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Common molecular machineries between hematopoiet-
ic stem cell (HSC) maintenance and leukemia preven-
tion have been highlighted. The tumor suppressor Fbxw7
(F-box and WD-40 domain protein 7), a subunit of an
SCF-type ubiquitin ligase complex, induces the degrada-
tion of positive regulators of the cell cycle. We demon-
strate that inactivation of Fbxw7 in hematopoietic cells
causes premature depletion of HSCs due to active cell
cycling and p53-dependent apoptosis. Interestingly,
Fbxw7 deletion also confers a selective advantage to
cells with suppressed p53 function, eventually leading to
development of T-cell acute lymphoblastic leukemia (T-

ALL). Thus, Fbxw7 functions as a fail-safe mechanism
against both premature HSC loss and leukemogenesis.

Supplemental material is available at http://www.genesdev.org.
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Stem cells in various organ tissues are governed by gen-
eral genetic programs that maintain their common fea-
tures, including self-renewal and multipotency. Recent
studies have demonstrated that it is crucial for hemato-
poietic stem cells (HSCs) to be quiescent for protection
against oxidative stress and to sustain self-renewal ca-
pacity (Ito et al. 2004; Tothova et al. 2007). Most HSCs
remain quiescent when located in the stem cell niche
(Calvi et al. 2003; Zhang et al. 2003; Arai et al. 2004).
Once HSCs are released from the niche, they enter the
cell cycle and start to proliferate. Cell cycle kinetics of
HSCs are strictly controlled by various systems to sus-
tain blood cell production throughout life (Cheng et al.
2000). These findings indicate that precise regulation of
the cell cycle in stem cells is essential to maintain stem
cell phenotype. The ubiquitin–proteasome system plays
a critical role in controlling physiologic events—such as
cell cycle progression, apoptosis, signal transmission,
and repair of DNA damage—through protein degradation
(Fuchs 2005; Minella and Clurman 2005; Welchman et
al. 2005; Nakayama and Nakayama 2006). Fbxw7 (F-box
and WD-40 domain protein 7)—also known as Fbw7, Sel-
10, hCdc4, or hAgo—is an SCF ubiquitin ligase compo-
nent catalyzing ubiquitination of Myc, cyclin E, Notch,
and c-Jun, all of which positively regulate the cell cycle.
We hypothesized that a protein like Fbxw7 may play a
pivotal role in controlling the HSC cell cycle and main-
taining normal hematopoiesis. Tetzlaff et al. (2004) and
we (Tsunematsu et al. 2004) independently reported that
Fbxw7-deficient mice die at embryonic day 10.5 and ex-
hibit deficiencies in hematopoietic and vascular devel-
opment, suggesting that Fbxw7 functions in hematopoi-
esis. Mutations in FBXW7 have been detected in certain
human malignancies, including T-cell acute lympho-
blastic leukemia (T-ALL) (Spruck et al. 2002; Ekholm-
Reed et al. 2004; Mao et al. 2004; Maser et al. 2007).
Recent reports have highlighted the existence of mol-
ecules operating differentially in the self-renewal of both
normal tissue stem cells and cancer stem cells (Yilmaz et
al. 2006; Zhang et al. 2006). In this study, we addressed
this issue by examining the effect of Fbxw7 deletion on
the maintenance of HSCs and leukemogenesis. Here, we
demonstrate that inactivation of Fbxw7 in bone marrow
(BM) HSCs leads to premature depletion of normal HSCs
due to active cell cycling and promotes T-ALL due to a
compromised p53 response. Thus, Fbxw7 acts as a criti-
cal fail-safe against premature loss of HSCs and develop-
ment of T-ALL (Supplemental Fig. S1).

