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Figure 1. Morphology of hESC-derived ceils and expression of lactoferrin mRNA. (A) Wright-Giemsa staining of the day-7 cells (i) revealed that they were morphologically
myeloblasts and promyetocytes. On days 9 (i) and 11 (i), myelocytes and metamyelocytes were predominant, and on day 13 (iv; hESC-Neu), 70% to 80% of the cells
appeared to be stab and segmented neutrophils. Original magnification, x1000. (Bi) 97.3% plus or minus 1.5% of hESC-Neu's were myeloperoxidase positive. {ii) The
neutrophil alkaline-phosphatase score in hESC-Neu's was 284 plus or minus 8.6. Values represent mean plus or minus SD. Original magnification, X 1000. (C) Microstructure
of hESC-Neu's. Similar to steady-state neutrophils separated from peripheral blood (i), segmented nuclei and cytoplasmic granules were observed in hESC-Neu's (ii). Original
magnification, X8000. (D) Lactoferrin (LTF) mRNA was expressed in hESG-derived cells on day 7 (D7), peaked on day 10 (D10}, and was weakly positive on day 13 (D13).
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were strongly positive for LTF mRNA, but PB-Neu's {(PB1 and 2) were negative, aithough faint bands were detecled in PB-Neu's

prepared from some donors (data not shown). As a negative control, peripheral blood mononuclear cells (MNCs) were used.

its expression was observed in less than 20% of the cells on day 7
and did not subsequently increase. CD 16 (Fcvy receptor (FeyR) IIT).
which is expressed in neutrophils as well as natural killer cells,
macrophages. and a small subset of monocytes.™ was already
expressed by day 7, and increased with maturation. This expression
pattern of CD16 is consistent with that during normal neutrophil
differentiation, although the proportion of CD16~ cells was lower
than that of morphology-defined mature neutrophils on day 13. The
ratio of CD32 (FeyRID)-positive cells increased as the differentia-
tion stage advanced, and eventually reached 90%. CDG64 (FcyRI)
expression was greater than 80%, peaking on day 10, and the high
percentage was maintained through day 13. CD14 was expressed in
20% to 25% of the cells on days 10 and 13.

Table 1. Differentiation pattern of hESC-derived cells

% of total cells

Cell type Day7 Day 10 Day 13
Myeloblasts 61.0 £ 8.1 23+12 ND
Promyelocytes 16.8 £ 6.3 8.5+ 09 0.7+08
Myelocyles 123+ 48 34.0x6.8 6.4 =34
Metamyelocytes 3.0=x1.0 1.0 = 1.3 102+ 43
Stab neutrophils 0.8+ 0.3 16.2 £ 3.0 18.3= 26
Segmented neutrophils 0306 147 £ 6.0 531 =96
Macrophage/monocytes 57 %06 5313 11214
Mature neutrophils 1208 30.8 = 4.6 1474

The sum of the stab and segmented neutrophils indicates the total mature
neutrophils. Data are shown as mean plus or minus SD (n = 3 independent
experiments).

ND indicates not detectable.

In normal peripheral blood, both neutrophils and monocytes
express CDI5 and CD11b. In addition, mature neutrophils
express CD16, whereas monocytes express CD14.2829 Detailed
analysis on day 13 revealed that approximately 70% of CDI5"
and CD11b™* cells were CD16%, and almost all CD15* and
CD167 cells expressed CD11b (Figure 2Bi,ii). Given that 70%
to 80% of the cells on day 13 were morphologically mature
neutrophils (Table 1), it is likely that the majority of hESC-
Neu’s had CD15, CD11b, and CD16 expression patterns similar
to PB-Neu’s, although some hESC-Neu’s did not express CD15
or CD16, particularly CD16.

CD32 is broadly expressed on myeloid cells, whereas CD64 is
expressed only on monocytes but not on neutrophils in the
peripheral blood.?® In the bone marrow, CD64 expression is
observed in a small population of myeloblasts, peaks at the
promyelocyte, myelocyte. and metamyelocyte stages, and then
diminishes, although a small proportion of the stab neutrophils still
express CD64.5031 We confirmed that virtually no PB-Neu's
expressed CD64 (data not shown). In contrast, almost all CD15*
and CD16* hESC-Neu’s expressed CD64 on day 13, indicating
that both stab and segmented hESC-Neu’s expressed CDG64,
because segmented neutrophils represented more than 50% of the
cells on day 13 (Figure 2Biii; Table 1). Nearly 50% of CD157 and
CD16™" cells were weakly positive for CD14, in contrast to the
negative expression of CD14 in steady-state PB-Neu’s (Figure
2Biv). This aberrant expression of CD64 and CD14 in hESC-Neu’s
is similar to their positive expression on some of the neutrophils
harvested from healthy donors who received G-CSF administra-
tion*?¥ and the neutrophils derived from bone marrow CD34*
cells in vitro by G-CSF stimulation.?!
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Figure 2, Surface antigens of hESC-derived cells. (A) Surface antigen expression at each level of differentiation of hESC-derived cells was analyzed by flow cytometry,
CD45 was expressed in almost all the cells. CD34, CD117, and CD133, immature markers of hematopoiesis, were detected in a small population of the cells on day 7, and had
almost disappeared by day 10. Common myeloid antigens CD33 and CD15 were highly expressed, and the expression of CD11b increased during maturation, CD13 was
expressed in less than 20% of the cells throughout the culture period. The expression of CD16, a mature neutrophil marker, increased following maturation, but was observed in
only approximately 45% of the cells, even on day 13. CD14 and CD64 expression was aberrantly observed in some cells. Bars represent SDs (n = 3). (B) In the steady state,
mature neutrophils in peripheral blood were CD15%, CD11b*, and CD16. (i) In hESC-derived cells on day 13, 63.3% plus or minus 2.6% of the CD15+ and CD11b* cells were
CD16", and (ii) almost all of the CD15* and CD16~ cells were CD11b™. (jii-iv) On the other hand, CD64 and CD14 were rarely expressed on mature neutrophils in the
peripheral blood. CD15* and CD16* cells from hESCs, consistent with the phenotype of mature neutrophils, showed aberrant expression of CD84 (jii) and CD14 (iv), in 94.1%
plus or minus 3.8% and 45.1% plus or minus 9.6% of the cells, respectively. Data are presented as mean plus or minus SO {n = 3).

Apoptosis pattern and prolonged survival by G-CSF of
hESC-Neu’s and PB-Neu's

In the steady state, PB-Neu's have a short life span of approxi-
mately 24 hours, but this can be prolonged by G-CSF stimulation.?*
Some hESC-Neu's were already apoptotic at the time of harvest
and therefore we focused on the nonapoptotic fraction of hESC-
Neu’s (Figure 3). In contrast to the PB-Neu’s. which underwent
apoptosis within 6 hours without G-CSF, consistent with previous
reports,> a proportion of apoptotic cells among hESC-Neu's in the
medium without G-CSF did not increase for up to 6 hours after the
start of the culture. In addition, there were no differences between
the cultures with and without G-CSF for up to 6 hours. After
6 hours, however, there was a more rapid decrease in nonapoptotic
cells in hESC-Neu's without G-CSF than in hESC-Neu's with
G-CSF, which resulted in a lower number of viable cells than
hESC-Neu’s with G-CSF at 24 hours, although the number of
viable cells of hESC-Neu's without G-CSF was still higher than
that of PB-Neu’s without G-CSF.

Oxidative burst phenotype was similar in hESC-Neu's and
PB-Neu’s

Oxidative burst is an essential function of neutrophils when killing
microorganisms, but an inappropriate burst sometime causes injury to
the host tissue. We assessed the ability to convert DHR to rhodamine in
hESC-Neu's and PB-Neu's using flow cytometry.”” Because G-CSF.
which could substantially affect the result, was used during the culture,
we compared hESC-Neu’s with PB-Neu(G+)’s and PB-Neuw(G—)’s as
described in “*G-CSF stimulation prior to assessing neutrophil function.”
When DHR was added (o the neutrophil suspensions, rhodamine-

specific fluorescence was detected in hESC-Neu's. and in PB-
Neu(G—)'s and PB-Neu(G+)’s without PMA stimulation, indicating
basal superoxide production without PMA stimulation in each neutro-
phil preparation (Figure 4). PMA stimulation increased thodamine mean
fluorescence intensity in hESC-Neu's, but to a lesser extent than in
PB-Neu(G—)'s and PB-Neu(G+)’s. Consequently, the mean rhoda-
mine fluorescence intensity after PMA stimulation was similar in
hESC-Neu’s, PB-New(G—)'s, and PB-Neuw(G+)'s, suggesting that the
maximum superoxide production is comparable between hESC-Neu's
and PB-Neu's.

