well-established
Notch1-IC (active mutant of Notch)-induced T-ALL disease model together with DCAF1f/fMx1Cre+ animal in
which DCAF1 deletion can be induced either before or after the onset of the disease.

PRELIMINARY DATA
DDB1 is required for lymphocyte development and proliferation.
In order to identify novel E3 ubiquitin ligases which are critical for hematopoiesis and T-ALL tumorgenesis, we
found that damage-specific DNA binding protein 1 (DDB1), a component of Cul4-DDB1 E3 ubiquitin ligase
complex, is highly expressed in hematopoietic stem cells and progenitors as well as in T-ALL tumor tissues
(data not shown). To examine the role of DDB1 in hematopoiesis especially in lymphopoiesis, we generated
DDB1F/FCD2Cre+ mice, in which DDB1 is deleted from the stage of common lymphoid progenitors and all later
progeny including T and B lymphocytes. We found that DDB1F/FCD2Cre+ mice had tiny thyme. The total
number of thymocytes was reduced about 100 fold compared to control (Figure 1A, B). Vast majority of
thymocytes (80-90%) in DDB1F/FCD2Cre+ mice are
B
C
CD4-CD8-. When the DN population was A
further analyzed according to CD44 and
CD25
expression,
DDB1F/FCD2Cre+
thymocytes showed a higher percentage of
DN3 (CD25+CD44-) cells and lower
percentage of DN4 (CD25lowCD44-) cells
(Figure 1C). The absolute number of DN4 was greatly reduced in
DDB1F/FCD2Cre+ animals (Figure 1B). These data revealed that T cell
development is blocked at DN3 to DN4 transition in DDB1F/FCD2Cre+
Figure 1. Specific DDB1 deletion in
mice. Similar phenotype was observed in B cells. DDB1F/FCD2Cre+
lymphocyte
progenitors
leads
to
development arrests. (A) Reduced size
mice had a development blockage from proB (CD19+IgM-cKit+CD25-) to
of DDB1-deficient thymus (B) Reduced
preB (CD19+IgM-cKit-CD25+) transition (data not shown).
cell number of total thymocytes and TSince at both DN4 and preB stages of lymphocyte development,
cell progenitor DN4 population. Image of
extensive cell proliferation and expansion are needed, we hypothesize
thymi are shown. (C) Blockage at DN4
that DDB1 is required for proliferating cells but not for quiescent cells. In
stage of T lymphocytes
in DDB1deficient animal
order to test this hypothesis, DDB1 was conditionally deleted in mature
T cells of DDB1F/FCD4Cre+ mice. It was found that DDB1F/FCD4Cre+ mice had normal CD4 and CD8 profile in
thymus and normal CD4+ and CD8+ cells in spleen as the control (Figure 2A). Next, peripheral CD4+ cells were
purified from spleen and subjected to anti-CD3/CD28 stimulation in vitro. When stimulated, the control cells
entered cell cycle, incorporated BrdU, an analogue of thymidine which is incorporated during DNA synthesis,
and underwent several rounds of cell division as shown by CFSE labeling. However, the DDB1 deficient CD4+
cells failed to incorporate BrdU and to proliferate (Figure 2B). All these findings suggest that DDB1 is essential
proliferating lymphocyte progenitors.
A

B

DDB1 is essential for Notch1 induced T-ALL initiation
and maintenance.
Initially, we noticed that tumor samples from Notch1induced T-ALL mouse models expressed higher levels of
DDB1 protein compare to wild type tissues (Figure 3A),
suggesting DDB1 is involved in T-ALL progression. To
directly test whether DDB1 is required for T cell leukemia

development where proliferation of cancer cells is necessary
to establish the disease, we utilized Notch1-induced T-ALL
model, in which cKit+ bone marrow cells from control or
DDB1F/FCD2Cre+ mice were infected with retrovirus
expressing Notch1 intracellular domain (NIC)-ires-GFP and
then transplanted into lethally irradiated mice. The control group developed T-ALL and died within 3 weeks as
expected, with manifestation of CD4+CD8+ cells in peripheral blood and T cell infiltration into spleen and liver;
whereas the DDB1 deficient group remained healthy, no CD4+CD8+ cells were detected in peripheral blood,

Figure 2. Impaired proliferation when DDB1 deficient
mature T cells stimulated in vitro. (A) Normal resting
peripheral T cells in thymus and spleen. (B) DDB1deficient spleen CD4+ cells failed to incorporate BrdU or
dilute CFSE die when stimulated with anti-CD3/CD28.
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and histology examination of spleen, liver and lung revealed these animals were healthy (Figure 3B and 3C).
Our data demonstrate that DDB1 is essential for T-ALL initiation.
Although these studies clearly show that initiation of the disease depends on DDB1 expression, they do not
prove that DDB1 deletion can target already established disease, which could make this ligase complex an
appealing therapeutic target. We thus used the DDB1F/FMx1Cre+ model, induced T-ALL, and deleted DDB1
gene using pI:C administration after detection of the disease initiation. Strikingly, DDB1 deletion suppressed
disease progression and lead to the complete eradication of leukemic Notch1-ICGFP+CD4+8+ from the
peripheral blood and peripheral lymphoid tissues (Fig. 3D,E). These combined studies demonstrate that DDB1
is essential for the initiation and progression of Notch1-induced T-ALL, suggesting that inhibition of Cul4ADDB1
expression or function could be a potent therapy for T cell leukemia.

Figure 3. DDB1 is required for T-ALL initiation and
maintenance. (A) Western blot showing higher
expression of DDB1 in T-ALL (NIC) mouse tissues.
(B) Survival curves of host mice transplanted with
F/F
+
either control or DDB1 CD2Cre cKit+ cells
expressing Notch1-IC retrovirus. (C) CD4 vs CD8
profile of peripheral blood from host mice. And
histology of tissues of host mice. (D-E)
Representative FACS plot and quantification of
leukemic cells (GFP+CD4+CD8+) in peripheral
blood before and after DDB1 deletion.

EXPERIMENTAL DESIGN AND METHODS
AIM 1: Identifying specific substrates of the Cul4A-DDB1 ubiquitin ligase complex in leukemic cells.
Rational: Our preliminary data showed that DDB1 was expressed at higher levels in human and mouse T-ALL.
Importantly, silencing DDB1 inhibited both T-ALL initiation and maintenance in Notch1-IC model (Figure 3).
These findings demonstrate that DDB1 expression or function is essential for the disease progression. We
hypothesize that DDB1’s role in T-ALL pathogenesis is mediated through its substrates. To this end, we will
use proteomic approaches to identify key substrates of the Cul4A-DDB1 ligase complex in leukemic cells.
Approach: First, we have generated a retroviral expression vector in which DDB1 is tagged with 2x StrepTactin and 3x Flag at its N terminus and has a GFP marker, pMIG-SF-DDB1. We have tested this tandem
affinity purification approach with SF-DDB1 as bait in 293T cells. We verified by Western blot that the tandem
purification pulled down DCAF1, DDB1-Cul4A associated factor 1 (Fig. 4B). A number of protein bands were
visible after tandem affinity purification (Fig. 4C). These results demonstrate that the tandem affinity purification
with FS-DDB1 as bait is successful in 293T cells. To identify DDB1-associated proteins especially the
substrates in leukemic cells, we will generate a stable T-ALL cell line
expressing SF-DDB1, Jurkat-SF-DDB1, by retroviral infection and FACS
sorting GFP+ cells. Large scale culture of Jurkat-FS-DDB1 will be subjected
to MG132 treatment, and then tandem-affinity purification will be performed,
followed by mass spectrometer analysis. We expect the mass spec results
will identify DDB1 associated proteins including its substrates. To confirm
the mass spec results, (1) we will verify the interaction of substrates with
DDB1 using reciprocal immunoprecipitation and Western blot. (2) We will
also treat Jurkat cells with MG132 (10 uM for up to 6 hours) and expect
Figure
4.
(A)
Interaction
of
accumulation of substrates at the protein levels. (3) We will knockdown
endogenous DDB1 with DCAF1 in
DDB1 using lentiviral method to deliver shDDB1 (we have already
Jurkat. (B) Pull down of DCAF1 in
designed and verified the pLKO-shDDB1 lentiviral vector), and expect
293T cells transfected with SF-DDB1
accumulation of the substrates at protein levels.
and immunoprecipitated with StrepOnce the substrates are identified, we will study their biological function in
Actin and Flag sequentially. (C) Pull
down in 293T cells with SF-DDB1 as
T-ALL pathogenesis. We will knockdown the substrate(s) in T-ALL cell
bait and Strep-Tactin and Flag tandem
lines such as Jurkat and DND41 by designing shRNA sequences and
affinity purification. 5% of pull down
generating pLKO-shRNA letiviral vector, and then monitor the cell cycle
were subjected to silver staining.
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status either by analyzing DAPI profile and/or by BrdU labeling assay. These experiments will identify DDB1
substrates critical for T-ALL development.
AIM 2. The role of DCAF1 in homeostasis of HSC and progenitor cells.
Rationale. Our preliminary data have identified DDB1 as a novel regulator for maintenance and differentiation
of hematopoietic stem and progenitor cells. DDB1 deletion specifically targets transiently amplifying progenitor
subsets. The Cul4DDB1 complex recognizes substrates through a family of WD40-containing proteins named
DCAFs. Based on our preliminary data, DCAF1 associates with DDB1 in immune cells (Fig. 4A), which
suggests that DDB1 function could be mediated by DCAF1. To test the putative role of DCAF1 in the
development of the hematopoietic system, we will conditionally delete DCAF1 in hematopoietic cells and then
study its effects on HSC and progenitor cells.
Approach. We have generated an inducible allele of the DCAF1 gene (DCAF1f/fCreERT2+) (16). We will
transplant DCAF1f/fERT2Cre+ bone marrow progenitors and control (Ly5.2+) into lethally irradiated recipient
mice (Ly5.1+). Four weeks post transplantation we will induce the deletion of DCAF1 by injecting tamoxifen (0.2
mg per gram of body weight for five consecutive days). Four and eight weeks post the last injection of
tamoxifen, bone marrow will be analyzed. Multi-color FACS analysis will be used to identify HSC and
progenitor cell compartments, including lineage-cKit+Sca1+(LSK), a population enriched for HSC, and myeloid
progenitors lineage-cKit+Sca1-. LSK population will be further analyzed by SLAM marker CD150 and CD48 to
distinguish long-term HSC CD150+CD48-LSK, short-term HSC CD150+CD48+LSK, and multipotent progenitors
CD150-CD48+LSK. These cell surface markers will identify phenotypic stem/progenitor cell defects associated
with DCAF1 deletion. We will also couple AnnexinV/7AAD or DAPI staining to assay the effects of DCAF1
deletion on the apoptosis or cell cycle of stem/progenitor cells. We will assay whether DNA damage is induced
upon DCAF1 deletion by performing intracellular γH2Ax staining, a marker for DNA breaks.
To determine whether function of stem/progenitor cells are affected by the DCAF1 deletion, we will perform
methylcellulose assay and competitive bone marrow transplant (BMT). We will flow sort DCAF1-deleted
(Ly5.2+) cKit+ and control, culture them in cytokine-supplemented methylcellulose to determine their short-term
differentiation ability. For BMT, we will flow sort Ly5.2+ bone marrow cells from tamoxifen injected animals,
transplant 5x105 cells together with 5x105 Ly5.1+bone marrow cells into lethally irradiated C57B/6 Ly5.1+ hosts
(10 mice per group). Peripheral blood will be collected and sampled for chimerism (Ly5.2%) at different time
points (4, 8, 12 and 16 weeks post BMT). These experiments will reveal whether the DCAF1 deletion affects
stem cells’ ability to repopulate hematopoietic systems.
AIM 3. The role of DCAF1 in leukemia initiation and maintenance.
Rational. Initially we have shown that DDB1 is essential for Notch1-induced T-ALL (Fig. 3). Since DDB1 does
not recognize the substrates by itself, it utilizes DCAFs to bind substrates instead. We have identified DCAF1
interaction with DDB1 in T-ALL cells. We will test whether DCAF1 is essential for leukemia development.
Approach. To directly address the importance of DCAF1 deletion in T-ALL initiation in vivo we will use the
DCAF1f/f animal model. For these experiments we will use the generated IFNα-inducible Mx1Cre+DCAF1f/f
strain. As a T-ALL trigger we will use activated Notch1 mutant (Notch1-IC) initially described by Aster and
colleagues(17). Bone marrow from either polyI:polyC injected Mx1Cre+DCAF1f/f or Mx1Cre+DCAFw/w littermates
(expressing the marker Ly5.2) will be infected with Notch1-IC(Luciferase)-expressing viruses. Infected cells will
be transferred in lethally irradiated C57B/6 recipients (Ly5.1+). Two weeks post-transplant we will monitor the
onset of the disease using peripheral blood CD4/8 staining. It will be also coupled to the study of recipient
survival (Kaplan-Meier), lymphocyte tissue infiltration and blood cell counts.
To access the importance of DCAF1 deletion in T-ALL maintenance, we will delete DCAF1 in already
established T-ALL disease. Bone marrow from Mx1Cre+DCAF1f/f or Mx1Cre+DCAFw/w littermates not injected
with polyI:polyC will be infected with NotchIC(Luciferase)-expressing virus. Two weeks post-transplant we will
verify the onset of the disease using peripheral blood CD4/8 staining. We will then inject (3 times, once every
other day) the recipients with polyI:polyC to delete the DCAF1 locus specifically in leukemic cells. We will use
groups of 10 mice per group. We will image tumor load using bioluminescence. Imaging will be performed at
days -1 (one day before the first treatment), 7 (after one week from beginning of treatment), 14 (after two
weeks of treatment), 21 (after three weeks of treatment) and at the point that the control animals show signs of
disease (significant loss of weight, cachexia, crouching). Similarly, recipient survival (Kaplan-Meier),
lymphocyte tissue infiltration and blood cell counts will be assayed.
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BUDGET JUSTIFICATION
PERSONNEL JUSTIFICATION:
Iannis Aifantis, Ph.D. (P.I., 1.0 Cal. months effort). Dr. Aifantis will participate in the design of the
proposed studies and supervise Dr. Ntziachristos as well as the bioinformatics team. He will be in daily
contact with Dr. Ntziachristos, help hi interpret the data and troubleshoot. He will also be the driving force
behind data presentation and preparation of publications. No salary is requested as Dr. Aifantis is an HHMI
Early Career Scientist.
Jie Gao, Ph.D. (Postdoctoral Fellow, 12.00 Cal. months effort). Dr. Gao is an experienced molecular
biologist, with a focus on the study of lymphocyte transformation (coming from the lab of Dr. R. DallaFavera at Columbia University), who will perform all the experiments proposed in this application. In
addition to the experimental part, she will also interact with the rest of the team, travel (together with Dr.
Aifantis) to meetings and participate in data interpretation and manuscript preparation.
DETAILED PERSONNEL COSTS (including fringe benefits):
Iannis Aifantis, Ph.D. (PI, 1.0. cal.mo): no salary requested
Jie Gao, Ph.D. (12.00 cal.mo): $35,000
TOTAL PERSONNEL COSTS: $35,000
EQUIPMENT: N/A
OTHER DIRECT COSTS:
Materials and Supplies:
The proposed projects require a significant amount of general and more specialized lab material and
supplies including: antibodies, RNA/DNA pre kits, DNA sequencing, PCR polymerase, restriction
enzymes, cell culture media, cytokines (for in vitro assays), pipettes, tips and other lab consumables.
Moreover, we will need special supplies for experiments which include: animal dissection tools, mouse
anesthesia reagents, antibiotics etc. Based on our experience we request $400/month ($4,800/year).
NYU Flow Cytometry/FACS Sorting Facility:
This project depends heavily on our ability to analyze cell populations by FACS and to sort populations to
perform the proposed experiments. We anticipate 2 hours/month of cell sorting, which translates to
$2,400/year ($100/hour). Also, 2 hours/week of FACS cell acquisition and analysis, which equals to
$3,120/year ($30/hour). These are conservative estimates.
NYU Animal Facility Costs:
Our project is heavily based on the utilization of mice, as genetic tools and the housing of these mice in a
sterile animal facility (Smilow SPF Facility at NYU Medical School). The current per diem for our animals
is $0.702/day/cage. We will be using an absolute minimum of 20 cages, which include both breeding and
experimental cages. The total cost will be $5,124/year.
TOTAL 1st Year Direct Cost Estimate: $15,000
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Brief list of equipment and space available for the project. Limit 1 page.
FACILITIES
Laboratory: The Aifantis lab is located in the Medical Science Building of the NYU School of Medicine. The space
occupies a newly renovated 2000 sq. foot area containing 6 bays, making 12 benches each with a connected desk. There are
two more desks in the lab that are separate from the bench space. This makes enough room to comfortably fit 14
researchers. The laboratory has three common equipment benches creating a gel electrophoresis, a Western
Blot and a radiation area. There are three sink areas, three common -20° C freezers, 2 common 4° C fridges
and several mini fridges and mini freezers underneath the personal benches. The lab contains all necessary
equipment for molecular biology and biochemistry, such as: balances, a pH meter, several water baths, mini
centrifuges, a liquid nitrogen tank, heat blocks, rockers, isotemp rotisserie, a chemical hood, common restriction
enzymes, antibodies for cell sorting and FACS-mediated identification of cell types, and common chemicals and
reagents. There is also capital equipment in the laboratory, including high-speed centrifuges, plate readers, PCR
and qPCR machines, cell counters, and hematology analyzers. There is a separate tissue culture room of
approximately 115 sq. feet with 4 hoods, 3 incubators, two 4° C fridges and one -20° C freezer, a water bath, a
centrifuge, two light microscopes and fluorescence scope. The shared resources includes a common equipment
space that holds the lab’s -80° C freezer and the common nanodrop machine, shaker, ice machine and
nonsterile incubator, a cold room, several microscope rooms, and imaging rooms.
Animal: The Division of Laboratory Animal Resources maintains three AAALAC-accredited rodent facilities. A
modern specific pathogen-free facility is available in the Smilow building and Skirball Institutes. In the latter,
there is a fully staffed Transgenic Animal and Embryonic Stem Cell Facility under the supervision of Dr. Mary
Jean Sunshine (Dr. Aifantis is a member of the Steering Committee). In addition, the Department of Pathology
has established a rodent histology/pathology core service under the supervision of Dr. Cindy Loomis. The
Skirball facility houses a sterile bioluminescence camera. Both cores are suitable for in vivo animal imaging
experiments. There is an irradiator located in the Smilow building. There are several procedure rooms and
accredited veterinarians available for procedural aid. The laboratory maintains 2 rooms within Smilow to house
mice. Each room has a capacity for approximately 600 cages with the possibility to request additional space.
Computer: The laboratory has fourteen Macintosh desktops, one Dell desktop, two Dell laptops, and one
Macintosh laptop for personal use. This use includes image analysis, database searching, data processing and
graphic and manuscript preparation. There is also a common Dell desktop and one laptop connected to a qPCR
machine and plate reader, respectively. There is a black and white printer and two scanners available in the lab
for lab personnel use. In the common space on the floor, there is also a common black and white and color
printer. The IT department dedicated to the building maintains all computers. The School of Medicine has
software licenses that allow for on-site use of Illustrator, Adobe Pro, Photoshop, Word, Excel, Powerpoint,
Endnote and other programs integral to research and data presentation.
Office: The PI holds a 90 sq foot office connected at one end of the lab. At the other end of the lab there is a
separate office of equal size occupied by three lab members intended for office work. These spaces have 4
computers altogether. The Department also maintains an administrative office providing secretarial and grants
account support on the floor.
Other: The proposed research benefits from several shared resources of the School of Medicine, all found in
close proximity to the Aifantis laboratory. There are several facilities for: cell sorting, flow cytometry, sequencing,
karyotyping, molecular pathology, confocal and specialized microscopy, transgenic mouse, all available from the
institution’s cores. All of these facilities are directed by the School of Medicine personnel accredited with PhD
degrees.
Equipment: Within the space of the laboratory, the major includes the following: a Berthold microplate reader, a
lightcycler qPCR machine, both of the preceding instruments connected to two separate computers for data
processing; a CASY cell counter; a MindRay hematology analyzer; four BioRad myCycler PCR machines; a
ThermoFisher hybridization oven; an Eppendorf refrigerated benchtop centrifuge; an Eppendorf refrigereated
5810R table top centrifuge; a liquid nitrogen storage tank; high voltage power supplies and electrophoresis
equipment, including a UV transilluminator; equipment for Western Blotting; three -20ºC freezers and two 4ºC
fridges. In the laboratory’s personal tissue culture room, there are two light microscopes, one Zeiss Axio
Observer brightfield, phase and fluorescence microscope, three sterile incubators and a Centra GP8R tabletop
centrifuge.A common equipment room houses a superspeed centrifuge, ultracentrifuge, a scintillation counter, 80° C freezers, irradiator, shaking and drybath incubators, gel imager, fluorescence microscope, dark-room
imager and NanoDrop spectrophotomter. In a separate laboratory on the floor of the Department, there is a
Fortessa FACS analyzer, which belongs to the Aifantis laboratory. A flow cytometer, FC500 (five colours from
DAKO) and a FACS-Calibur, a FACS-LSR2 (four and six colours respectively from BD) are available to the lab
within the department and there is a Moflo high-speed cell sorter in the Skirball Institute. Phosphorimagers and
flourimagers are maintained in core resources areas of the Medical Center.
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Regulation of hematopoietic stem cell differentiation
by a single ubiquitin ligase–substrate complex

© 2010 Nature America, Inc. All rights reserved.