Results and Discussion

We examined Fbxw7 expression by quantitative RT–
PCR in various hematopoietic lineages sorted from adult
mouse tissues. Fbxw7 was expressed abundantly in most
of the hematopoietic cells tested, including Lin−Sca-1+c-
Kit+ (LSK) CD34− HSCs (Supplemental Fig. S2).
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To investigate the role of Fbxw7 in adult tissues, we
generated Fbxw7fl/fl mice in which Fbxw7 was deleted
conditionally in targeted cells (Onoyama et al. 2007). In
this study, we created Mx-1-Cre(+);Fbxw7fl/− mice by
crossing Mx-1-Cre(+);Fbxw7+/− mice and Fbxw7fl/fl mice
in order to investigate the role of Fbxw7 in hemato-
poietic cells. pIpC was injected into the 8-wk-old Mx-1-
Cre(+);Fbxw7fl/− mice every other day for 1 wk to induce
Cre expression and thereby delete Fbxw7 in their hema-
topoietic cells. Mx-1-Cre(−);Fbxw7fl/+ littermates treated
with pIpC served as controls. Mx-1-Cre(−);Fbxw7fl/− and
Mx-1-Cre(+);Fbxw7fl/+ littermates showed no significant
difference from control mice in our analysis (data not
shown). We confirmed that Fbxw7 deletion was induced
in BM cells as early as 3 d after pIpC treatment (Supple-
mental Fig. S3A).

We analyzed peripheral blood cell counts of Fbxw7-
deficient mice. Levels of hemoglobin and platelets were
markedly lower compared with controls immediately af-
ter pIpC treatment (Fig. 1A). However, these levels
stopped decreasing ∼12–16 wk after pIpC treatment. Ge-
nomic PCR analysis detected a significant amount of
unexcised floxed allele in Fbxw7-deficient hematopoiet-
ic cells 16 wk after pIpC treatment (Supplemental Fig.
S3B). These data suggest that hematopoiesis was com-
promised in the absence of Fbxw7 after pIpC treatment,
whereas the few cells that retained the unexcised Fbxw7
allele gradually competed out the Fbxw7-deficient he-
matopoietic cells.

The number of the Lin− cells was also reduced imme-
diately in Fbxw7-deficient BM after pIpC treatment. In
contrast, the number of BM mononuclear cells (MNCs)
and LSK CD34− HSCs remained within normal range at
the beginning of treatment but was decreased signifi-
cantly by 12 wk of pIpC treatment (Fig. 1B). The size of
the thymus was also reduced significantly in Fbxw7-de-
ficient mice (data not shown). To determine whether
Fbxw7 is essential for HSC differentiation, we examined
the proportion of differentiated cells in Fbxw7-deficient
BM by flow cytometry. Although a portion of lymphoid
cells was decreased slightly, populations of cells suffi-
cient to generate both mature myeloid and lymphoid

cells were observed in Fbxw7-deficient BM 4 wk after
pIpC treatment (Supplemental Fig. S4A). Moreover, in
vitro assays revealed that colony-forming capacity was
comparable between control and Fbxw7-deficient LSK
cells (Supplemental Fig. S4B). Morphological analysis of
colonies demonstrated the full range of differentiation
capacity in Fbxw7-deficient LSK cells along the myeloid
lineage (data not shown). These data indicate that Fbxw7
is dispensable for multilineage terminal differentiation.

To examine the repopulating capability of Fbxw7-de-
ficient HSCs, we transplanted 1500 LSK BM cells from
Fbxw7-deficient mice or littermate controls 4 wk after
pIpC treatment into lethally irradiated recipients using
4 × 105 normal BM mononuclear competitor cells. Al-
though there was no significant difference in the propor-
tion of LSK CD34− HSCs within injected LSK cells,
Fbxw7-deficient LSK cells showed severely impaired re-
populating capacity (Fig. 2A, left). To confirm whether
Fbxw7 intrinsically regulates HSC repopulating capabil-
ity, we transplanted 4 × 105 BM MNCs from either Mx-
1-Cre(+);Fbxw7fl/− mice before pIpC treatment or litter-
mate controls into lethally irradiated recipients with the
same numbers of competitor cells. Two months later, we
confirmed that donor cells were reconstituted in recipi-
ent BM and then injected the recipient mice with pIpC.
Within 1 mo following pIpC treatment, Fbxw7-deficient
HSCs lost long-term repopulating capability and were
eventually competed out by wild-type HSCs (Fig. 2A,
right).