Phagocytosis and subsequent NBT reduction activity, and
bactericidal activity were similar between hESC-Neu’s and
PB-Neu’s

Neutrophils protect against infectious microorganisms by phagocytos-
ing and subsequently killing them. These functions of hESC-Neu's and
PB-Neu's were evaluated in an experimental system using NBT-coated
yeast. Under the microscope. mature neutrophils could be easily
distinguished from contaminating macrophages by the unique shape of
their nuclei after 1% safranin-O staining (Figure 5A). NBT-coated yeast
that had not been ingested had a red-brown color that began to change to
purple or black. beginning at the periphery, and eventually became
completely black, because the NBT coating on the yeast was reduced by
neutrophils after phagocytosis. Thus, neutrophils that had phagocytosis
and NBT-reducing ability could be easily identified. RESC-Neu’s had a
slightly lower phagocytosis rate than PB-Neu(G—)’s and PB-Neu(G+)’s
(Figure 5B). The phagocytosis score, however, was not significantly
different between hESC-Neu's and PB-New(G~)'s and PB-Neu(G+)’s
(Figure 5C). The cells on day 8§ of the culture, most of which were
morphologically mycloblasts and promyelocytes, were rarely observed
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Figure 3. Apoptosis pattern and G-CSF effect on survival of hESC-Neu’s, (A) Flow cytometric analysis. In the steady state, PB-Neu's have a short life span of
approximately 24 hours, but this can be prolonged by G-CSF stimulation (i-v). Some hESC-Neu's were already apoptotic at the time of the harvest from the induction culture
(vi). In contrast to the PB-Neu's that underwent apoptosis within 6 hours without G-CSF (ii}, the proportion of apoptotic cells did not increase for up to 6 hours after the start of
the culture of hESC-Neu’s in the medium without G-CSF (vi,vii). In addition, there were no differences between the cultures of hESC-Neu’s with and without G-CSF for up to
6 hours {vii). After 6 hours, nonapoptotic cells decreased more rapidly among hESC-Neu's without G-CSF than among hESG-Neu’s with G-GSF (viii-x), resulting in the lower
number of viable cells than hESC-Neu's with G-CSF at 24 hours (x). Figures are representative of 3 independent experiments. Data are presented as mean plus or minus SD

(n = 3). (B) The time course of the decrease in viable cells. Bars represent SDs (n = 3).

to phagocytose the yeast or reduce NBT if they had ingested the yeast,
indicating that we observed phagocytosis and NBT reduction that was
specific to mature neutrophils.

Because the hESC-Neu'’s had sufficient phagocytosing ability
and superoxide production, we next investigated whether hESC-
Neu’s can kill bacteria. The bactericidal activity of hESC-Neu’s
and PB-Neu’s was compared using E coli. When incubated with
hESC-Neu’s and PB-Neuw(G—)’s and PB-Neu(G+)’s, the numbers
of CFUs were similarly reduced to approximately 40% that of the
control, indicating comparable bactericidal activity against E coli
between hESC-Neu’s and PB-Neu’s (Figure 5D).

Chemotaxis was similar between hESC-Neu’s and PB-Neu’s

We compared chemotaxis of hESC-Neu's and PB-Neu’s using a
modified Boyden chamber method. After incubation with or

A

without fMLP in the lower well, neutrophils had migrated from
the upper side to the lower side of the membrane. Neutrophil
migration without fMLP in the lower well was considered
random migration. The number of neutrophils that migrated
randomly was not significantly different between hESC-Neu's
and PB-Neu(G—)'s, but PB-Neu(G+)’s showed significantly
more random migration than the others (Figure 5E). The number
of migrated cells increased in hESC-Neu’s, PB-Neu(G—)’s, and
PB-Neu(G+)'s when fMLP was added in the lower well. The
increase in cell migration induced by chemotaxis to fMLP was
calculated by subtracting the number of randomly migrated
cells without fMLP from that of migrated cells with fMLP.
There were no significant differences between hESC-Neu's
and PB-Neu(G—)'s or PB-Neu(G+)’s in the net fMLP-
induced chemotaxis.

i hESC-Neu

Figure 4. Superoxide production of hESC-Neu’s assessed by
dihydrorhodamine123 oxidation. (A) Dihydrorhodamine123 (DHR)
was reacted to neutrophils with or without phorbol myristate acetate
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3 neutrophil preparations (bold line). The figures are representative of
3 independent experiments. {B) Comparison of superoxide production
between hESC-Neu's and PB-Neu's using mean fluorescence inten-
sity (MFI) of rhodamine. When DHR was added without PMA
stimulation, rhodamine-specific fluorescence was detected in hESC-
Neu's, PB-Neu(G-)'s, and PB-Neu(G—)'s. PMA stimulation in-
creased rhodamine MFiin hESC-Neu's though to a lesser extent than
in PB-Neu(G—)'s and PB-Neu(G+)’s. Consequently, rhodamine MF!
after PMA stimulation was similar in hESC-Neu's, PB-Neu(G—)'s, and
PB-Neu{G+)'s, suggesting that the maximum superoxide production
was comparable between hESC-Neu's and PB-Neu's {n = 3; bars
represent SDs; *P < .05 compared with hESC-Neu's).
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Figure 5. NBT-coated yeast cell-phagocytosis test, bactericidal activity, and chemotaxis assay. (A) NBT-coated yeast celis were added to a neutrophil suspension and
incubated at 37°C. After 1 hour, the cells were stained with 1% safranin-O, and observed using a microscope. Mature neutrophils (—) could be easily distinguished from
contaminating macrophages (white arrow; only the nucleus is observed in the figure) by the unique shape of their nuclei. Yeast cells were red-brown in color before being
ingested (white arrowhead); the color began to change to purple or black beginning at the periphery of the yeast cell, and eventually became completely black (™) because the
NBT was reduced after ingestion. Yeast cells that changed color in the cells were counted as NBT-reduction positive. Original magnification, x400. (B) The phagocytosis rate
was calculated as a percentage of the neutrophils that contained one or more yeast cells. hESC-Neu’s had a slightly lower phagocytosis rate than that of PB-Neu(G—)'s and
PB-Neu(G+)'s, {C) The phagocytosis score was calculated as the total number of positive yeast cells in 100 neutrophils, There were no significant differences in the
phagocytosis score between hESC-Neu’s and PB-Neu(G—)'s or PB-Neu(G+)'s. The celis on day 8 of the culture (day-8 cells) were rarely observed to phagocytose the yeast
cells or reduce NBT. (InB-C, n = 3; bars indicate SDs; *P < .05 compared with PB-Neu(G~)'s and PB-Neu(G+)’s; **P < .05 compared with hESG-Neu's, PB-Neu(G—)'s, and
PB-Neu{G+)'s.} (D) Bactericidal assay. £ coff was opsonized with human AB serum, and incubated with hESC-Neu's, PB-Neu{G—V's, PB-Neu(G+)'s, or control medium, After
1-hour incubation with hESC-Neu's, PB-Neu(G—)'s, and PB-Neu{G +)'s, the colony-forming units {CFUs) were significantly reduced to approximately 40% of the control. There
were no significant differences in bactericidal activity between hESC-Neu's, PB-Neu{G—)’s. and PB-Neu{G+)'s. The CFUs of controls are presented as 100% (n = 3; bars
indicate SDs; *P <2 .05 compared with control). (E) Chemotaxis assay by a modified Boyden chamber method. The number of neutrophils that migrated randomly (fMLP(~))
was not significantly different between hESC-Neu's and PB-Neu(G-)'s. but PB-Neu(G+)'s showed significantly greater random migration than hESC-Neu's and
PB-Neu(G—)'s. The number of migrating cells increased in all hESC-Neu’s, PB-Neu(G~)'s, and PB-Neu(G+)'s when fMLP was added 1o the lower well (fMLP(+)). The
increase in the number of migrating cells induced by chemotaxis to fMLP (fMLP(+)-fMLP(~)) was not significantly different between hESC-Neu's and PB-Neu(G-)'s or
PB-Neu(G1)'s (n — 3; barsindicate SDs; *P < .05).

cally mature neutrophils. comprising 70% to 80% of the hESC-Neu
-population, was larger than that of PB-Neu’s, This finding indicates that
the density of morphologically mature neutrophils in the hESC-Neu
population was lower than that of PB-Neu's, which made it difficult to
separate hESC-Neu's from other contaminating cells.

In this culture, we observed morphologically defined myelo-
blasts, promyelocytes, myelocytes, metamyelocytes, and, eventu-
ally, mature stab and segmented neutrophils, in this order, during
the 13-day culture. which is similar to the granulocyte maturation
process in bone marrow. The surface antigen expression pattern

Discussion

We developed a specific and effective method for deriving mature
neutrophils from hESCs, making it possible to analyze hESC-
derived neutrophils in detail. hRESC-derived neutrophils had charac-
teristics similar to steady-state peripheral blood mature neutrophils
in morphology and essential functions, although there were some
differences in surface antigen expression.

Unfortunately. attempts to further purify the hESC-derived mature
neutrophils from the hESC-Neu population by density gradient methods

led to a massive reduction in cell yield. In the flow cytometiic analysis,
the mean intensity of hESC-Neu's in forward scatter was higher than
that of PB-Neu’s (data not shown), indicating that the size of morphologi-

during differentiation was similar to that during normal granulopoi-
esis, with CD34 and CD117 expression on immature cells. and an
increase in CDI16 expression as differentiation advanced. Most
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hESC-Neu's expressed CD16, CD15, CD11b, CD33, and CD45.
This pattern is consistent with normal PB-Neu’s, but the percentage
of CD16-expressing cells was lower than that of mature neutrophils
determined by morphology. The lower CD16 expression level is
documented in neutrophils derived in vitro from bone marrow
CD347 cells by stimulation with G-CSF, and is considered to be the
effect of G-CSF on myeloid progenitors.! G-CSF also induces
CD064 and CD14 expression on mature neutrophils,*¥ and these
effects are also observed in vivo when G-CSF is administered to
healthy volunteers.*?* Therefore, the G-CSF present in the culture
from day 7 may have affected the progenitors and led to the
relatively low expression of CD16 on hESC-Neu’s and aberrant
expression of CD64 and CD14 on CD15* and CD16™ hESC-Neu’s.

