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Commen molecular machineries between hematopoiet-
ic stem cell (HSC) maintenance and leukemia preven-
tion have been highlighted. The tumor suppressor Fbxw?
(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,
Fbxw?7 deletion alse confers a selective advantage to
cells with suppressed p53 function, eventually leading to
development of T-cell acute lymphoblastic leukemia (T-

|Keywords: Fhaw?: c-Myc; Notchly p53; hematopoiesis, T-ALL|
Corresponding authors,

"*E-MAIL oike@gpo kumamoto-u.acjp; FAX 81-96.373.5145

VMEMAIL sudato®se.itekeiv.ac.ip; FAX 81-3-3363-3474,

Article published online ahead of print. Arricle and poblication date are
online at heep://www.genesdev.org/cei/doi /10,1101 fgad. 1621 ROB

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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Stemn cells in various organ tissues are governed by gen-
eral genetic programs that maintain their common fea-
tures, including self-renewal and multpotency. Recent
studies have demonstrated that it is crucial for hemaro-
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). Fbxw?7 [F-box
and WD-40 domain protein 7}—also known as Fbw?7, Sel-
10, hCde4, or o—is an SCF ubiquitin ligase compo-
nent catalyzing ubiquitination of Myg, 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 hemartopoi-
esis. Mutations in FEXW7 have been detected 1n 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 Fbxw?7 deletion on
the maintenance of HSCs and leukemogenesis. Here, we
demonstrate that inactivation of Fbxw?7 in bone marrow
(BM) HSCs leads to premature depletion of normal HSCs
due 1o 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, Fhxw7 was expressed abundantly in most
of the hematopoieuc cells tested, including Lin~Sca-1*c-
Kit* (LSK) CD34" HSCs (Supplemental Fig. $2).
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Figtre 1. Fbhxw?7 14 essential to maintain the adult hematopoieuc
pool {A] Penpheral blood cell counts of Fhxw7-deficient (red closed
circles, n = 15) and control (black closed circles, n = 15} mice after
plpC treatment. Results are shown as means = SD. Red open circles
indicate white blood cell counts of mice developing leukemia, (8]
Abstlute numbers of MNCs, Lin cells, and LSK CD34 HSCs in
Fhxw7-deficient and control BM at 4, 8, and 12 wk afver plpC treat
ment. Results are shown as means = SD from six 1o eight indepen-
dent expenments. (*) P < 0.05: (**) P < 001

To investigate the role of Fhxw? in adult tissues, we
generated Fhxw?"" mice in which Fbxw7 was deleted
conditionally in targeted cells [Onoyama et al. 2007). In
this study, we created Mx-1-Cre(+).Fbxw7"~ mice by
crossing Mx-1-Cref+):Fbxw7*"~ mice and Fbxw7'"" mice
in order to investigate the role of Fbxw7 in hemato-
poietic cclls_;[p(f was injected into the 8-wk-old Mx-1
“ref+ ) Fhxw 7"~ mice every other day for 1 wk to induce
Cre expression and thereby delete Fbxw?7 in their hema-
topoietic cells, Mx-1-Cre(- :Fbxw7""* littermates treated
with pIpC served as controls. Mx-1-Cre(-):Fbxw7""" and
Mx-1-Cre(+):Fbxw7""* littermates showed no significant
difference from control mice in our analysis (data not
shown). We confirmed that Fbxw? 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 Fhxw7-
deficient mice. Levels of hemoglobin and platelets were
markedly lower compared with controls immediately af-
ter plpC treatment [(Fig. 1A]. However, these levels
stopped decreasing -12-16 wk after plpC trearment, 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 Fhxw?7 after pIpC treatment,
whereas the few cells that retained the unexcised Fhxw?7
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 plpC 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 Fhxw7-de-
ficient muce (data not shown). To determine whether
Fbxw?7 is essential for HSC differentiation, we examined
the proportion of differentiated cells in Fbxw7-deticient
BM by tlow cytomertry. Although a portion of lymphoid
cells was decreased slightly, populations of cells suffi-
cient to generate both mature myelod and lymphoid

Fhxw? in HSCs and leukemogenesis

cells were observed in Fhyw7-deficient BM 4 wk after
pIpC wearment (Supplemental Fig. S4A}. Moreover, in
vitro assays revealed that colony-forming capacity was
comparable between control and Fbxw/-deficient LSK
cells (Supplemental Fig. S4B). Morphological analysis of
colonies Eﬂmonstrawd the tull range of differentiation
capacity in Fbxw7-deficient LSK cells along the myelowd
lineage (data not shown). These data indicate that Foxw7
is dispensable for multilineage terminal differentiation