It has been reported that most HSCs remain quiescent
and that excessive acceleration of the HSC cell cycle

Figure 1. Fbxw7 is essential to maintain the adult hematopoietic
pool. (A) Peripheral blood cell counts of Fbxw7-deficient (red closed
circles, n = 15) and control (black closed circles, n = 15) mice after
pIpC treatment. Results are shown as means ± SD. Red open circles
indicate white blood cell counts of mice developing leukemia. (B)
Absolute numbers of MNCs, Lin− cells, and LSK CD34− HSCs in
Fbxw7-deficient and control BM at 4, 8, and 12 wk after pIpC treat-
ment. Results are shown as means ± SD from six to eight indepen-
dent experiments. (*) P < 0.05; (**) P < 0.01.

Figure 2. Reconstitution capacity and quiescence are impaired in
Fbxw7-deficient HSCs. (A) Competitive repopulation analysis. (Left)
Recipient Ly5.1 mice (n = 6) were transplanted with 1500 Fbxw7-
deficient or control LSK cells together with 4 × 105 Ly5.1 × Ly5.2
competitor BM MNCs. Donor-derived chimerism of peripheral
white blood cells was analyzed monthly after transplantation.
(Right) Recipient Ly5.1 mice (n = 10) were transplanted with 4 × 105

BM MNCs from Mx-1-Cre(+);Fbxw7fl/− mice before pIpC treatment
or with controls together with the same number of Ly5.1 × Ly5.2
competitor BM MNCs. pIpC treatment of recipient mice was per-
formed 2 mo after transplantation. Donor-derived chimerism of pe-
ripheral white blood cells was then analyzed monthly after pIpC
treatment. Results are shown as means ± SD. (B) Cell cycle status of
LSK CD34− cells of Fbxw7-deficient or control mice. BrdU was ad-
ministered for 3 d to mark cells that entered S phase, and 7-amino-
actinomycin D (7-AAD) was administered to detect DNA content.
Data shown are representative FACS patterns derived from three
independent experiments (left) and graphs showing the mean per-
centage of cells in G0 (right). (C) LSK cells isolated from Fbxw7-
deficient or control mice were stained with DAPI (blue) and anti-c-
Myc antibody or anti-Notch1 antibody (green).
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leads to their exhaustion (Hock et al. 2004; Ito et al.
2004). Since Fbxw7 functions as a master regulator of the
cell cycle by regulating protein levels of cell cycle-re-
lated molecules, we hypothesized that a dysregulated
HSC cell cycle leads to a decrease in HSC number in
Fbxw7-deficient mice. To address this possibility, we ex-
amined the cell cycle status of Fbxw7-deficient HSCs
using a BrdU assay. The population of Fbxw7-deficient
LSK CD34− HSCs in G0 was decreased significantly com-
pared with controls (Fig. 2B). We also monitored prolif-
eration of single LSK CD34− HSCs in culture for 7 d. The
frequency of cell division seen in Fbxw7-deficient HSCs
was markedly increased in culture (data not shown).
These data suggest that Fbxw7 functions to maintain
HSC quiescence. It has been reported that c-Myc, an
Fbxw7 substrate, promotes re-entry of quiescent HSCs
into the cell cycle by inducing release of HSCs from the
stem cell niche, leading to loss of self-renewal activity at
the expense of differentiation (Wilson et al. 2004). c-Myc
protein significantly accumulated in Fbxw7-deficient
LSK cells (Fig. 2C), suggesting that c-Myc-induced active
cell cycling of Fbxw7-deficient HSCs largely accounts
for premature loss of HSCs. This hypothesis would be
strongly supported by the observation that inactivation
of c-Myc rescued the phenotype of hyperproliferation of
DP T cells and the occurrence of lymphoma in Fbxw7-
deficient thymocytes (Onoyama et al. 2007). In addition,
Notch1 protein, which also accumulated in Fbxw7-defi-
cient LSK cells, might accelerate HSC differentiation
(Fig. 2C; Pui et al. 1999). The levels of c-Jun, another
Fbxw7 target, in Fbxw7-deficient LSK cells were equiva-
lent to those in the control cells, suggesting that c-Jun
did not contribute to the hematopoietic abnormalities in
Fbxw7-deficient mice (Supplemental Fig. S5). To clarify
the time course of activation of these target genes, we
performed immunocytochemical staining for c-Myc and
Notch at 0, 72, and 96 h after a single injection of pIpC
(700 µg) (Supplemental Fig. S6). Nuclear accumulation of
c-Myc began within 72 h, and reached plateau by 96 h
after pIpC treatment. On the other hand, marked accu-
mulation of Notch1 in nuclei occurred within 72 h after
pIpC treatment. These observations indicated that ubiq-
uitin–proteasome-dependent degradation of Notch1 and
c-Myc was inhibited rapidly after Fbxw7 deletion by an
initial single pIpC treatment. Interestingly, the accumu-
lation of Notch1 reached plateau slightly earlier than
that of c-Myc. It has been found recently that Notch1
directly regulates c-Myc transcription in normal and leu-
kemic T cells (Weng et al. 2006). These studies suggest
that the up-regulation of c-Myc expression in Fbxw7-
deficient HSCs might be enhanced subsequently by
Notch1 at the transcriptional level to some extent, in
addition to increased protein stability in the absence of
Fbxw7.