In the apoptosis assay, some hESC-Neu’s were already apopto-
tic at the time of the harvest from the induction culture, but the
proportion of apoptotic cells among hESC-Neu’s in the medium
without G-CSF did not increase for up to 6 hours after the start of
the culture. There are 2 possible reasons for the difference in the
rate of apoptosis. First, the hESC-Neu’s were more heterogeneous
than the PB-Neu’s, as they comprised cells at different stages from
incompletely differentiated cells such as metamyelocytes to
maturation-completed and aged neutrophils. Relatively immature
cells or unaged mature neutrophils in the hESC-Neu population
might have a longer lifespan than PB-Neu’s. Second, the effect
of G-CSF used in the induction culture might continue even
after the washout.

In the chemotaxis assay, the random migration of hESC-Neu’s
was almost the same as that of PB-Neu(G~)'s, but lower than that
of PB-Neu(G+)'s, although hESC-Neu’s were stimulated by
G-CSF before the assay. The effect of G-CSF on the random
migration of neutrophils is controversial; random migration in-
creases in vitro when neutrophils are stimulated by G-CSF3
whereas neutrophils obtained from G-CSF-treated patients with
nonmyeloid malignancies show decreased random migration and
chemotaxis.’™*® Our in vitro experiment with PB-Neu(G+)’s and
PB-Neu(G—)’s replicated the former result. Nevertheless, hESC-
Neu’s showed relatively low random migration despite stimulation
with G-CSF. while maintaining almost normal fMLP-induced
chemotaxis. One possible reason for these differences might be the
continuous stimulation by G-CSF: hESC-Neu’s were slimulated
from the myeloblast stage. and thus, it was expected that the
characteristics of the hESC-Neu’s were more similar to those of
neutrophils from G-CSF-stimulated donors rather than to normal
mature neutrophils.

The low yield of hESC-Neu's is a major obstacle to their
functional analysis in animals, and further, to their potential use in
drug screening and clinical applications. The number of hESC-
Neu’s produced was less than twice that of the input EB-derived
cells. Recently, erythroid progenitor cell lines that could differenti-
ate into functional mature red blood cells both in vitro and in vivo
were established from mouse ESCs.* In that report, the starting
number of ESCs required to establish one progenitor line was
5 X 10°, and transplantation of 2 X 107 cells of the progenilor line
could ameliorate anemia in mice by increasing the red blood cell
count. Similar methods could be considered in the granulopoiesis
from hESCs. Another potential method is to use more immature or
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proliferation-competent cells than the cells with which we initiated
the induction culture. One candidate may be hematopoietic progeni-
tors that emerge in saclike structures derived from ESCs. In a report
using cynomolgus monkey ESCs,* EBs were created and subse-
quently subjected to adherent culture on a gelatin-coated dish. After
2 weeks, saclike structures emerged that contained hematopoietic
precursors at various stages of myeloid lineage. The authors
mentioned the possible existence of hemangioblasts, because
endothelial cells could be produced from those precursors under
different conditions. Others have also reported similar saclike
structures containing hematopoietic precursors created from
hESCs.!® In this paper, megakaryocytes were created from the
inner cells, which were positive for hematoendothelial markers,
such as CD34, CD31, vascular endothelial growth factor-receptor
2, and vascular endothelial-cadherin. These similar findings sug-
gest that the cells in the saclike structures contain cells that are
more immature than our EB-derived cells, and that the precursors
inside the saclike structures have greater proliferation potency than
our EB-derived cells. Because neither paper directly demonstrated
the efficiency of mature blood cell production from monkey or
human ES cells, however, the efficiency of producing neutrophils
from our EB-derived cells should be compared with that from the
saclike structure~derived cells.
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Gain-of-function of mutated C-CBL tumour
suppressor in myeloid neoplasms

Masashi Sanada'”*, Takahiro Suzuki’*, Lee-Yung Shih®*, Makoto Otsu®, Motohiro Kato"?, Satoshi Yamazaki®,
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Acquired uniparental disomy (aUPD) is a common feature of cancer
genomes, leading to loss of heterozygosity. aUPD is associated not
only with loss-of-function mutations of tumour suppressor genes',
but also with gain-of-function mutations of proto-oncogenes’. Here
we show unique gain-of-function mutations of the C-CBL (also
known as CBL) tumour suppressor that are tightly associated with
aUPD of the 11q arm in myeloid neoplasms showing myeloproli-
ferative features. The C-CBL proto-oncogene, a cellular homologue
of v-Cbl, encodes an E3 ubiquitin ligase and negatively regulates
signal transduction of tyrosine kinases™. Homozygous C-CBL
mutations were found in most 11g-aUPD-positive myeloid malig-
nancies. Although the C-CBL mutations were oncogenic in NIH3T3
cells, ¢-Cbl was shown to functionally and genetically act as a
tumour suppressor, C-CBL mutants did not have E3 ubiquitin ligase
activity, but inhibited that of wild-type C-CBL and CBL-B (also
known as CBLB), leading to prolonged activation of tyrosine kinases
after cytokine stimulation, ¢-CbI™’~ haematopoietic stem/progeni-
tor cells (HSPCs) showed enhanced sensitivity to a variety of cyto-
kines compared to ¢-CbI*’* HSPCs, and transduction of C-CBL
mutants into ¢-CbI™’~ HSPCs further augmented their sensitivities
to a broader spectrum of cytokines, including stem-cell factor (SCF,
also known as KITLG), thrombopoietin (TPO, also known as
THPO), IL3 and FLT3 ligand (FLT3LG), indicating the presence
of a gain-of-function that could not be attributed to a simple loss-
of-function. The gain-of-function effects of C-CBL mutants on cyto-
kine sensitivity of HSPCs largely disappeared in a ¢-CbI*"* back-
ground or by co-transduction of wild-type C-CBL, which suggests
the pathogenic importance of loss of wild-type C-CBL alleles found
in most cases of C-CBL-mutated myeloid neoplasms. Our findings
provide a new insight into a role of gain-of-function mutations of a
tumour suppressor associated with aUPD in the pathogenesis of
some myeloid cancer subsets.

Myelodysplastic syndromes (MDS) are heterogeneous groups of
blood cancers originating from haematopoietic precursors. They are

characterized by deregulated haematopoiesis showing a high pro-
pensity to acute myeloid leukaemia (AML)’. Some MDS cases have
overlapping clinico-pathological features with myeloproliferative
disorders, and are now classified into myelodysplasia/myeloprolifera-
tive neoplasms (MDS/MPN) by the World Health Organization
(WHO) classification®. To obtain a comprehensive profile of allelic
imbalances in these myeloid neoplasms, we performed allele-specific
copy number analyses of bone marrow samples obtained from 222
patients with MDS, MDS/MPN, or other related myeloid neoplasms
(Supplementary Tables 1 and 2) using high-density single nucleo-
tide polymorphism (SNP) arrays combined with CNAG/AsCNAR
software™'".

Genomic profiles of MDS and MDS/MPN showed characteristic
unbalanced genetic changes, as reported in previous cytogenetic
studies'! (Supplementary Fig. la); however, they were detected more
sensitively by SNP array analyses (Supplementary Table 3), aUPD
was detected in 70 samples (31.5%) on the basis of the allele-specific
copy number analyses, which substantially exceeded the detection
rate obtained using a SNP call-based detection algorithm (20.7%)
(Supplementary Figs 2 and 4, and Supplementary Tables 4 and 5).
Long stretches of homozygous SNP calls caused by shared identical-
by-descent alleles in parents were empirically predicted and excluded
(Supplementary Fig. 3). aUPDs were more common in MDS/MPN
than in MDS. They preferentially affected several chromosomal arms
(1ps 1q, 4q, 7q, 11p, 11q, 14q, 17p and 21q) in distinct subsets of
patients, and frequently associated with mutated oncogenes and
tumour suppressor genes (Supplementary Figs 1b and 5). Among
these, the most common aUPDs were those involving 11q
(1= 17), which defined a unique subset of myeloid neoplasms that
were clinically characterized by frequent diagnosis of chronic mye-
lomonocytic leukaemia (CMML) with normal karyotypes (13 cases)
(Fig. la and Supplementary Table 6). We identified a minimum
overlapping aUPD segment of approximately 1.4 megabases (Mb)
in 11q, which contained a mutated C-CBL proto-oncogene (Fig. 1b).
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Figure 1| Common UPD on the 11q arm and C-CBL mutations in myeloid
neoplasms. a, Copy number profiles of 17 cases with myeloid neoplasms
showing 11qUPD. Regions of copy number (CN) gains, losses and aUPD are
depicted in different colours. Histologies are shown by coloured boxes.
Asterisks denote C-CBL-mutated cases. Ch, chromosome; RAEB, refractory
anaemia with excess blasts. b, CNAG output for MDS.U35. Total copy
number (tCN) and allele-specific copy number (asCN) plots show a focal
copy number gain spanning a 1.4-Mb segment within 3 Mb of an 11q-aUPD
region (left), which contained mutated C-CBL in MDS,U35 (right).