Linsey Reavie1,2, Giusy Della Gatta3, Kelly Crusio1,2, Beatriz Aranda-Orgilles1,2, Shannon M Buckley1,2,
Benjamin Thompson1,2, Eugine Lee1,2, Jie Gao1,2, Andrea L Bredemeyer4, Beth A Helmink4, Jiri Zavadil2,5,
Barry P Sleckman4, Teresa Palomero3, Adolfo Ferrando3 & Iannis Aifantis1,2
Hematopoietic stem cell (HSC) differentiation is regulated by cell-intrinsic and cell-extrinsic cues. In addition to transcriptional
regulation, post-translational regulation may also control HSC differentiation. To test this hypothesis, we visualized the ubiquitinregulated protein stability of a single transcription factor, c-Myc. The stability of c-Myc protein was indicative of HSC quiescence,
and c-Myc protein abundance was controlled by the ubiquitin ligase Fbw7. Fine changes in the stability of c-Myc protein
regulated the HSC gene-expression signature. Using whole-genome genomic approaches, we identified specific regulators of HSC
function directly controlled by c-Myc binding; however, adult HSCs and embryonic stem cells sensed and interpreted c-Mycregulated gene expression in distinct ways. Our studies show that a ubiquitin ligase–substrate pair can orchestrate the molecular
program of HSC differentiation.
The self-renewal and quiescence of hematopoietic stem cells (HSCs)
are controlled by a highly orchestrated integration of environmental
signals, most of which originate from the stem cell niche1,2. Long-term
HSCs (LT-HSCs) reside at the top of the developmental pyramid, as
they are able to self-renew and sustain hematopoiesis3. This fraction
of HSCs remains largely quiescent or even dormant throughout the
lifetime of an organism. Cells that receive differentiation-promoting
niche signals are able to generate multipotent progenitors (MPPs),
which are cells with diminished self-renewal that can enter further
differentiation routes that will lead them to generate progenitors of
the myeloerythroid or lymphoid lineages.
Intense experimentation during the past two decades has suggested
that tight control of HSC differentiation is controlled by the interaction
of a handful genetic and epigenetic regulators of gene transcription4,5.
However, transcriptional control will probably not provide the
complete answer to the puzzle of stem cell differentiation. We suggest
here that post-transcriptional or even post-translational regulation
has an essential role. The emergence of microRNA function in both
embryonic and adult stem cell biology is one example6. Another
emerging paradigm of post-translational modification is mono- or
polyubiquitination of protein substrates, leading to alteration of
target half-life or modification of activation status. Ubiquitination
is performed by large enzymatic complexes that include ubiquitinactivating and ubiquitin-conjugating components, as well as adaptors
that dictate substrate specificity7,8. One of the most important and
well-characterized outcomes of protein ubiquitination is targeting

to and subsequent degradation by the proteasome. By controlling
protein stability and abundance, ubiquitin ligases regulate distinct
biological processes, including cell-cycle entry and progression9.
Published studies have suggested that ubiquitination, proteosomal
degradation and protein stability could also control stem cell function in
different organisms10–13. These studies introduced the hypothesis that
fine tuning of the half-life, stability and abundance of key regulators
by the ubiquitin-proteasome machinery could control HSC function,
specifically, self-renewal and differentiation. Testing this hypothesis
in vivo is a challenging task, as it requires quantitative assessment of
substrate abundance in small stem cell and progenitor subsets. To overcome this limitation, we have used gene-targeted mice in which relative
protein abundance can be studied in vivo by flow cytometry and micro
scopy. As a model ubiquitin substrate, we selected the transcription
factor c-Myc, a well-known oncogene and developmental regulator14,15.
The expression and function of c-Myc are important for HSC differentiation and, more specifically, for the survival of HSCs and their retention
in the niche16,17. However, the molecular mechanism by which c-Myc
controls HSC function is largely unknown. For example, similar
amounts of Myc mRNA are detected in HSCs and differentiated progenitors16. That finding introduces the hypothesis that the functions
of c-Myc in stem and progenitor cells are more likely controlled posttranslationally than at the level of transcription. Moreover, several studies have shown that the stability of c-Myc protein is controlled by the
ubiquitin system. At least three distinct E3 ligases (Skp2, Huwe1 and
Fbw7)18–20 are involved in its regulation.
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Figure 1 Abundance of c-Myc protein in early hematopoiesis. (a) Expression of c-Myc–eGFP during early hematopoiesis in Lin +, Lin− and myeloerythroid
progenitor (MP; Lin−c-Kit+Sca-1−) bone marrow subsets (n = 6 mice). max, maximum. (b) Immunofluorescence tracing of nuclear expression of
c-Myc–eGFP in Lin− bone marrow progenitors. DAPI, nuclear stain; Anti-eGFP, antibody to eGFP. Original magnification, ×40. (c) Immunoblot analysis
of c-Myc in c-Kit+ and c-Kit− subsets of adult bone marrow. (d) Expression of c-Myc–eGFP protein in LSK cells. (e) Expression of c-Myc–eGFP in
Myc-eGFP−/− control, LT-HSC (LT) and MPP populations. Numbers in top right quadrants indicate percent c-Kit +eGFP+ cells. (f) Quantitative
RT-PCR analysis of the expression of Myc and Fbw7 mRNA during HSC differentiation, presented (as average and s.d.) relative to the expression of
Actb (encoding β-actin) and then normalized to the LT-HSC subset. (g) Abundance of c-Myc–eGFP protein and cell cycle status of sorted c-Myc–eGFP hi
or c-Myc–eGFPlo LSK cells, analyzed by Ki67 and DAPI staining. Numbers in top right quadrants indicate percent Ki67 +DAPI+ cells. Data are
representative of at least three independent experiments.

We demonstrate here that the abundance of nuclear c-Myc protein
was indicative of HSC quiescence and self-renewal status, and
c-Myc stability in HSC was controlled by a single E3 ubiquitin ligase,
Fbw7. Deletion of the gene encoding Fbw7 (Fbxw7; called Fbw7 here)
led to overexpression of c-Myc protein in single HSCs, and lower
c-Myc abundance ‘rescued’ the Fbw7−/− HSC phenotype. Moreover,
we demonstrate that the HSC gene-expression signature was controlled by fine changes in the stability of c-Myc protein and identify
specific gene regulators of HSC quiescence and self-renewal. Wholegenome chromatin immunoprecipitation (ChIP) experiments identified genes directly regulated by the binding of c-Myc to their promoter
and c-Myc transcriptional activity. Finally, we contrast adult HSCs
with in vitro self-renewing embryonic stem cells (ESCs). We demonstrate that each stem cell type was able to sense and interpret c-Myc
abundance and c-Myc-regulated gene expression in distinct ways. Our
studies offer an example of a ubiquitin ligase–substrate pair able to
orchestrate the molecular program of the differentiation of adult
mammalian stem cells.
RESULTS
Abundance of c-Myc protein in single HSCs and progenitors
To visualize c-Myc protein abundance in vivo, we took advantage of a
published animal model in which an enhanced green fluorescent protein
(eGFP) reporter replaces the start codon of Myc in the second exon in
the Myc locus (MyceGFP), which generates a functional c-Myc protein
with an amino-terminal tag that faithfully mirrors the expression of
endogenous protein21. Homozygous MyceGFP/eGFP mice were viable,
with no alterations in the kinetics of hematopoietic differentiation or

208

immune function. We found that c-Myc–eGFP was not expressed in
lineage-positive (Lin+), mature bone marrow cells, but its expression
became evident when we focused on Lin− progenitors (Fig. 1a–c). We
detected the highest expression of c-Myc (c-Myc–eGFP) in the myeloerythroid progenitor fraction, a cell population that originates directly
from Lin−Sca-1+c-Kit+ (LSK) cells and is actively proliferating. To
further confirm the faithful expression of the c-Myc–eGFP fusion, we
purified wild-type Lin−c-Kit+ progenitors and Lin+ cells from whole
bone marrow. Endogenous c-Myc protein was expressed only in the
progenitor fraction (Fig. 1c). These experiments showed that c-Myc
protein expression was detectable in the LSK fraction and peaked at
the myeloerythroid progenitor stage in adult bone marrow.
Correlation of c-Myc protein with HSC differentiation
We noticed that LSK cells, a population containing HSCs and multi
potential progenitors, included both a c-Myc–eGFP+ fraction and a
c-Myc–eGFP− fraction (Fig. 1d). HSCs differentiate through inter
mediate stages, generating at least two subsets of multipotential
progenitors (MPP1 and MPP2)22. Only LT-HSCs have the ability to selfrenew and are largely quiescent or even dormant22. Therefore, we subdivided the LSK fraction using both signaling lymphocytic-activation
molecule markers (CD150 and CD48; Fig. 1e and Supplementary
Fig. 1) and the cytokine receptor Flt3 plus CD34 (data not shown).
Much higher c-Myc protein expression (Fig. 1e) correlated perfectly with differentiation stage, as LT-HSCs were almost exclusively
c-Myc–eGFP− (>95%), whereas the MPP1 fraction was the first subset with detectable c-Myc protein and there were further increases
in c-Myc protein abundance in more differentiated CD150−CD48+
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MPP2 cells. To determine whether the c-Myc expression changes we
observed were independent of transcriptional control, we compared
Myc mRNA expression in the various populations. Myc transcription
did not increase as LT-HSCs differentiated (Fig. 1f), which suggested
that the protein changes we identified were due mainly to posttranscriptional mechanisms. These data connect relative c-Myc protein
abundance to specific stages of HSC differentiation.
Effects of extrinsic stress signals on c-Myc expression
We then sought to determine whether environmental cues such as
stress or tissue injury could feed back on LSK cell proliferation and
c-Myc protein abundance. Initially, we discovered that the abundance
of c-Myc protein not only was suggestive of the differentiation stage
but also dictated cell-cycle status. Indeed, c-Myc–eGFP lo LSK cells
were exclusively in the G0-G1 phases and c-Myc–eGFPhi cells were
actively cycling (Fig. 1g). Moreover, as tissue injury can induce the
exit of HSCs from quiescence, we used the chemotherapeutic agent
5-fluorouracil (5-FU) to induce myeloablation, a process that normally activates quiescent HSCs23. Consistent with that idea, two- to
threefold more LSK cells from 5-FU-treated MyceGFP/+ mice had
entered cell cycle 2 d after treatment than cells from untreated control mice. Most notably, these cells purified from 5-FU-treated mice
had substantially more c-Myc protein (Supplementary Fig. 2). These
experiments show that extrinsic stress signals can affect c-Myc protein
expression in primitive hematopoietic progenitors, which illustrates
feedback regulation.
Prediction of self-renewal status by c-Myc protein expression
The observations reported above suggested that c-Myc protein abundance (but not Myc mRNA) could dictate the potential of HSCs to
self-renew and influence their ability to differentiate. To test this
hypothesis, we used fluorescence-activated cell sorting to divide the
LSK population into c-Myc–eGFPhi and c-Myc–eGFPlo cells (Fig. 2a).
To achieve an estimate of the differentiation capacity of these two
populations, we used colony-forming unit assays, seeding each subset
on cytokine-supplemented methylcellulose media. The first plating
showed that the c-Myc–eGFPhi fraction had a two- to threefold
greater capacity to generate colonies; however, replating of the sorted
c-Myc–eGFPhi LSK cells yielded a total inability to form colonies,
reflecting a putative loss of in vitro self-renewing capacity. In contrast,
the c-Myc–eGFPlo population efficiently generated colonies after the
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Figure 2 Correlation between the amount of c-Myc protein and loss of HSC self-renewal. (a) Flow
cytometry–dependent separation of c-Myc–eGFPhi and c-Myc–eGFPlo LSK populations. (b) In vitro
culture of sorted c-Myc–eGFPhi and c-Myc–eGFPlo cells: black, first plating of LSK cells; gray, second
plating. CFU, colony-forming unit. (c) Peripheral blood chimerism in competitive reconstitution assays at
25 weeks after transplantation (n = 3 mice). Numbers in plots indicate percent CD45.2 +CD45.1− cells
(top left) or CD45.2−CD45.1+ cells (bottom right). (d) Chimerism of sorted c-Myc–eGFPhi and
c-Myc–eGFPlo LSK cells (CD45.2+) in the bone marrow (LSK subset), thymus and spleen 17 weeks
after transplantation (n = 3 mice). Data are representative of at least three experiments (a,c,d) or are
from three independent experiments (b; error bars, s.d. of three mice).
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first replating, retaining characteristics of true self-renewing HSCs
(Fig. 2b). To support those observations with in vivo studies, we did
competitive reconstitution with 1,000 LSK cells purified from both
fractions (expressing the marker CD45.2). In agreement with the
in vitro studies, c-Myc–eGFPlo cells were able to efficiently compete
with (50:50) and generate all mature lineages as well as stem and
progenitor cells 25 weeks after transplantation (Fig. 2c,d). In contrast,
c-Myc–eGFPhi cells were less efficient in generating long-term
chimerism (6–10% as efficient as the c-Myc–eGFPlo population;
Fig. 2c,d), which suggested that this population was largely devoid of
LT-HSC activity. A published study has suggested that aging could affect
the differentiation ability of HSCs because of aberrant DNA repair24.
As all the experiments described above used mice 6–10 weeks of age, we
sought to determine whether the c-Myc-dependent regulation of HSC
self-renewal is a central control mechanism in HSCs from adult mice
independently of HSC age. We repeated these experiments with aged
HSCs (from mice >60 weeks old). We found that old and young HSCs
demonstrated identical c-Myc–eGFP profiles (Supplementary Fig. 3a).
Colony assays and bone marrow–transplantation assays further
proved that the relative abundance of c-Myc protein dictated the
long-term reconstitution ability of LSK cells (Supplementary Fig. 3b
and data not shown). These findings support the idea that the abundance of c-Myc protein expression can be used to predict the HSC
stage and that after c-Myc protein stabilization, HSCs lose their ability
to self-renew.
Fbw7 regulates c-Myc protein abundance in adult HSCs
The observations reported above suggested that c-Myc-regulated
self-renewal of HSCs from adults could be controlled by a posttranscriptional and probably a post-translational mechanism of
regulation. To start probing this hypothesis, we studied the expression pattern of three enzymes, members of the ubiquitin-proteasome
system that have been suggested to be putative regulators of
c-Myc protein stability (Huwe1, Skp2 and Fbw7)25. One of these,
Fbw7, demonstrated a gene-expression pattern reciprocal to that
of c-Myc–eGFP protein expression (Fig. 1f). To further determine
whether Fbw7 controls the stability of c-Myc protein in HSCs, we
generated Mx1-Cre+Fbw7flox/floxMyceGFP/eGFP mice. Mx1 has a type I
interferon–inducible promoter26 that can be activated by intraperi
toneal injection of polyinosinic-polycytidylic acid (poly(I:C)), resulting
in inducible expression of Cre recombinase and subsequent deletion
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Figure 3 Fbw7 controls the stability of c-Myc protein in HSCs. (a) Flow cytometry of c-Myc–eGFP in LSK, myeloerythroid progenitor and thymic DN
(CD4−CD8−) subsets of progenitor populations. BM, bone marrow; WT, wild-type. (b) Flow cytometry analysis of c-Myc–eGFP protein in an LT-HSC
subset (LSK, CD150+, CD48−). (c–e) Flow cytometry of bone marrow LSK cells (c), cell-cycle status of LSK cells (d) and methylcellulose assay of
CD150+ LSK cells (e). (c) Numbers above outlined areas indicate percent c-Kit+Sca-1+ cells. (d) Numbers above bracketed lines indicate percent
dividing cells. (e) Black, first plating; gray, second plating (n = 5 mice). Control (c–e), wild-type. Data are representative of at least three independent
experiments (error bars (e), s.d.).

of a loxP-flanked Fbw7 locus (Fbw7flox/flox). We reasoned that if
c-Myc were a true substrate of Fbw7 in HSCs, then deletion of Fbw7
should substantially stabilize the c-Myc protein, an effect that would
correspond to greater eGFP mean fluorescence intensity. Consistent
with our hypothesis, the abundance of c-Myc–eGFP in Mx1Cre+Fbw7flox/floxMyceGFP/eGFP LSK cells was substantially greater than
that of cells from the control, poly(I:C)-injected Mx1-Cre+Fbw7+/+
MyceGFP/eGFP counterpart mice (Fig. 3a). More notably, c-Myc protein
was more stable in the LT-HSC compartment, as defined by the signaling lymphocytic-activation molecule markers CD150 and CD48,
after deletion of Fbw7 (Fig. 3b). Such stabilization was also evident in
both the myeloerythroid progenitor subset and in thymic CD4−CD8−
double-negative (DN) T cell progenitors. Moreover, there were no
substantial differences between the different genotypes in the abundance of Myc mRNA expression (data not shown). Thus, these data
provide in vivo support for the idea of an interaction between c-Myc
protein stability and Fbw7 enzymatic function in HSCs.
Decrease in c-Myc rescues Fbw7−/− HSC phenotypes
To further prove the relevance of c-Myc stabilization to Fbw7−/−
LSK cells, we attempted to rescue the Fbw7 deficiency–induced
HSC phenotype by decreasing c-Myc protein expression14. As total
c-Myc deficiency completely abrogates HSC differentiation 16,17, we
generated Fbw7−/− LSK cells lacking a single copy of c-Myc (Mx1Cre+Fbw7flox/floxMycflox/+). Deletion of a single Myc allele restored
LSK numbers, cell-cycle status and in vitro self-renewal capacity
(Fig. 3c–e). The combined data (Figs. 2 and 3) suggested that c-Myc
protein stability in HSCs is controlled mainly by the activity of the Fbw7
ligase. These results are consistent with studies unable to detect stabilization of additional Fbw7 substrates (Notch1 and Notch3, c-Jun and
cyclin E) in Fbw7−/− hematopoietic progenitors12 (data not shown).
The Fbw7–c-Myc interaction controls LT-HSC differentiation
The observations reported above led us to predict that Fbw7 deletion
should result in lower absolute LT-HSC numbers and, conversely, the
Myc deletion should, at least phenotypically, expand the HSC subset.
To test our hypothesis, we initially induced Fbw7 deletion using the
Mx1-Cre model (Mx1-Cre+Fbw7flox/flox mice). Deletion of Fbw7
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rapidly led to substantially lower LSK frequency (Supplementary
Fig. 4a). Likewise, in the LSK subset, there was an obvious lower frequency and total cell number of the CD150+CD48− LT-HSC subset
(Supplementary Fig. 4b,c), which suggested that deletion of Fbw7
promoted the developmental transition from LT-HSC to MPP and
explained the loss of LT-HSCs activity observed in Fbw7−/− mice.
In contrast, inducible deletion of Myc led to an opposite phenotype
characterized by the accumulation of CD150hiFlt3−CD34− LT-HSClike cells (Supplementary Fig. 4d–g). These results further support
in vivo the idea of a role for antagonistic interaction between the
ubiquitin ligase Fbw7 and substrate in the differentiation and selfrenewal capacity of HSCs.
Abundance of c-Myc controls the molecular program of HSCs
To further understand the mechanistic effect of c-Myc protein
stabilization in HSCs, we purified c-Myc–eGFPhi and c-Myc–eGFPlo
subsets and used whole-genome transcriptome analysis to define the
gene-expression signatures of each population. A substantial alteration in the gene-expression program accompanied the transition
from c-Myc–eGFPlo to c-Myc–eGFPhi (Fig. 4a). Indeed, stabilization
of c-Myc protein correlated with the upregulation of genes encoding
cell-cycle regulators (including Ccnd1, CcnA2, Bub1, Aurka, Skp2
and Cdk2), transcription regulators (including Narg1, Tcerg1, Ilf3,
E2F2 and E2F3) and epigenetic regulators (including Ezh1 and
Suv39h2). Consequently, many genes encoding molecules known
to regulate HSC self-renewal (including Evi1, Eya1, Meis1, Hoxa5/9,
Hoxb3, Cdkn1c and Egr1) were substantially downregulated in the
c-Myc–eGFPhi subset. Further analysis showed a striking overlap of
gene-expression signatures in c-Myc–eGFPhi and Fbw7−/− LSK cells
(Fig. 4a), which emphasizes the close biological connection between
the two molecules and further explains the loss of self-renewal capacity
of Fbw7−/− HSCs.
Further studies with the Gene Set Enrichment Analysis (GSEA)
tool27 provided additional information about gene clusters shared by
the c-Myc–eGFPlo and c-Myc–eGFPhi signature and publicly available
data sets. There was a sizable correlation between the c-Myc–eGFPlo
gene signature and several published HSC-related data sets (Fig. 4b).
Conversely, data sets presenting genes encoding molecules that
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that positively control cell-cycle progression, DNA replication and
c-Myc-induced genes in various cell types showed substantial enrichment for the c-Myc–eGFPhi signature28–30. Similarly, analysis of
the Kyoto Encyclopedia of Genes and Genomes pathway and the
Database for Annotation, Visualization, and Integrated Discovery
showed substantial enrichment for genes associated with the cell cycle,
DNA replication and metabolism in the c-Myc–eGFPhi population
(data not shown). Notably, further GSEA showed substantial enrichment for genes regulated by the transforming growth factor-β and
Wnt–β-catenin pathways in the c-Myc–eGFPlo signature (Fig. 4c
and Supplementary Fig. 5). Both pathways have been linked to the
regulation of HSC differentiation and self-renewal 31,32. These studies
correlate the abundance of a single transcription factor to the geneexpression signature that defines HSC quiescence and self-renewal.
Identification of genes directly controlled by c-Myc
The results reported above are of unique importance, as they
suggest that the stability of c-Myc protein is a central regulator
of gene-expression programs that influence HSC self-renewal, trans
cription and cell-cycle entry. To further explore the mechanism of
c-Myc-controlled gene regulation, we compared the identified
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Figure 4 The abundance of c-Myc protein directly controls the molecular
program of stem cell differentiation, cell-cycle entry and self-renewal.
(a) Heat map of the gene-expression signatures of c-Myc–eGFPhi and c-Myc–
eGFPlo subsets and Fbw7−/− LSK cells. (b) GSEA profiles of the correlation
of the c-Myc–eGFPlo signature to stem cell gene sets (HSC; top) and to
cell cycle and DNA replication gene sets (bottom). (c) GSEA profiles of
the correlation between the transforming growth factor-β (TGF-β) and Wnt
signaling pathways with the c-Myc–eGFPlo gene-expression data set. Data
are representative of two replicates of three mice.