About 30% of Fbxw7-BM-deficient mice showed ex-
tremely severe pancytopenia 12 wk after pIpC treatment
(Fig. 3A). These mice showed a marked decrease in the
number of BM MNCs, including all lineages of hemato-
poietic cells. It has been suggested that enhanced c-Myc
expression likely activates a p53-dependent checkpoint
and induces apoptosis, thereby protecting cells from hy-
perproliferative oncogenic signals (Zindy et al. 1998). Ac-
tually, p53 protein was markedly accumulated in ∼80%
of Fbxw7-deficient LSK cells (Supplemental Fig. S7),
while there was no difference in p53 mRNA levels be-
tween Fbxw7-deficient HSCs and the controls (Supple-

mental Fig. S8). Instead, Mdm2 expression was markedly
down-regulated in Fbxw7-deficient HSCs at both the
mRNA and protein levels (Supplemental Figs. S7, S8).
Since it is believed that Mdm2 suppresses p53 function
by promoting protein degradation via its E3 ligase activ-
ity, p53 may be up-regulated in Fbxw7-deficient HSCs,
at least partly, through Mdm2 inactivation, although the
mechanism underlying reduced Mdm2 protein levels re-
mains elusive. We therefore hypothesized that the dras-
tic reduction of hematopoietic cell number in these mice
was caused not only by the dysregulated cell cycle but
also by p53-dependent apoptosis. Indeed, the population
of apoptotic cells in BM MNCs and HSCs increased sub-
stantially in mice with leukopenia compared with those
without leukopenia (Fig. 3B). We next asked whether
there is a correlation between apoptosis and p53 expres-
sion levels in Fbxw7-deficient BM cells. p53 protein lev-
els were up-regulated in BM cells derived from all
Fbxw7-deficient mice 4 wk after pIpC treatment (Fig.
3C, left). In contrast, p53 protein levels were decreased in
BM MNCs of Fbxw7-deficient mice that showed no leu-
kopenia at 12 wk after pIpC treatment (Fig. 3C, right).
These findings suggest that the variations in white blood
cell count data could be attributable to the differential
modes of p53-dependent checkpoint responses, which
induce apoptosis. This notion was further supported by
the absence of abnormal ploidy, which could lead to ap-
optotic cell death, in Fbxw7-deficient BM cells (data not
shown). It is well recognized that senescence as well as
apoptosis is a tumorigenesis barrier (Collado et al. 2005).
However, gene expression of p16Ink4a was not increased
in Fbxw7-deficient HSCs (Supplemental Fig. S8) and se-
nescence-associated (SA)-�-galactosidase activity was
not considerably detected in Fbxw7-deficient LSK cells
(data not shown), indicating that Fbxw7 deletion did not
promote cellular senescence.