¢, Alignments of amino acid sequences for human CBL family proteins and
their homologues in Caenorhabditis elegans (SLI-1) and Drosopliila (D-Cbl).
Amino acid numbering is on the basis of human C-CBL. Conserved amino
acids are highlighted. Positions of mutated amino acids are indicated by
asterisks. Heterozygous mutations are shown in red. d, Mutated amino acid
positions in the three-dimensional structure of a human C-CBL-UBE2L3
complex. TKB, tyrosine kinase binding domain.

C-CBLis the cellular homologue of the v-Cbltransforming gene of
the Cas NS-1 murine leukaemia virus™'%, It was recently found to be
mutated in human AML cases’**. Together with its close homo-
logue, CBL-B, C-CBL is thought to be involved in the negative modu-
lation of tyrosine kinase signalling, primarily through their E3
ubiquitin ligase activity that is responsible for the downregulation
of activated tyrosine kinases®>, By sequencing all C-CBL exons in all
222 samples, we found C-CBL mutations in 15 of the 17 cases with
11q-aUPD, whereas only 3 out of 205 cases without 11g-aUPD had
C-CBL mutations, showing a strong association of C-CBL mutations
with 11g-aUPD (P=1.46 X 107'%) (Supplementary Fig. 6 and

'LETTERS

Supplementary Tables 6 and 7), as also indicated in a recent report’®.
Thus, C-CBL was thought to be the major, if not the only, target of
11g-aUPD in myeloid neoplasms. Two different C-CBL mutations
co-existed in three cases (Supplementary Fig. 6b). Somatic origins of
the mutations were confirmed in three evaluable cases (Sup-
plementary Fig. 6¢).

In most cases, C-CBL mutations were missense, involving the evo-
lutionarily conserved amino acids within the linker-RING finger
domain that is central to the E3 ubiquitin ligase activity'’” {Fig. 1c).
Another case with a predominant Cys384Tyr mutation also con-
tained a nonsense mutation (Arg343X) in a minor subclone, which
resulted in a v-Cbl-like truncated protein (Supplementary Fig. 6b). In
the remaining two cases, mutations led to amino acid deletions
(A369—371 and A368—382) involving the highly conserved a-helix
(aL) of the linker domain and the first loop of the RING finger.
According to the published crystal structure of C-CBLY, most of
the mutated or deleted amino acids were positioned on the interface
for the binding to the E2 enzyme (Fig. 1d), making contact with
cither the tyrosine kinase binding domain (Tyr 368 and Tyr371) or
E2 ubiquitin-conjugating enzymes (Ile 383, Cys404 and Phe418).
Especially, all seven linker-domain mutations selectively involved
just three amino acids (Gln 367, Tyr 368 and Tyr371) within the
conserved oL helix (Fig. 1d). Mutations were clearly homozygous
in nine cases, and the apparently heterozygous chromatograms in
the other six cases could also be compatible with homozygous
mutations affecting the aUPD-positive tumour clones, given the
presence of substantial normal cell components within these
samples. Mutations in the remaining three cases were considered
to be heterozygous. About half of the C-CBL-mutated cases carried
coexisting mutations of RUNX! (four cases), TP53 (one case), FLT3
internal tandem duplication (1 case) or JAK2 (3 cases). NRAS and
KRAS mutations were prevalent among CMML (15.1%) but
occurred within discrete clusters from C-CBL-mutated cases
(Supplementary Tables 2 and 6 and Supplementary Fig. 5). The
mutation status of C-CBL did not substantially affect the clinical
outcome (Supplementary Fig. 7).

All tested C-CBL mutants induced clear oncogenic phenotypes in
NIH3T3 fibroblasts, as demonstrated by enhanced colony formation
in soft agar and tumour generation in nude mice (Supplementary
Fig. 8). Transformed NIH3T3 cells showed PI3 kinase-dependent
activation of Akt and the transformed phenotype was reverted by
treatment with the PI3 kinase inhibitor Ly294002 (Supplementary
Fig. 9). When introduced into Lin~ Scal T ¢-Kit™ (LSK) HSPCs,
C-CBL mutants (C-CBL{GIn367Pro) and C-CBL(Tyr371Ser)), as well
as a mouse lymphoma-derived oncogenic mutant (C-CBL(70Z)), sig-
nificantly promoted the replating capacity of these progenitors
(Fig. 2a). Because c-Cbl negatively modulates tyrosine kinase signal-
ling, and all C-CBL mutations, including those previously
reported'?™, affected the critical domains for its enzymatic activity
involved in this modulation, C-CBL was postulated to have a tumour
suppressor function; loss-of-function could be a mechanism for the
oncogenicity of these C-CBL mutants™’. To assess this possibility and
to clarify further the role of C-CBL mutations in the pathogenesis of
myeloid neoplasms, we generated ¢-Cbl ™'~ mice and examined their
haematological phenotypes (Supplementary Fig. 10).

In agreement with previous reports’®*, c-CbI™'~ mice exhibited
splenomegaly and an augmented haematopoietic progenitor pool, as
was evident from the increased colony formation of bone marrow
cells in methylcellulose culture and higher numbers of LSK and
CD34-negative LSK cells in bone marrow and/or spleen compared
to their wild-type littermates (Fig. 2b—d and Supplementary Fig. 11).
Furthermore, when introduced into a BCR-ABL transgenic back-
ground?', the ¢-Cbl~’~ allele accelerated blastic crisis depending on
the allele dosage (Fig. 2e, f). These observations supported the notion
that wild-type C-CBL has tumour suppressor functions, whereas
‘mutant’ C-CBL acts as an oncogene; C-CBL can therefore be both
a proto-oncogene and a tumour suppressor gene.
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Figure 2 | Tumour-suppressor functions of wild-type C-CBL. a, Prolonged
replating capacity of LSK cells transduced with mutant C-CBL (C-
CBL(GIn367Pro) and C-CBL(Tyr371Ser}), compared to mock- or wild-type
C-CBL-transduced cells, Replating capacity in methylcellulose culture is
shown as mean colony number (and s.d.) per 1,000 replating cells at
indicated times of replating, p, passage. b, Increased spleen mass in ¢-Chl™/~
mice compared to ¢-CbI™"" mice (mean spleen weight and s.d.). ¢, Mean
number of total LSK (left) and CD34-negative LSK (right) cells (plus s.d.) in
bone marrow (BM) and/or spleen in c-ChI™'™ (blue columns) and ¢-CbI™/~
mice (red columns). Bone marrow cells from bilateral tibias and femurs were
counted for each mouse. d, Augmented colony-forming potential of bone
marrow cells from ¢-Cbl™'™ mice (mean colony number and s.d. per 5,000
bone marrow cells). CFU, colony-forming units. e, Kaplan-Meier survival
curves of e-CbI™"™", c-ChI"*~ and ¢-CbI™'~ mice carrying a BCR-ABL
transgene, showing acceleration of blastic crisis in ¢-Cbl™~ and ¢-CbI™~
mice. f, Wright—Giemsa staining of an enlarged lymph node in a Ber-Abl™
¢-ChI™'~ mouse during blastic crisis shows massive infiltrates of immature
leukaemic blasts. Original magnification, X600.

Mouse LSK HSPCs expressed two Cbl family member proteins:
wild-type ¢-Cbl and Cbl-b (Supplementary Fig. 12)%, When trans-
duced into NIH3T3 cells stably expressing human epidermal growth
factor receptor (EGFR), both Cbl proteins enhanced ubiquitination
of EGFR after EGF stimulation, which was suppressed by coexpres-
sion of the C-CBL mutants (Fig. 3a, b). In haematopoietic cells, over-
expression of wild-type C-CBL enhanced ligand-induced
ubiquitination of a variety of tyrosine kinases, including ¢-KIT,
FLT3 and JAK2. In contrast, C-CBL mutants not only showed com-
promised enzymatic activity, but also inhibited the ubiquitinating
activities in these haematopoietic cells (Fig. 3¢), leading to prolonged
tyrosine kinase activation after ligand stimulation (Fig. 3d).
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Figure 3| Inhibitory actions of C-CBL mutants on wild-type C-CBL.
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NIH3T3 cells stably transduced with human EGFR plus indicated HA-
tagged C-CBL mutants. Anti-ubiquitin blots of immunoprecipitated EGFR
after EGF stimulation show the inhibitory actions of the C-CBL mutants on
ubiquitinating activity of C-CBL (a) and CBL-B (b). Bottom panels are anti-
HA and anti-Flag blots of total cell lysates. ¢, Effects of wild-type and mutant
C-CBL on cytokine-induced ubiquitination of ¢-KIT, JAK2 and FLT3 in
haematopoietic cells V3MC, BaF3 co-transduced with human
erythropoietin receptor (EPOR) and JAK2 (BaF3/EPOR/JAK2), and FLT3-
transduced 32D (32D/FLT3), respectively. Each cell line was further
transduced with indicated C-CBL mutants, and ubiquitination of
immunoprecipitated kinases was detected by anti-ubiquitin blots at 1 min
after stimulation with SCF, EPO and FLT3LG. Anti-kinase blots of the
precipitated kinases are shown below each panel. d, Kinase phosphorylation
was examined at indicated time points (shown in minutes) after ligand
stimulation using immunoblot analyses of total cell lysates using antibodies
to phosphorylated (p-) EGFR, ¢-KIT, JAK2 and FLT3 in which anti-4-
tubulin or anti-GAPDH blots are provided as a control.