 icroarray signatures to our whole-genome ChIP-plus-microarray
m
data sets containing loci occupied by c-Myc factors in c-Myc-expressing
leukemia cells (T-ALL cells)33. This comparison demonstrated substantial enrichment of genes overexpressed in the c-Myc–eGFPhi subset in the T-ALL ChIP-plus-microarray data set (Fig. 5a). Most of
these genes also belonged to functional categories related to cell-cycle
progression, transcription, translation and epigenetic control (Fig. 5
and Supplementary Fig. 6). To demonstrate the validity of these
whole-genome–wide ChIP-plus-microarray studies, we selected ten
genes suggested to be important in the regulation of cell-cycle progression, gene translation and transcription. Using this model-gene
subset, we did conventional ChIP. As predicted, the c-Myc-binding
sites on the promoters of all these genes were indeed occupied by the
c-Myc factor (Fig. 5b).
As the database presented here was generated with human c-Mycexpressing hematopoietic tumor (leukemia) cells, we sought to further
confirm these results with mouse c-Kit-expressing stem and
progenitor cells. We were able to demonstrate that the genes bound
by c-Myc noted above (Fig. 5b) were also transcriptionally regulated by c-Myc in bone marrow HSCs and progenitor cells (Fig. 5b,c
and Supplementary Fig. 7). These genes were expressed in wildtype HSCs, had high expression in the c-Myc–eGFPhi subset and
were silenced in HSCs purified from compound Myc−/− mice (with
deletion of Myc and Mycn, which encodes n-Myc)16. To further rule
out the possibility that our present findings were biased because of the
ChIP database used, we selected a group of genes overexpressed in the
c-Myc–eGFPhi LSK subset that also have putative c-Myc-binding sites
highly conserved between mice and humans. We did conventional ChIP
with highly purified bone marrow Lin− c-Myc–eGFPhi progenitors
and found that a substantial portion of these gene promoters were
indeed bound by c-Myc factors (Fig. 5c). Collectively, these studies
demonstrate a mechanistic correlation among c-Myc protein abundance, binding on regulatory DNA sites and transcriptional control
of HSC differentiation.
Fbw7–c-Myc axis in fetal liver hematopoietic cells
We next sought to test the importance of c-Myc stability in a stem cell
population closely related to adult HSCs: fetal liver HSCs. Although
they are phenotypically and functionally very similar to adult HSCs,
fetal HSCs actively expand in number in the fetal liver during embryonic days 12.5–14.5 (E12.5–E14.5)34. Thus, we hypothesized that fetal
HSCs would have more c-Myc protein than their adult counterparts.
Our results confirmed our hypothesis (Fig. 6). Initially, almost threefold
more fetal LSK cells were in cycle at any given moment, in agreement
with published data (Fig. 6b). Also, the abundance of c-Myc protein
was substantially greater in fetal total LSK cells and CD150+ LSK cells
(in E13.5–14.5 MyceGFP/+ embryos) than in adult LSK cells (Fig. 6c–d).
Notably, in vitro colony-forming unit assays with purified c-Myc–
eGFPhi and c-Myc–eGFPlo fetal HSCs showed no difference in the
ability to generate hematopoietic colonies in primary, secondary or
tertiary plating assays (Fig. 6e). These findings were consistent with
transcriptome studies showing very similar gene-expression signatures
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and have constitutively active cyclin E (CDK2). Furthermore, ESCs have
low expression of the D-type cyclins and have almost no CDK4 kinase
activity36. We were thus tempted to suggest that Fbw7 could be dispensable for the self-renewal of ESCs. Indeed, our initial expression studies
supported this idea, as Fbw7 had lower expression in self-renewing ESCs
and was upregulated as differentiation was induced (Fig. 7a). To further
prove the results of those quantitative PCR studies, we used a trapped
ESC line in which a lacZ reporter cassette was introduced in the Fbw7
locus, disrupting expression monoallelically (Fig. 7b). Expression of the
Fbw7 locus containing the lacZ reporter cassette was almost undetectable in self-renewing ESCs and was subsequently induced after ESC differentiation (Fig. 7c). Although there were minimal differences between
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Dynamic regulation of Fbw7 and c-Myc in ESCs
To further probe the universality of the Fbw7–c-Myc interaction in stem
cell self-renewal, we turned to the study of ESCs, a stem cell type with
properties fundamentally distinct from those of adult and quiescent
HSCs. ESCs are unique among stem cells as they can differentiate into
all three germ layers and self-renew extensively in culture35. In terms of
cell-cycle regulation, ESCs proliferate rapidly, show a shortened G1 phase
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in the c-Myc–eGFPhi and c-Myc–eGFPlo fetal
LSK subsets, in contrast to the well-defined
and largely distinct signatures of their adult
counterparts (Fig. 6e and Supplementary
Fig. 8). However, long-term competitive
reconstitution assays with the fetal liver
c-Myc–eGFPhi and c-Myc–eGFPlo LSK subsets demonstrated that
when introduced into an adult environment, c-Myc–eGFPhi cells were
unable to produce long-term chimerism, in agreement with the results
obtained with their adult counterparts (Fig. 6f).

c-Kit
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Figure 5 Genes overexpressed in c-Myc-EGFPhi
cells are directly bound by the c-Myc
transcription factor. (a) GSEA profile of the
correlation of c-Myc–eGFPhi gene expression
profiles to a direct c-Myc target ChIP–and–
microarray analysis data set. (b) ChIP assay
(left) and heat map (right) of selected genes
overexpressed in c-Myc–eGFPhi T-ALL cells.
Red, upregulation; blue, downregulation. Data
are representative of two individual experiments
(error bars, s.d.). (c) ChIP assay of genomic
DNA from purified Lin−c-Kit+c-Myc–eGFP+ bone
marrow progenitor cells. IgG, immunoglobulin G.
Right, heat map of the overexpression of
selected genes in the c-Myc–eGFPhi LSK subset.
Data are from three independent experiments
(error bars, s.d.).

Figure 6 The role of the c-Myc–Fbw7 interaction in fetal liver stem cells and progenitor cells. (a) Flow cytometry of LSK cells in fetal liver (E14.5) and
adult bone marrow (6 weeks old). Numbers above outlined areas indicate percent c-Kit +Sca-1+ cells. (b) Cell-cycle status of fetal and adult LSK cells.
Numbers above bracketed lines indicate percent dividing cells. (c) Expression of c-Myc–eGFP protein in fetal and adult LSK cells. Far right, induction
of c-Myc protein expression in fetal LSK cells. (d) Expression of c-Myc–eGFP protein in CD150+ LSK cells. Numbers adjacent to outlined areas (c,d)
indicate percent c-Kit+eGFP+ cells. (e) Methylcellulose culture of cell populations purified from fetal liver (Fetal) or bone marrow (Adult). Black, first
plating; gray, second plating. (f) Peripheral blood chimerism of c-Myc–eGFPlo and c-Myc–eGFPhi fetal liver LSK subsets in competitive reconstitution
assays 20 weeks after transplantation (n = 6 mice). CD45.2+ cells are donor-derived cells. Numbers in plots indicate percent CD45.2 +CD45.1− cells
(top left) or CD45.2−CD45.1+ cells (bottom right). Data are representative of at least three independent experiments (error bars (e), s.d. of six mice).
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Fbw7 is dispensable for the self-renewal of ESCs
To address whether c-Myc stability could also be regulated by the
ubiquitin-proteasome system in ESCs, we treated self-renewing and
differentiating ESCs with the proteasome inhibitor MG132. We found

self-renewing and differentiating ESCs in Myc transcript abundance
(Fig. 7a), c-Myc protein expression was readily detectable in self-renewing
ESCs and became downregulated after induction of differentiation
(Fig. 7d), which confirmed the results of many published studies connecting
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c-Myc expression to ESC pluripotency37,38. ChIP
studies showed that c-Myc was not only
expressed but also detectable on the promoters
of selected predicted gene targets (Fig. 7e).
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Figure 7 Expression patterns of Fbw7 and
c-Myc in mouse ESCs. (a) Expression of Fbw7,
Myc and Nanog mRNA transcripts in selfrenewing (day 0) and differentiating (days 1–6)
mouse ESCs on days 0–6 of differentiation,
presented relative to Actb expression.
(b) Fbw7 gene-trap cassette. SA, splice
acceptor; βGEO, β-galactosidase–neomycin;
LTR, long terminal repeat. (c) Analysis of Fbw7
expression by lacZ staining of self-renewing
(+LIF) and differentiating (+LIF–RA) mouse
ESCs containing the Fbw7 gene-trap cassette.
RA, retinoic acid. Original magnification, ×10.
(d) Immunoblot analysis of total c-Myc and
c-Myc phosphorylated at Tyr58 (p-c-Myc) in
self-renewing (ESC) and differentiating (Diff)
mouse ESCs left untreated (−) or treated (+)
with 20 µM MG132 (proteasome inhibitor).
(e) ChIP assay (with the specific regulators
in Fig. 6) after c-Myc immunoprecipitation in
mouse ESCs. Data representative of at least three
independent experiments (error bars (a), s.d.).
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Figure 8 Fbw7 is dispensable for the self-renewal of mouse ESCs. (a) Accumulation of c-Myc protein in W4 and MyceGFP/− mouse ESCs left untreated
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that both total and phosphorylated c-Myc protein accumulated in
both self-renewing and differentiating culture conditions (Fig. 7d).
Complementary to that finding, we also treated MyceGFP/+ ESCs with
MG132 and observed stabilization of c-Myc–eGFP by flow cytometry
as well as by immunofluorescence with an antibody that detects eGFP
(Fig. 8a,b). To begin to assess the role of Fbw7 in ESC self-renewal
and its regulation of c-Myc, we used gene silencing mediated by small
interfering (siRNA). ESC cell–specific knockdown of Fbw7 resulted
in the accumulation of c-Myc–eGFP (Fig. 8c), which suggested that
Fbw7 regulates the stability of c-Myc protein in self-renewing ESCs.
Knockdown of Fbw7 was very efficient, as measured by quantitative
PCR (Fig. 8d). We obtained similar results with another mouse ESC
line (W4) using short hairpin (shRNA) specific for Fbw7, in which
knockdown resulted in the accumulation of both total and phosphorylated c-Myc protein (Fig. 8e). However, there were no pheno
typic changes (Fig. 8f) or changes in expression of germline markers,
which demonstrated that ESCs retain characteristics associated
with the molecular effects of ESC self-renewal (data not shown). In
contrast, silencing of Nanog, which encodes a pluripotency regulator, led to rapid cell differentiation and loss of self-renewal (Fig. 8f).
To further assess the dispensability of Fbw7 in ESCs, at least in this
in vitro system, we used a transgenic ESC line that reports selfrenewal because of the expression of GFP driven by Nanog regulatory
elements39. Fbw7 silencing was unable to affect Nanog-GFP expression and ESC self-renewal in this system (Fig. 8g). Overall, these
observations show that Fbw7 expression is upregulated during
ESC differentiation and that Fbw7 silencing is dispensable for the
in vitro self-renewal of ESCs. They also identify a substantial molecular
distinction between ESCs and quiescent adult stem cells (HSCs;
Supplementary Fig. 9).
DISCUSSION
Our observations have identified a specific ubiquitin ligase–substrate
pair as a central regulator of stem cell differentiation. We have demon
strated in vivo that slight changes in the stability and abundance of
c-Myc protein expression had the role of a rheostat controlling adult
stem cell quiescence and self-renewal. Our work has also explained
the mechanism by which c-Myc carries out its function in the HSC
population. We have identified, by whole-genome transcriptional
analysis and ChIP-plus-microarray approaches, a constellation of
genes directly regulated by the relative abundance of this transcription
factor during these early stages of hematopoiesis. Most notably, our
studies suggest differences between adult stem cells and ESCs in the
need for c-Myc stability, which suggests that different stem cell types
sense and interpret c-Myc-regulated gene expression in distinct ways.
All of our studies prove the hypothesis that the ubiquitin-proteasome
system can control stem cell differentiation by directly controlling
important regulators of cell-cycle entry, self-renewal and/or lineage
commitment. Further studies are needed to define the extent of the
involvement of the ubiquitin system in different aspects of stem and
progenitor cell biology.
Our findings explain the discrepancy between Myc mRNA expression and function that has been demonstrated before. Indeed, c-Mycdeletion studies have suggested that c-Myc expression is essential
for the exit of HSCs from the osteoblastic niche by regulating the
expression of essential adhesion molecules, including N-cadherin17.
However, those same investigators have shown that Myc mRNA
stability remains stable from the LT-HSC stage to the common
myeloid progenitor stage, which calls into question the HSC-specific
function of this transcription factor16. Those findings were verified
by our own independent analysis. We have demonstrated here that
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Fbw7 expression was high at the LT-HSC stage and was almost undetectable at subsequent MPP and myeloerythroid progenitor stages of
differentiation. Similarly, c-Myc protein abundance increased as HSCs
differentiated and reached its peak at the myeloerythroid progenitor
and common myeloid progenitor stages. These observations explain
the reported discrepancy and emphasize the importance of ubiquitinmediated protein stability in these early stages of hematopoiesis.
We have also demonstrated a difference in the dependence of ESCs
and adult HSCs on c-Myc stability and Fbw7 activity. Indeed, adult
HSCs were characterized by high Fbw7 expression and rapid c-Myc
turnover, whereas self-renewing ESCs demonstrated only basal Fbw7
activity and very stable c-Myc protein. Few such factors with distinct
functions in the two stem cell types have been identified thus far,
most of them being members of the machinery that initiates the cell
cycle, including cyclin D and cyclin E, cell-cycle inhibitors (CDKI)
and retinoblastoma protein (pRb). The differences in Fbw7 expression
are probably tightly linked to the cell cycle–entry machinery. Indeed,
studies of embryonic fibroblasts have shown that Fbw7 expression
is cell cycle dependent, with the highest expression recorded at the
G0-G1 stages (B.A.-O. and I.A., unpublished observations). The Fbw7
activity during ESC differentiation is consistent with c-Myc availability
and its essential role in the regulation of pluripotency; however, at this
point, we cannot exclude the possibility of a role for additional ESC
Fbw7 substrates that could control cell-cycle progression, including
cyclin E. Finally, as c-Myc has been proven to be one of the factors that
control adult cell reprogramming38, we propose that the ubiquitin
system and more specifically Fbw7 could be a key regulator of this
process. Our data also fit perfectly with other studies showing that the
kinase GSK3β, which phosphorylates c-Myc on Thr58 and triggers
Fbw7-mediated degradation in other cell systems40, is largely excluded
from the nucleus in self-renewing ESCs. GSK3β enters the nucleus
after ESC differentiation because of the absence of activation of the
kinase Akt induced by the cytokine LIF41. We have demonstrated here
that both proteasome inhibition and Fbw7 knockdown led to stabilization and overexpression of c-Myc phosphorylated on Thr58, which
connects ESC differentiation, kinase activation, recruitment of the
Fbw7 complex and c-Myc degradation.
Our work has also suggested that the ubiquitin complex is a regulator of stem cell differentiation and function. Indeed, the activity of
ubiquitin ligases (such as Fbw7) or opposing deubiquitinases could
control both the abundance and activation of central stem cell regulators. This close connection seems to be conserved among species, as
a report has shown a requirement for the deubiquitinase Scrawny in
the epigenetic control of gene expression in Drosophila melanogaster
stem cells10. All these observations propose an additional layer of
stem cell regulation and also suggest that genetic or chemical targeting of specific ubiquitin enzyme activity could affect somatic cell
reprogramming, adult stem cell population expansion and, putatively,
cancer stem cell differentiation and oncogenicity.
Methods
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.
Accession codes. GEO: microarray data, GSE19502.
Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS
Animals. Mycflox mice42 were a gift from F. Alt. All mice were housed in a
pathogen-free animal facility at the NYU School of Medicine. All animal
procedures were carried in compliance with Institutional Animal Care and
Use Committee of the NYU School of Medicine.
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Genotyping and in vivo animal studies. Tails were clipped from mice 1–2 weeks
after birth and were incubated for 24 h at 55 °C in tail-lysis buffer containing proteinase K. NaCl was added and cellular debris were pelleted by ultra
centrifugation. DNA was precipitated by the addition of isopropanol, then
DNA was pelleted and washed with 70% ethanol. DNA pellets dissolved in
water were used for PCR analysis. Primers were designed to amplify both
wild-type and loxP-flanked Myc and Fbw7 alleles, or were designed to detect
both wild-type and Myc-eGFP knock-in alleles (Supplementary Table 1). Mice
received five intraperitoneal injections of poly(I:C) at a dose of 20 µg per gram
body weight 2 weeks after birth and were analyzed 2 weeks after injection.
Deletion of targeted alleles and transcripts were measured by genomic PCR
and quantitative RT-PCR.
Quantitative real-time PCR. RNA was isolated with an RNeasy-Plus Mini
Kit (Qiagen), then cDNA was synthesized with a SuperScript III First-Strand
Synthesis System reverse transcription kit (Invitrogen) and used for quanti
tative RT-PCR with iQ SYBR Green Supermix and an iCycler (BioRad;
primer sequences, Supplementary Table 1). Relative expression was determined by the cycle threshold method (CT) and was normalized to the internal
control Actb.
Flow cytometry and antibodies. Flow cytometry was carried out as
described12. In experiments with the Myc-eGFP knock-in mouse, a ‘fluorescence minus one’ littermate control was analyzed in parallel to set eGFP
gates (Supplementary Fig. 9). Antibodies used for flow cytometry were as
follows: anti-Sca-1 (D7), anti-IL-7R (RAM34), anti-CD4 (L3T4) and antiCD44 (IM7; all from eBioscience); anti-c-Kit (2B8), anti-Mac-1 (M1/70),
anti-Gr-1 (RB6-8C5), anti-NK1.1 (PK136), anti-Ter119 (553673), anti-CD3
(145-2C11), anti-CD19 (1D3), anti-CD8 (53-6.7) and anti-CD25 (PC61; all
from BD Biosciences); and anti-CD150 (TC-15-12F2.2) and CD48 (HM48-1;
both from Biolegend). Anti-Ki67 (556027), for cell cycle analysis, was from BD
Biosciences. The bone marrow lineage antibody ‘cocktail’ included anti-Mac-1,
anti-Gr-1, anti-NK1.1, anti-Ter119, anti-CD3, anti-IL-7R and anti-CD19.
Immunoblot analysis. Immunoblot analysis was done as described12. Both
c-Kit+ and c-Kit− bone marrow cells were isolated with a magnetic bead–based
positive selection kit with a biotinylated primary antibody to c-Kit (EasySep
Positive Biotin Selection kit; Stem Cell Technologies). After selection, cells were
lysed with RIPA lysis buffer and were incubated for 20 min at 0 °C, and cellular
debris were pelleted by ultracentrifugation. Total cell lysates were separated
by SDS-PAGE on a 4–20% Tris-HCl gradient gel and were transferred to nitro
cellulose membranes. Membranes were probed with anti-c-Myc (sc-764; Santa
Cruz Biotechnology) and anti-tubulin (Santa Cruz Biotechnology).
Immunofluorescence. These experiments were done as described43. First,
c-Kit+ bone marrow cells were purified as described above (immunoblot analysis).
Cells were separated into aliquots onto charged glass slides and were fixed with
4% (vol/vol) paraformalydehyde, then cell membranes were made permeable
by 0.1% (vol/vol) Triton-X, and samples were incubated overnight at 4 °C
with GFP-specific rabbit polyclonal antibodies (ab290; Abcam). Subsequently,
washed slides were incubated with Alexa Fluor 488–conjugated secondary antibody to rabbit IgG (Invitrogen) and were counterstained with DAPI nuclear
stain (4,6-diamidino-2-phenylindole; Sigma).
GSEA. Normalized expression data were assessed by GSEA as described44.
Gene-expression profiles of c-Myc–eGFPlo and c-Myc–eGFPhi cell populations
were used as the background data set and the following two gene sets were used
as the foreground: C2-curated gene sets from the Broad Institute, and gene set
constructed in-house by consideration of c-Myc ChIP-and-microarray data
with a P value of less than 0.005 (ref. 33). Genes with differences in expression
are ranked by a signal-to-noise metric.
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Microarray analysis. A portion of total RNA (5 ng) from target cell populations
was amplified and then labeled with the Ovation RNA Amplification System v2
and Ovation cDNA Biotin System (Nugen). The resulting cDNA was hybridized to GeneChip MG 430 2.0 arrays according to the array manufacturer’s
recommendations (Affymetrix). Raw data were processed with GeneSpring
7.2 software (Agilent). The Affymetrix CEL files were normalized with robust
multiarray average expression measure and baseline scaling44. For the identifi
cation of mRNA with differences in abundance in various replicate experimental
conditions, abundance had to be identified as significantly different by at
least one of three statistical algorithms available from the TIGR Microarray
Suite TM4: t-test (P < 0.05, α correction), significance analysis of microarray
(false-discovery rate, 5%) and Pavlidis template matching (P < 0.05)45. The
Kyoto Encyclopedia of Genes and Genomes pathway and the Database for
Annotation, Visualization, and Integrated Discovery were accessed online for
pathway-enrichment analyses.
ChIP. ChIP-plus-microarray and ChIP assays were done as described33 with
T-ALL cell lines, Lin−c-Kit+ selected bone marrow cells and mouse ESCs (W4;
129 SJ). Quantitative RT-PCR was done on chromatin immunoprecipitates
and the corresponding whole-cell extracts to confirm promoter occupancy of
ten hand-selected genes by c-Myc with an ABI 7300 Real-Time PCR system
(Applied Biosystems); β-actin was used as input reference (primer sequences,
Supplementary Table 2).
In vitro colony-forming assays. Total LSK cells from control, Mx1-Cre+Fbw7−/−
Myc+/− and Mx1-Cre+Fbw7−/−Myc−/− mice or the upper 30% of Myc+/eGFP
LSK cells and lower 30% of Myc+/eGFP LSK cells were sorted from MyceGFP/eGFP
knock-in adult mice or embryos at E14.5. Cells (300 per subset) were seeded in
duplicate and were cultured in cytokine-supplemented methylcellulose medium
(MethoCult 3434; Stem Cell Technologies). Subsequently, colonies were counted
on day 7, then were isolated, replated and cultured for another 7 d (total, 14 d).
ESC culture, lentivirus transduction and siRNA transfection. All ESC lines
were maintained on mouse embryonic fibroblasts cultured on gelatin-coated
plates in the presence of DMEM (Cellgro) supplemented with 15% (vol/vol)
FBS. The Fbw7 ESC LacZ-trapped line was from the Texas Institute for Genomic
Medicine. MyceGFP/− ESCs and Nanog-GFP ESCs were reverse-transfected by
a mixture of 30 nM siRNA (siGENOME SMARTpool; Dharmacon) with
Lipofectamine 2000 (Invitrogen) in supplemented DMEM media (Cellgro).
The siRNA mixture was added to a gelatin-coated 96-well plate, and ESCs were
plated at a density of 1,500 cells per well in DMEM and LIF (Chemicon). For
differentiation experiments, ESC cells were preplated for 1 h (to remove MEFs)
and seeded at low density, and at 24 h after initial plating (Day 0), either only
LIF was removed or LIF was removed and retinoic acid was added. The eGFP
fluorescence was measured with an LSRII (BD Biosciences) 48 h after transfection. Nanog-GFP ESC cells (a gift from I. Lemischka) were transduced with
pLKO.1-PIG lentivirus35 (a gift from I. Lemischka; Supplementary Table 3)
containing the appropriate shRNA 1 h after preplating. Then, 2 d after transduction, transduced cells were selected by puromycin (2 µg/ml) and were
subsequently used for self-renewal and differentiation experiments.
Bone marrow transplantation. Freshly dissected femurs and tibias were
flushed with PBS supplemented with 3% (vol/vol) FBS injected by a 1-cc
insulin syringe. Cells were spun for 2.5 min at 200g and red blood cells were
lysed for 3 min at 25 °C with ammonium chloride–potassium bicarbonate
lysis buffer. Cells were then washed in 3% (vol/vol) FBS in PBS and were
spun. Then the cells were passed through a cell strainer and counted, and cells
were stained with phycoerythrin-conjugated antibodies to lineage markers,
allophycocyanin-conjugated anti-c-Kit and phycoerythrin-indotricarbocyanine–
conjugated anti-Sca-1. Finally, bone marrow–derived CD45.2+ c-Myc–eGFPhi or
c-Myc–eGFPlo LSK subsets (from adult mice and E14 fetal livers) were purified
by flow cytometry and 1.0 × 103 cells from each subset were mixed with 1.0 × 106
wild-type CD45.1+ bone marrow cells and the mixture was injected into
the ocular cavity of lethally irradiated (two doses of 600 rads) CD45.1 host
mice. Chimerism in peripheral blood was analyzed at 7, 12, 17 and 25 weeks
after transplantation. Chimerism in bone marrow, thymus and spleen was
measured at 17 weeks.

doi:10.1038/ni.1839

Treatment with 5-FU. Experiments with 5-FU were done as described16.
MyceGFP/− mice were injected one time with 75 µg fluorouracil per gram body
weight and the LSK population in the bone marrow was analyzed 2 d after
treatment by flow cytometry.