Interestingly, more than half of the Fbxw7-deficient
mice developed T-ALL (20 of 34; 59%) within 16 wk of

Figure 3. The fate of Fbxw7-deficient hematopoietic cells is deter-
mined by p53 expression. (A) Peripheral blood cell counts of Fbxw7-
deficient (WBC < 5000, red circle, n = 24; WBC > 5000, blue circle,
n = 10) and control (gray circle, n = 13) mice 12 wk after pIpC treat-
ment. Horizontal lines indicate mean values. Closed circles indicate
the data for mice that developed leukemia ultimately. (B) Percentage
of annexin V-positive apoptotic cells in Fbxw7-deficient
(WBC < 5000, red bar; WBC > 5000, blue bar) and control (gray bar)
BM MNCs (left) or LSK CD34− HSCs (right) 12 wk after pIpC treat-
ment. Results are shown as means ± SD from four independent ex-
periments. (*) P < 0.05. (C) Western blot analysis of p53 in BM
MNCs from control and Fbxw7-deficient mice 4 wk (left) and 12 wk
(right) after pIpC treatment. Hsp70 was used as a loading control.
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pIpC treatment (Fig. 4A). In the leukemic mice, lym-
phoid blasts aggressively invaded BM, liver, spleen, thy-
mus, and kidney (Fig. 4B). Flow cytometry analysis
showed that blasts expressed both CD4 and CD8 (Fig.
4C). Furthermore, irradiated mice transplanted with
these leukemia cells died of T-ALL within 1 mo (Fig.
4D), indicating Fbxw7 deletion promoted generation of
T-ALL-initiating cells. Most of the Fbxw7-deficient mice
that did not exhibit leukopenia at 12 wk after pIpC de-
veloped T-ALL (20 of 24; 83%) within 16 wk of pIpC
treatment, while no Fbxw7-deficient mice that exhibited
leukopenia led to leukemia (Fig. 3A).

Importantly, leukemic cells of Fbxw7-deficient mice
displayed significant accumulation of Notch1 and c-Myc
proteins (Fig. 4E). Interestingly, the Notch1/c-Myc sig-
naling axis is causally linked to T-ALL development
(Weng et al. 2006). These findings suggest that accumu-
lated Notch1 and c-Myc proteins in Fbxw7-deficient BM
cells caused extrathymic development of T-lineage cells
and induced T-ALL. Of note was that p53 protein expres-
sion was repressed during leukemogenesis (Fig. 4E).
Fbxw7 deficiency in hematopoietic cells caused only T-
cell malignancy, presumably due to Notch1 accumula-
tion, which induces T-lineage commitment in immature
cells (Look 2004; Grabher et al. 2006). Constitutive
Notch1 activation in hematopoietic stem or progenitor
cells blocks B-cell differentiation and expands extrathy-
mic DP T cells in BM, eventually leading to develop-
ment of T-ALL in BM (Pui et al. 1999). In human T-ALL,
Notch1 is the most commonly mutated gene (Weng et al.
2004). While Fbxw7-deficient mice did not show a block
in B-cell differentiation (data not shown), they did ex-
hibit extrathymic development of DP T cells and T-ALL.
In this regard, T-ALL development can be attributed
largely to an activated Notch pathway in Fbxw7-defi-

cient mice. In contrast, deletion of Fbxw7 in the thymus
of Lck-cre(+);Fbxw7fl/fl mice (Fbxw7-thymus-deficient
mice) promotes development of CD4+CD8+ lymphoblas-
tic thymic lymphoma without BM invasion (Onoyama
et al. 2007), suggesting that the developmental stage at
which Fbxw7 deletion occurs defines T-lineage tumor
types; i.e., leukemia versus lymphoma.