Because tyrosine kinase signalling is central to cytokine responses
in haematopoietic cells and its deregulation is a common feature of
myeloproliferative disorders™, we next examined the effects of
C-CBL mutations (C-CBL{GIn367Pro) and C-CBL(Tyr371Ser))
and the loss of wild-type C-CBL alleles on the responses of LSK
HSPCs to various cytokines. In serum-free conditions, c-Chl™'~
LSK cells showed a modestly enhanced proliferative response to a
variety of cytokines, including SCF, IL3 and TPO, compared to
c-ChI™'™ cells {mock columns in Fig. 4a). However, the enhanced
response in ¢-Chl™'™ cells was markedly augmented and extended to
a broader spectrum of cytokines, including FLT3 ligand by the trans-
duction of C-CBL mutants. Of note, the effect of C-CBL mutant
transduction was not remarkable in ¢-CbI*"* LSK cells except for
the response to SCF, which was clearly enhanced by C-CBL mutants
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Figure 4 | Gain-of-function of mutant C-CBL augmented by loss of wild-
type C-CBL. a, c-CbI™'* and c-CbI™’™ LSK cells were transfected with
various C-CBL internal ribosoime entry site (IRES)/green fluorescent protein
(GFP) constructs, and 50 GFP-positive cells were sorted for serum-free
culture containing indicated concentrations of SCF, IL3, TPQ and FLT3LG.
Mean cell numbers (plus s.e.m.) on day 5 are plotted. b, c-CbI™'™ LSK cells
were co-transduced with C-CBL{GIn367Pro)-IRES-EGEP (C-CBL(Q367P)/
EGFP) and mock-IRES-Kusabira-Orange (mock/KO) or wild-type C-CBL-
IRES-Kusabira-Orange (C-CBL(WT)/KO}, and 50 GFP/KO double-positive

even witha c-Chl*'* background (Fig, 4a and Supplementary Fig. 13).
To clarify further the effect of wild-type C-CBL on C-CBL mutants,
both wild-type C-CBL and C-CBL mutants were co-transduced into
¢-ChI™'™ LSK cells, and their effects on the response to SCF were
examined. As shown in Fig. 4b, the hyperproliferative response
induced by C-CBL mutants was almost completely abolished by the
co-transduction of wild-type C-CBL, suggesting the pathogenic
importance of loss of wild-type C-CBL alleles found in most
C-CBL-mutated cases. LSK cells transduced with C-CBL mutants also
showed enhanced activation of the STAT5 and Akt pathways on cyto-
kine stimulation (SCF and TPO), which was more pronounced in
c-ChI™™ than ¢-CBI™* LSK cells (Fig. 4c and Supplementary Fig, 14).

The modest enhancement of sensitivity to cytokines found in
¢-CbI™'™ LSK cells was a consequence of loss of C-CBL functions.
In contrast, the hypersensitive response of mutant-transduced
c-Chl™'~ LSK cells to a broad spectrum of cytokines represents
gain-of-function of the mutants that could not be ascribed to a
simple loss of C-CBL functions, which was also predicted from the
strong association of C-CBL mutations with 11q-aUPD by analogy to
the gain-of-function JAK2 mutations associated with 9p-aUPD in
polycythemia vera’. The gain-of-function of C-CBL mutants became

Q
S

S o &
QAN
I '54'\ A

cells were sorted into each well for cell proliferation assays in serum-free
culture containing 10 ng ml ™’ SCF, Mean cell numbers on day 5 (pluss.e.m.,
n = 5) are plotted. ¢, Ten thousand c-CbI™™ and ¢-CbI™'™ LSK cells
transduced with various C-CBL constructs were stimulated with 10 ngml ™’
SCF and 10 ngml ™" TPO for 15 min. Total cell lysates were analysed by
immunoblotting, using antibodies to STATS, Akt and their phosphorylated
forms. The intensities of phosphorylated proteins relative to total STATS
(top panel) and Akt (bottom panel) are plotted. NC indicates the mean
background signal obtained with nonspecific IgG.

more evident under a c-ChbI”'™ background. The hypersensitive res-
ponse to cytokines induced by mutant C-CBL under the c-Chl™'™
background was largely offset by the presence of the wild-type ¢-Cbl
allele or by the transduction of the wild-type C-CBL gene, suggesting
that the gain-of-function could be closely related to loss of C-CBL-
like functions, probably by inhibition of Cbl-b. Supporting this view
is a previous report that ¢-Cbl/CbI-b double knockout T cells showed
more profound impairments in the downregulation of the T-cell
receptor (TCR), more sustained TCR signalling, and more vigorous
proliferation, than ¢-Cbl or Cbl-b single knockout T cells after anti-
CD3 (also known as CD3e) stimulation®®. This is analogous to the
gain-of-function found in some TP53 mutants, which has been
explained by functional inhibition of two TP53 homologues, TP73
and TP63 (refs 25,26). Of note, TP53 was also originally isolated as an
oncogene through its mutated forms®, The Cbl-b inhibition-based
gain-of-function model could be tested directly by comparing the
behaviour of ¢-Chl/Cbl-b double knockout LSK cells with that of LSK
cells carrying homozygously knocked-in mutant C-CBL alleles, On
the other hand, there remains a possibility that the gain-of-function
could be mediated by a mechanism other than the simple inhibition
of the homologue, because C-CBL mutants retained several motifs
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that interacted with numerous signal-transducing molecules.
Furthermore, considering the ubiquitous expression of CBL
proteins, it would be of interest to explore the possible involvement
of mutations in all CBL family members in other human cancers.

METHODS SUMMARY

Genomic DNA from 222 bone marrow samples with myeloid neoplasms were
analysed using GeneChip SNP-genotyping microarrays (Affymetrix GeneChip)
as described®. Allelic imbalances were detected from the allele-specific copy
numbers calculated using CNAG/AsCNAR software (http://www.genome.
umin.jp)*®. C-CBL mutations were examined by sequencing PCR-amplified
genonic DNA. For functional assays, haemagglutinin (HA)- or Flag-tagged
complementary DNAs of wild-type and mutant C-CBL were generated by in
vitro mutagenesis, constructed into a MSCV-based retroviral vector,
pGCDNsamIRESGFP  or pGCDNsamIRESKO, and used for retrovirus-
mediated gene transfer. For the evaluation of oncogenicity of C-CBL mutants,
NIH3T3 cells were transfected with various C-CBL constructs and used for
colony assays in soft agar and tumour formation assays in nude mice. ¢-Chl-
deficient mice were generated using a conventional strategy of gene-targeting
and crossed with BCR-ABL transgenic mice to evaluate the effect of the ¢-Cbl™
allele on the acceleration of blastic crisis. LSK cells sorted from ¢-CbhI*’™ and
¢-CbI™"™ mice were transduced with various C-CBL constructs, Their responses
to cytokines were evaluated by cell proliferation assays, followed by immunoblot
analyses of ¢-KIT, FLT3 and JAK2, as well as their downstream signalling mole-
cules. The effects of C-CBL mutant expression on the ubiquitination of EGFR,
¢-KIT, FLT3 and JAK2 were examined by transducing C-CBL mutants into
relevant cells, followed by anti-ubiquitin blots of the immunoprecipitated
kinases after ligand stimulation. Functional competition of C-CBL mutants
with wild-type C-CBL was assessed by cell proliferation assays of LSK cells co-
transduced with both wild-type and mutant C-CBL genes. This study was
approved by the ethics boards of the University of Tokyo, Chang Gung
Memorial Hospital and Showa University. Antibodies and primers used in this
study are listed in Supplementary Tables 8 and 9.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Genome-wide analysis of allelic imbalances in primary myeloid neoplasms.
Bone marrow specimens were obtained from 222 patients diagnosed with myeloid
neoplasms according to the WHO classification (Supplementary Tables 1 and 2).
High molecular weight genomic DNA was extracted and used for microarray
analysis using Affymetrix GeneChip 50K Xbal, HindIII or 250K Nspl, according
to the manufacturer’s instructions. Genome-wide detection of allelic imbalances
was performed using CNAG/ASCNAR  software  (http://www.genome.
uminjp)™*.

Mutation analysis, Mutation analysis was performed by direct sequencing of
PCR-amplified coding exons of the relevant genes, using an ABI PRISM 3100
genetic analyser (Applied Biosystems). The target genes, exons and PCR primers
are listed in Supplementary Table 8. Tandem duplication of the FLT3 gene was
examined by genomic PCR and sequencing.