© 2010 Nature America, Inc. All rights reserved.

Statistical analysis. An unpaired two-tailed Student’s t-test with assumption
of experimental samples of equal variance was used for all statistical analyses,
unless otherwise specified.
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Ubiquitination is a posttranslational mechanism that controls diverse cellular processes. We
focus here on the ubiquitin ligase Fbw7, a recently identified hematopoietic tumor suppressor that can target for degradation several important oncogenes, including Notch1, c-Myc,
and cyclin E. We have generated conditional Fbw7 knockout animals and inactivated the
gene in hematopoietic stem cells (HSCs), progenitors, and their differentiated progeny.
Deletion of Fbw7 specifically and rapidly affects hematopoiesis in a cell-autonomous
manner. Fbw7ⴚ/ⴚ HSCs show defective maintenance of quiescence, leading to impaired
self-renewal and a severe loss of competitive repopulating capacity. Furthermore, Fbw7ⴚ/ⴚ
progenitors are unable to colonize the thymus, leading to a profound depletion of T cell
progenitors. Deletion of Fbw7 in bone marrow (BM) stem cells and progenitors leads to the
stabilization of c-Myc, a transcription factor previously implicated in HSC self-renewal. On
the other hand, neither Notch1 nor cyclin E is visibly stabilized in the BM of Fbw7-deficient mice. Gene expression studies of Fbw7ⴚ/ⴚ HSCs and hematopoietic progenitors indicate that Fbw7 regulates, through the regulation of HSC cycle entry, the transcriptional
“signature” that is associated with the quiescent, self-renewing HSC phenotype.
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All mature blood cells arise from primitive progenitor cells in the BM. These rare and specialized cells, called hematopoietic stem cells (HSCs),
exist mostly in a quiescent state (1). Cell division
of HSCs results in both their progressive proliferation and differentiation into increasingly lineagerestricted mature blood cells, as well as maintenance
of a small pool of HSCs that do not differentiate,
but rather carry out hematopoiesis throughout
the life of an organism (2). Much work has been
done to elucidate the nature of the signals that
govern the balance between self-renewal and differentiation of HSCs. The BM microenvironment in which these cells reside, called the HSC
niche, is thought to nurture this balance by providing the appropriate signals (3, 4), but the identities and precise coordination of these signals
have only recently begun to be understood.
As the entire life of an HSC revolves around
the decisions of whether or not and when to
divide, it is no surprise that several molecules
The online version of this article contains supplemental material.
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and signaling pathways that could regulate cell
cycle have been implicated in HSC biology
(5–10). For example, the proto-oncogene cMyc has been shown to be essential for regulating both HSC self-renewal and differentiation
(11). The effects of c-Myc deletion in the BM
are alleviated by simultaneous deletion of the
cell cycle inhibitor p21 (12), underscoring the
requirement for strict cell cycle regulation to
ensure proper HSC function. Both p21 and cMyc are regulated at the transcriptional level
by the Rho GTPase Cdc42, and deletion of
Cdc42 from hematopoietic cells results in increased and decreased levels of c-Myc and p21,
respectively, and allows quiescent HSCs to enter the cell cycle and differentiate (13).
In addition to c-Myc, the Notch pathway has
also been suggested to influence HSC function.
Notch1 signaling is essential during hematopoiesis for the development of T lymphocytes
(14, 15), but studies of its role in HSCs have
yielded a mixture of results and interpretations. For
example, inhibition of Notch1 signaling in vivo
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can deplete the HSC compartment, possibly by promoting their
differentiation into more mature, lineage-restricted cells (7).
Also, Stier et al. (16) suggested that Notch pathway activation increases HSC self-renewal in vivo. On the other hand,
several genetic studies questioned the importance of Notch1
signaling at this stage. Initially, deletion of the central Notch
effector RBP-J (signal binding protein-J) caused no significant
HSC or progenitor-specific phenotypes (17). Similarly, no gross
hematopoietic defects were reported when either the Notch
ligand Jagged1 or the Notch regulators Numb and Numblike
were conditionally deleted (18, 19).
Although it is clear that the expression of numerous cell
cycle regulators must be tightly controlled in HSCs to permit
both their self-renewal and differentiation, the molecular
pathways that provide such control are mostly unclear. Notch1
and c-Myc, as well as other cell cycle regulators like cyclin E
and c-Jun, are targeted for proteasomal degradation by the E3
ubiquitin ligase, Fbw7 (20, 21). Fbw7 (also called Fbxw7,
hCDC4, Ago, and SEL-10) is an F-box protein that serves as
a receptor molecule for the Skp1/Cul1/F-box protein (SCF)
ubiquitination complex. Fbw7 binds substrates (e.g., Notch1
and c-Myc) by recognizing a phosphorylated motif (a degron)
via its WD40 repeat domain (22). Fbw7 is simultaneously
bound via its F-box domain to the adaptor protein Skp1,
which in turn is bound to the RING finger protein Rbx1 via
the scaffold protein Cul1, which allows recruitment of target
proteins for poly ubiquitination by an Rbx1-associated ubiquitin-conjugating enzyme (E2) (23); this marks the target protein for degradation by the 26S proteasome (24).
Our laboratory and others have recently shown that inactivating mutations in Fbw7 contribute to the accumulation
of Notch1 and c-Myc in T cell–acute lymphoblastic leukemia (T-ALL) (25–27), and several other studies have established Fbw7 as an important tumor suppressor in various tissues
(28, 29). Furthermore, growing evidence suggests that the
ubiquitin–proteasome system plays diverse and essential roles
in stem cell biology (30). The ability of Fbw7 to antagonize
cell cycle progression via the ubiquitin–proteasome system
prompted us to study the effects of deleting it from hematopoietic cells. As germline Fbw7 knockout mice die in utero
around day E10.5 due to defects in vascular development
(31, 32), we have generated a conditional allele to allow tissue-specific inactivation of Fbw7 on expression of Cre recombinase. We report here that loss of Fbw7 function leads
to a severe depletion of the HSC pool and HSC self-renewal
capacity due to the loss of stem cell quiescence. This functional phenotype coincides with a perturbed expression of
critical molecular regulators of cell cycle entry in HSCs and a
profound decrease in the expression of gene transcripts associated with the HSC self-renewal phenotype.
RESULTS
Fbw7 expression patterns during early
hematopoietic differentiation
To study the pattern of Fbw7 expression during early hematopoiesis, we have initially purified the HSC-containing
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lineageSca-1+c-Kit+ (LSK) fraction as well as more differentiated myeloid progenitors (MPs; lineageSca-1c-Kit+), B
cell progenitors (B220+CD43+), and thymic T cell (lineage
CD44+25+) progenitors. As shown in Fig. S1 A (available at
http://www.jem.org/cgi/content/full/jem.20080277/DC1),
Fbw7 mRNA expression was high at the LSK stage and decreased as the cells differentiated into the myeloid lineage
(MP: lineagec-kit+Sca-1). B cell progenitors expressed
moderate amounts of Fbw7 message, whereas in the thymus,
the first T cell–committed progenitors (CD44+25+) expressed
high amounts of Fbw7. There was no significant expression
difference during CD48 to CD4+8+ transition. However,
single positive (CD4 or CD8) T cells appear to express lower
levels of Fbw7 message (Fig. S1 B). The levels of Cullin 1,
a partner of Fbw7 for the formation of the SCF complex,
follow similar—although not identical—expression patterns.
Finally, to gain further insight in the putative function of
Fbw7 during early hematopoiesis, we have generated PCR
primers specific for the three distinct Fbw7 isoforms. We
were surprised to see that mouse hematopoietic cells express
only the Fbw7 isoform that is exclusively localized in the
cell nucleoplasm (Fig. S1 C). These studies suggested a dynamic control of Fbw7 expression at different stages of hematopoietic differentiation.
Generation of a conditional Fbw7 allele (Fbw7f/f)
As the early lethality of the Fbw7/ embryos precludes any
study of hematopoietic differentiation, we generated an Fbw7conditional allele targeting exons 5 and 6, as they encode for
the F-box domain that is essential for SCF assembly (Fig. 1 A).
We have used standard embryonic stem (ES) cell–targeting
techniques and “floxed” these two exons with LoxP sites. We
have also inserted an Frt-“floxed” Neo mini-gene that was
later deleted (Fig. 1 B) from the germline of the generated
chimeric progeny (see Materials and methods). Fbw7f/f (NEO)
mice were crossed to the IFN- (and polyI-polyC)–inducible
Mx1-cre transgenic mouse stain (33) to generate a model of
inducible Fbw7 deletion (Mx-cre+ Fbw7f/f). As shown in
Fig. 1 (B and C), three polyI-polyC intraperitoneal injections
are sufficient to induce total Fbw7 locus deletion and efficiently silence Fbw7 expression in several lymphoid tissues,
including the BM, the thymus, and the spleen. The deletion
was also total in the BM LSK fraction (see Fig. 8).
Deletion of Fbw7 severely affects hematopoietic progenitor
maintenance in the BM
We focused our initial analysis on the early stages of BM hematopoiesis. As early as 2 wk after the end of the polyI-polyC
treatment, there was a significant reduction in the absolute
number of total BM cells (Fig. 2 A). We should note here
that control littermates were either Mx-cre+ Fbw7wt/wt or
Mx-cre Fbw7f/f mice and were also polyI-polyC injected.
As our goal was to study the potential effects of Fbw7 deletion on HSC homeostasis, we turned our attention to the
lineage compartment. It was immediately obvious that Fbw7
deletion rapidly (at 2 wk after polyI-polyC) and significantly
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(Fig. 2 C) was also decreased. Further subdivision of the LSK
fraction to long-term HSC (LT-HSC), short-term HSC, and
multipotential progenitors (using a combination of CD34
and c-kit staining) did not reveal any subset-specific effects but
suggested a more general effect on LSK homeostasis (Fig. 2 D).
As a consequence of the HSC defect, absolute numbers of all
BM-mature lineages, including the numbers of immature
(B220+IgM+) and mature B cells, were also significantly decreased (Fig. 2 F). These findings strongly suggested that
Fbw7 deletion could affect LSK cell self-renewal and/or differentiation in the BM.

Figure 1. Generation of a conditional Fbw7 allele. (A) Targeting
strategy showing exons 4–7 of the mouse genomic Fbw7 locus before
targeting (WT allele) and after homologous recombination in C57BL/6 ×
129 ES cells (targeted allele), which introduces an FRT- and LoxP-flanked
PGK-Neo cassette between exons 6 and 7, and flanks exons 5 and 6 with
LoxP sites. Germline removal of the PGK-Neo cassette using the FLPedeleter strain and subsequent exposure to Cre recombinase results in excision of exons 5 and 6 and generates the conditional knockout (CKO) allele.
Arrows show locations of primers (A–D) used to genotype resulting mice.
(B) Before crossing to the FLPe-deleter strain, PCR using primers C and D
were used to confirm transmission of the targeted allele (not depicted).
After removal of the PGK-Neo cassette, primers B and C were used to
detect both the “floxed” and WT alleles (497 and 315 bp, respectively).
After induction of Mx-Cre with polyI-polyC injections, the floxed band was
lost from the BM and thymus, and excision of exons 5 and 6 in these tissues was confirmed by PCR using primers A and C, which amplify 662 bp
from the CKO allele. (C) Loss of WT Fbw7 expression was confirmed by
quantitative RT-PCR using the same primers as in panel A, which are located in exons 4 and 5. Error bars show the SD of duplicate wells.

affected LSK frequency. Most importantly, absolute numbers of LSK cells decreased three- to fivefold (Fig. 2 B). A
significant decrease in the numbers of the first MPs (lineage
Sca-1c-Kit+) was also seen, but there were no significant
differences in the relative abundance of common, megakaryocyte-erythrocyte, and granulocyte-monocyte progenitors (Fig. 2 E). In agreement with these findings, the LSK
frequency in the peripheral blood (not depicted) and spleen
JEM VOL. 205, June 9, 2008

Deletion of Fbw7 severely affects progenitor maintenance
in the thymus
As LSKs have been shown to represent the major thymuscolonizing population, we analyzed the thymus after Fbw7
deletion and found no significant change in total thymocyte
numbers 2 wk after polyI-polyC deletion (Fig. 3 A). However, at later time points (4 wk after polyI-polyC) Mx-cre+
Fbw7f/f thymocyte numbers were significantly decreased
(Fig. 3 A). Notch1 appeared to be the main Fbw7 substrate in
the thymus, as its deletion led to a significant accumulation
of intracellular Notch1 protein as detected by two different
Notch1-specific antibodies (Fig. S2 A, available at http://
www.jem.org/cgi/content/full/jem.20080277/DC1). This
finding was consistent with our recent identification of Notch1
as a substrate of Fbw7 in T cells. Supporting this observation,
Deltex1 transcription, a reliable Notch1 reporter, was significantly up-regulated in Mx-cre+ Fbw7f/f thymi (Fig. S2 B). On
the other hand, other putative Fbw7 substrates like c-Myc or
cyclin E were not significantly stabilized in total Mx-cre+
Fbw7f/f thymocytes at this specific time point (Fig. S2 A).
As evident from Fig. 3 B, Fbw7 deletion appeared to significantly affect the most immature (CD48) thymocytes as
both their frequency and their absolute numbers decreased
two- to sixfold (Fig. 3, B and C). As this CD48 double
negative (DN) population includes the most immature T cell
progenitors, we have further subdivided this subset using antibodies against CD25, CD44, and c-kit. This analysis revealed an almost complete absence of both DN2 (CD25+44+)
and DN3 CD4425+ thymocytes (Fig. 3, D and E). These
phenotypes depended on the timing of the deletion mediated
by the Mx1 promoter that is active both in thymocytes and
their immediate BM progenitors. Indeed, when we deleted
Fbw7 only in developing thymocytes using the Lck promoter
(34) (Lck-cre+Fbw7f/f), none of these DN cell–specific phenotypes were obvious (Fig. 3 F and Fig. S3 A). This could be
explained by the later Fbw7 gene deletion in the Lck-cre model
(Fig. S3 B). 4-wk-old Lck-cre+Fbw7f/f mice had thymocyte
numbers similar to Lck-cre+Fbw7wt/wt control littermates, and
almost 50% of them developed T cell lymphomas later in life
(unpublished data and reference 35). Both Notch1 and c-Myc
appeared to be stabilized in the thymi of these mice. Notch1
was also stabilized in immature CD48 thymocytes (not depicted). To further investigate the hypothesis that the thymic
phenotype was at least partially due to the decreased number
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Figure 2. Fbw7 deletion leads to a depletion of BM hematopoietic progenitors. (A) Absolute numbers of BM cells in polyI-polyC–injected control
(Fbw7f/f, MxCre) and CKO (Fbw7f/f, MxCre+) mice 2 wk after polyI-polyC deletion are shown. (B) Lin BM cells were stained for c-kit and Sca-1 to mark the
LSK population (dot plot), and absolute LSK numbers (histogram) were calculated (also at 2 wk after polyI-polyC). (C) Quantitation of peripheral (spleen)
LSKs 2 wk after polyI-polyC injection. P < 0.05. (D and E) Absence of enhanced rates of apoptosis as defined by a combination of 7-AAD/annexin V staining
in either total BM of LSK cells (3 wk after polyI-polyC injection). (F) LSK cells were analyzed by FACS for CD34 expression to separate long-term (LT, CD34)
from short-term (ST, CD34+) HSCs. (G) MPs (Lin/Sca-1/c-kit+) were analyzed by FACS for CD34 and FcRII/III expression to show common MPs (CMP,
CD34+/ FcRII/III; bottom right gate), granulocyte/macrophage progenitors (GMP, CD34+/ FcRII/III+; top right gate), and megakaryocyte/erythroid progenitors (MEP, CD34lo / FcRII/III; bottom left gate). (H) Absolute number of mature (IgM+/B220hi) and immature (IgM+/B220+) BM B cells are shown (2 wk
after polyI-polyC). Error bars show the SD. Numbers indicate the percentage of cells in each gate. *, P < 0.05; **, P < 0.005. For all experiments, n = 8.

of entering BM stem and progenitor cells, we have quantified
the absolute number of the first thymic immigrants (early T
cell progenitors [ETPs], defined as lineageCD25c-kithigh
cells) in the thymi of control and mutant mice 2 and 4 wk after polyI-polyC injection. As shown in Fig. 3 G, ETP numbers were significantly decreased upon Fbw7 deletion at both
time points. Our studies demonstrated that deletion of Fbw7
using the Mx-cre+Fbw7f/f model severely affects lymphocyte
development in the thymus.
Loss of Fbw7 leads to a cell-autonomous defect of
stem cell self-renewal
As the Mx1 promoter is IFN- responsive and can drive crerecombinase expression in nonhematopoietic lineages (e.g.,
1398

the BM HSC niche), we have tested whether the reported
phenotypes were cell autonomous. We used a competitive
transplantation assay mixing Mx-cre+Fbw7f/f or Mx-cre+
Fbw7wt/wt CD45.2+ BM cells (from polyI-polyC–injected
mice) with CD45.1+ WT cells. At the time of the injection, we had normalized for absolute numbers of LSK cells
and injected ⵑ103 LSK cells from each genotype. These cells
were transplanted in irradiated CD45.1 hosts, and chimerism
was studied 5 wk later. We should note here that in this assay we expected <50% CD45.2 chimerism due to the existence of endogenous, host-derived CD45.1+ cells. The exact
CD45.2 chimerism depended on the injection efficiency and
in our hands varied from 10 to 45%. Indeed, although Mxcre+Fbw7wt/wt cells efficiently competed (generating >40%
HSC REGULATION BY FBW7 | Thompson et al.
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Figure 3. Loss of Fbw7 severely impairs early T cell development. (A) Absolute numbers of thymocytes (left, 2 wk after polyI-polyC; right, 4 wk
after polyI-polyC) were counted from control (n = 8) and CKO (n = 8) mice and analyzed by FACS for CD4 and CD8 expression (B). (C) Absolute numbers
of CD48 DN cells (2 wk after polyI-polyC). (D) DN cells were separated into DN1–4 populations by staining for CD44 and CD25. (E) Absolute numbers
of DN2 (CD44+/CD25+) and DN3 (CD44/CD25+) (2 wk after polyI-polyC). (F) DN thymocytes were analyzed as in D in control (Fbw7f/f, LckCre) and CKO
(Fbw7f/f, LckCre+) mice. Error bars show the SD. Numbers indicate the percentage of cells in each gate. **, P < 0.005. n = 6. (G) Absolute numbers of ETP
(LinCD25CD44+c-kit+) cells 2 and 4 wk after polyI-polyC injection. *, P < 0.05. n = 4.

chimerism) with CD45.1 BM, Mx-cre+Fbw7f/f cells generated only minimal chimerism in the spleen, thymus, and BM
of the recipient animals, suggesting a very severe defect in
their ability to differentiate and replenish the hematopoietic
and immune systems (Fig. 4 A). Interestingly, when we studied chimerism in the LSK compartment we found almost no
Fbw7/ LSK cells (Fig. 4 B). Similarly, in the BM, <3% of
total BM mononuclear cells derived from Fbw7/ progenitors. Very few of these cells managed to properly differentiate toward the myeloid (not depicted) or B cell lineage (Fig.
4 C). Moreover, <0.1% of total donor-derived thymocytes
originated from Fbw7/ BM. Once more, these cells failed
to differentiate to the CD4+8+ stage, and the vast majority
belonged to the early CD44+25+ DN1 stage (Fig. 4, D and E).
These experiments demonstrated that Fbw7/ stem cells were
unable to compete with WT counterparts.
As the previous results could also be explained by altered
the homing ability of HSCs upon Fbw7 deletion, we altered our
transplantation protocol so that we transplanted 0.5 × 106 nonpolyI-polyC–injected (Mx-cre+Fbw7f/f or Mx-cre+Fbw7wt/wt)
CD45.2+ BM cells with an equal number of CD45.1+ WT cells
JEM VOL. 205, June 9, 2008

into irradiated CD45.1 hosts and documented chimerism 3 wk
later. Only after transplant did we inject the recipients with
polyI-polyC (three times) to delete the Fbw7 locus. 7 wk after polyI-polyC injection, we found no (or very few) mature
donor-derived Fbw7/ cells (thymocytes, B cells, Mac1+,
NK1.1+, and Gr-1+ cells), including BM LSK (Fig. S4, available
at http://www.jem.org/cgi/content/full/jem.20080277/DC1).
These combined transplantation results strongly demonstrated
that the Fbw7 deletion-induced phenotype is cell autonomous
and is not due to the inability of Fbw7 LSK to home to the
marrow niche.
Deletion of Fbw7 leads to defective HSC quiescence
and self-renewal
To begin understanding the molecular mechanism behind the
HSC defect caused by the deletion of Fbw7, we initially studied LSK survival in the BM of polyI-polyC–injected animals
(at 2, 3, and 4 wk after injection). No significant differences
in the percentage of apoptotic LSK in polyI-polyC–injected
littermate mice (Mx-cre+Fbw7f/f, Mx-cre+Fbw7wt/wt, or Mxcre+Fbw7f/w) were observed at 3 wk after polyI-polyC (Fig. 2),
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Figure 4. Loss of Fbw7 leads to a cell-autonomous defect of HSC self-renewal. (A) 0.5 × 106 WT CD45.1 BM cells were injected into lethally irradiated WT Ly 5.1+ host mice (n = 3 for each experiment) with the same number of either control CD45.2 or CKO (Mx1-cre+Fbw7f/f) CD45.2 BM cells.
The mice were analyzed 5 wk later for reconstitution of the BM, thymus, and spleen by staining cells from each tissue for both CD45.1 and CD45.2.
The percent contribution of each donor to those organs is shown. CD45.2-gated cells from recipient mice were analyzed by FACS for expression of CD4,
CD8, CD44, and CD25 in the thymus (D and E), B220/IgM (C), and LSK markers (B) in the BM. The cells in E are gated on the thymic Lin population.
Numbers indicate the percentage of cells in each gate.