To examine the repopulating capability ot Fhxw7-de-
ficient HSCs, we transplanted 1500 LSK BM cells from
Fbxw7-deficient mice or littermate controls 4 wk after
plpC treatment into lethally irradiated recipients using
4 x 10° 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 x 10° BM MNCs from either Mx-
1-Cref+):Fbxw7'"~ mice before plpC treatment or litter-
mate controls into lethally irradiated recipients with the
same numbers of competitor cells. Two months larer, we
confirmed that donor cells were reconstituted in recipi-
¢nt BM and then injected the recipient mice with plpC.
Within 1 mo following plpC treatment, Fhxw7-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 2. Reconstitution capacity and guicscence are impaired in
Fbxw7-deficient HSCs. (A] Compeutive repopulation analysis. [ Left)
Reciptent Ly5.1 mice |n = 6] were transplanted with 1500 Fhxw?7-
deficient or control LSK cells wogether with 4 x 10° Ly5.1 x Ly5.2
competitor BM MNCs. Donor-derived chimerism of penpheral
white blood cells was analyzed monthly after transplantation
| Right) Recipient Ly5 | mice (n = 10] were transplanted with 4 = [0
BM MNCs from Mx-1-Cref+);Fbxw 7" mice before plpC treatment
or with controls wgether with the same number of Ly5.1 x Ly52
competitor BM MNCs. plpC treatment of recipient mice was per-
formed 2 mo after cransplantation. Donor-derived chimensm of pe
ripheral white blood cells was then analyzed monthly after pipC
treatment. Results are shown as means = 5D, (8] Cell cycle status of
LSK CD34 cells of Fhxw/7-deficient or contrul mice. BrdU was ad
mimstered for 3 d to mark cells that entered § phase, and 7-amino
actinomycin D [T-AAD) was administered w detect DNA content
Data shown are representative FACS patterns denved from three
independent experiments (left) and graphs showing the mean per
centage of cells in Gy [rght]. [C) LSK cells isolated from Fhxw?
deficient or control mice were stuned with DAPI [blue! and anti-¢
Myc antibody or anti-Notch ! antubody (green)
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leads to their exhaustion (Hock er al, 2004, Ito et al.
2004). Since Fbxw?7 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
Pbxw/7-deficient mice. To address this possibility, we ex-
amined the cell cycle status of Fhxw7-deficient HSCs
using a BrdU assay. The population of Fbxw/7-deficient
LSK CD34 " HSCs in G, 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 Fhyw7-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-Mye, an
Fhxw7 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 Fhxw7-deficient HSCs largely accounts
for premature loss of HSCs. This hypothesis would be
strongly supported by the observation that inactivation
of c-Mye rescued the phenotype of hyperproliferation of
DP T cells and the oceurrence of lymphoma in Fhxw7-
deficient thymocytes (Onoyama et al. 2007). In addition,
Notchl protein, which also accumulated in Fhxw7-defi-
cient LSK cells, might accelerate HSC differentiation
|Fig. 2C; Pui et al. 1999). The levels of c-Jun, another
Fbxw7 target, in Fhxw7-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 plpC
(700 pg) (Supplemental Fig. $6), Nuclear accumulation of
c-Myc began within 72 h, and reached plateau by 96 h
after plpC treatment. On the other hand, marked accu-
mulation of Notch1 in nuclei occurred within 72 h after
plpC treatment. These observations indicated that ubig-
uitin-proteasome-dependent degradation of Notchl and
¢-Mye was inhibited rapidly after Fhxw? deletion by an
initial single pIpC treatment. Interestingly, the accumu-
lation of Notchl reached plateau slightly earlier than
that of e-Mye. It has been found recently thar Notchl
directly regulates c-Mye transcription in normal and leu-
kemic T cells (Weng et al. 2006). These studies suggest
that the up-regulation of ¢-Myc expression in Fbxw?7-
deficient HSCs might be enhanced subsequently by
Notchl 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 plpC treatment
|Fig. 3A). These mice showed a marked decrease in the
number of BM MNCs, including all lineages of hemarto-
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 Fbxw?7-deficient LSK cells [Supplemental Fig. 57),
while there was no difference in p53 mRNA levels be-
tween Fhxw7-deticient HSCs and the controls [Supple-
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Figure 3. The fate of Fhaxw7-deficient hematopoietic cells 15 deter-
mined by p53 expression. [A) Peripheral blood cell counts of Fhxw7-
deficient (WBC < 5000, red circle, n= 24, WBC > 5000, blue circle,
= 10) and contml (gray circle, n = 13) mice 12 wk after plpC treat-
ment. Horizontal lines indicate mean values. Closed circles indicate
the data for mice that developed leukemia ultimarely. (B) Percentage
of annexin  Y-positive  apoptotic  cells in Fhxw?-deficient
|WEBC < 5000, red bar; WBC » 5000, blue bar) and control (gray bar)
BM MNCs (left] or LSK CD34- HSCs [right) 12 wk after plpC treat-
ment. Results are shown as means « 5D from four independent ex-
penments. |*] P<0.05. [C] Western blot analysis of p53 in BM
MMNCs from control and Fhxw7-deficient mice 4 wk |left) and 12 wk
|right) after plpC treatment. Hsp70 was used as a loading control.

mental Fig. S8). Instead, Mdm2 expression was markedly
down-regulated in Fbxw7-deficient HSCs at both the
mRNA and protein levels (Supplemental Figs. §7, 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 apoprosis. 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 plpC treatment (Fig.
3C, left). In contrast, p53 protein levels were decreased in
BM MNCs of Fbxw/7-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 Fhxw?7-deficient BM cells (data not
shown]. It is well recognized that senescence as well as
apoptosts 1s a tumorigenesis barrier (Collado et al. 2005).
However, gene expression of p16/™%7 was not increased
in Fhxw7-deficient HSCs [Supplemental Fig, S8) and se-
nescence-associated [SAJ-B-galactosidase activity was
not considerably detected in Fhxw7-deficient LSK cells
|data not shown), indicaring that Fhxw?7 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
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Figure 4, Fbxw7 deficiency in adult hemawpoietic cells leads o T-ALL, (4] Representative autopsy of leukemic Phxw7-dehicient mice
Thymus (T}, liver (L}, spleen (8], and lymph nodes (arrowheads] were massively swollen. (B) Representative histology of peripheral blood (PB),
liver, kidney, and spleen from leukemic Fhxw7-deficient mice. (C) FACS analysis of BM MNCs and thymocyres from leukemic Fhxw7-deficient
and control mice. Data shown are representative FACS patterns denived from five independent experiments, (D) Survival curves for mice
mijected with graded doses {1 x 10°%, blue; | = 10%, red; or | = 107 B, green] of leukemic Fhaw?7-deficient BM MNCs, The average portion of
CD4'CDR" leukemic blasts in leukemic Fhxw?-deficient BM MNCs was 92.4 1 3.1%. (E) Western blot analysis of Notch, c-Mye, and p53 in
thymaocytes from control, Fhxw7-deficient, and leukemic Fhxw7-deficient mice. [F] Survival curves for Fhaw?-deficient {red, n = 23|, p53-
Fhxw?.deficient (blue, n =9), and control [black, i = 25) mice after plpC treatment

plpC 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 CDS (Fig
4C). Furthermore, irradiated mice transplanted with
these leukemia cells died of T-ALL within | mo (Fig.
4D), indicating Fbxw?7 deletion promoted generation of
T-ALL-initiating cells. Most of the Fbxw7-deficient mice
that did not exhibit leukopenia at 12 wk after plpC de-
veloped T-ALL (20 of 24; 83%) within 16 wk of pIpC
treatment, while no Fhxw7-deficient mice that exhibited
leukopenia led to leukemia (Fig. 3A)

Importantly, leukemic cells of Fbxw7-deficient mice
displayed significant accumulation of Notch1 and ¢-Mye
proteins [Fig. 4E). Interestingly, the Notchl/c-Myc sig-
naling axis is causally linked to T-ALL development
(Weng et al. 2006). These findings suggest that accumu-
lated Notchl and c-Myec 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 Notch! accumula-
tion, which induces T-lineage commitment in immature
cells [Look 2004; Grabher et al. 2006). Constitutive
Notchl 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,
Notchl is the most commonly mutated gene (Weng et al.
2004). While Fhxw7-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 Lek-cref+);Fbxw7"" 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
p537/";Mx-1-Cref+);Fbxw?"" 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 plpC treatment (Supplemental Fig 59),
indicating that p53-dependent apoptosis contributes to
the reduction of Fbxw7-deficient BM. All p537/~;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
Fbxw? 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 ¢-Myc (Eischen et al. 1999; Beverly et al,
2005). Eischen et al. (1999) have reported that c-Myec ac-
tivates the p19™'-Mdm2-p53 tumor suppressor path-
way, enhancing p53-dependent apoptosis, and strongly
selects tor subsequently spontaneous p53 inactivation,
resulting in canceling its protective checkpoint funcuon
and the occurrence ot tumorigenesis, such as lymphoma,
These findings support the 1dea that p53 inactivation is
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an essential event 1n leukemogenesis in Fhxw7-deficient
hematopoietic cells. Although p19**, an upstream p33
regulator, was significantly elevated and Mdm?2 was re-
duced, p53 was significantly inactivated in Fhxw7-defi-
cient leukemic cells (Supplemental Fig. $10). p53 exerts
negative feedback control on p19A through its interac-
tor, CARF (Kamrul et al. 2007). Thus, elevated p19t
protein levels seen in T-ALL cells further support the
tact 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 Fbhxw7 also
induces genomic instability and genomic alterations |Ra-
jagopalan et al. 2004), which may also initiate leukemo-
genesis in Fhxw7-deficient mice.