Preparation of high-titre vesicular stomatitis virus glycoprotein (VSV-G)-
pseudotyped retroviral particles. HA-tagged human C-CBL cDNA was a gift
from W. Y. Langdon. Nine mutant cDNAs of C-CBL, including eight from patients’
specimens and a 70Z mutant corresponding to a mutant isolated from mouse
lymphoma®’, were generated on the basis of this construct, using a QuickChange
site-directed mutagenesis kit (Stratagene). These were then constructed into the
retrovirus vectors pGCDNsamIRESGFP and pGCDNsamIRESKO*™, Vector
plasmids were co-transfected with a VSV-G cDNA into 293GP cells (provided by
R. C. Mulligan) to obtain retrovirus-containing supernatant, which was then trans-
duced into 293GPG cells to establish stable cell lines capable of producing VSV-G-
pseudotyped retroviral particles on induction™*", The average titre of retrovirus
stacks prepared from these cell lines routinely exceeded approximately 1-10 X 107
inclusion-forming units per ml, as estimated using Jurkat cells.

Assays for anchorage-independent growth and tumorigenicity in nude mice.
NIH3T3 cells {the Japan Cell Resource Bank) were stably transduced with wild-
type and mutant C-CBLby retrovirus-mediated gene transfer. For colony forma-
tion assays, 1.0 X 10? stable cells for each construct were inoculated in 0.33% top
agar, and the numbers of colonies >1 mm in diameter were counted 3 weeks
after inoculation (11 = 8). Experiments were repeated four times. For tumour
formation in nude mice, 1.0 X 107 stable cells were inoculated subcutaneously at
two sites per mouse. Cells were inoculated at six sites in three mice for each
construct.

Purification of LSK HSPCs. LSK HSPCs were purified from bone marrow and
spleen as described ™", Multicolour flow cytometry analysis and cell sorting were
performed using a MoFlo cell Sorter (Beckman Coulter). The purity of sorted cell
fractions consistently exceeded 98%.

Replating assays of bone marrow progenitor cells, Bone marrow LSK cells were
infected with IRES/GFP-containing retrovirus carrying mock, wild-type C-CBL
and three C-CBL mutants (C-CBL(GIn367Pro), C-CBL(Tyr371Ser) and
C-CBL{Cys384Gly)) as well as C-CBI{70Z) on RetroNectin-coated dishes.
After 48 h infection in culture in StemSpan supplemented with SCF (50 ng ml™}
Peprotech), TPO (20 ngml™") and FLT3LG (20 ngml~ 1), 1.0 X 10* GFP-positive
cellswere inoculated in MethoCult M3231 supplemented with TPO (20 ngmi ™),
IL3 (10ng ml™Y), 1L6 (10 ng ml™"), FLT3LG (10 ng ml™") and SCF (50 ngml ™)
for colony formation. Colony-forming cells were collected 7 days after each inocu-
lation, from which 1.0 X 10 cells were repeatedly subjected to replating until no
colonies were produced. Experiments were repeated at the indicated times for
each C-CBL construct,

Generation of ¢c-CbI™/~ mice and evaluation of their tumour-prone phenotype.
c-ChI™'™ mice were generated using a conventional method of gene targeting
(Supplementary Fig. 10). ¢-CbI*"™*, ¢-CBI™™ and ¢-CbI™'™ mice were crossed
with BCR-ABL transgenic mice, and their survival and the development of blastic
crises were monitored,

Evaluation of haematopoietic pool size in c-CbI™"~ mice. LSK and CD34~ LSK
cells were sorted from bone marrow cells or spleens of ¢-ChlI™'~ mice, and their
numbers were compared to those in c-Chi™™ littermates (8 week old).
Approximately 5X 10° bone marrow cells collected from ¢-ChI*'™ and
¢-CbI™'~ mice were inoculated into MethoCult M3231 culture supplemented
with TPO (20 ng ml™7),IL3 (10 ng mi™ %), 1L6 (10 ng mi™Y, EPO (3 Uml™ ) and
SCF (50 ng ml™"). The number of colonies was counted 7 days after culturing,
In vitro cell proliferation assays. Approximately 6 X 10° LSK cells from
¢-CbI™'™ mice and their c-CbI'’ " littermates (8 week old) were sorted into
RetroNectin-coated 96-well U-bottom plates containing «-minimun essential
mediwn supplemented with 1% fetal bovine serum (FBS), mouse SCF
(50ng ml™"), and human TPO (100 ng mi™'). After 24 h pre-incubation, retro-
virus supernatant was added to each well at a multiplicity of infection of about

‘nhature

10. The plates were incubated for another 24 h in the presence of protamine
sulphate (10 pg ml™"), followed by repeated infection and extended culture for
2 days in $-Clone SF-O3 medium (Sanko Junyaku) supplemented with 1% BSA,
50ngmli™! SCF and 50ngml™' TPO. On day4, fluorescent-marker-positive
cells were sorted for subsequent analyses. Cell survival and proliferation of
LSK cells transduced with different C-CBL constructs were assessed in serum-
free liquid culture in 96-well U-bottom plates in the presence of various cyto-
kines. Each well received 50 fluorescent-marker-positive LSK cells, and the cells
were cultured in S-Clone supplemented with 1% BSA plus SCF, TPO, IL3 or
FLT3LG at the indicated concentrations. Cell numbers were counted either by
analysing well images or by flow cytometry using FlowCount beads (Beckman
Coulter). After 6 h serum starvation, 1 X 10* LSK cells transduced with various
C-CBL constructs were stimulated with SCF (10 ng mi™!) and TPO (10ng ml™)
for 15 min. Whole-cell lysates were examined for activation of STAT5 and Akt by
immunoblots using the respective antibodies.

Immunoblot analysis of physical interactions between mutant C-CBL and CBL-
B. Flag-tagged CBL-B or C-CBL was co-transfected into NIH3T3 cells with each of
three HA-tagged C-CBL mutants (C-CBL(GIn367Pro), C-CBL(Tyr371Ser) and
C-CBL(70Z)). Total cell lysates of these NIH3T3 cells were immunoprecipitated
with anti-Flag antibody, followed by immunoblot analysis with anti-HA antibody.
Detection of ubiquitination and phosphorylation of kinases., After overnight
serumn starvation, NIH3T3 cells stably transduced with human EGFR, and indi-
cated HA-tagged C-CBL mutants and Flag-tagged wild-type C-CBL were stimu-
lated with human EGF (10ngml™!) for 2min. Cell lysates were immuno-
precipitated with anti-EGF antibody, followed by immunoblotting using anti-
ubiquitin antibody. Constructs for wild-type C-CBL and mutant C-CBL were
stably transduced into a mast cell line, V3MC, FLT3-transduced 32D cells (32D/
FLT3) and BaF3 cells transduced with human EPOR and JAK2 (BaF3/EPOR/
JAK2) using retrovirus-mediated gene transfer. After overnight serum star-
vation, the transduced cells were stimulated with 10ngml™" SCF (V3MCQ),
10Umi™" EPO (BaF3/EPOR/JAK2) or 10ngml™ FLT3LG (32D/FLT3)
for 1min. The specific kinases were immunoprecipitated with relevant
antibodies, and their ubiquitination was detected by immunoblotting with
anti-ubiquitin antibody. Tyrosine phosphorylation of EGFR, ¢-KIT, JAK2 and
FLT3 was examined by immunoblot analyses of total cell lysates after cytokine
stimulation at indicated time points, using antibodies specifically recognizing
phosphorylated kinases, anti-p-EGFR, anti-p-c-KIT, anti-p-JAK2 and anti-p-
FLT3, respectively. Anti-GAPDH or anti-g-tubulin immunoblot was performed
as a control. Antibodies used in this study are listed in Supplementary Table 9.
Statistical analysis. Statistical significance of prolonged replating capacity of
mutant C-CBL-transduced LSK cells was tested by counting the total number
of dishes that produced colonies, followed by Fisher’s exact test. Survival curves
of c-CbI*™, -CI™'™ and ¢-CbI™™ mice containing the BCR-ABL transgene
were generated using the Kaplan-Meier method. Overall survivals of C-CBL-
mutated and non-mutated CMML cases were analysed according to the propor-
tional hazard model, using STATA software. Statistical differences in survival
were evaluated using the log-rank test, and statistical differences in 2 X 2 con-
tingency tables were tested according to Fisher’s exact method. Student’s #-tests
were used to evaluate the significance of difference in spleen mass, number of
haemagopoietic progenitors and colony-forming cells between ¢-CbI*'* and
c-Chl™"™.
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Constitutive activation of Notch signaling is required for the prolif-
eration of a subgroup of human T-cell acute lymphoblastic leuke-
mias (T-ALL). Previous in vitro studies have demonstrated the
therapeutic potential of Notch signaling inhibitors for treating
T-ALL. To further examine this possibility, we applied a y-secretase
inhibitor (GSI) to T-ALL xenograft models, Treatment of estab-
lished subcutaneous tumors with GSI resulted in partial or com-
plete regression of tumors arising from four T-ALL cell lines that
were also sensitive to GS| in vitro. To elucidate the mechanism of
action, we transduced DND-41 cells with the active form of Notch1
(aN1), which conferred resistance to /n vitro GSI treatment. Never-
theless, in vivo treatment with GSIinduced a partial but significant
regression of subcutaneous tumors that developed from aN1-
transduced DND-41 cells, whereas it induced complete regression
of tumors that developed from mock-transduced DND-41 cells.
These findings indicate that the remarkable efficacy of GSI might
be attributable to dual mechanisms, directly via apoptosis of DND-
41 cells through the inhibition of cell-autonomous Notch signaling,
and indirectly via disturbance of tumor angiogenesis through
the inhibition of non-cell-autonomous Notch signaling. (Cancer Sci
2009; 100; 2444-2450)