arguing against the involvement of the SCFFbw7 complex in
LSK survival.
To address the effect of Fbw7 deletion on stem cell proliferation, we used Ki67 and DAPI labeling to determine
the cell cycle status of LSK cells. The percentage of Mxcre+Fbw7f/f LSK cells that passed the G0-G1 checkpoint
and entered cycle was consistently and significantly elevated
when compared with Mx-cre+Fbw7wt/wt counterparts (Fig. 5 A).
Interestingly, these effects appear to be LSK specific, as more
differentiated cell populations (MPs, T cell progenitors, CD4+8+
thymocytes) do not show similar cell cycle acceleration
(Fig. S5, available at http://www.jem.org/cgi/content/full/
jem.20080277/DC1). To further support these findings, we
have used a short (42-h) pulse of BrdU to mark cells that
escape quiescence and enter the cell cycle, and subdivided
the LSK compartment into CD34 (self-renewing LT-HSC)
and CD34+ (non-self–renewing short-term–HSC and MPP)
subsets. As evident from Fig. 5 B, Fbw7/ LT-HSCs showed
a dramatic loss of quiescence, as almost 80% of them entered cell cycle during the 42 h from the initiation of the
BrdU pulse. CD34+ LSK cells also showed a significantly
elevated fraction of BrdU+ cells. We should also note here
that LSK cycle deregulation was evident even in marrows with
less significant alterations in LSK or total cell numbers, suggesting that the functional changes preceded the phenotypic ones
(not depicted).
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We then asked whether this loss of quiescence translates to
defective HSC self-renewal or differentiation. We used colonyforming cell assays and initially plated total BM from polyIpolyC–treated Mx-cre+Fbw7wt/wt or Mx-cre+Fbw7f/f animals
and incubated them in semi-solid methylcellulose medium
in the presence of a suitable cytokine cocktail. As shown in
Fig. 5 C, Mx-cre+Fbw7f/f cells generated only half the number
of colonies compared with Mx-cre+Fbw7wt/wt progenitors.
Also, these colonies were significantly smaller in size (Fig. 5 E).
We then performed similar experiments using highly enriched
CD34 LT-HSCs. Interestingly, during the initial plating no
differences in the absolute numbers of colonies were recorded.
However, the replating of colonies that originated from Mxcre+Fbw7f/f LT-HSCs showed a complete loss of self-renewal
capacity (Fig. 5 D) in agreement with our in vivo competitive
reconstitution assays (Fig. 4). These observations clearly showed
that Fbw7 deletion promotes aberrant cell cycle entry and loss
of self-renewal.
BM Fbw7 deletion leads to c-Myc protein stabilization
As Fbw7 is able to ubiquitinate and degrade several target
proteins, we performed an initial protein expression screening
of three well-characterized substrates, Notch1, c-Myc, and
cyclin E (Fig. 6). We were unable to detect significant expression and stabilization of either Notch1 or cyclin E in total
BM cells. This result was not surprising, as Notch1 mRNA is
HSC REGULATION BY FBW7 | Thompson et al.
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Figure 5. Deletion of Fbw7 leads to defective HSC quiescence and
self-renewal. (A) LSK control and Mx1-cre+Fbw7f/f (CKO) mice were further analyzed for DNA content (DAPI) and intracellular Ki-67 expression
(2 wk after polyI-polyC). Quadrants correspond to cell cycle stages as shown
in the left panel. The percentage of LSK cells in G0 stage is also shown
(n = 6), (B) BrdU labeling of the CD34 and CD34+ LSK subsets (n = 4)
(2 wk after polyI-polyC). (C) 25,000 total BM cells from control or CKO mice
were plated in methylcelluose medium containing a multilineage cytokine
cocktail. The number of colonies and their qualitative morphologies were
determined 8 d later. (D) The same experiment as in C was performed,
except plating 500 flow-purified LT-HSCs per plate. After 7 d, the colonies
were counted (first plating). The colonies from each plate were pooled
and resuspended in PBS, and 2,000 of those cells were replated for an
additional 7 d before counting colonies again (second plating). Numbers
indicate the percentage of cells in each gate. (E) Photographs of representative colonies from C (first plating) show the relative size difference
between control- and CKO-derived colonies. Bar, 0.5 mm. These are
representatives of at least three individual experiments. *, P < 0.05;
**, P < 0.005.

not expressed in mature myeloid/erythroid/B cells that comprise the vast majority of the marrow. Also, cyclin E is expressed in a small fraction of actively cycling progenitors (36).
Similarly, c-Myc expression was difficult to detect (Fig. 6 A).
Once more, this was an anticipated finding, as c-Myc is only
expressed in a small fraction of BM cells (unpublished data).
These observations suggested that we should focus our
attention on the small fraction of BM cells that includes putative stem cells and progenitors. We have thus sorted LSK
JEM VOL. 205, June 9, 2008

Figure 6. Effects of Fbw7 deletion on target protein stabilization
in the BM. (A) Western blot detecting expression of Notch1-IC, uncleaved membrane Notch1 (Notch1-TM), c-Myc, cyclin E, and b-actin in
total BM extracts. (B) Expression of c-Myc in cytokine-stimulated BM
progenitors. LineageIL-7RSca-1highc-kithigh cells from control and CKO
(Mx-cre+Fbw7flox/flox) mice were cultured for 48 h in the presence of cytokines. c-Myc expression was quantified using densitometry and actin
normalization. Phospho–c-Myc (T58/S62) and actin levels are also shown.
A representative of three experiments is shown. (C) Quantitative RT-PCR
quantifying expression of Fbw7 and c-Myc in the cells used in B. Expression is normalized using b-actin.

cells from polyI-polyC–injected Mx-cre+Fbw7f/f mice (and
Mx-cre+Fbw7wt/wt controls). We placed these cells in a liquid
culture in the presence of cytokines as shown in Fig. 7. Once
more, we have detected no stabilization of either Notch1
or cyclin E (not depicted). On the other hand, c-Myc protein was substantially overexpressed (almost threefold). Also,
the accumulated c-Myc protein was phosphorylated on the
T58 and S62 residues, in agreement with the idea that phospho species of the c-Myc substrate should accumulate in
the absence of proteasomal degradation (Fig. 6 B). Further
quantitative RT-PCR experiments have proven that the
c-Myc stabilization was due to posttranslational modification
(Fig. 6 C). This c-Myc stabilization was persistent between
different experiments. These results (Fig. 6 C) suggested that
Fbw7 deletion in stem cell and progenitor populations led to
a significant stabilization of c-Myc but not Notch1 or cyclin
E proteins.
Dynamic regulation of Fbw7 expression during HSC cycle
entry and differentiation
Previously presented results suggest that Fbw7 is an HSC
cycle entry “brake” and that its deletion affects HSC quiescence. In agreement with this scenario, Fbw7 expression is
significantly down-regulated as LSKs differentiate to become
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Figure 7. Dynamic regulation of Fbw7 expression during HSC cycle
entry and differentiation. (A) Flow-purified LSK cells were cultured with
cytokines for 0, 1, or 2 d and were stained for intracellular Ki-67 and DNA
content (DAPI). (B) Fbw7 and Cul1 mRNA expression were analyzed by
quantitative RT-PCR on each day. (C) Quantification of Sca-1 expression
(loss of Sca-1 indicates differentiation of LSK cells) after each day of culture. On day 0, all cells are Sca-1+.

MPs (Fig. S1). To further understand the role of Fbw7 during physiological HSC proliferation and differentiation, we
purified LSK cells and placed them in cytokine-driven in
vitro cultures. Before the cytokine stimulation (day 0), almost 60% of the cells were in G0. Upon stimulation, cells
rapidly entered cycle with only 2–3% of cells in G0 at day 2
(Fig. 7 A). Fbw7 expression declined significantly in response
to cytokine stimulation, and Cul1 expression followed an
identical pattern (Fig. 7 B). Although these results suggested
that Fbw7 expression is dynamically regulated at the HSC
stage, it is difficult to uncouple proliferation from differentiation-triggered effects. We further quantified cell differentiation by measuring the proportion of cells that lost Sca-1
expression. As shown in Fig. 7 C, at day 1 almost 80% of the
cells retained their c-kit+Sca-1+ phenotype, whereas Fbw7
expression was decreased three- to fourfold. Although effects
of differentiation are not excluded, this observation suggested
that Fbw7 message expression is down-regulated as HSCs
enter cell cycle.
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Fbw7 controls a gene program that correlates with HSC
quiescence and self-renewal
To further characterize the molecular mechanism of Fbw7
function in the differentiation and homeostasis of HSCs, we
have performed a whole transcriptome analysis. We have used
FACS-purified lineageIL7Rc-kithighSca-1high stem/multilineage progenitors (LSK) and lineageIL7Rc-kithighSca-1
MPs from polyI-polyC–injected pooled Mx-cre+Fbw7f/f and
Mx-cre+Fbw7wt/wt littermate mice, extracted total RNA, and
used it for microarray analysis. Both the array analysis (not
depicted) and quantitative RT-PCR (Fig. 8 A) showed that
deletion of the Fbw7 locus and silencing of its expression in
the LSK and MP compartments used for these experiments
were complete.
We have performed an analysis of genes that showed a
greater than or equal to threefold difference in expression between the control and Fbw7/ LSK cells. This analysis demonstrated that Fbw7/ LSK cells were more closely related
to the differentiated MP populations than the control LSK
subset (not depicted). The combination of published studies
(37–40) and our own results (Table S1, available at http://
www.jem.org/cgi/content/full/jem.20080277/DC1, and
unpublished data) suggested a partial transcriptional “signature” associated with the LT-HSC phenotype. These transcripts are enriched in LT-HSCs and down-regulated upon
the loss of self-renewal properties. We thus hypothesized
that the transcriptional signature of Fbw7 deletion in HSCs
contains the features of the physiological loss of stem cell phenotype associated with the commitment to the transiently
amplifying progenitor fate. Such a hypothesis was supported
by the identities of genes specifically affected by Fbw7 deletion in the LSK compartment (not depicted), including Evi1,
Mpl, p57, Agpt, Eya1/2, Pbx3, and Meis1, which were all
previously shown to be enriched in self-renewing HSCs
(Table S1). These results were further verified using quantitative
RT-PCR analysis of distinct biological samples (Fig. 8 B) and
were perfectly in line with the presented phenotypic results,
which suggested a loss of HSC quiescence and self-renewal
capacity upon Fbw7 deletion. Importantly, the observed global
loss of HSC-specific transcriptional signature was not an artifact
from contaminating Sca-1low/ cells, as the Ly6A (Sca-1)–specific signal was even slightly higher in the Fbw7/ compared
with the control LSK sample (not depicted).
This loss of “LT-HSC–specific” gene expression was accompanied by the activation of a more differentiated gene
expression program in cells that lose Fbw7 expression. Indeed, several genes suggesting an erythro-myeloid and lymphoid priming (38) were up-regulated upon Fbw7 loss (i.e.,
glycophorin A, CD36, neutrophil elastase, Rag-1, etc.; not
depicted). This is consistent with the presented expression
analysis data that show that Fbw7 mRNA expression decreases
during the transition of undifferentiated LSK cells to the
committed progenitor stage, which could be a functional part
of the early HSC differentiation program.
Finally, we have searched for genes that could explain the
loss of stem cell quiescence upon Fbw7 deletion. As shown in
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Figure 8. Fbw7 controls genes that correlate with HSC quiescence and self-renewal. (A) Efficient silencing of Fbw7 expression in LSK cells and
MPs in response to polyI-polyC treatment (at 2 wk after treatment). (B) Quantitative RT-PCR validation of genes selected from the microarray using
mRNA from a different sorting experiment. The plotted expression values represent the relative mRNA level of each sample normalized to the median
expression across all samples. (C) Quantitative RT-PCR analysis of the expression of multiple cell cycle–related genes in control (Mx-cre+Fbw7+/+) and CKO
(Mx-cre+Fbw7fl/fl) LSK cells.

Fig. 8 C, several cell cycle regulators, including p27, p21, and
Ccnd2/3, were unaffected by the deletion of Fbw7. However,
the expression of three cell cycle–related genes was altered in
response to Fbw7 silencing. The cyclin kinase inhibitor p57kip2,
previously implicated in loss of quiescence of stem cells (38),
was down-regulated in Mx-cre+Fbw7f/f LSK cells. On the
other hand, the cell cycle regulator E2F2 was significantly upregulated upon Fbw7 loss. Finally, the D-type cyclin Ccnd1
was up-regulated after Fbw7 gene excision, in agreement with
its role in HSC cycle entry. Interestingly, all three genes have
JEM VOL. 205, June 9, 2008

been previously suggested to be targets of c-Myc, supporting
our view that c-Myc overexpression could be an important
regulator of cell cycle entry downstream of Fbw7 (41–43).
The presented expression studies provide a very strong mechanistic basis that explains the phenotypic and functional effects
of Fbw7 deletion on HSC quiescence and self-renewal.
DISCUSSION
In this report we demonstrate that a single E3 ubiquitin ligase, Fbw7, is an essential regulator of HSC quiescence and
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self-renewal. Fbw7 is expressed in quiescent HSCs, and its
expression is down-regulated upon the loss of their selfrenewing capacity. These effects are cell autonomous, as
Fbw7/ LSKs are unable to compete with WT counterparts
both in vitro and in vivo. The loss of LSK absolute numbers
and self-renewal abilities are also reflected at the early stages
of lymphopoiesis, as Mx-cre+Fbw7f/f mice have lower numbers of B cell, and almost no T cell, progenitors. To mechanistically explain these LSK phenotypes, we have performed
comparative gene expression studies using Fbw7/ stem
cells and MPs. These studies demonstrated that Fbw7 deletion targets specific cell cycle regulators and suppresses the expression of several genes previously suggested to control HSC
function. Thus, we have identified a novel function for the
proteasome–ubiquitin ligase complex as a genetic “switch”
that controls HSC cycle entry and self-renewal.
Our studies are in agreement with a recent report by
Matsuoka et al. (44). These investigators also demonstrate
that Fbw7 is essential to maintain HSC quiescence and selfrenewal, and suggest that c-Myc is a key Fbw7 substrate in
HSCs. They also report that Fbw7/ animals die by either
extreme pancytopenia at 12 wk after polyI-polyC injection
or by T-ALL. Development of T-ALL was a later event,
as disease appeared only after 16 wk after treatment. Only
very few (n = 2) of our polyI-polyC–injected Fbw7f/f animals were allowed to reach these time points, and all developed pancytopenia. Thus, we cannot directly compare rates
of T-ALL induction, as all other polyI-polyC–injected animals presented in this study were analyzed at very early time
points. However, both Fbw7-targeted animals developed TALL with similar kinetics when crossed to the Lck-cre strain
(unpublished data and reference 35). A discrepancy between
the two studies exists over the detection of apoptosis in
Fbw7/ LSK cells. However, Matsuoka et al. (44) reported
elevated percentages of apoptosis only in HSCs purified
from the marrows of severely cytopenic mice 12 wk after
deletion. In the studies presented here, the analysis was performed using LSK cells purified from noncytopenic Fbw7/
mice 3 wk after polyI-polyC deletion. At that time point
there was a significant alteration of HSC quiescence and a
reduction of LSK (and LT-HSC) absolute cell numbers. In
agreement with our findings, Matsuoka et al. (44) failed to
detect an increased frequency of apoptosis in HSCs purified from the BM of noncytopenic animals, even at 12 wk
after deletion.
There are few other examples of stem cell function or
differentiation being regulated by specific E3 ubiquitin ligases
(30). Initially, the UBR1/2 E3 ligases were shown to be essential for neurogenesis due to their effects on the differentiation and survival of neural stem cells and progenitors (45).
Also, in the neural system, the Mindbomb1 ligase regulates
expression of Notch ligands and consequently controls differentiation of neural stem cells (46). Finally, DDB1, an E3
ligase member of the cullin4A complex, is important for the
viability, genomic integrity, and maintenance of neural stem
cells (47). Information on the role of any of the multiple E3
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ligases on HSC function is scarce and indirect. Studies using
a panel of chemical proteasome inhibitors have shown that
suppression of proteasome function induced cell death in
human CD34+ hematopoietic progenitors (48). Moreover,
primary CD34+ leukemic stem cells also enter apoptosis in
response to treatment with the MG-132 proteasome inhibitor (49). However, these were crude experiments that cannot
address the complexity of regulation of proteasome function
in HSCs by the different ubiquitin ligase complexes. Experiments similar to the ones described in this report, which
include E3 ligase expression mapping and gene-targeting experiments, are thus essential for the detailed understanding of
the importance of ubiquitination in HSC function.
Multiple protein substrates of Fbw7 have been identified.
These include the cell cycle regulator cyclin E and transcription factors such as c-Myc and Notch (50) that could directly
or indirectly regulate stem cell function. Our protein expression analyses showed no stabilization of Notch1 in the BM of
Mx-cre+Fbw7f/f mice. In fact, we were unable to detect any
Notch1-IC protein expression at all. This was not due to any
technical obstacle, as Notch1 was significantly stabilized and
overexpressed in the thymus of these mice. Also, we were
unable to detect CD4+8+ cells in the Fbw7/ BM (not
depicted), usually a reliable and rapid indicator of aberrant
Notch activation (51, 52). However, we cannot exclude that
Notch stabilization occurs in a small fraction of LSK cells, and
this change in protein expression is below the sensitivity of
the experimental method used. Indeed, Matsuoka et al. (44)
detected Notch1 overexpression using confocal microscopy
of individual Fbw7/ LSK cells. In agreement with these
results, our RT-PCR analysis of Fbw7/ LSK cells has revealed a persistent overexpression of Hes-1 and Deltex-1, both
well-characterized targets of the Notch pathway (Fig. 8 C).
Similar studies excluded a role for stabilization of another
Fbw7 substrate, cyclin E. Indeed, we were unable to detect
any significant cyclin E stabilization in response to Fbw7
deletion in either total BM cells or purified stem cell and
progenitor populations. These findings are consistent with
genetic experiments reported by Loeb et al. (51). These investigators have generated “knock-in” mice that express a
mutated cyclin E, cyclin ET393A. T393 falls within a canonical
Fbw7 recognition degron, and its phosphorylation allows
Fbw7 to bind and ubiquitinate cyclin E. Mutated cyclin E
was stabilized and expressed at levels several-fold higher in
several tissues, including lymphocytes and thymocytes. Despite this overexpression, cyclin ET393A–homozygous mice
showed no phenotypic abnormalities in all tissues examined,
including the immune system. They also displayed a normal
life span with no significant predisposition to autoimmune
disease or tumor induction. Together with our protein expression analyses, these elegant genetic studies argue against a
role of cyclin E stabilization in HSC function in response to
Fbw7 deletion.
On the other hand, our studies suggested that c-Myc
could be an attractive target, especially because it was previously shown to be involved in HSC differentiation (11).
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Indeed, both total and phosphorylated c-Myc protein was
consistently up-regulated in Fbw7/ BM stem cells and
progenitors. These observations were consistent with the
confocal microscopy studies reported by Matsuoka et al. (44),
strongly suggesting that c-Myc is indeed an important Fbw7
substrate. Putative targets of c-Myc, including p57kip2, E2F2,
and Ccnd1, were also up-regulated in Fbw7/ LSK cells. In
agreement with this hypothesis, Wilson et al. (11) have performed experiments in which they have overexpressed cMyc specifically in LSK cells. Despite proper homing and
inhibition of apoptosis, c-Myc–overexpressing HSCs failed
to self-renew, a phenotype similar to the one reported here
(11). We should add here that although c-Myc appears to
represent an important Fbw7 target, it is possible that there
are other yet-unidentified Fbw7 substrates that are important
for the hematopoietic phenotypes reported here.
Our presented studies identify Fbw7 as a novel essential
regulator of HSC quiescence and self-renewal. Initially, deletion of Fbw7, which was normally expressed at high levels in
noncycling HSCs, affects the expression of key regulators of
cell cycle entry, including the D-type cyclin Ccnd1, the cell
cycle inhibitor p57kip2, and the downstream transcriptional
effector E2F2. The combined action of these regulators could
induce exit from quiescence and cell cycle entry, as the BrdU
incorporation experiments convincingly demonstrated that
upon Fbw7 deletion >80% of LT-HSCs have entered cell
cycle. It is tempting to hypothesize that aberrant cell cycle
entry forces Fbw7/ HSCs to exit the quiescent niche and
lose their self-renewing ability. Once more, our expression
studies provide mechanistic support to this hypothesis. Fbw7
deletion dramatically suppresses the expression of several
genes (Mpl, Pbx3, p57, Meis1, Evi1, Eya1/2, Angpt, Thy1,
and Ndn) that define a partial “LT-HSC” transcriptional signature (Table S1 and unpublished data).
The identification of Fbw7 as a key regulator of HSC
quiescence and self-renewal may have very significant biological repercussions. Initially, Fbw7 function could be important for self-renewal of cancer stem cells with important
implications in the therapeutic targeting of their maintenance.
In agreement with this notion, Fbw7 deletion suppresses the
expression of several genes involved in hematopoietic transformation (Ccnd1, Evi1, Pbx3, and Meis1). It is intriguing to
mention here that Fbw7 can also function as a tumor suppressor when deleted in T cells using the Lck-cre+Fbw7f/f
model (reference 35 and unpublished data), suggesting that
Fbw7 function in oncogenesis could differ between uncommitted stem cells, committed progenitors, and mature lymphocytes. For all these reasons, the identification of regulators
of Fbw7 activity, including specific deubiquitinating enzymes
or substrate-specific priming kinases, could be valuable for
both the development of HSC transplantation protocols and
the suppression of transformation.
MATERIALS AND METHODS