These mouse phenotypes led us to analyze FBXW7
mutations in human T-ALL pauents. 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 eighty; 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 @ tUmMor 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 FEXW7
mutation (six of eight; 75%) harbored the NOTCHI 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 Notch! target in
Norch-dependent T-ALL (Weng et al. 2006). Since NOTCH
and ¢-MYC are FBXW7 targets, NOTCH]1-independent
¢-MYC up-regulation could further contribute to leukemo-
genesis in T-ALL with both NOTCH! and FBXW7 mu-
tations. Moreover, given the two samples with FEXW7
mutations had wild-type NOTCH]1 (two of eight; 25%),
FBXW7 mutations do not necessarily require the
NOTCH1 mutations as we presented in 3 mouse model
in this study.

This is the first report of FEXW7 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 Notchl
gain-of-tunction mutation is considered as a primary
cause to develop T-ALL, because somatic activaring
mutations of Notchl 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 FBXW?7 single
mutation was seen in 4.5% (two ot 44) of Japanese T-ALL
patients. This frequency is slightly lower than thar 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 hindings indicate that there is a genomic
type of FBXW?7 single mutation in T-ALL patients infre-
quently but umversally, 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
NOTCH]1 gain-of-function mutation
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Recently, an array-based comparative genome hybrid-
1zation (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. Pren deletion also results in gen-
eration of leukemia-initiating cells. Inhibition of mTOR
by rapamycin not only depletes leukemia-initiaring cells
but also restores normal HSC function [Yilmaz et al.
2006). Sumilar to Pten, Fbxw?7 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-Cref+iFbxw?"~ mice were obtamed by matmg Flaw " mice
(Tsunematsu et al. 2004) with interferon-inducible Mx-1-Cre transgenic
mice. To generate Mx-1-Crefs JiFhaow ™" [Fhxw7-deficient] and Mx-1-
Cref-}; Fhew7"7 (control| mice, Mx-1-Cre(+); Flew 7"~ mice were crossed
with Fbxew 7" mice (Onoyama et al. 2007), To induce Cre, mice received
500 pg of pIpC intraperitoneally on three alternate days. CS7BL/6-Ly5.1

% mice were d from Sankyo-Lab Service and C57BL/6
Ly5.0/Ly5.2 F, mice were used for competitive reconstitution assays
Animal care was in accordance with the guidance of Keio University for
animal and recombinant DNA experuments. See the Supplemental Ma-
renal for additional procedures.
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Abstract Patients with infant acute myeloid leukemia (AML) who carry a t(7:12)(q36;p13) translocation
have been reported w have a poor clinical outcome. MNX/—ETV6 fusion transeripts (previously
HIXBI9—ETV6) were rarely detected in AML patients having t(7;12)(q36;p13). A 23-month-old girl
with acute megakaryoblastic leukemia (AMKL) exhibited chromosome abnormalities, including
add(7)(q22), and del(12)(p12p13). Southern blot analysis of bone marrow cells showed an ETV6
gene rearrangement. Reverse transcriptase-polymerase chain reaction (RT-PCR) followed by
sequence analysis revealed the presence of an MNX/—ETV6 fusion gene. The patient responded
well to chemotherapy, achieved complete remission, and at writing had been in complete remission
for 60 months. The MNX/ expression by RT-PCR was significantly more frequent in Epstein—Barr
virus—transformed B-cell lines derived from normal adult lymphocytes than in leukemic cell lines.
This represents a novel case of an AMKL patient with MNX/—ETVé fusion transcripts who had
4 good prognosis.  © 2008 Elsevier Inc. All rights reserved.

1. Introduction AML patients having (7;12)(g36;p13) [6]; however, het-
! erogeneity of the 7936 and 12pl3 translocations was

~ Many recurrent clhromo:;m:.ml translocations  are reported (5,7.8). Thus, MNX/—ETV6 fusion gene in AML

involved in acute myeloid leukemia (AML) [1]. AML with patients having t(7:12) is infrequently reported [7.8].

12913 lr:lnsltwglif}lnt: have been rcporlcq to involve the F_'['S_ We describe the case of a 23-month-old AML patient
variant gene 6 (TEL oncogene) (ETV6) [2]. In cases of 2 4y9ya22) del(12)(p12p13), and MNXI—ETV6 fu-
AML carrying 12p13 abnormalities, a recurrent transloca- o yrangcript; the child has remained alive for 5 years.
uom tt?.lz){q,’t.(»:pl g I.ﬂund = "_” m__‘w% Of,mr‘ml LS We also report the expression of the MNX/ gene in several
3-5]. Fluthc“nce 1838 h}'hnd'z"_m?" Asnayd needed to leukemic and normal Epstein—Barr virus-transformed cell
evaluate this translocation, because it is difficult to detect lines.

by conventional karyotyping [3—5]. AML patients with this

translocation are characterized by age under 20 months at

diagnosis, thrombocytosis, high percentage of CD34-

positive cells, presence of additional chromosomal abnor- 2. Case report

malities, including tnsomy 19 or trisomy 8 (or both), and
a poor prognosis [3—5]. An MNX/—ETV6 fusion gene (pre-
viously HLXB9—ETVé) was identified in two pediatric

A 23-month-old girl was admitted to Osaka City General
Hospital because of appetite loss and pallor. Blood exami-
nation showed a white blood cell count of 10.520/uL with
55.5% blasts, a hemoglobin level of 7.0 g/dL., and a platelet

* Comesponding suthor. Tel.: +81-279-52-3551, ext. 2200; fax: +#1- count of 164,000/uL. She had a mediastinal mass, but no
279-52-2045 hepatosplenomegaly. Bone marrow examination revealed

E-mail address: hayashiy-tky @umin.ac)p (Y. Hayashi) a nuclear cell count of 30,000/ul. with 71.2% blasts. The

H6ESA60R0%/3 — see front maner © 2008 Elsevier Inc. All rights reserved
doi: 10,101 6/f. cancergencyto. 2008 (6 (0K
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blasts were negative for myeloperoxidase staining and
platelet peroxidase staiming electron-microscopically. Flow
cylometric analysis showed that the blasts expressed CD41,
CD36. CD13, CD33, CDI5, and CD7 antigens, suggesting
megakaryoblastic ornigin, Conventional G-banding chromo-
somal analysis revealed a karyotype of 46,XX,add
(7)(q22),del(12)(p12p13) in all 20 bone marrow cells
examined (Fig. ).