T he Notch signaling pathway has a crucial role in a variety
of cellular functions. including cell proliferation, differenti-
ation, and apoptosis.t"® Notch proteins are heterodimeric trans-
membrane receptors composed of an extracellular subunit and a
transmembrane subunit, and associate with each other via hete-
rodimerization (HD) domains in the extracellular regions. Notch
signaling, initiated by receptor-ligand interactions. requires sub-
sequent proteolytic cleavage of the receptor by several prote-
ases, resulting in liberation of the cleaved form of Notchl that is
functionally active (hereafter referred to as aN1) as it translo-
cates into the nucleus and up-regulates the transcription of
Notch-RBP-Jx-regulated genes.‘3 )

Recent studies in tumorigenesis of hematologic malignancies
and solid tumors have revealed several examples of aberrant
Notch signaling.>** Forced expression of aN1 in mouse bone
marrow results in the development of T-cell leukemia,'® and
more importantly, amplified Notch signaling contributes to
approximately 50% of human T-cell acute lymphoblastic leuke-
mia (T-ALL)."”® The Notch signal amplification in T-ALL is
due to gain-of-function mutations in the NOTCHI gene, which
have also been detected in many different murine T-ALL
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models.*~'? NOTCHI activating mutations cluster at the HD
and intracellular domains. leading to ligand-independent cleav-
age and activation of Notchl, and increased stability of aNl1,
respectively. Notchl signaling, whether initiated by receptor—
ligand interactions or triggered by NOTCHI-activating muta-
tions in the HD domains, eventually depends on the proteolytic
activity of y-secretase. y-Secretase inhibitors (GSls). available
as small molecular compounds, suppress Notch si%naling by
blocking the activity of the v-secretase complex.!'” Previous
studies have demonstrated that blockade of Notch signaling with
GSI induces cell C?/cle arrest and apoptosis in a subset of human

CALL cell lines,”'*'® and an early phase clinical trial has
already been conducted.”® Despite that, precise mechanisms of
action of GSI on T-ALL in vivo are yet to be elucidated.

Here, to examine the potential clinical applications for GSIs in
T-ALL patients, and to evaluate the mechanisms of GSI action,
we investigated the effects of the GS1 compound Y0010277
(referred to hereafter as YO) on human T-ALL growth in murine
xenograft models. because YO administration to mice induced
defective melanocyte stem cell maintenance but kept the mice
otherwise healthy as shown in our previous paper.'"® The results
here indicated that YO is highly effective against T-ALL growth
in vivo and demonstrated that the efficacy of GSI might be due to
the inhibition of Notch signaling via two mechanisms.

Materials and Methods

Cell cultures and reagents. Human T-ALL cell lines (ALL-
SIL, DND-41, HPB-ALL, KOPT-K1, TALL-I, MOLT-4. PF-
382, and CEM) were obtained from the Fujisaki Cell Center,
Hayashibara Biochemical Laboratories (Okayama, Japan), main-
tained in RPMI supplemented with 10% fetal bovine serum and
penicillin/streptomyein, and incubated at 37°C with 5% CO,.
Human umbilical vein endothelial cells (HUVEC; Lonza Walk-
ersville, Walkersville, MD, USA) were cultured in Endothelial
Basal Medivm-2 (Lonza Walkersville) and SingleQuots (Lonza
Walkersville). The YO, which is an LY-411,575 analogue, was
synthesized as described previously.!” YO was dissolved in
dimethyl sulfoxide (DMSO) to create 10 mM or 50 mM stock
solutions.

Animals. SCID mice (C.B-17/lIcr-scid/scidlcl; 6 weeks old.
female) were purchased from CLEA Japan (Tokyo. Japan) and
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maintained under specific pathogen-free conditions. All experi-
mental procedures were performed in accordance with the
guidelines for animal experiments of the University of Tokyo
and Jichi Medical University.

Xenograft mouse model. SCID mice at 6-8 weeks of age were
inoculated subcutaneously in the right flank with 3 x 107 cells in
300 uL of phosphate buffered saline. In concurrent administra-
tion experiments, the mice were assigned to a control group and
a YO-treated group the day after tumor inoculation. YO was
orally administered daily for at least 30 days at a dose of 0.1 or
1 mg/kg/day. In challenge experiments for established tumors,
mice were similarly assigned as described above at approxi-
mately 2.5-3 weeks (in HPB-ALL and TALL-1) or §-12 weeks
(in ALL-SIL and DND-41) after tumor cell inoculation, when
tumor size had reached a certain volume. YO was orally admin-
istered daily at a dose of 0.1, 1, or 10 mg/kg/day. Tumor size
was measured at the greatest length and width. The volume was
calculated as 1/2 X (tumor length) x (tumor width)?.

In vivo administration of YO. In vive administration of YO
was performed as described previously.'”" Briefly, 0.1—
10 mg/kg of YO or an equal volume of vehicle (DMSO) in
300 uL of 0.5% methylcellulose (Wako, Osaka, Japan) was
administered orally to SCID mice using a disposable oral zonde
(Fuchigami, Kyoto, Japan) once a day tor the indicated periods.

Plasmid construction and retroviral transduction. The cDNA
for myc-tagged murine aN1%9 was subcloned into the BamHI
restriction site of the retrovirus vector pMYs/internal ribosomal
entry sile-enhanced green fluorescent protein (IRES-EGFP;
pMYs/IG).m) Retroviral transduction of a human T-ALL cell
line, DND-41, was performed using PLAT-F cells as described
previously.?" Following transduction, GFP-positive cells were
sorted to 90% purity and used for further analysis. The proteins
were detected by Western blotting using an anti-myc antibody
(9E10).

Proliferation assay. Cell growth was quantified using a WST-
1-based assay (Cell Counting Kit-8; Dojindo Medical Technolo-
gies, Kumamoto, Japan), which is a highly sensitive colorimetric
assay. Briefly, human T-ALL cell lines (3 x 10* cells/well) or
HUVEC (4 x 10° cells/well) were seeded into 96-well plates.
Vascular endothelial growth factor (VEGF; 100 ng/mL) was
supplemented in the medium for HUVEC. Various concentra-
tions of YO were added, and proliferation was measured in
duplicate at 7 days or 11 days using a WST-1-based assay
according to the manufacturer’s instructions. Proliferation was
expressed as a percentage or fold change of vehicle-treated con-
trols. Results are expressed as mean value + SD.

Detection of apoptosis. Cells were incubated with various
concentrations of YO for the indicated periods. Apoptosis was
assessed using a fluorescein isothiocyanate-labeled Annexin V
staining kit (Immunotech; Beckman-Coulter, Prague, Czech
Republic) combined with 7-amino-actinomycin D (7-AAD),
according to the manufacturer’s instructions. with a FACS Cali-
bur cytometer (BD Biosciences, San Jose, CA, USA).

TUNEL staining. To detect apoptotic cells, ALL-SIL-bearing
SCID mice were sacrificed after the treatment with 1 mg/kg YO
or vehicle for 5 days. Frozen blocks of tumors were cryosec-
tioned and fixed with 1% paraformaldehyde. followed by analy-
sis for apoptosis using the ApopTag Plus Peroxidase In Situ
Apoptosis Detection Kit (Millipore, Billerica, MA, USA)
according to the manufacturer’s instructions.

Western blotting. Western blotting was performed as
described previously.*™ The probes used were antibodies
against cleaved Notchl (Vall744; Cell Signaling Technology.
Danvers, MA, USA) and GAPDH as a control. The Vall744
antibody was incubated at a dilution of 1:1000 overnight.

Tube formation assay. Upon the BD BioCoat Angiogenesis
Plate (96 well), 2 x 10" HUVEC were secded per well, with or
without 100 nM YO. After 18 h, cells were stained with fluores-
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Fig. 1. Inhibition of Notch signaling impairs growth
of human T-cell acute lymphoblastic leukemias (T-
ALL) cell lines. (a) Western blot analysis for cleaved
Notch1 in human T-ALL cell lines treated with
100 nM YOO01027 for 48 h. GAPDH is shown as a
loading control. (b) Proliferation assay of a panel of
human T-ALL cell lines treated for 7 days with
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cent dye, Calcein AM (BD Biosciences), according to the manu-
facturer’s instructions, Images were captured with the BIOREV-
O BZ-9000 microscope (Keyence, Osaka, Japan), and the tube
length was measured using the BZ-H1C image analysis applica-
tion (Keyence).

Histological analysis. Frozen blocks were cryosectioned at
5 ym and mounted on slides. Histological sections were air-
dried and fixed in acetone for 15 min, followed by immunostain-
ing with a 1:200 dilution of antimouse CD3! antibody (clone;
MECI3.3) (BD-Pharmingen, San Diego. CA, USA) overnight at
4°C. Horseradish peroxide with the coloring agent diam-
inobenzidine was used as the substrate. Sections were then
counterstained with hematoxylin. Vessel counting was per-
formed at x40 magnification in several randomly chosen areas.