Generation of the Fbw7flox mice. An ⵑ11.5-kb region used to generate
the targeting vector was subcloned from a positively identified C57B6 BAC
JEM VOL. 205, June 9, 2008

clone using homologous recombination. The region was designed such that
the short homology arm extends 2.4 kb 5 to loxP/FTR-flanked NEO cassette. The long homology arm ends on the 3 side of the loxP/FRT NEO
cassette and was ⵑ8-kb long. A single lox P site was inserted upstream of
exon 5. The target region was 2.1 kb and included exons 5 and 6. The backbone vector was ⵑ2.1 kb and contained an ampicillin selection cassette. The
total size of the targeting construct (including the vector backbone) was
ⵑ16 kb. The targeting vector was linearized using NotI and electroporated
into 129 Sv/En × C57BL6 hybrid ES cells. After G418 selection, surviving
clones were expanded for PCR analysis to identify recombinant ES cell
clones. Oligos for ES cell screening and PCR conditions are available upon
request. Five correctly targeted ES cell clones were expanded for microinjection into blastocysts. Strong chimeras were identified and crossed to
C57BL6 females to verify germline transmission. The F1 generation was
PCR screened and crossed to FLP recombinase–expressing mice (Jax mice)
to delete the Frt-flanked Neo Cassette. Fbw7flox/Neo mice were consequently crossed to Mx1-cre and Lck-cre mice.
For our polyI-polyC experiments, we injected 20 μg polyI-polyC per
gram of body weight. We initiated injections 2 wk after birth. Mice were
injected once every other day for a total of three injections. They were analyzed 1, 2, and 4 wk after injection. All animal experiments were approved
by the IACUC of the NYU School of Medicine.
Transplantation assays. For the experiment shown in Fig. 4, we have
mixed BM from either CD45.2 Mx-cre+Fbw7wt/wt or CD45.2 Mx-cre+Fbw7f/f
mice (2 wk after the end of polyI-polyC treatment) with WT CD45.1 cells.
We normalized for absolute numbers of LSK cells in each marrow such that
we injected 1,000 LSK cells from each genotype. The cells were injected in
lethally (900 rad) irradiated CD45.1 congenic H57BL6 recipients. We analyzed chimerism 5 wk after transplant.
For the experiment shown in Fig. S4, we mixed (50:50) nonpolyIpolyC–injected whole BM cells (CD45.2 Mx-cre+Fbw7wt/wt or CD45.2
Mx-cre+Fbw7f/f with WT CD45.1 cells). After we verified chimerism from
both CD45.1/2 donors (using peripheral blood FACS analysis), we began
polyI-polyC injections (three). Chimerism was studied 7 wk after the end of
the polyI-polyC treatment.
Genotyping and genomic PCR. Mouse tails were clipped at 1–2 wk
of age and incubated in tail lysis buffer for 12–24 h at 55°C. 6M NaCl was
added, insoluble debris was pelleted, and DNA was precipitated with isopropanol. The resulting DNA pellets were washed with 70% ethanol and
dissolved in water for PCR analysis. Genomic DNA from BM and thymocytes was prepared by lysing the cells in a solution containing 0.03% NP-40,
0.03% Tween 20, and 7 μg/ml proteinase K for 30 min at 55°C, followed
by 10 min at 100°C. This solution was used directly for PCR. Primers were
designed to selectively amplify WT, targeted (Neo+), targeted (Neo), and
CKO Fbw7 alleles as shown in Fig. 2. The sequences are as follows: A F,
5-GGCTTAGCATATCAGCTATGG; B F, 5-ATTGATACAAACTGGAGACGAGG; C R, 5-ATAGTAATCCTCCTGCCTTGGC; and D
F, 5-TGCGAGGCCAGAGGCCACTTGTGTAGC. MxCre and LckCre
transgenes were detected using the following primers: Cre F, 5-GCGGTCTGGCAGTAAAAACTATC; Cre R, 5-AAGTGACAGCAATGCTGTTTCAC; and LckF, 5-GGTTTGCCCATCCCAGGTG. All
PCRs used a Tm = 58°C for 35 cycles, except for Cre PCRs, which used
a Tm = 52°C.
Antibodies and FACS analysis. Antibody staining and FACS analysis was
performed as described previously (11). All antibodies were purchased from
BD Biosciences or eBioscience. We used the following antibodies: c-kit
(2B8), Sca-1 (D7), Mac-1 (M1/70), Gr-1 (RB6-8C5), NK1.1 (PK136),
TER-119, CD3 (145-2C11), CD19 (1D3), IL7R (A7R34), CD34
(RAM34), FcII/III (2.4G2), Flk-2/Flt-3 (A2F10.1), CD4 (RM4-5), CD4
(H129.19), CD8 (53–6.7), CD25 (PC61), and CD44 (IM7). BM lineage
antibody cocktail includes the following: Mac-1, Gr-1, NK1.1, TER-119,
CD3, TCR-, TCR-, and CD19.
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Microarray analysis and quantitative PCR validation. For gene expression profiling of primary HSC and progenitor cell subsets, we pooled
hind limb BM cells from three mice. Freshly isolated cells were sorted by
surface marker expression, and total RNA was extracted using the RNAEasy
kit (QIAGEN). To generate sufficient sample quantities for oligonucleotide
gene chip hybridization and quantitative PCR experiments, we used the
GeneChip Two-Cycle cDNA Synthesis kit (Affymetrix) for cRNA amplification and labeling. The amplified cRNA was labeled and hybridized to
the MOE430 Plus 2 oligonucleotide arrays (Affymetrix) or reverse-transcribed using the First Strand cDNA Synthesis kit (Invitrogen) for quantitative PCR experiments. The Affymetrix gene expression profiling data were
normalized using the previously published Robust Multi-array Average algorithm using the GeneSpring 7 software (Agilent Technologies). Messenger RNA expression levels for critical regulators of HSC proliferation and
self-renewal were verified by quantitative PCR using the 7900 Real Time
PCR system (Applied Biosystems). Primers and probes used were purchased from Applied Biosystems. The relative expression of target genes
was calculated using the delta–delta Ct method and normalized to the
HPRT mRNA content. Two biological duplicates were used for each
quantitative RT-PCR experiment. Each duplicate included a mixture of
cells (LSK or MP) sorted from two mice with the same genotype for each
experiment. Microarray data were deposited in the GEO database under
accession numbers GSE11178, GSM281722, GSM281723, GSM281724,
and GSM281725.
RT-PCR. Total RNA was isolated using the RNeasy Plus Mini kit
(QIAGEN) and used to synthesize cDNA with the SuperScript FirstStrand kit (Invitrogen). Real-time quantitative PCR was performed using iQ SYBR Green Supermix and an iCycler (Bio-Rad Laboratories)
using the following primer sequences (Tm = 60°C for all primers): Fbw7
F, 5-GTGATAGAGCCCCAGTTCCA and Fbw7 R, 5-CCTCAGCCAAAATTCTCCAG; Deltex1 F, 5-GAGGTCCACCAGCGTCAG
and Deltex1 R, 5- GCCAGTGCCATTCAAGTTCT; Cul1 F, 5-GGAAGACCGCAAACTACTGA and Cul1 R, 5-GTGTCCTTCTCACCATCGAC; and Actin F, 5-TGGAATCCTGTGGCATCCATGAAAC
and Actin R, 5-TAAAACGCAGCTCCAGTAACAGTCCG. Expression
levels for each transcript were normalized to Actin expression. For Fbw7
isoform PCR, cDNA was prepared as described above and amplified (Tm =
55°C, 38 cycles) using each of the following forward primers: Fbw7
F, 5-GGAGATGGACCAGGAGAGTG; Fbw7 F, 5-TTGTCAGAGACTGCCAAGCA; and Fbw7 F, 5-ATGGCTTGGTTCCTGTTGAT
paired with a common reverse primer: Fbw7exon3 R, 5-GTTGGTGTTGCTGAACATGG. PCR products were separated on 2% agarose gels and
visualized with ethidium bromide staining.
BrdU incorporation. Mice received an intraperitoneal injection of 3 mg
BrdU (Becton Dickinson), and 1 mg/ml BrdU (Sigma-Aldrich) was added
to the drinking water for 42 h. BrdU detection in LSK cells was performed
as described previously (52).
Western blotting. Total cell lysates were prepared as described previously
(25), separated on 4–15% gradient Tris-HCl gels (Bio-Rad Laboratories),
and transferred to nitrocellulose or PVDF. Membranes were probed with
the following antibodies: Notch1-IC (Notch1 Val1744; Cell Signaling
Technology), pan-Notch1 (C-20; Santa Cruz Biotechnology, Inc.), c-Myc
(no. 06-340; Millipore), phospho-c-Myc (T58/S62; Cell Signaling Technology), Cyclin E (M-20; Santa Cruz Biotechnology, Inc.), and Actin
(MAB1501R; Millipore).
Methylcellulose assays. LSK cells were sorted from control (Fbw7f/f
Mx1-Cre) or CKO (Fbw7f/fMx1-Cre+) mice 2 wk after polyI:C injection. LSK cells were plated in duplicate (500 LSK/35-mm dish) into cytokine-supplemented methycellulose medium (MethoCult 3434; Stem Cell
Technologies), and the number and morphology of colonies were scored
7 d later.
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In vitro LSK culture. LSK cells were sorted from 4–8-wk-old C57/B6
mice and plated in 96-well plates (5,000 LSK per well) in OPTI-MEM supplemented with 10% fetal bovine serum, 50 ng/ml Flt3 ligand, 50 ng/ml
SCF, 10 ng/ml IL-6, and 10 ng/ml IL-3 (53). Cells were harvested at different time points for cell cycle analysis and quantitative PCR. For cell cycle
analysis, cells were fixed and permeabilized according to the manufacturer’s
instructions (Fix and Perm; Invitrogen) and stained with PE-conjugated
anti–Ki-67 (BD Biosciences) or control anti-IgG antibody. Cells were then
resuspended in PBS containing 5 μg/ml RNaseA and 2 μg/ml DAPI, and
analyzed by flow cytometry.
Statistical analysis. The means of each dataset were analyzed using the Student’s t test, with a two-tailed distribution and assuming equal sample variance.
Data were considered statistically significant when P < 0.05. Significant data
are noted in the manuscript as follows: *, P < 0.05; **, P < 0.005.
Online supplemental material. Fig. S1 shows Fbw7 expression in different blood subsets. Fig. S2 shows stabilization of Notch1 in the thymus.
Fig. S3 shows the phenotype of Lck-Cre+Fbw7f/f thymi. Fig. S4 demonstrates that the Fbw7/ phenotype is cell autonomous. Fig. S5 shows that
the cell cycle defect is specific to HSC. The online supplemental material is
available at http://www.jem.org/cgi/content/full/jem.20080277/DC1.
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SUMMARY

The Hedgehog (Hh) signaling pathway is a developmentally conserved regulator of stem cell function.
Several reports suggested that Hh signaling is an
important regulator of hematopoietic stem cell
(HSC) maintenance and differentiation. Here we test
this hypothesis in vivo using both gain- and loss-offunction Hh genetic models. Surprisingly, our studies
demonstrate that conditional Smoothened (Smo)
deletion or overactivation has no signiﬁcant effects
on adult HSC self-renewal and function. Moreover,
they indicate a lack of synergism between the Notch
and Hh pathways in HSC function, as compound
RBPJ and Smo deﬁciency does not affect hematopoiesis. In agreement with this notion, detailed
genome-wide transcriptome analysis reveals that
silencing of Hh signaling does not signiﬁcantly alter
the HSC-speciﬁc gene expression ‘‘signature.’’ Our
studies demonstrate that the Hh signaling pathway
is dispensable for adult HSC function and suggest
that Hh inhibition on leukemia-initiating cell maintenance can be targeted in future clinical trials.
INTRODUCTION
Hematopoietic stem cells (HSCs) are able to self-renew as well
as give rise to all blood lineages. HSCs mainly reside in specialized bone marrow microenvironments, called HSC niches. The
niche is thought to provide appropriate signals that maintain
the balance between self-renewal and differentiation of HSCs
(Adams and Scadden, 2006; Lessard et al., 2004; Moore and
Lemischka, 2006; Morrison and Spradling, 2008; Wilson and
Trumpp, 2006; Yin and Li, 2006). However, the identity of these
signals and the molecular mechanisms governing HSC fate
largely remain elusive. Thus, identiﬁcation of regulators of HSC
function is a central issue in stem cell biology.
548 Cell Stem Cell 4, 548–558, June 5, 2009 ª2009 Elsevier Inc.

The roles of developmentally imprinted signaling pathways—
more speciﬁcally Notch, Wingless (Wnt), and Hedgehog (Hh)—
in HSC homeostasis have been studied extensively (Maillard
et al., 2008; Stier et al., 2002; Cobas et al., 2004; Reya et al.,
2003). Hh is a secreted protein family with three members in higher
vertebrates (Shh, Ihh, Dhh). In the absence of Hh, the Patched
(Ptch) receptor acts as a negative regulator of signaling as it
inhibits the action of Smoothened (Smo) (Hammerschmidt et al.,
1997). Hh protein binds and inhibits Ptch action, inducing
signaling transduction through Smo. This signaling cascade
results in the nuclear localization and activation of the Gli family
of transcription factors. Although Hh is a major regulator of cellfate decision and body segment polarity (Nusslein-Volhard and
Wieschaus, 1980), its role in HSC homeostasis and differentiation
remains controversial. Several reports have suggested that Hh
signaling is critical for HSC and hematopoietic progenitor differentiation. A study of zebraﬁsh hematopoiesis revealed that embryo
mutants of the Hh pathway display defects in HSC formation (Gering and Patient, 2005), indicating that Hh is required for deﬁnitive
hematopoiesis. Consistent with these data, in vitro studies found
that antibodies to Hh inhibited the cytokine-induced proliferation
of human primitive HSCs, whereas Shh induced the expansion of
human hematopoietic repopulating cells (Bhardwaj et al., 2001). In
addition, analysis of Ptch1+/ mice showed that Hh activation
expanded primitive bone marrow cells, but continued Hh activation led to HSC exhaustion (Trowbridge et al., 2006). Furthermore,
a recent study using an in vivo model of Hh deﬁciency suggested
that HSCs require Smo-mediated signals for their homeostasis
(Zhao et al., 2009). In contrast to these studies, it was proposed
that Hh signaling is involved at the level of lymphocyte lineage
commitment, as a defect in the common lymphoid progenitor
(CLP) population was observed upon deletion of Ptch1 (Uhmann
et al., 2007). Moreover, Hh signaling has been demonstrated to
be important for the differentiation and proliferation of hematopoietic progenitors in the thymus (Crompton et al., 2007; El Andaloussi et al., 2006). Finally, a recent report suggested that Hh
signaling is essential for the differentiation of leukemia-initiating
cells, introducing Hh inhibitors in clinical trials targeting BCRABL+ leukemia (Dierks et al., 2007, 2008).
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As none of these studies directly targeted Hh function speciﬁcally in adult HSCs, we decided to address HSC-speciﬁc Hh
function in vivo. To this end, both gain- and loss-of-function
conditional Smo genetic models were used, as the Smo receptor
is the only nonredundant element of the Hh pathway. Surprisingly, and contrary to the consensus view, Hh signaling appeared
to be dispensable for the self-renewal and differentiation of adult
bone marrow HSCs. Indeed, neither conditional deletion of the
Smo signal transducer nor hyperactivation of the Hh pathway
had an affect in adult HSC maintenance and function. Interestingly, Hh signaling also appeared to be dispensable for the function of putative leukemia-initiating cells in T cell leukemia, as
induction and progression of the disease was unaffected by
silencing of the pathway.
RESULTS
Conditional Deletion of Smo Fails
to Affect HSC Maintenance In Vivo
To study the role of Hh signaling in adult HSCs, we generated
a Cre-regulated conditional model of Smo deletion (SmoF/F
Mx1-Cre+, Figure 1A) in which expression of the Cre recombinase is under the control of myxovirus-resistance 1 (Mx1) gene
promoter (Mx1-Cre) (Gu et al., 1994) and is induced by interferon-a (via stimulation with polyI:polyC). In these mice, the ﬁrst
exon of the Smo locus is ﬂanked by loxP sites and is deleted
upon Cre-mediated recombination (Long et al., 2001). SmoF/F
Mx1-Cre (control) and SmoF/FMx1-Cre+ littermate mice were
treated with polyI:polyC. This treatment resulted in the efﬁcient
deletion of Smo ﬂoxed alleles, and the generation of a recombined Smo deleted (D) alleles (Figure 1B, lane 4). At the mRNA
level, Smo was not detectable in SmoD/D bone marrow cells,
and the expression of Ptch1, a key target gene of Hh activation,
was signiﬁcantly reduced compared to the control mice
(Figure 1C).
Initial analysis of control and Smo-deﬁcient mice at 4 weeks
post-polyI:polyC injection demonstrated no signiﬁcant alteration
in the overall bone marrow cellularity (p = 0.10). Further analysis
showed that Smo deletion had no effect on the relative frequency
(p = 0.35) or the absolute number of Lin Sca1+cKit+ (LSK), a
cell population enriched for HSCs (p = 0.49) (Figure 1D). HSCs
differentiate and give rise to myeloid progenitors (MP, Lin
Sca1 cKit+), which can be subdivided into common myeloid
progenitors (CMP, Lin Sca1 cKit+CD34+FcgRlow), granulocytemonocyte progenitors (GMP, Lin Sca1 cKit+ CD34+FcgRhi),
and megakaryocyte/erythrocyte progenitors (MEP, Lin Sca1
cKit+CD34 FcgRlow). Our analysis showed that CMP, GMP,
and MEP compartments were comparable between Smo-deﬁcient and control mice (Figure 1E). Moreover, the percentages
of terminally differentiated B- and T-lymphocytes appear normal
in Smo-deﬁcient spleen and bone marrow (see Figure S1 available online). In the thymus, the distribution of mature (CD4+,
CD8+) and immature (CD4+8+, CD4 8 ) compartments appeared
similar to controls. Further subdivision of the CD4 8 compartment using the CD25 and CD44 surface antigen expression
also revealed a normal distribution (Figure S1). The lack of
a perturbation of the hematopoietic compartment was not due
to early time point analysis, as Smo-deﬁcient mice at 16 weeks
post-polyI:polyC injection also displayed normal populations of

LSK, progenitors, and lymphocytes despite the complete
absence of Smo mRNA (Figure S2).
We further examined the LSK population, which can be subdivided into long-term (LT)-HSC (LSKCD34 Flt3/Flk2 ), shortterm (ST)-HSC (LSKCD34+Flt3/Flk2 ), and multipotent progenitors (MPP, LSKCD34+Flt3/Flk2+). We observed comparable
numbers of LT-HSCs, ST-HSCs, and MPPs between control
and Smo-deﬁcient mice (Figure 1E). Also, similar analysis using
CD150 and CD48 as markers of LT-HSC (LSKCD48 CD150+)
did not reveal any abnormalities in Smo-deﬁcient mice
(Figure 1E). Additionally, we investigated the prosurvival and proproliferative functions of the Hh pathway. Staining for the proapoptotic marker AnnexinV did not reveal abnormal induction of
cell death in Smo-deﬁcient LSKs. Furthermore, cell-cycle analysis of the marker for proliferation Ki67 in conjunction with
DAPI to measure DNA content did not reveal any differences in
the cell-cycle proﬁles between control and Smo-deﬁcient LSKs
(Figure 1E). These ﬁndings strongly suggested that Smo-mediated Hh signaling is dispensable for adult HSC and progenitor
homeostasis and differentiation. To further test this hypothesis,
we analyzed Gli1lacZ/lacZ mice (Bai et al., 2002) in which Gli1,
a key transcription activator of the Hh pathway, is deleted and
replaced by a lacZ allele. We did not detect any defects in the
HSC compartment or in T and B lymphopoiesis in the bone
marrow and the thymus of Gli1lacZ/lacZ mice (Figure S3), suggesting that Gli1 function is dispensable for hematopoiesis.
Smo Deletion Does Not Alter Differentiation Ability
of Progenitor Cells
To test functionality of Smo-deﬁcient stem cells and progenitors,
LSKs were ﬂow puriﬁed from either control or Smo-deﬁcient
bone marrows, and methylcellulose assays were performed in
the presence of the appropriate cytokines. Both types of LSK
cells generated similar numbers of colony-forming units (CFUs)
in both primary and secondary platings (Figures 2A and 2B).
The deletion of Smo was conﬁrmed by colony-speciﬁc PCR.
The results showed that 14 out of the 15 studied colonies derived
from Smo-deﬁcient LSKs deleted the Smo allele. The expression
of Smo mRNA was not detectable by quantitative RT-PCR; moreover, the expression of Ptch1 mRNA was signiﬁcantly reduced in
Smo-deﬁcient LSK-derived colonies (Figures 2C and 2D). These
results suggest that Smo is dispensable for short-term differentiation ability of hematopoietic progenitor cells.
ST-HSC cells are able to give rise rapidly to colonies in the spleen
when transplanted into lethally irradiated hosts. To study the effect
of Smo deletion in this process, CFU-spleen (CFU-S) units were
scored after transplanting either control or Smo-deﬁcient bone
marrow cells. We obtained identical CFU-S scores for the two
groups (Figure S4), again indicating that Smo function is dispensable for rapid progenitor differentiation. To test the capability of
Smo-deﬁcient progenitors to expand and replenish the immune
system, control and Smo-deﬁcient mice were challenged weekly
with a dose of 5-ﬂuorouracil (5-FU) to eradicate cycling cells
(Berardi et al., 1995), and the survival of these mice was observed.
Similar survival percentages in the two groups (Figure 2E) suggested that the Smo-deﬁcient progenitor cells were able to enter
into cell cycle at a comparable level as wild-type cells. Collectively,
these results demonstrate that Smo is dispensable for short-term
differentiation of adult progenitor cells both in vitro and in vivo.
Cell Stem Cell 4, 548–558, June 5, 2009 ª2009 Elsevier Inc. 549
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Figure 1. Phenotypically Normal HSCs and Progenitors in Smo-Deﬁcient Mice
(A) Schematic representation of Smo-ﬂoxed allele (upper lane) and Mx1-Cre allele (lower lane).
(B) PCR of genomic DNA extracted from mouse tails or lineage-negative bone marrow cells to detect the Smo ﬂoxed, deleted (D), or Cre allele. Lanes 1 and 3,
SmoF/FMx1-Cre ; lanes 2 and 4, SmoF/FMx1-Cre+.
(C) RT-PCR and quantiﬁcation of Smo and Ptch1 mRNA in lineage-negative bone marrow cells from polyI:polyC-injected SmoF/FMx1-Cre (lane 5) and SmoF/F
Mx1-Cre+ (lane 6) mice. The expression levels were normalized against b-actin.
(D) Total number of bone marrow cells and LSK cells in control and SmoD/D mice. Each diamond represents a single mouse, and the bar indicates the average
numbers.
(E) FACS plots of bone marrow from control and SmoD/D mice. Representative plots (from at least 20 individual experiments) are shown.