The patient was diagnosed as having AMKL (M7 sub-
type, based on the French—American—British classifica-
tion), and was treated on the Japanese Childhood AML

| Cooperative Study Group Protocol, AML99 [9]. She ob-
tained complete remission with induction chemotherapy
(cytarabine, etoposide, and mitoxantrone). Thereafter, she
was treated with five additional courses of intensive chemo-
therapy (high-dose cytarabine, etoposide, idarubicin, and
mitoxantrone). As of writing, she had been in complete
remission for 60 months after diagnosis,

3. Materials and methods
3.1. Southern blot analysis

High molecular weight DNA was extracted from bone
marrow cells of the patient by proteinase K digestion and
phenol—chloroform extraction [10]. Ten micrograms of
DNA was digested with EcoRl, subjected to electropho-
resis on (.7% agarose gels, and transferred to nylon mem-
brane, and hybridized to ¢cDNA probes **P-labeled by the
random hexamer method [10]. The probes used were
a 516-bp MNX! c¢DNA fragment (nucleotide nt598 to
ntl114: GenBank accession no. NM_005515; previously
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3.2. Expression of WI'l mRNA and nuaanon of FLT3

WT1 mRNA was examined for detection of minimal re-
sidual disease as previously reported [11]. Intemal tandem
duplication and mutation of FLT3 were examined as previ-
ously reported [10].

3.3. Reverse transcriptase—polymerase chain reaction
and nucleotide sequencing

MNXI—ETV6 chimeric mRNA was detected by reverse
transcriptase—polymerase chain reaction (RT-PCR) as de-
scribed previously [12]. Total RNA was extracted from
the leukemic cells of the patient using the acid guanidine
thiocyanate—phenol chloroform method [12]. Total RNA
(4 pg) was reverse-transcribed to cDNA, using a cDNA
synthesis kit (GE Healthcare Bio-Science, Piscataway,
NI) [12]. PCR was performed with AmpliTagq Gold DNA
polymerase (Applied Biosystems, Foster City, CA; Tokyo,
Japan), using the reagents recommended by the manufac-
turer, The primers used and PCR conditions were as de-
scribed previously [6]. The PCR products were subcloned
nto pCR2,1 vector (Invitrogen, Carlsbad, CA) and se-
quenced by the fluorometric method using the BigDye Ter-
minator cycle sequencing kit (Applied Biosystems).

34. Expression of the MNX1 gene by RT-PCR
in leukemic cell lines

To analyze the expression pattern of the MNX/ gene in
leukemic cell lines, RT-PCR was performed. Fifty-nine cell
lines were examined, as follows [12]; 10 B-precursor ALL
cell lines (LC4-1, NALM-6, NALM-24, NALM-26, UTP-2,
RS4:11, SCMC-L10, KOCL-33, KOCL-45, KOCL-69), 9

IR
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Fig 1. G-banding karyotype of the leukemic cells in a pediatric patient with acute megakaryoblastic leukemia: 46, XX, add(7Hg22).deli 12 p12pl13)
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Fig. 2. Detection of the MNX1—ETV6 fusion gene (previously HIXB9—ETVE). (A) Rearrangement of the MNX! gene by Southern blotting with EcoRI di-
gestion. The arow indicates a rearranged band of the MNVXJ gene; C, control; P, patient. (B) The MNX/—ETV6 fusion transcript identified by reverse tran-
scriptase—polymerase chain reaction (RT-PCR). Lanes 2 and 3, MNX] —ETV6 fusion transcript; lancs 4 and 5, ETV6—MNX/ fusion transcript. C, control; M,
size marker; Pt, patient; (C) Nucleotide and amino acid sequencing of two MNX/—ETV6 fusion transcripts

B-ALL cell lines (BALM-1, BALM-13, BALM-14, BJAB,
DAUDI, RAJI, RAMOS, BAL-KH, NAMALLA), 9 T-ALL
cell lines (RPMI-8402, MOLT-14, THP-6, PEER, H-SB2,
HPB-ALL, L-SAK, L-SMY, KCMC-T), 8 AML cell lines
(YNH-1, ML-1, KASUMI-3, KG-I, inv-3, SN-1, NB4,
HEL), 6 acute monocytic leukemia cell lines (THP-1,
IMS/M1, CTS, P31/FUJ, MOLM-13, KOCL-48), 5 chronic
myelogenous leukemia cell lines (MOLM-1, MOLM-7,
TS9:22, §89:22, K-562), 2 acute megakaryoblastic leuke-
mia cell lines (CMS, CMY), and 10 Epstein-Barr virus
transformed B lymphocyte (EBV-B) cell lines derived from
normal adult peripheral lymphocytes. Five normal BM
samples were also examined. RT-PCR mixtures and condi-
tions were the same as described | 10]. The primers used for
RT-PCR were HLXB9-658F (5-GGCATGATCCTGCC-
TAAGAT-3') (sense primer) and HLXB9-1092R (TGCT
GTAGGGGAAATGGTCGTCG) (antisense primer) [6].

4. Results and discussion

The karyotype of the patient’s leukemic cells was
46, XX.add(7)(q22).del(12)(p12p13), suggesting that both
ETV6 and MNX/ were involved in this chromosomal abnor-
mality. With informed consent from the patient’s parents,
DNA and total RNA were extracted from bone marrow cells
of the patient. Southern blot analysis of DNA from leuke-
mic cells of the patient using the MNVX/ probe showed a re
arranged band (Fig. 2A). We performed RT-PCR for
MNXI—ETV6 chimeric mRNA and obtained two RT-PCR
products, of 311 bp and 181 bp (Fig. 2B). Sequence analy-
s1s of these PCR products showed that one product was an

in-frame fusion transcript of exon | of MNXI to exon 3 of
ETV6, and the other was an out-of-frame fusion transcript
of exon | of MNXI to exon 2 of ETV6 (Fig. 2C). These
transcripts were the same as previously reported [6]. The
reciprocal  ETV6—MNXI  transcript was not detected
(Fig. 2B).

The WI'T mRNA level was 3,400 copies/ug RNA at di-
agnosis, but decreased to <50 copies/pg RNA after remis-
sion. Neither internal tandem duplication nor mutation of
FLT3 were found in this patient, suggesting that the prog-
nosis is not poor [1].

Table |
Expression of the MNX/ gene in leukemia and EBV-B cell lines by reverse
transcnptase—polymerase chain reaction

Cells expressing

Cell line Cells examined, no. MNX1, no. (%)
ALL 28 5(179)
B precursor 10 0

B 9 2(22.2)
i ) 9 3(33%)
AML 16 3(18.8)
AML 8 1(125)
AMaol. 6 2(333)
AMKL 2 0(0)
CML ] 1 (20)
EBV-B 10 7 (70)
normal BM 5 0 (0)