To determine whether p53 inactivation promotes leu-
kemogenesis in Fbxw7-deficient mice, we generated
p53−/−;Mx-1-Cre(+);Fbxw7fl/− mice (p53−/−;Fbxw7-defi-
cient mice). These mice developed milder anemia and
thrombocytopenia than did Fbxw7-deficient mice and
exhibited considerably greater numbers of peripheral
leukocytes after pIpC treatment (Supplemental Fig. S9),
indicating that p53-dependent apoptosis contributes to
the reduction of Fbxw7-deficient BM. All p53−/−;Fbxw7-
deficient mice developed T-cell malignancies with a
much shorter latency and died within 12 wk, suggesting
that a p53-dependent checkpoint suppresses leukemo-
genesis in Fbxw7-deficient mice (Fig. 4F). During our ob-
servation of 25 wk, two of 13 p53−/− mice died of T-cell
thymic lymphoma, but none of them developed T-ALL
(data not shown). These findings suggest that deletion of
Fbxw7 provides strong selection of hematopoietic cells
that harbor suppressed p53 function. Several studies
demonstrate that p53 expression or function is sup-
pressed during tumorigenesis by oncogenes including
Notch and c-Myc (Eischen et al. 1999; Beverly et al.
2005). Eischen et al. (1999) have reported that c-Myc ac-
tivates the p19Arf–Mdm2–p53 tumor suppressor path-
way, enhancing p53-dependent apoptosis, and strongly
selects for subsequently spontaneous p53 inactivation,
resulting in canceling its protective checkpoint function
and the occurrence of tumorigenesis, such as lymphoma.
These findings support the idea that p53 inactivation is

Figure 4. Fbxw7 deficiency in adult hematopoietic cells leads to T-ALL. (A) Representative autopsy of leukemic Fbxw7-deficient mice.
Thymus (T), liver (L), spleen (S), and lymph nodes (arrowheads) were massively swollen. (B) Representative histology of peripheral blood (PB),
liver, kidney, and spleen from leukemic Fbxw7-deficient mice. (C) FACS analysis of BM MNCs and thymocytes from leukemic Fbxw7-deficient
and control mice. Data shown are representative FACS patterns derived from five independent experiments. (D) Survival curves for mice
injected with graded doses (1 × 105, blue; 1 × 106, red; or 1 × 107 B, green) of leukemic Fbxw7-deficient BM MNCs. The average portion of
CD4+CD8+ leukemic blasts in leukemic Fbxw7-deficient BM MNCs was 92.4 ± 3.1%. (E) Western blot analysis of Notch, c-Myc, and p53 in
thymocytes from control, Fbxw7-deficient, and leukemic Fbxw7-deficient mice. (F) Survival curves for Fbxw7-deficient (red, n = 23), p53−/

−;Fbxw7-deficient (blue, n = 9), and control (black, n = 25) mice after pIpC treatment.
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an essential event in leukemogenesis in Fbxw7-deficient
hematopoietic cells. Although p19Arf, an upstream p53
regulator, was significantly elevated and Mdm2 was re-
duced, p53 was significantly inactivated in Fbxw7-defi-
cient leukemic cells (Supplemental Fig. S10). p53 exerts
negative feedback control on p19Arf through its interac-
tor, CARF (Kamrul et al. 2007). Thus, elevated p19Arf

protein levels seen in T-ALL cells further support the
fact that p53 function is strongly inhibited during leuke-
mogenesis. Although the precise mechanism underlying
reduced p53 protein levels remains elusive, p53 degrada-
tion via a proteasome-dependent pathway is likely com-
promised in the absence of Fbxw7. Loss of Fbxw7 also
induces genomic instability and genomic alterations (Ra-
jagopalan et al. 2004), which may also initiate leukemo-
genesis in Fbxw7-deficient mice.