Smo Deletion Does Not Affect HSC Self-Renewal
and Reconstitution Ability
One explanation for the lack of an overt effect of Smo loss on
HSC maintenance or function is that the potential Hh function
is masked due to the nature of the analysis utilized and that it
can be revealed only in a competitive setting. To test the reconstitution capacity of Smo-deﬁcient HSCs, competitive bone
marrow transplantations (BMTs) were performed. Bone marrow
cells from either control or Smo-deﬁcient mice (CD45.2+/Ly5.2+)
were competed with an equal number of bone marrow cells from
isogenic CD45.1+/Ly5.1+ mice and transplanted into lethally irradiated Ly5.1+ recipients (Figure 3A). Peripheral blood analysis of
chimerism of the recipients showed that Smo-deﬁcient HSCs
were able to compete with wild-type HSCs in a manner similar
to control HSCs (Figure 3B). Similar assays were performed by
mixing ﬂow-puriﬁed LSKs from either control or Smo-deﬁcient
mice with competing Ly5.1 bone marrow cells. Once more, no
signiﬁcant differences were observed between control and
550 Cell Stem Cell 4, 548–558, June 5, 2009 ª2009 Elsevier Inc.

Smo-deﬁcient LSKs 14 weeks after BMT (Figure 3C). This lack
of phenotype was not due to partial or inefﬁcient deletion of
the Smo, as quantitative RT-PCR in ﬂow-puriﬁed Ly5.2+Lin
bone marrow cells of recipient mice 16 weeks after BMT showed
a complete loss of Smo mRNA expression (Figure 3D). Indeed, at
week 16 after BMT, Ly5.2+ Smo-deﬁcient donor-cell-derived
LSK cells were present in the bone marrow, B220+ B cells, and
CD3+ T cells in the spleen of recipients (Figure 3E), demonstrating the repopulation ability of Smo-deﬁcient HSCs.
To more rigorously test the repopulation ability of Smo-deﬁcient HSCs, a secondary competitive BMT was performed using
donor-derived Ly5.2+ bone marrow cells isolated from the recipients of the primary transplant. We observed that the reconstitution ability of Smo-deﬁcient HSCs was identical to that of control
HSCs even in this sensitive serial transplantation setting. As
shown in Figure 3F, at 12 weeks postsecondary BMT, the chimerism in peripheral blood was comparable between recipients that
had received control or Smo-deﬁcient cells, and donor-derived
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Figure 2. Physiological Differentiation of Smo-Deﬁcient Progenitors
(A) The number of colonies was scored on day 7 of methylcellulose assay, and images of plates are shown on right panel.
(B) The number of colonies was scored on day 7 after replating cells from (A).
(C) PCR on genomic DNA of colonies formed from (A). The Smo D allele and a loading control genomic allele are shown.
(D) Quantitative RT-PCR of Smo and Ptch1 on colonies formed from (A). The expression levels were normalized against b-actin.
(E) Survival curve of control (gray) or SmoD/D (black) mice after weekly 5-FU injection (n = 5).

B220+, CD3+, and Mac1+ cells were present at similar percentages. Taken together, these data indicate that deletion of Smo
has no signiﬁcant effect on HSC repopulation ability.
Smo Deletion Does Not Alter HSC-Speciﬁc Gene
Expression Signature
The absence of a phenotypic defect in HSCs that lack Smo led us
to search for a putative role for Hh signaling in stem cell and
progenitor gene expression patterns. To examine whether the
loss of Smo results in changes at the molecular level in HSCs, microarray analysis was performed using ﬂow-puriﬁed LSK and MP
populations from either control or Smo-deﬁcient mice. The array
analysis (Figure S5C) and qRT-PCR studies (data not shown)
showed a complete loss of Smo expression in both LSK and
MP compartments. When control LSKs were compared with
control MPs in duplicate experiments, 739 genes changed
expression levels by 2-fold or greater (Figure S5A). For the
purpose of this analysis, these 739 genes were regarded as an
HSC-enriched gene expression ‘‘signature.’’ As a proof of principal, it was shown that this speciﬁc gene ‘‘signature’’ was lost
upon deletion of Fbw7, a ubiquitin ligase that is essential for the
maintenance of HSC quiescence (Thompson et al., 2008). Indeed,
43% (315 out of 739) of these selected genes were signiﬁcantly
deregulated in Fbw7-deﬁcient LSKs. In contrast, less than 10%
(70 out 739) of these genes changed (up- or downregulated) in
response to Smo deletion (Figure S5B), suggesting that the
HSC gene signature is largely preserved in Smo-deﬁcient LSKs.
Previous reports (Forsberg et al., 2005; Jankovic et al., 2007;
Mansson et al., 2007; Terskikh et al., 2003; Thompson et al.,
2008) have deﬁned a list of genes closely associated with
LT-HSC activity. These genes are highly expressed in LT-HSCs
but are downregulated as HSCs lose their self-renewal abilities.
These genes include transcription factors/cofactors important
for HSC self-renewal and differentiation (Meis1, Egr1, Eya1/2),
surface receptors (Mpl, Thy1, Agpt), and regulators of HSC
survival (Mcl1). Our array analyses showed that the expression
of these genes was not altered by the inducible deletion of

Smo (Figure S5C). These data demonstrate that Smo is not
required for the maintenance of adult HSC properties at the
molecular level and support our ﬁndings that HSCs are phenotypically normal in the absence of Smo.
Absence of Functional Redundancy between
the Notch and Hh Pathways in Hematopoiesis
The possibility remains that redundancy between signaling pathways masked a potential function for Hh in the early stages of
hematopoiesis. We have shown previously that the Hh and
Notch pathways share similar expression patterns and putative
functions. Also, Smo mRNA expression appears to be signiﬁcantly induced in response to Notch activation in Linneg bone
marrow progenitors (El Andaloussi et al., 2006; Vilimas et al.,
2007). These observations suggest a functional redundancy
between the two pathways in adult HSC function. To test this
hypothesis, we generated mice deﬁcient for both Smo and
RBPJ, a DNA-binding factor required for canonical Notch
signaling, and performed competitive BMT. We injected polyI:
polyC into RBPJF/FSmoF/FMx1-Cre+ mice and conﬁrmed the
excision of Smo- and RBPJ-ﬂoxed alleles as well as the recombination of both alleles in the bone marrow (Figure 4A). Next we
performed competitive BMT and found that RBPJ/Smo-deﬁcient
(DKO) cells were able to efﬁciently reconstitute irradiated hosts.
Analysis of chimerism in the peripheral blood 6–10 weeks after
BMT did not reveal any defects for DKO cells (Figure 4B). In
fact, donor cells derived from DKO bone marrow were able to
give rise to LSKs in bone marrow (Figure 4C) and B220+ cells
in the spleen (Figure 4F). There were no signiﬁcant differences
in the number of donor-derived LSKs between the two groups
12 weeks post-BMT (Figure 4D). As expected, donor-derived
T cells (CD4+CD8+ T cells in thymus, and TCRb+ cells in spleen)
(Figures 4E and 4F) and marginal zone B cells (B220+CD21high
CD23low/ cells in spleen) (Figure 4F) were reduced in recipients
transplanted with DKO bone marrow, since Notch signaling is
required for the development of these two lineages. Collectively,
these results show that neither Notch nor Hh signaling is
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Figure 3. Physiological Competitive Ability of Smo-Deﬁcient Hematopoietic Progenitors
(A) Scheme of primary and secondary BMT.
(B) Percentage of chimerism in peripheral blood of recipient mice at different time points after primary competition BMT. Donor cells were total bone marrow cells.
Mean ± SD are shown (n = 8).
(C) Chimerism of peripheral blood of recipient mice 14 weeks after primary competition BMT. Donor cells were ﬂow-puriﬁed LSK cells. Mean ± SD are shown
(n = 4).
(D) Quantitative RT-PCR of Smo in ﬂow-puriﬁed Ly5.2+Lin bone marrow of recipients 16 weeks after BMT. Grey, control; black, SmoD/D. The expression levels
were normalized against b-actin.
(E) Representative FACS plot of bone marrow and spleen of primary recipient mice 16 weeks after BMT.
(F) Representative FACS plot of peripheral blood in the recipient (n = 4 for each genotype) 12 weeks after secondary competition BMT.

necessary for adult HSC maintenance and differentiation.
Furthermore, these data suggest that these two pathways are
not redundant in governing HSC fate.
Mapping of Hh Signaling Component Expression
in HSCs and Their Niche
The absence of a phenotype in Smo-deﬁcient HSCs suggested
that the Hh signaling might not be active or of low activity in these
cells. To determine whether elements of the Hh signaling
network can be detected in either HSCs or the HSC ‘‘niche,’’
the expression of the components of this pathway was examined
in ﬂow-puriﬁed LSKs and differentiated MPs. We found that both
the Smo transducer and Ptch1 receptor mRNAs (which is also
a target gene of Hh signaling) were expressed in LSKs and
MPs (Figure S6A). In contrast, the members of Hh ligand family,
Ihh and Dhh, but not the Shh mRNA, were detected in primary
preparations of calvarial osteoblasts, cells that comprise the
osteoblastic HSC niche (Figure S6B), demonstrating that Hh
ligands are available to HSCs. Several mouse and human oste552 Cell Stem Cell 4, 548–558, June 5, 2009 ª2009 Elsevier Inc.

oblastic lines showed similar Hh expression proﬁles (data not
shown). However, the expression of the downstream transcription factors Gli1, Gli2, and Gli3 was not detectable in either
LSKs or MPs by quantitative PCR (Figure S6C) and microarray
analysis (data not shown), a result that suggested low levels of
Hh activity in both LSK and MP populations. Therefore, these
data indicate that HSCs and progenitors have the ability to
receive Hh signaling, since they express both the Smo and
Ptch1 receptors and Hh ligands are present in the niche. Nevertheless, there is little ongoing Hh activity as the transcription
factors are not expressed, which is consistent with the described
lack of HSC phenotype in Smo-deﬁcient mice.
Hh Pathway Activation Does Not Expand HSCs
or Enhance Their Engrafting Ability
It has been proposed previously that Hh morphogens could be
used for in vitro expansion of primitive stem cell and progenitor
populations and thus could be beneﬁcial in transplantation
protocols (Bhardwaj et al., 2001). Our results have shown an
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Figure 4. Physiological Competitive Ability of RBPJ and Smo Double-Deﬁcient Progenitors
(A) PCR of genomic DNA extracted from bone marrow cells of polyI:polyC-injected RBPJF/FSmoF/FMx1-Cre mice (control) and RBPJF/FSmoF/FMx1-Cre+ mice
(DKO). Smo and RBPJ ﬂoxed and deleted (D) alleles were detected.
(B) Chimerism of total peripheral blood (upper panel) or Mac1+Gr1+ cells in peripheral blood (lower panel) of recipient mice at different time points after primary
competition BMT. Donor cells were mixed of 1:2 ratios of Ly5.1+ cells and Ly5.2+ cells. Ly5.2+ cells were either from control (gray) or DKO mice (black). Mean ± SD
are shown (n = 2 for control, n = 6 for DKO).
(C) Representative FACS plot of bone marrow in the recipient mice 12 weeks after competitive BMT.
(D) Number of donor-derived LSK cells in bone marrow 12 weeks after BMT. Mean ± SD are shown (n = 10 for control, n = 4 for DKO).
(E) Representative FACS plot of thymus in the recipient at 12 weeks after competition BMT.
(F) Representative FACS plot of spleen in the recipient 12 weeks after competitive BMT.

incomplete Hh activation in HSCs, suggesting that Hh pathway
activation could either expand HSCs or provide them with
competitive advantage in transplantation settings. To directly
test this hypothesis, we used a Hh gain-of-function model
(R26SmoM2) in which enhanced yellow ﬂuorescent protein
(EYFP) was fused with the constitutively active W539L point
mutation of the mouse smoothened homolog gene (SmoW539L)
and ‘‘knocked’’ into the ubiquitously expressed ROSA26 locus
(Jeong et al., 2004). The expression of SmoM2/EYFP fusion
gene is blocked by a loxP-ﬂanked STOP fragment inserted
between the ROSA26 promoter and the SmoW539L/EYFP
sequence (Figure 5A). We crossed these mice to the Mx1-Cre
stain and generated R26SmoM2/SmoM2Mx1-Cre+ (referred to hereafter as Cre+) or R26SmoM2/SmoM2 Mx1-Cre (referred to as Cre )
and induced SmoW539L/EYFP expression by injecting polyI:polyC. As shown in Figure 5B, YFP expression was detected by
ﬂow cytometry in LSKs of Cre+ mice after polyI:polyC administration. At the mRNA level, both Smo and Ptch1 expression
were signiﬁcantly increased in the LSKs of Cre+ compared to

Cre mice (Figure 5C), demonstrating the overexpression of
Smo and activation of the Hh pathway. Also, it was found that
elements of the Hh pathway (Ptch, Gli1) were aberrantly expressed in differentiated hematopoietic cells (thymic CD4+8+
cells) in which the pathway is normally silent (data not shown).
An additional indication of nonphysiological Hh activation was
that the majority of Cre+ mice died later in life due to the development of tumors (primarily medulloblastomas and skin tumors,
data not shown). However, Cre+ mice did not show any increase
in absolute numbers of LSKs (Figure 5D), illustrating that the
hyperactivation of Hh signaling was unable to result in expansion
of the LSK compartment. Moreover, LSKs of Cre+ mice did not
show any signs of enhanced (or suppressed) apoptosis or aberrant cell-cycle proﬁles, as shown by AnnexinV or Ki67 staining.
Finally, no major defects in lymphopoiesis were detected
(Figure 5E).
To further examine whether hyperactivation of Hh inﬂuences
the ability of LSKs to differentiate, CFU methylcellulose-based
assays were performed. We observed that Smo mutant LSKs
Cell Stem Cell 4, 548–558, June 5, 2009 ª2009 Elsevier Inc. 553
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Figure 5. Hyperactivation of the Hh Pathway Does Not Expand HSC Compartment
(A) Schematic representation of R26SmoM2 locus (upper panel) and Mx1-Cre locus (lower panel).
(B) Histogram of YFP gated on LSKs. Grey line, Rosa26SmoM2/SmoM2Mx1-Cre ; black line, R26SmoM2/SmoM2Mx1-Cre+.
(C) Quantative RT-PCR of Smo and Ptch1 in LSKs. The expression levels were normalized against b-actin.
(D) Frequency of LSK cells. Each diamond represents a single mouse, and the bar indicates the average number.
(E) Representative FACS plots of bone marrow from R26SmoM2/SmoM2Mx1-Cre and R26SmoM2/SmoM2Mx1-Cre+ mice.
(F) Number of colonies was scored on ﬁrst and secondary plating of methylcellulose assay.
(G) Histogram of YFP gated on lineage-negative cells of bone marrow, which were used for BMT in (H). Grey line, Rosa26SmoM2/SmoM2Mx1-Cre ; black line,
R26SmoM2/SmoM2Mx1-Cre+.
(H) Percentage of peripheral blood chimerism in recipient mice after competitive BMT of R26SmoM2/SmoM2Mx1-Cre (gray) and R26SmoM2/SmoM2Mx1-Cre+ (black)
at different time points. One line represents one mouse (n = 4).

gave rise to similar number of colonies as controls. Moreover, replating of the colonies that originated from the Hh hyperactive
LSKs also generated an identical number of colonies as controls
(Figure 5F).
To directly test the reconstitution ability of Hh hyperactive
HSCs, we transplanted bone marrow cells from polyI:polyCtreated Cre+ mice (Ly5.2+) mixed with Ly5.1+ competing bone
marrow into lethally irradiated Ly5.1+ hosts. Bone marrow cells
used for competitive BMT were conﬁrmed to express YFP as
shown in Figure 5G. The chimerism in the peripheral blood
4–12 weeks after transplant was similar between Cre and
Cre+ groups (Figure 5H), indicating that overexpression of an
activated Smo does not provide a competitive advantage to
HSCs. These observations argued against the suggestion that
Hh hyperactivation affects HSC expansion and in vivo ﬁtness.
554 Cell Stem Cell 4, 548–558, June 5, 2009 ª2009 Elsevier Inc.

Hedgehog Signaling Is Dispensable for the Induction
or Maintenance of Lymphoblastic Leukemia
Our studies so far do not support a role for Hh signaling in physiological adult HSC function. Recent reports (Dierks et al., 2008;
Zhao et al., 2009) suggested that Hh could affect BCR-ABL+
leukemia stem cell function and disease progression. These
conclusions led us to study the potential role of Hh in the induction and maintenance of a different leukemia type, acute lymphoblastic leukemia (ALL). It has been shown that the majority of
primary cases of T cell ALL (T-ALL) carry activating NOTCH1
mutated alleles (Weng et al., 2004). The study of these tumors
has revealed that the Hh pathway was active in T-ALL, since
both GLI1 and PTCH1 were highly expressed in many Notch1
mutant T-ALL cell lines (J.G., unpublished data) and PTCH1
were expressed in majority (38 out of 48) of primary T-ALL cases
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Figure 6. Leukemia (T-ALL) Induction and Maintenance Is Not Altered by Smo Deﬁciency
(A) RT-PCR of PTCH1 in primary T-ALL samples. GAPDH served as a loading control.
(B) Representative FACS plots for CD4 and CD8 staining of peripheral blood from the recipients 2 weeks following transplantation with Notch-IC-infected control
or SmoD/D lineage-negative bone marrow cells. Notch-IC-infected cells were identiﬁed by gating on GFP+ cells.
(C) Survival curve of host mice transplanted with Notch-IC-infected control (black) or SmoD/D lineage-negative bone marrow cells (gray) (n = 5).
(D) PCR of Smo-ﬂoxed and D alleles on genomic DNA puriﬁed from GFP+CD4+CD8+ peripheral blood of host mice in (B).
(E) Representative FACS plots for CD4 and CD8 staining of peripheral blood from the recipients (n = 5) 3 weeks after secondary BMT. GFP+ (5 3 106) bone marrow
cells from primary recipients were used for secondary BMT.

(Figure 6A). Thus, to test whether Hh signaling is required for the
transformation of hematopoietic progenitors in T-ALL, a wellcharacterized transplantation model (Vilimas et al., 2007) was
used. Lineage-depleted bone marrow from either polyI:polyC-injected SmoF/FMx1-Cre or SmoF/FMx1-Cre+ mice was isolated
and infected with a bicistronic retroviral vector expressing the
intracellular domain of Notch1 (Notch-IC), and green ﬂuorescent
protein (GFP). As expected, peripheral blood analysis of recipients of Notch-IC-infected control cells revealed that the majority
of cells were GFP+, a marker of Notch-IC expression, most of
which were CD4+8+, a manifestation of T-ALL (Figure 6B). Examination of recipients that had received Notch-IC-infected Smodeﬁcient cells showed similar percentages of GFP+CD4+CD8+
cells in the peripheral blood as well as kinetics of leukemogenesis (Figures 6B and 6C). We further conﬁrmed that T-ALL cells
developed from Smo-deﬁcient progenitors deleted the Smoﬂoxed and harbored a SmoD allele (Figure 6D), which demonstrated that Hh signaling is dispensable for T-ALL generation.
To address the ability of Smo-deﬁcient tumors to regenerate,
we performed secondary BMTs using Notch1-transformed
(GFP+) leukemic cells. No signiﬁcant differences in the induction
of secondary leukemia were noted, in opposition to a role for Hh
signaling in the regulation of putative ‘‘leukemia-initiating’’ cells
(Figure 6E). To further demonstrate that Hh signaling is not
essential for the maintenance of the transformed cells, several
T-ALL lines (PTCH1 and GLI1 positive) were incubated with the
potent and speciﬁc Smo inhibitor cyclopamine. In agreement
with our in vivo data, the presence of cyclopamine did not affect
the leukemic cell line survival or the rate of proliferation (data not

shown). Taken together, these results indicate that Hh activation
is dispensable for the transformation of hematopoietic progenitors and the progression of Notch-induced T-ALL.
DISCUSSION
In this study, we demonstrate that inducible genetic deletion of
the only nonredundant element of the Hh cascade, Smo, was
unable to affect adult hematopoiesis, speciﬁcally at the level of
the HSC. Smo-deﬁcient HSCs display normal abilities to differentiate, self-renew, and regenerate the immune system. In
agreement with these phenotypic and functional studies, gene
expression proﬁling analysis demonstrated that HSC-speciﬁc
gene expression ‘‘signature’’ was preserved in Smo-deﬁcient
HSCs. Interestingly, the simultaneous ablation of both the Hh
and Notch pathways was also unable to affect HSC differentiation and function. Moreover, using a gain-of-function model,
we found that Hh hyperactivation did not lead to expansion of
the HSC compartment. Finally, Smo deletion had no effect on
the ability of the Notch1 oncogene to transform early HSCs
and progenitors and to induce T-ALL. All of these ﬁndings are
of unique importance, as they directly question the current
consensus on the role of Hh signaling in adult hematopoiesis.
Our studies are in contrast to a recent report by Zhao et al. that
also used a conditional Smo allele deletion (Zhao et al., 2009).
One possible explanation for this discrepancy is the utilization
of a distinct mode of deletion. Zhao et al. use the Vav-cre deleter
strain that appears to be hematopoietic speciﬁc; however, it is
able to delete the Smo alleles in both adult and fetal
Cell Stem Cell 4, 548–558, June 5, 2009 ª2009 Elsevier Inc. 555
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hematopoiesis. Indeed, it was previously shown that the Vav
promoter can efﬁciently drive Cre-recombinase expression in
E13.5 fetal liver HSC (Stadtfeld and Graf, 2005). It is possible
that the reported HSC defects in the Vav-creSmoF/F model reﬂect
Hh signaling functioning not in adult but in fetal HSC function and
hematopoiesis. Although future work is required to identify putative Hh roles in fetal hematopoiesis, our data clearly demonstrate
that Hh signaling is dispensable for adult HSC function.
Our observations suggest that Hh hyperactivation is unable to
expand bone marrow stem cells and progenitors, a conclusion
that is inconsistent with a report by Trowbridge and colleagues
(Trowbridge et al., 2006). A potential reason for this discrepancy
could be the utilization of different animal models. In the germline
Ptch+/ model, HSC and/or the HSC ‘‘niche’’ could contribute to
phenotype, whereas in the inducible SmoM2 model, expression
of the activated allele is largely restricted to the hematopoietic
compartment. Moreover, putative differences on the effect of
Hh hyperactivation on HSC/LSK cell-cycle progression could
be explained by the differential analysis performed. Indeed,
Trowbridge et al. study the cell-cycle status of Ptch+/ LSKs after
transplantation, while we study steady-state LSKs shortly after
SmoM2 activation. Finally, it is important to note that the gainof-function of a pathway effector (SmoM2) may well engender
a different hematopoietic phenotype than the loss-of-function
of a negative regulator (Ptch) that may have effects on other
signaling pathways that could inﬂuence hematopoiesis.
Our analyses also failed to demonstrate a signiﬁcant effect of
Smo deletion on T cell differentiation, as proposed previously by
several studies including one from our own laboratory, in which
Smo was deleted in early T cell progenitors using the Lck-cre strain
(Crompton et al., 2007; El Andaloussi et al., 2006). This discrepancy could be due to the differential mode of Cre-recombinase
activation and pathway deletion. Indeed, Lck-cre is only active in
early thymocytes, and it ensures deletion in both fetal and adult
thymus, suggesting again that fetal and adult hematopoiesis
have unique and distinct Hh signaling requirements. Another
reason for the phenotypic discrepancy could be that the Lckcre-driven thymic effect was only partial. It is thus possible that
our current studies, aimed mainly at HSC function, were not quantitative enough to reveal slight alterations of early T cell differentiation. It is more difﬁcult to explain the differential effects on thymic
size and progression of T cell maturation of the Mx1-cre-mediated
Smo deletion reported by El Andaloussi et al. The timing of the
analysis could provide a potential explanation. In this study, thymi
were analyzed at weeks 4 and 16 postdeletion, while El Andaloussi
et al. analyzed mice only 1 week after the last polyI:polyC injection.
It is thus possible that the outcome of these studies was dictated
by the timing of the analysis, especially as the thymus is a tissue
with enormous regenerative capacity. Additional explanations
could also include background differences, as the mice studied
here (and by Hofmann et al., 2009 [this issue of Cell Stem Cell])
are C57Bl/6 SmoF/F, while El Andaloussi et al. utilized 129X1/SvJ
SmoF/null animals. It is thus possible that the effects on T cell development were inﬂuenced by the genetic background of the
analyzed mice. Future studies that directly compare T cell development in the different Hh-deﬁcient strains are necessary to
address the extent of Hh function in T cell development.
Is there any role for Hh in hematopoiesis? The strongest
evidence supporting a pivotal role of Hh signaling in hematopoi556 Cell Stem Cell 4, 548–558, June 5, 2009 ª2009 Elsevier Inc.