Abbreviations: ALL, acutc lymphoblastic leukema; AMKL, acute
megakaryoblastic leukemia; AML, scute myeloid leukemia; AMol, acute
monoeytic leukermia; B, B-cell; BM., bone marrow; CML, chronic myelo
genous leukemia; EBV-B, Epstein—Barr virus-transformed human B lym-
phocytes: T, T-cell
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Fig. 3. Expression of the MNX/ gene in leukemia and EBV-B cell lines by RT-PCR. ALL, acute lymphoblastic leukenia; AMKL, cute meg
leukemia: AML, acute myelod leukerma: AMOL, scute monocytic leukemia; B, B-cell; BM, bone marrow; CML., chronic myelogenous leukemia, EBV-B,
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We next examined the MNX/ expression by RT-PCR
analysis in 49 lenkemic cell lines, and 10 EBV-B cell lines.
MNX] was not frequently expressed in lymphoid or mye-
loid leukemic cell lines (Table 1; Fig. 3). MNXI] was ex-
pressed in 7 of 10 EBV-B cell lines, but not in 5 normal
BM cells. The MNX] expression was significantly more
frequent in EBV-B cell lines than in leukemic cell lines
(P = 0.0015) or m normal BM cells (P = 0.0256). The
MNX] was frequently expressed in CD34-positive cells pu-
rified from normal BM cells, acute leukemia cells, and
AML cells having t(7:12)(g36:p13) |5.13,14]. It is un-
known whether the incidence of MNX/ expression differs
among leukemia cell lines. Mature B-lineage cells are
likely to frequently express MNX/ transcripts, and the tran-
seripts were more prevalent in several human B lineage cell
line and tonsil B cells |15]. The present findings are com-
patible with previous reports, MNX/ may be associated
with differentiation of B cells.

MNXI—ETV6 fusion transeript has so far been detected
in only four out of the many AML. patients who carry the
1(7;12) anomaly |5.6]. Difficulty of detection of this fusion
transcript is due to breakpoint heterogeneity of the 736

and 12p13 in this translocation |7,8]. Clinical features of

AML patients having «(7;12) did not differ between the
presence and absence of MNX/—ETV6 fusion transcripts
|5]. Notably, clinical characteristics of the present patient
were different from those of AML patients having 1(7:12)
previously reported. Our patient was diagnosed as having
AMKL, although most AML patients having t(7;12) were
identified as poorly differentiated FAB subtypes [5]. Only
one patient was reported to be diagnosed with AMKL;
however, MNX/—ETV6 fusion transcript was not examined
n that case [4]. An additional cytogenetic abnormality is
tnsomy 19 [3—5]. Chromosomal analysis of the present
patient showed absence of additional chromosomal abnor-
malities, suggesting long-term disease-free survival with
chemotherapy alone. All AML patients. except one who
had both 1(7:12) and trisomy 19, died [3—6]. These findings
suggest that 1(7:12) is associated only with leukemogenesis,
and that other factors including trisomy 19 and FLT3 muta-
tions, may affect the prognosis of AML patients having
1(7:12).

— 301

karyohlastic

In conclusion, an AMKL patient with MNX/—ETVa
fusion transcripts had a good prognosis. Further accumula
tion of clinical and molecular data of AML patients having
1(7;12) is needed to clarify this result.
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Identification of the novel AMLI fusion partner gene, LAF4, a fusion
partner of MLL, in childhood T-cell acute lymphoblastic leukemia with
t(2;21)(q11;q22) by bubble PCR method for cDNA
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The AMLI gene is frequently rearranged by chromosomal
translocations in acute leukemia. We identified that the
LAF{ gene on 2q11.2-12 was fused to the AMLI gene on
21922 in a pediatric patient having T-cell acute lympho-
blastic leukemia (T-ALL) with t(2;21)(q11:;q22) using the
bubble PCR method for cDNA. The genomic break points
were within intron 7 of AMLI and of LAF4, resulting in
the in-frame fusion of exon 7 of AMLI and exon 8 of
LAF4. The LAF4 gene is a member of the AF{/FMR?2
family and was previously identified as a fusion partner of
MLL in B-precursor ALL with t(2:11)(q11:q23), although
AMLI-LAF{ was in T-ALL. LAF4 is the first gene fused
with both AMLI and MLL in acute leukemia. Almost all
AMLI translocations except for TEL-AMLI are asso-
ciated with myeloid leukemia; however, AMLI-LAF4{ was
associated with T-ALL as well as AMLI-FGA7 in
t(4:21)(q28;922). These findings provide new insight into
the common mechanism of AMLI and MLL fusion
proteins in the pathogenesis of ALL. Furthermore, we
successfully applied bubble PCR to clone the novel AML1-
LAF{ lusion transcript. Bubble PCR is a powerful tool for
detecting unknown fusion transcripts as well as genomic
fusion points.
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Introduction

A large number of leukemias have been found to be
associated with specific chromosomal aberrations. Re-
cent studies have demonstrated that several chromoso-
mal rearrangements and molecular abnormalities are
strongly associated with distinet clinical subgroups and
can predict clinical features and therapeutic responses
(Rowley, 1999; Taki and Tamiwaki, 2006). Some genes
have becn associated with recurrent rearrangements and
have many fusion partner genes, such as MLL at 11q23,
TEL (ETV6) at 12pl13 and NUP98 aL 11pl5; AMLI
(RUNXI, CBFA2) at 21q22 is one of the most frequent
targets of these chromosomal rearrangements in both
acule lymphoblastic Jeukemia (ALL) and acute myeloid
leukemia (AML) (Miyoshi ef al., 1991. Hayashi, 2000;
Kurokawa and Hirai, 2003). To date, a number of in-
frame fusion pariners of AMLI have been cloned:
YTHDF2 at 1p35 (Nguyen er al., 2006), ZNF687 a
1921.2 (Nguyen et al., 2006), MDSI/EVII at 3q26
(Mitani et al., 1994), FGA7 at 4q28 (Mikhail er al,
2004), SH3D19 a1 4q31.3 (Nguyen er al., 2006), USP42
at Tp22 (Paulsson ef al., 2006), MTG8 (ETO, CBFA2TI)
at 8q22 (Erickson et al., 1992; Miyoshi er al., 1993),
FOG?2 at 8q23 (Chan er al., 2005), TRPSI at 8924 (Asou
et al., 2007), TEL (ETV6) at 12p13 (Golub er al., 1995),
MTGI6 at 16q24 (Gamou ef al, 1998) and PRDXY at
Xp22 (Zhang ef al., 2004), Most AML/ translocations,
except for TEL-AMLI, are associated with AML,
involving the N-terminus Runt domain and lacking
the C-terminus transactivation domain (Kurokawa and
Hirai, 2003). AMLI fusion proteins are associated with
leukemogenesis by dominantly interfering with normal
AMLI-mediated transcription and acting as a transcrip-
tional repressor (Okuda er al., 1998; Wang et al., 1998).
Clinically, patients with AML harboring 1(8:21) in both
children and adults show a high rate of complete
remussion, and its prognosis is considered better than
that of patients with a normal karyotype or other
chromosomal aberrations (Grimwade ¢ al., 1998).

In the present study, we analysed pediatric T-ALL
with 1(2;21)(ql1:922) and identified the LAF4 gene,
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which 1s one of the lusion partners of MLL, as a novel
IMLI gene
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Results

Case report
A 6-year-old with a high leukocyte count
(64700 ul™'), containing 84% blasts in peripheral blood
and with a mediastinal mass, was diagnosed as having
T-ALL. A bone marrow smear was hypercellular with
69% and negative myeloperoxidase. The
leukemic cells, after gating of CD45-positive cells, were
positive for CDS (90.7%), CD7 (90.7%), CD58 (69.9%)
and cyloplasmic CD3 (92.8%), and negative for HLA-
DR, IgG, IgM, Igk, Iga, CDS, CDI13, CDI4, CDI9,
CD20 and CD33. He was treated on the Tokyo
Children’s Cancer Study Group (TCCSG) L04-16
extremely high-risk (HEX) protocol, including stem cell
transplantation, because the response to mmtial 7-day
predmsolone (60 mgm~—) monotherapy was poor. He
achieved complete remission after the induction pl

boy

blasts for

e.