These mouse phenotypes led us to analyze FBXW7
mutations in human T-ALL patients. Mutation of
FBXW7 in the WD40 domain, a crucial site for protein
targeting, was observed in eight of 44 cases, and most
mutations (seven of eight; 88%) were heterozygous
(Supplemental Table S1), suggesting that FBXW7 loss of
function is tightly associated with T-ALL development
in humans and that FBXW7 acts in a haplo-insufficient
manner as a tumor suppressor gene in humans as in
mice. On the other hand, gain-of-function mutations in
NOTCH1 (N-terminal [HD-N] and C-terminal [HD-C]
heterodimerization domains and PEST domains) (Weng
et al. 2004; Grabher et al. 2006) were observed in 19 of 44
cases. Interestingly, most T-ALL cases with the FBXW7
mutation (six of eight; 75%) harbored the NOTCH1 muta-
tions as well, but which mutation is more primary in
these T-ALL cases could not be determined sufficiently
in the current study. c-Myc is a direct Notch1 target in
Notch-dependent T-ALL (Weng et al. 2006). Since NOTCH
and c-MYC are FBXW7 targets, NOTCH1-independent
c-MYC up-regulation could further contribute to leukemo-
genesis in T-ALL with both NOTCH1 and FBXW7 mu-
tations. Moreover, given the two samples with FBXW7
mutations had wild-type NOTCH1 (two of eight; 25%),
FBXW7 mutations do not necessarily require the
NOTCH1 mutations as we presented in a mouse model
in this study.

This is the first report of FBXW7 mutations in Japa-
nese T-ALL patients, representing a quite even popula-
tion compared with the other races that were reported
previously. It has been well established that Notch1
gain-of-function mutation is considered as a primary
cause to develop T-ALL, because somatic activating
mutations of Notch1 have been identified in >50% of
all T-ALL cases and are found in all previously defined
T-ALL subtypes (Grabher et al. 2006). On the other hand,
our analysis in this study revealed that FBXW7 single
mutation was seen in 4.5% (two of 44) of Japanese T-ALL
patients. This frequency is slightly lower than that of
T-ALL patients in North America: 6.5% (six of 92)
(Thompson et al. 2007) and 6.3% (two of 32) (Maser et al.
2007). These findings indicate that there is a genomic
type of FBXW7 single mutation in T-ALL patients infre-
quently but universally, suggesting the existence of T-
ALL that does not bear a NOTCH1 mutation. We believe
that it is noteworthy that we clearly demonstrated,
through our analysis of a murine T-ALL model, the
mechanism in which FBXW7 loss of function could be a
primary cause for developing T-ALL similar to a
NOTCH1 gain-of-function mutation.

Recently, an array-based comparative genome hybrid-
ization (array-CGH) study indicated that FBXW7 and
PTEN are commonly mutated in human T-ALL (Maser
et al. 2007). It was reported previously that Pten deletion
induces abnormal active cell cycling of HSCs, leading to
their premature loss. Pten deletion also results in gen-
eration of leukemia-initiating cells. Inhibition of mTOR
by rapamycin not only depletes leukemia-initiating cells
but also restores normal HSC function (Yilmaz et al.
2006). Similar to Pten, Fbxw7 has distinct effects on nor-
mal stem cells and cancer stem cells within the same
tissue (Supplemental Fig. S1). Loss-of-function muta-
tions in these genes in normal HSCs are likely prerequi-
sites for generation of cancer stem cells.

Materials and methods
Mx-1-Cre(+);Fbxw7+/− mice were obtained by mating Fbxw7+/− mice
(Tsunematsu et al. 2004) with interferon-inducible Mx-1-Cre transgenic
mice. To generate Mx-1-Cre(+);Fbxw7fl/− (Fbxw7-deficient) and Mx-1-
Cre(−);Fbxw7+/fl (control) mice, Mx-1-Cre(+);Fbxw7+/− mice were crossed
with Fbxw7fl/fl mice (Onoyama et al. 2007). To induce Cre, mice received
500 µg of pIpC intraperitoneally on three alternate days. C57BL/6-Ly5.1
congenic mice were purchased from Sankyo-Lab Service and C57BL/6-
Ly5.1/Ly5.2 F1 mice were used for competitive reconstitution assays.
Animal care was in accordance with the guidance of Keio University for
animal and recombinant DNA experiments. See the Supplemental Ma-
terial for additional procedures.
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