esis came from the study of zebraﬁsh embryo Hh mutants (Gering and Patient, 2005). As zebraﬁsh hematopoiesis shares
striking similarities to the mammalian fetal blood development,
it is possible that the Hh pathway, as previously suggested, plays
a more prominent role during fetal blood development. Moreover, it is possible that Hh function is masked by the synergistic
function of other signaling pathways. Indeed, pathways such as
Notch and Wnt, which have been previously shown to be
capable of interacting with Hh (Hallahan et al., 2004; Mak
et al., 2006; Yang and Niswander, 1995; Yokota et al., 2004),
could collaborate with each other to ensure self-renewal and
specify differentiation (Duncan et al., 2005). In this report, we
showed that deletion of both RBPJ and Smo did not affect
HSC function, suggesting Notch and Hh signaling do not play
synergistic roles. However, we cannot exclude potential redundancy with other signaling cues.
Two recent reports (Dierks et al., 2008; Zhao et al., 2009) have
identiﬁed Smo as a drug target for the targeting of BCR-ABL+
human leukemic stem cells, introducing the notion that the Hh
pathway could be important for malignant hematopoiesis and
the maintenance of leukemia. In the light of these seminal ﬁndings,
our results are of further importance as they prove that pharmacological targeting of Hh in leukemia is feasible as physiological HSC
function and progression of hematopoiesis remains unaffected.
They also suggest that not all blood malignancies can be treated
using similar therapeutic protocols, as the progression of T-ALL is
not affected by the silencing of Hh function.
EXPERIMENTAL PROCEDURES
Animals
SmoF/F mice (Long et al., 2001) were a gift of Dr. A. McMahon (Harvard University, Boston). Genotyping of SmoF/F (Long et al., 2001; Zhang et al., 2001) and
RBPJF/F mice (Han et al., 2002; Tanigaki et al., 2004) was performed as previously reported. SmoF/FMx1-Cre animals were injected with 20 mg polyI:polyC
per gram of body weight for a total of three injections. The injections were initiated 14 days after birth and done every 2 days. Animals were analyzed
4–6 weeks after the last injection unless indicated otherwise. All animal experiments were done in accordance to the guidelines of the NYU School of
Medicine. Gli1lacZ mice were a gift of Dr. A. Joyner (Memorial Sloan Kettering
Cancer Center, New York). ROSA26SmoM2 mice (Jeong et al., 2004) were
purchased from Jackson Laboratory. For 5-FU experiments, 150 mg of 5-FU
per gram of body weight were intraperitoneally injected every week.
Antibodies and FACS Analysis
Antibody staining and FACS analysis were performed as previously described
(Aifantis et al., 1999). All antibodies were purchased from BD Pharmingen or
e-Bioscience. We used the following antibodies: c-kit (2B8), Sca-1 (D7),
Mac-1 (M1/70), Gr-1 (RB6-8C5), NK1.1 (PK136), TER-119, CD3 (145-2C11),
CD19 (1D3), IL7Ra (A7R34), CD34 (RAM34), FcgII/III (2.4G2), Flk-2/Flt-3
(A2F10.1), CD4 (RM4-5), CD4 (H129.19), CD8 (53-6.7), CD25 (PC61), CD44
(IM7), CD45.1 (A20), CD45.2 (104), CD150 (9D1), CD48 (HM481), Ki67, AnnexinV, and 7-AAD. Bone marrow lineage antibody cocktail includes Mac-1, Gr-1,
NK1.1, TER-119, CD3, and CD19. For Ki67 and DAPI staining, brieﬂy, the cells
were ﬁrst treated with Fix and Perm reagents according to the manufacturer’s
instruction (Invitrogen), stained with Ki67 for 20 min at room temperature, and
then washed and resuspended in PBS with 5 mg/ml RNaseA and 2 mg/ml DAPI.
RT-PCR
Total RNA was isolated using the RNeasy Plus Mini Kit (QIAGEN), and cDNA
was synthesized using the SuperScript First-Strand Kit (Invitrogen). Quantitative PCR was performed using iQ SYBR Green Supermix and an iCycler
(Bio-Rad) using the primer sequences (Tm = 60 C used for all primers)
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provided in Table S1. T-ALL patient samples were provided by collaborating
institutions in the United States (St. Jude Children’s Research Hospital,
Memphis, TN) and Canada (Hospital for Sick Children, Toronto, Canada)
(Thompson et al., 2007).
Methylcellulose Assay
LSK cells were ﬂow puriﬁed from polyI:polyC-injected mice. LSK cells were plated
in duplicate (500 LSK/35mm dish) into cytokine-supplemented methylcellulose
medium (MethoCult 3434, Stem Cell Technologies), and the number and
morphology of colonies were scored 7 days later. For secondary plating, cell colonies were pooled from the ﬁrst plating, and 4000 cells were plated in duplicate.
Bone Marrow Transplantation
Bone marrow cells (5 3 105) (Ly5.2+) or 500 LSKs (Ly5.2+) were transplanted by
retro-orbital i.v. injections into lethally irradiated (960 cGy) BL6SJL (Ly5.1+)
recipient mice in competition with 5 3 105 B6SJL (Ly5.1+) bone marrow cells.
Peripheral blood of recipient mice was collected at 4, 8, and 12 weeks after
transplant. For secondary transplants, recipient mice were sacriﬁced 16
weeks after primary transplant. Ly5.2+ bone marrow cells were ﬂow puriﬁed,
and 5 3 105 cells were transplanted by retro-orbital i.v. injections into lethally
irradiated (960 cGy) BL6SJL (Ly5.1+) recipient mice in competition with 5 3 105
B6SJL (Ly5.1+) bone marrow cells.
Microarray Analysis
A group of four mice was pooled for each condition. Microarray analysis was
performed as previously described (Thompson et al., 2008). Brieﬂy, freshly
isolated cells were sorted by surface marker expression, and total RNA was
extracted using the RNeasy kit (QIAGEN). In order to generate sufﬁcient
sample quantities for oligonucleotide gene chip hybridization experiments,
we used the GeneChip Two-Cycle cDNA Synthesis Kit (Affymetrix, San
Jose, CA) for cRNA ampliﬁcation and labeling. The ampliﬁed cRNA was
labeled and hybridized to the MOE430 Plus 2 oligonucleotide arrays (Affymetrix). The Affymetrix gene expression proﬁling data were normalized using the
previously published Robust Multi-Array Average (RMA) algorithm using the
GeneSpring 7 software (Agilent, Palo Alto, CA). The gene expression intensity
presentation was generated with MeV software (http://www.tm4.org).
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Wednesday, September 28, 2011
To the Jose Carreras International Leukaemia Foundation Study Section:
It is my great pleasure to write this letter to support Dr. Jie Gao’s application for a
Jose Carreras International Leukaemia Foundation award. I have followed her research
closely during the last 3 years as my laboratory closely collaborates with her and with the
lab of his advisor, Dr. Aifantis. We share joint lab meetings every other week, have
submitted multiple joint grant applications (including some of Jie’s work) and had
multiple joint papers together with the Aifantis lab. It is in these contexts I have had the
chance to learn about her work in one of these meetings. In addition, Dr. Gao has been a
key collaborator recently as she is helping us define the in vivo role of ASXL1 in
hematopoiesis and myeloid leukemia. She is closely interacting with my laboratory and
has been key in the generation and study of ASXL1-/- mice, which is currently a major
focus in my laboratory in collaboration with Jie and Iannis.
Dr. Gao’s research interest and expertise is in the field of hematology. Dr. Gao obtained
her Ph.D. in Genetics from Columbia University under the supervision of Dr. Riccardo
Dalla-Favera, one of the leaders in B cell lymphoma field. Dr. Gao studied the regulation
of BCL6, a proto-oncogene associated with 40% Diffuse Large B cell Lymphoma. She and
her colleague discovered that the CD40 signaling pathway led to downregulation of BCL6
physiologically in normal lymphoid cells. However, they found this pathway was
unresponsive in a subset of DLBCL tumors consistent with constitutive BCL6 activity.
This finding reveals a direct relevance for understanding the pathogenesis of DLBCL.
This result was published in Cancer Cell 2007.
After her graduation Dr. Gao joined Dr. Aifantis’s lab at NYU for postdoctoral training,
where she has focused on the study of hematopoietic stem cell differentiation and
transformation. Initially, she played a key role in the characterization of the role of the
E3 ubiquitin ligase Fbw7 in HSC self-renewal and differentiation (J Exp Medicine 2008).
Subsequently, she and her colleagues in the Aifantis Lab demonstrated that Fbw7
governs the HSC quiescence by targeting and degrading its substrate c-Myc (Nature
Immunology 2010). This was the first report to show that a single pair of ligasesubstrate Fbw7-cMyc is able to regulate HSC quiescence. This work was featured as
cover in the issue of Nature Immunology and highlighted in News and Views in the
same journal.
Dr. Gao’s initial major project was to determine the role of Hedgehog (Hh) signaling
pathway in HSC differentiation. The Hh pathway (together with Notch and Wnt) is one
of the most developmentally conserved pathways essential for tissue homeostasis and
cancer. Previous to Jie’s work there were controversial data about the function of Hh in
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mammalian HSCs. To directly address Hh function, Dr. Gao set up loss- and gain-offunction Hedgehog mouse models. Her work showed definitively that Hh activity is
dispensable for adult HSC maintenance (Gao et al. Cell Stem Cell 2009), suggesting that
Hh, which is often hyper-activated in certain types of leukemia, represents a novel
therapeutic target in leukemia patients. Dr. Gao’s work had great impact on the stem cell
and cancer fields and was broadly discussed in articles in Nature Reviews Cancer,
Nature Reports Stem Cell, and Cell Stem Cell.
Dr. Gao’s current research is focusing on the role of a E3 ubiquitin ligase, called DDB1 in
normal and malignant hematopoiesis. She has shown in preliminary data that DDB1 is
essential for transiently expanding progenitor cell populations. Interestingly, DDB1 also
plays an important role in T-cell leukemia (T-ALL) induction and progression. Silencing
DDB1 completely blocks initiation and maintenance of this type of leukemia. The aims in
her proposal are designed to determine how DDB1 function contributes to leukemia
pathogenesis. Dr. Gao’s future work will not only illustrate mechanisms of the leukemia
development and identify therapeutic targets in future cancer treatment since E3 ligases
can be specifically targeted by small molecules.
Dr. Gao is a talented young investigator, as evidenced by her multiple publications, and
evidenced by her receipt of an award from the Lady Tata Memorial Trust. She has now
entered the latest, critical part of her training, which will lead to her transition to an
independent investigator. According to Dr. Aifantis, Jie is one of the best fellows that has
trained in his lab and I have no doubt that she will successfully complete the proposed
studies and embark on an independent career in the field of hematopoiesis. We are
delighted to continue to work with her now and in the future!
In summary, I strongly support Dr. Gao’s application for the Jose Carreras International
Leukaemia Foundation Award. She would be an outstanding recipient who will make
important contributions to the leukemia field.
Sincerely,

Ross L. Levine, M.D

ADOLFO FERRANDO, MD, PHD
Assistant Professor of
Pediatrics and Pathology
Institute for Cancer Genetics
1130 St. Nicholas Avenue
New York, NY 10032
212.851.4611 Tel
212.851.5256 Fax
af2196@columbia.edu

September 26th, 2011

To Whom It May Concern,
I am writing this letter to express my enthusiastic support for the renewal application of
Dr. Jie Gao for the Jose Carreras International Leukaemia Foundation Fellowship. I have interacted
extensively with Dr. Gao, first during her PhD training in the Dalla-Favera Lab at the Institute
for Cancer Genetics at Columbia University, and then through our long-standing collaboration
with the Aifantis Lab, where she is currently working as postdoctoral fellow.
Dr. Gao, is a very skilled young researcher with a solid background in Biochemistry and
Molecular Biology, and an outstanding training in the use of genetically modified mouse models
in the characterization of hematopoiesis and lymphoid transformation. After her graduation from
the Dalla-Favera lab, where she published a high-impact paper on the role of BCL6 in B cell
lymphoma, Jie applied for a postdoctoral position in the Aifantis lab at NYU, which I thought
was a perfect fit for her skills. Dr. Aifantis, a close collaborator, asked me for references about
her and I strongly supported her application.
During her initial period in the Aifantis Lab, Jie has done spectacular work focusing on
the function of the Hedgehog signaling pathway in the differentiation of stem cells of the
immune system. She was able to prove the pre-existing ideas in the field wrong, and show that
Hedgehog signaling was dispensable for stem cell self-renewal and differentiation. Her work is
significant from a clinical point of view, as Hedgehog inhibitors are currently being introduced
in clinical trials for the treatment of CML. This work was published at Cell Stem Cell and
contained very elegant genetic and biochemical experiments underlining, once more, Jie’s
technical and intellectual proficiency. This work was highly cited and discussed in the fields of
hematopoiesis and leukemia. After this period, Jie and her mentor focused on a novel mode of

regulation of stem cell differentiation and transformation, the ubiquitin-proteasome system. She
initially helped the Aifantis lab characterize the role of the ubiquitin ligase Fbw7 and its
interaction with the Notch oncogene in leukemia (a project that my laboratory was also
involved). She went further, assisting the Aifantis lab generating Fbw7 conditional knock-out
mice and reporting that Fbw7 is also essential for adult hematopoietic stem cell self-renewal.
This was a very elegant study (published in a series of papers at the Journal of Experimental
Medicine and Nature Immunology) that involved utilization of novel cancer models and in vitro
embryonic stem cells assays. This was seminal work in the field of hematology, identifying the
first ubiquitin ligase:substrate pair controlling adult stem cell differentiation and transformation.
The project proposed here stems from this earlier work, as it was initiated by an
expression screen identifying novel Ubiquitin ligases able to control hematopoiesis. Jie identified
DDB1, generated a series of targeted mice and was able to show that DDB1 expression is
essential for both normal lymphocyte progenitor differentiation and well as for the initiation and
progression of acute lymphoblastic leukemia (ALL). Based on these exciting preliminary studies
I expect that Jie will be once more able to identify a novel exciting pathway essential for
leukemia progression. The clinical importance of these studies is significant as also suggested by
the recent introduction and FDA approval of Velcade, a general proteasome inhibitor, for the
treatment of multiple myeloma.
Jie is a skilled young scientist at a very critical turn of her career. I am convinced that the
leadership and rich scientific environment of the Aifantis lab and NYU are the perfect setting for
Jie’s skillful and enthusiastic research. I also believe that Jie has the requisite talent and drive to
successfully lead the project. In summary, Dr. Gao is a brilliant young researcher working in the
lab of a highly dynamic and productive investigator and one that the Foundation should support.
Sincerely,

Adolfo Ferrando, M.D., Ph.D.

	
  
Jose Carreras International Leukemia Foundation
September 28th, 2011
Dear Members of the JCILF Board of Directors,
With this letter I would like to support the application of Dr. Jie Gao, currently a postdoctoral scientist
working in my laboratory for a JCILF Postdoctoral Fellowship. I would like to clearly state that I
would be her direct supervisor and she will perform her work in my laboratory at the NYU School of
Medicine.
Jie started her career in Shangai where she received he B.Sc. and her Masters Degree. Her
accomplishments and publications brought her to Columbia University as a graduate student. There
she performed her Ph.D. thesis work under the supervision of Dr. Riccardo Dalla-Favera, a leader in
the fields of leukemia/lymphoma and lymphocyte function. There she studied the role of two
transcription factors BCL6 and BCL7 in the transformation of B cells and in B cell leukemia. Jie has
joined my laboratory mid-2007. In these almost two and a half years she has been simply spectacular.
Initially she was involved in a very challenging project and helped us to identify Fbw7, a novel tumor
suppressor, as a ubiquitin ligase with essential functions in the differentiation of hematopoietic stem
cells. She has also shown that Fbw7 is mutated in almost 20% of pediatric T cell leukemia (T-ALL).
These studies were published, with Jie as a co-author, at the Journal of Experimental Medicine
(Thompson et al. 2008). Jie continued to help us study the role of Fbw7 and she has recently identified
the oncogene c-Myc as an Fbw7 substrate in hematopoiesis. These studies resulted in another highimpact publication that appeared last year at Nature Immunology (Reavie et al. 2010).
The main focus of her research was however another signaling pathway with oncogenic activity in
pediatric blood tumors, the Hedgehog signaling network (Hh). The starting point was the existence of
several publications that suggested that Hh is essential for self-renewal and differentiation of
hematopoietic stem cells (HSC). However, none of these studies were performed in vivo. Jie has set up
a beautiful genetic experiment that included conditional knock-out of the Hh receptor Smoothened, the
Gli1 downstream transcription factor and –at the same time- she established a genetic overexpression
system and she used a conditional gain-of-function Smoothened allele. So for the first time we were
able to address the question using both loss- and gain-of-function models of study. Using this system
Jie went against the dogmas and proved that Hedgehog signaling was dispensable for HSC selfrenewal and differentiation. She didn't stayed there though. She combined the Hh deficiency with the
deficiency on the Notch signaling pathway addressing a putative cooperation of the two developmental
master regulators. She also addressed the activation and essential function of Hh activity in leukemia
as recent reports suggested that Hh could be a promising therapeutic target in CML. Her work was
published in the summer of 2009 at CELL Stem Cell (Gao et al. 2009) and was reviewed and discussed
widely in the field (there were reviews of the work in Nature Reviews Cancer, Cell Cycle, Cell Stem
Cell, Nature Reports Stem Cells, between others). For all these accomplishments Jie was awarded a
one year Lady Tata Memorial Trust Postdoctoral Award (ending September 2011).
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For this current application, Jie builds on her unique experience in the field of protein stability and
leukemia and is proposing to directly test the role of a novel enzyme, the Ubiquitin ligase DDB1 in the
induction and progression of T cell acute lymphoblastic leukemia (T-ALL), a devastating pediatric
tumor. Jie identified DDB1 in leukemia-specific expression screens (searches for ubiquitin enzymes
that can putatively affect leukemia induction), generated hematopoietic specific DDB1 conditional
knock-out animal models and shows (in her preliminary data) that DDB1 is essential for early T cell
development and the induction/maintenance of T cell leukemia (T-ALL). In her project she proposes
to identify the mechanisms of DDB1 action in leukemic cells, and to test whether DDB1 is a good
target for targeted leukemia stem cell therapies. The importance (both basic and clinical) of these
studies is obvious, especially as DDB1 is an enzyme that can be targeted pharmacologically. I believe
that with the help of your foundation Jie can complete these and use them to launch a successful future
career as an independent investigator. I would like to mention here that none of these studies are
supported by any other funding source.
As evident from her previous work, Jie is both an impressive project planner and an excellent
experimentalist. She is hard working and meticulous but at the same time very social and open to new
ideas and stimuli. Also, as obvious by the breath of work that Jie is involved, she is an essential part of
my laboratory and research program. Jie’s character and social skills make her indeed an important
member in the lab. For her proposed project she will have total freedom to experiment. She will also
interact with the other members of the lab and myself to help her with troubleshooting and result
interpretation. To make sure that Jie will succeed and have a great future in science I have committed
all resources available in the NYU scientific community and beyond. She will have technical support
from the different NYU cores including the ES cell targeting, pathology, genomics, biostatistics, flow
cytometry facilities. I have also established collaborations essential for the progression of her project
with leader in the fields. Finally as a part of the NYU and HHMI families will have the chance to
present her work and interact with several investigators, exchange ideas and receive criticism.
Jie is a skilled and dynamic young investigator and I am delighted to host her in my laboratory. The
work that she has done so far was phenomenal and will have significant impact in the field of
hematopoietic stem cell research and leukemia. I believe that she is in a very critical juncture of her
career as the next couple of years will be important for the establishment of her future as an
independent researcher. I strongly believe that she has the background and intellectual strength to
become a future leader in the field and strongly support her application. Please don’t hesitate to
contact me for more details.
Sincerely,

Iannis Aifantis, Ph.D.