After the early consolidation phase and two courses of

the consolidation phase, he received allogeneic bone
marrow transplantation from an unrclated HLA-
matched donor 4 months after diagnosis. He has been
in complete remission for 17 months.

The patient’s leukemic cells at diagnosis
analysed after written informed consent was obtained
from his parents, and the ethics committee of Kyoto
Prefectural University of Medicine approved this study.

were

dentification of the AML1-LAF4 fusion transeripr

Cytogenetic analysis of the leukemic cells of the patient
using routine G-banding revealed 47, XY, add(1)p36),
der(2)t(2;21)(q13;922), 2:21)q13;922). -9, -9, + marl,
| spectral karyotyping (SKY) analysis revealed
(DU 7)p36.1:923), der(2)1(2:21)(q11.2:922),

+der(2iu2;:21)q11.2:q22), del(5)p15.1), del(9xq22), del(9)

(p13), der(21U2:21)q11.2:922) (Supplementary Figure S1).
Since AMLI is located at 21g22, we inferred that AML/
was rearranged in this case. Fluorescence in situ hybridiza-
tion analysis using AML/-specific BAC (bacterial artificial
chromosome) showed  split 3
AMLI on two der(2)(2:21)q11.2;422) and de
(q11.2:922) chromosomes (Figure 1a).

l'o isolate fusion transcnipts of AMLI, we performed the
bubble PCR method for ¢cDNA (Figure 2) and obtained
various-sized products (Figure 3a). Four different-sized
products were sequenced and two products contained
AMLI sequences fused to unknown sequences. Basic local
alignment search tool (BLAST) search revealed that the
unknown sequences were part of the LAF4 gene and both
products had the same in-frame junctions (Figure 3b)
LAF4 was located on chromosome 2q11.2-12, which was
compatible with the result of spectral karyotyping analysis.
We next performed reverse transcription-PCR to confirm
AMLI-LAF4 fusion transcripts, and obtained three
different-sized AMLI-LAF4 fusion products, including
only one in-frame product (Figures 3¢ and d); however,
reciprocal LAF4-AML! fusion transcripts were nol
generated (Figure 3c). Type 2 transcript is an out-of-frame
fusion and generated premature termination in exon 9 of
LAF4 (Figure 3d). On the other hand, type 3 transcript is
an in-frame fusion of exon 7 of AMLI and exon 8 of
LAF4, the same as the type | transcript; however, the type
3 transcript contained an 85-bp intronic sequence between
exons 9 and 10 of LAF4, which might be due to splicing
CITOrT, i‘.[ld Lll)l"ﬂ.‘ilrcd 4as a pl'L'[l'li]lLil'C lerminatuon (.'(Hl\_ll]
within the intronic sequences (Figure 3d). AMLI-LAF4
fusions were also confirmed by fluorescence in situ
hybridization analysis (Figure 1b).

clones signals  of

21)(2:21)

Detection of AMLI-LAF4 genomic junctions
Southern blot analysis using a cDNA probe within exon
7 of AMLI detected a rearranged band derived from an

RP11-327J8 (3 of
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1. Synthesize double-stranded cDNA

R
= _l ___________ | ________________________

Random hexamer

2. Blunt end with T4 DNA polymerase and Rsal digestion

R R
t--_..----..-l f\_ - = -
3. Ligate bubble cligo wnupzk:‘"i/wmm
R
F= _|. __________ }_/'\_ i e ) U g YO
™ e TR =

4. Initiate strand synthesis by a specific AML1 primer and
proceed to the end of the bubble oligo

AML 15t
——

5. Amplify with AML1 and bubble primers 6. Amplify with nested primers

AMLT 181 AMLY Znd

Figure 2 Outline of bubble PCR. for ¢cDNA. Bubble PCR primers (NVAMP-1 and NVAMP-2) can only anneal with one
complementary sequence for bubble oligo synthesized with AMLJ primer, but not bubble oligo 1self, therefore, this single-stranded
bubble provides the specificity of the reaction

. tbp) M1 b AMLexon7 —ie— LAFdexons
1018 — S B
517 — : i[ '\ \ Hia iln
220 - AUV
AGTCGACTCTCAAAGAAAGGTGATGC
s R L 8 K K 6 ©D A
¢ d AML1 LAF4
AL LAF4-11AS
typed S5 [ &« [ 7 [aTela 11 T
(bp) in-frame)
396 — —
e2 s ] a | 7 | [ele n &
220 - Dees Aslel \ /2
frame) W
type3d S5 [ & | 7 ['® ej*—4|a] T
(promaturs T
termination)

Inlron 9 sequence
{88bp)

Figure 3 [dentification of AMLI-LAF4 fusion transcript. (a) Bubble PCR products by nested PCR using AML1-58 and NVAMPI1
for first PCR, and AML1-E6S and NVAMP?2 for second PCR (lane 1). M. size marker. (b) Sequence analysis of AMLI-LAFY fusion
transenipt. The single letter amino-acid sequences surrounding the fusion point are shown at the bottom of the figure {¢) Detection of
1M L1-1. AF4 fusion transcripts by reverse transcription-PCR. Primers were AMLI-PR7 and LAF4-11AS (lanes | and 3), AMLI1-PR8
and LAF4-PR5 (lanes 2 and 4), and p-actin, respectively Lanes |, 3 and 5, patient’s leukemic cells; lanes 2, 4 and 6, n al peripheral
lymphocytes. (d) Three fusion trunscripts of AMLI-LAFY are schematically depicted. Gray/dotted boxes denote predicted AMLI
exons und white boxes represent predicted LAFY exons. Type 3 contains the LAFY intron 9 splicing donor site. AMLI-PR7 and LAF4-
I1AS indicate the primers used for reverse transcription-PCR. Asterisk shows the termination codon

approximately 11kb Befll germline fragment on chro-  products using  primers  AMLI-GNMS-25  and
mosome 21 (data not shown). To isolate the fusion point NVAMP2 (Figure 4a). Sequence analysis of the
of chromosomes 2 and 21, we next performed bubble  subcloned PCR product revealed the genomic junction

on genomic DNA and detected nested PCR of 5-AMLI-LAF4-3 (Figures 4¢c and d), and the result
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a (p) N P bp) M 1 2 3 4
517 -
1636 — a 396 -
1018 —
220 -
c AML1T cacramncacTTGAGAAAUCTGMCucaGATMAGG
| IIIIIIIHHIII
AML1-LAF4 CAGTGTCA CACTTGAGAAATCCAGAACCTACAATGAACT
PLLLLLERRRL bRttt
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Figure 4 Cloning of the genomic junction of AML! and LAF4. (a) Bubble PCR for genomic DNA, N, normal human lymphocytes;
P. patient’s leukemic cells. (b) Detection of the genomic fusion point of AMLI-LAF4 by PCR. Primers were AML1-GNMB8-4S and
LAF4GNMI11-2AS (lanes | and 3), and LAF4-GNM11-28 and AML|-GNME-2AS (lanes 2 and 4). Lanes | and 2, patient’s leukemnic
cells: lanes 3 and 4, normal penipheral lvmphocytes. M, size marker. (¢) Sec zes of breakpoints in the patient’s leukemic cells. (d)
Physical map of the breakpoint regions. Open vertical boxes represent defined exons in each gene. Horizontal arrows show the primers
used. Restriction sites are indicated by capital letters: G, Befll, H, Hindill. AML ¢! indicates the posttion of the cDNA probes for
Southern blot analysis. A vertical arrow shows AMLI-USP42 breakpoint

was confirmed by PCR analysis ..\:.". g primers AMLI- Discussion
GNME-4S and LAF4-GNMII-2AS (Figure 4b);

however, no 5'-LAF4-AMLI-3 product was generated, In this study, we identified that LAF4 was fused to
suggesting interstitial  deletion near genomic break AMLI in pediatric T-ALL with 1(2:21)(q11:q22). Other
pomts (Figure 4b). These sequences near the break regions with chromosomal aberrations in this patient

points did not contain any lymphoid heptamer/nonamer  were not considered to be associated with recurrent

sequences, 4lu sequences or consensus topoisomerase 11 cytogenetic changes involving T-ALL, except for the

cleavage sites deletion of the short arm of chromosome 9. Spectral
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karyotyping analysis detected del(9)(pl13), and addi-
tional analysis of genome array (Human Mapping 50 K
Hind Array, Affymetrix, Tokyo, Japan) revealed homo-
zygous deletion of 4.5Mb within the 9p2l region,
including the CDKN2A/pl6/pl4 locus (data not shown),
which is frequently deleted in T-ALL (Ohnishi et al,
1995).

Although the patient showed a complex chromosomal
abnormality, t(2:21)(q11:q22) can form regular head-lo-
tail fusion transcripts of both AML/ and LAF4, because
the transcription direction of AMLI and LAF4 is
tlelomere to centromere. Furthermore, fluorescence
in situ hybridization analysis revealed two der(2)1(2;21)
(ql1.2:q22) creating 5-AMLI-LAF4-3, suggesting that
5'-AMLI-LAF4-3 is critical for leukemogenesis.

LAF4 was previously reported to be a fusion partner of
MLL in pediatric B-precursor ALL with 1(2;21)(q11;q23)
(von Bergh er al., 2002; Bruch er al., 2003; Hiwatari er al.,
2003). LAF4 is the first gene fused to both AMLI and
MLL, and both AMLI-LAF4 and MLL-LAF4 contained
the same domains of LAF4 (Figure 5). During the
preparation of this manuscript, we found another
pediatric T-ALL patient with 4MLI-LAF4 reported in
the Meeting Abstract (Abe er al., Blood (ASH Annual
Meeung Abstracts) 2006; 108: 4276), suggesting that
1(2;21)(ql1:923) is a recurrent cytogenetic abnormality
and that the AMLI-LAF4 fusion gene is associated with
the T-ALL phenotype. Both putative fusion proteins of
AMLI-LAF4 observed in two patients contamed the
Runt domain of AMLI, and the transactivation domain,
nuclear localization sequence and C-terminal homology
domain of LAF4, although the fused exon of LAF4
differed in the two cases. Several studies have reported
that the fusion partners of MLL fused with different
genes such as MLL-AFI0 and CALM-AFI0, MLL-CBF
and MOZ-CBP or MLL-p300 and MOZ-p300 (1da et al.,

AML1
RD  AD

LAF4 N B E— . |
NHD

VREPY SN N AR .

AML1-LAF4 - '

p Commmm 1

AML1-LAF4 -

ol W i

MLLLAFA — [T 1T T e

AT MT AD NLS CHD

Figure 5 Schematic representation of putative AMLI, LAF4 and
AMLI-LAF4 fusion proteins. Putative MLL-LAF4 fusion protein 15
also indicated for companson. Arrows, break points or fusion points,
AD, transactivation doman; AT, AT hooks; CHD, C-terminal
homology d DNA, methyltransf homology region; RD,
RUNT domain, MT, DNA methyltransferase homology region,
NLS, nuclear localization sequence
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1997: Taki er al, 1997, Chaffanet er al.. 2000).
Companson of the structure and function between
AMLI-LAF4 and MLL-LAF4 will facilitawe our under-
standing of the molecular mechamsms underlying
AMLI- and MLL-related leukemia.

The only AMLI fusion partners m T-ALL are LAF4
and FGA7. It is not known how FGA7 is associated with
T-ALL leukemogenesis, because FGA7 does not show any
significant sequence homology to any known protein
motifs and/or domains (Mikhail er al., 2004). Both patients
with AMLI-LAF4 and MLL-LAF4 fusions were diag-
nosed as having ALL, but they have different lymphoid
lincages. MLL-LAF4 is associated with B-lineage ALL;
however, AMLI-LAF4 generates T-ALL. Our previous
study showed that LAF4 was expressed not only in B-
lineage ALL but also in T-lineage ALL cell lines (Hiwatan
et al., 2003). LAF4 showed strong sequence similarity to
AF{ (Ma and Staudt, 1996), which has a role in the
differentiation of both B and T cells in mice (Isnard er al.,
2000). Furthermore, it was reported that AM L/ also plays
an important role in T- and B-cell differentiation, because
AM LI-deficient bone marrow increased defective T- and
B-lymphocyte development (Ichikawa er al., 2004). These
findings support that both AMLI and LAF4 are
associated with T-ALL, respectively. Further functional
analysis of the AMLI-LAF4 fusion gene will provide new
insights into the leukemogenesis of 4ML/-related T-ALL.
Recently, it has been reported that C-terminal truncated
AMLI-related fusion proteins play critical roles in
leukemogenesis (Yan er al., 2004, Agerstam ef al., 2007),
suggesting that the two additional types of fusion
transcripts observed in our patient (types 2 and 3 in
Figures 3d and 5) have an additional function in
leukemogenesis other than that of the entire AMLI-
LAF4 fusion protein.

In this study, we first applied the panhandle PCR
method, which is usually used for cloning the fusion
partners of MLL or NUP98 (Megonigal er al., 2000;
Taketani et al, 2002); however, no fusion transcripis
could be obtained. Therefore, we searched for another
method to clone the fusion transcripts and adapted the
bubble PCR method for cDNA cloning. To date, bubble
PCR has been performed for cloning unknown genomic
fusion points but not fusion cDNAs (Zhang et al., 1995)
Using double-stranded c¢DNA, we could apply the
bubble PCR method for cloning fusion ¢DNA with
fewer nonspecific products. The bubble PCR primer can
only prime DNA synthesis afier a first-strand ¢cDNA has
been generated by an AMLI-specific primer because of
the bubble-tag with an intermal non-complementary
region (Zhang et al., 1995). Although bubble PCR for
genomic DNA generated one or two amplification
products (Smith, 1992), bubble PCR for cDNA gener-
ated a complex set of amplification products that
appeared as a smear by SYBR green staining, suggesting
that a random hexamer generated varous double-
stranded cDNA containing the AML/ sequence. This
means that various fusion points can be estimated, even
if after bubble oligo ligation was generated. Further-
more, bubble PCR for cDNA could amplify in both 5'-3'
and 3'-5' directions of the gene or transcript. and easily
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Iable | Comparison betwesn bubble PCR and panhandle PCR

Bubble PCR Panhandle
PCR

Characteristics

Available orientation of fusion A Only 5-%
transcript

AML]-specific random hexamer* Not necessary Necessary
Self-annealing Not necessary Necessary
Number of required polymerase 2 4

reaction

Number of final products Many (smear)
Nonspecific product Few

Number of extra sequences other 50-60 bp
than targeted sequences in cloned
product

Search for other targeted exons

A few
Few
> 100 bp

Easy Hard®

*30-mers AMLIl-specific oligonucleotide with mndom hexamer
(AMLI-N). "Necessary 1o use another AMLI-specific random
hexamer if the target exons are §' region of the initial target.

handle any exons fused to unknown partners for
amplification. Once-ligated ¢DNAs are also available
for cloning any genes, other than AMLI, as the target.
We demonsirated the efficiency and specificity of bubble
PCR for cDNA (Table 1 and Supplementary Figure S2),

To date, a great number of fusion genes associated
with chromosomal (ranslocations have been cloned,
although these fusion genes are found as a minor part
of various malignancies. Recently, high frequencies of
mutations in NOTCH] in T-ALL (James er al.. 2005),
NPM in AML with normal karyotype (Weng er al.,
2004) and JAK2 in myeloproliferative disorders (poly-
cythemia vera, essential thrombocythemia and idiopathic
myelofibrosis) (James ef al., 2005) have been reported,
and these mutations are considered to be a good target
for therapy. These genes were first identified as
associated with chromosomal translocations in a small
subset of specific phenotypes of hematologic malignan-
cies (Ellisen et al., 1991; Morris er al., 1994: Lacronique
et al, 1997). These findings suggest that conlinuing
allempts to identify genes associated with chromosomal
translocations can be expected to provide further insights
into the significance of various gene alterations in cancer
and the development of novel-targeted therapies (Taki
and Taniwaki, 2006). The bubble PCR method for
c¢DNA will contribute to identifying numerous novel
translocation partners more easily and further functional
analysis of chimeric transcripts.

Materials and methods

Spectral karvotyping analysis
Spectral Karyotyping analysis was performed with a Sky-
Pamting kit (Applied Spectral Imaging. Migdal Ha'Emek,
Israel). Signal detection was performed according to the
manufacturer’s instructions

Fluorescence in situ hybridization analysis

Fluorescence in situ hybridization analysis of the patient’s
leukemic cells using AML/-specific BAC clones (RP11-272A3,
Y ol AML/ and RP11-994N6, 5' of AML!) was carried out as

Oncogens

described previously (Taniwaki ef af., 1994). Fusion of AML!
and LAFY was analysed with the patient’s leukemic cells using
RPII-994N6 (5" of AMLYI) and RP11-52718 (3’ of LAF4)

Bubble PCR for cDN A

We modified the onginal bubble PCR method to apply for
c¢DNA cloning (Figure 2; Supplementary Figure S2) (Smith,
1992; Zhang et al., 1995).

Poly(A)* RNA was extracted from the patient’s leukemic
cells using a QuickPrep Micro mRNA Purification Kit (GE
Healtheare, Buckinghamshire, UK). Two hundred nanograms
of poly(A)* RNA was reverse transcribed to cDNA in a total
volume of 33 ul with random hexanucleotide using the Ready-
To-Go You-Prime First-Strand Beads (GE Healthcare).
Double-stranded ¢DNAs were synthesized from 10pl of
single-stranded ¢cDNA with a phosphorylated random hex-
anucleotide, blunt ended with T4 DNA polymerase, digested
with Rsal endonuclease and ligated with bubble oligo. Rsal, a
4-bp blunt-ended cutter, was chosen to shorten the bubble
oligo-ligated frag 5, s0 that almost all bubble oligo-ligated
fragments would be easy to clone by standard PCR reaction.
This suggests that poor-quality samples are also suited to this
method, although it is unsuitable for cloning long products.

The sequences of the primers used are listed in Supplemen-
tary Table S1 and their positions in the AML/ gene are shown
in Supplementary Figure $2. Nested PCR was performed using
primers NVAMP-| (bubble oligo) and AMLI-55 (exon 5) for
first round PCR, and NVAMP-2 (bubble oligo) and AMLI-
E6S (exon 6) for nested PCR. NVAMP| and NVAMP2 can
only anneal to the newly synthesized unique sequence of the
bubble oligo by AMLI1-58

We used poly(A)* RNA in bubble PCR for cDNA with the
expectation that this approach could amplify fewer transcripts;
however, total RNA is also suitable for this method.

Bubble PCR for genomic DNA

Bubble PCR for genomic DNA was performed as described
previously (Smith, 1992; Zhang et al., 1995). Primers were as
follows: NVAMP-1 and AMLI-GNMSS for first round PCR,
and NVAMP-2 and AML1-GNMS-2S for second round PCR
(Supplementary Table S1).

Reverse transcription-PCR and genomic PCR analyses
Reverse transcription-PCR and genomic PCR analyses were
performed as described previously. After 35 rounds of PCR
(305 a1 94°C, 305 a1 55°C, | min at 72°C), Sul of PCR product
were electrophoresed in a 3% agarose gel Primers were
as follows: AMLI-PRT and LAF4-11AS, and AMLI-PRS
and LAF4-PR5 for reverse transcription-PCR: and AMLI-
GNMB-4S and LAF4-GNMI11-2AS, and LAF4-GNMI11-2§
and AMLI-GNMS§-2AS  for genomic PCR  (Supple-
mentary Table S1)

Nucleotide sequencing

Nucleotide sequences of PCR products and, il necessary,
subcloned PCR products were analysed as described pre-
viously (Hiwatar et al., 2003)

Southern blot analysis

High-molecular-weight DNA was extracted from the patient’s
leukemic cells by proteinase K digestion and phenol/chloroform
extraction. DNA (10 ug) was digested with Bge/ll, subjected to
electrophoresis on 0.7% agarose gel and transferred to a nylon
membrane. Blots were hybridized to probes that were labeled by
the Dig-labeled PCR method according to the manufacturer’s
instructions (Roche Applied Science, Tokyo, Japan) Probes
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were [12bp AML! ¢cDNA Tragments (AMLIcl, nucleotides
1233-1344; GenBank accession no. NM_001754)

Abbreviations

AML, acute myeloid leukemia: ALL, acute lymphoblastic
leukemia,.
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