Statistics. Statistical analyses were performed using the Stu-
dent’s t-test. A P-value of <0.05 was considered statistically sig-
nificant.

Results

Human T-ALL lines are susceptible to Notch inhibition. Some
human T-ALL cell lines with NOTCH] activating mutations are
sensitive to GSI in virro." 3% We examined the ability of YO,
a GS1 compound that has not been tested in cell-based experi-
ments, to inhibit Notch signaling. Various human T-ALL cell
lines (ALL-SIL, KOPT-K1, DND-41, and HPB-ALL) were trea-
ted with YO for 48 h followed by immunoblotting with cleaved
Notchl (Val1744) antibody, which can specifically detect the
aN1 proteins. Treatment of these cell lines with 100 nM YO
resulted in an almost complete block of Notchl activity
(Fig. 1a).

To investigate the anti-proliferative effect of YO on T-ALL
cells, we measured cellular viability using the WST-1-based
assay in human T-ALL cell lines after YO (reatment. As
expected, YO exerted an anti-proliferative effect on some T-
ALL cell lines (ALL-SIL, KOPT-K1, HPB-ALL, DND-41, and
TALL-1), whereas other cell lines (MOLT-4. PF-382, and
CEM) were not sensitive to this compound (Fig. 1b). To exam-
ine concentration dependency, DND-41 was treated with various
concentrations of YO for 7 days and applied to the WST-1-
based assay. A steep concentration dependency was observed
between 1 nM and 10 nM. The effect was virtually saturated at
>10 nM (Fig. lc).

Next, we explored whether the decreased proliferation of T-
ALL cell lines after treatment with YO was due to the induction
of cell cycle arrest and/or apoptosis. We analyzed the cell cycle
of the T-ALL cell lines after YO treatment using flow cytome-
try. As expected from previous reports, "7 YO induced GO-
G1 arrest in all the T-ALL cell lines sensitive to YO (data not
shown). Then. we freated five T-ALL cell lines with YO for
7 days followed by Annexin V/7-AAD staining, and found that
YO induced significant apoptosis of DND-41 cells (Fig. 1d), as
well as the other T-ALL cell lines tested (Fig. le). Similar
results were observed using a pharmacologically distinct GSI,
DAPT, known to block Notch activation (data not shown).
Taken together, these results confirmed that some human
T-ALL cell lines are susceptible to YO treatment in vitro.

Concurrent administration of YO with tumor inoculation
results in the inhibition of tumor growth in T-ALL xenograft
models. To examine in vivo antitumor effects of YO, we used
murine xenograft models, in which SCID mice were inoculated
subcutaneously with human cell lines. HPB-ALL and TALL-]
cell lines established subcutaneous tumors 2.5-3 weeks after
inoculation. The subcutaneous tumors of the YO-treated groups
were significantly smaller than those of control groups
2.5-4 weeks afler the inoculation and the initiation of concur-
rent administration of YO or vehicle. Notably, in mice treated
with 1 mg/kg of YO, there was no tumor formation observed in
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Fig. 2. Antitumor effects of YO01027 (YO) on xenograft models of
human T-cell acute lymphoblastic leukemias (T-ALL), with concurrent
administration of YO with tumor inoculation. Mice were inoculated
subcutaneously with HPB-ALL (a) or TALL-1 cell lines (b). The next day,
mice were randomly assigned to receive vehicle alone or varying
doses of YO01027 daily, as described in *Materials and Methods'".
Data represent the mean tumor volume (mm?3) +SD grown in vehicle-
treated mice, YO (0.1 mg/kg)-treated mice, or YO (1 mgrkg)-treated
mice. *P < 0.05; **P < 0.01, statistically significant differences {vehicle
vs YO).

any of the TALL-1-inoculated mice or in approximately half the
HPB-ALL-inoculated mice (Fig. 2a.b). This resull indicates that
YO exerts in vivo antitumor effects on T-ALL, at least during
the period of tumor engraftment.

YO treatment against established tumors in T-ALL xenograft
models results in partial or complete regression. Next, we evalu-
ated the effects of YO treatment when the tumors grew to visible
sizes. In this experimental design, YO treatment resulted in par-
tial (HPB-ALL) or complete (ALL-SIL. DND-41, and TALL-1)
regression of the established subcutaneous tumors. When treated
with 10 mg/kg/day YO, the growth of tumors derived from
HPB-ALL was suppressed to <50% compared with growth with-
out treatment. Tumors derived from ALL-SIL, DND-41, and
TALL-1 completely regressed within 2-3 weeks following treat-
ment with YO at 1 mgskg/day (Fig. 3a).

To confirm the in vivo pharmacologic inhibition of Notch sig-
naling by YO. we excised tumors made of ALL-SIL from mice
with or without 1 or 10 mg/kg/day YO treatment for 3 days,
followed by immunoblotting of the tumor lysates with the
Vall744 antibody. The level of cleaved Notch! was reduced
partially or almost completely after 1 or 10 mg/kg/day YO
treatment. respectively. Thus, YO administered at both

doi: 10.1111/.1349-7006.2009.01328.x
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Fig. 3. Antitumor effects of Y001027 (YO) on 00 00 5 10 18 20
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leukemias (T-ALL), with YO treatment after tumor Daysafter treatment aysafter treatment
establishment. (a) Mice were inoculated sub-
cutaneously with HPB-ALL, TALL-1, DND-41, or ALL-SIL (b) ALL-SIL
cell lines. When the diameter of the tumor reached GSI N .
12-13 mm, mice were randomly assigned to receive (Y001027) () 1mg/kg 10mglkg (for 3 daysin vivo)
vehicle alone or varying doses of YO01027 daily, as
described in the ““Materials and Methods”. Data Cleaved
represent the mean tumor volume (mm3) £SD grown Notchl =
in vehicle-treated mice or YO (0.1 or 1 or 10 mg-kg)- o
treated mice. *P < 0.001, statistically significant
differences (vehicle vs YO). (b) Western blot analysis
for cleaved Notch1 in engrafted tumors treated with
YO. ALL-SlL-challenged mice were treated daily with GAPDH
vehicle alone or YO, and tumors were harvested 72 h
after the initiation of treatment, followed by Western
blotting of tumor lysates with cleaved Notchi (c) Vehicle YO

(Val1744) antibody. GAPDH is shown as a loading
control. (¢) YO treatment induces apoptosis of ALL-SIL
cells in vivo. ALL-SIL-bearing mice were treated daily
with vehicle alone or YO01027 at a dose of 1 mgrkg,
and tumors were harvested 5 days after the initiation
of treatment. Tumor sections were fixed with 1%
paraformaldehyde and apoptotic cells were stained
using TUNEL assay.

1 mg/kg/day and 10 mg/kg/day to SCID mice was pharmaco-
logically active, and blocked Notchl signaling partially or
almost completely, at least in cells of subcutaneous tumors
(Fig. 3b).

To determine whether YO treatment induces apoptosis
in vivo, we performed TUNEL staining on tumors made of
ALL-SIL, which was isolated from vehicle- or YO-treated mice.
TUNEL-positive cells were reproducibly increased in number
by the YO treatment (Fig. 3c), demonstrating increased apopto-
sis of T-ALL cells in vivo.

Effect of aN1 expression in tumor growth during YO
treatment. We next expressed aN1 exogenously in DND-41 cell
lines to examine whether aN1 rescues YO-induced cell growth
arrest and tumor regression. aN1 represents a protein that is
already cleaved, and is thus not a substrate for y-secretase.
Therefore, it was expected that DND-41 cells transduced with
aN1 (hereafter referred to as DND-41/aN1) would become
resistant to YO treatment.

We established DND-41/aN1 cells by infection of parental
DNA-41 cells with aN1-expressing retrovirus. followed by bulk
sorting of GFP-positive cells. Expression of aNi proteins was
confirmed by Western blotting with an anti-myc antibody
(Fig. 4a). Parental DND-41 and mock-infected DND-41 (DND-
41/mock) were sensitive to YO. but, as expected, DND-41/aN1
was substantially resistant to YO in vitro when assessed by a
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cell proliferation assay (Fig. 4b). The continuous presence of
100 nM YO allowed for selection of cells highly resistant to YO
(DND-41/aN1/GSI; Fig. 4b). The in vitro growth curves of
these cells under basal conditions (without YO) were very simi-
lar to each other (data not shown).

We implanted parental DND-41, DND-41/mock, DND-
41/aN1, and DND-41/aN1/GSI1 cells subcutaneously into
SCID mice. Subcutaneous tumors began to be palpable and the
tumor volume reached 700 mm” in 8-12 weeks. Treatment
with YO at 1 mgs/kg/day or control vehicle was then initiated.
In vehicle-treated mice, the tumors derived from parental
DND-41, DND-41/mock, DND-41/aN1, and DND-
41/7aN1/GSI cells grew in a similar manner, whereas YO treat-
ment resulted in a substantial regression of the tumors derived
from parental DND-41 and DND-41/mock cells (Fig. 4c.d).
Interestingly, in vive YO weatment of tumors derived from
DND-41/aN1 and DND-41/aN1/GSI cells. which were resis-
tant to YO in vitro, induced significantly slower cell growth
compared with the vehicle treatment, suggesting that these cells
were sensitive to YO to some degree in vivo (Fig. 4¢,d). In
some mice, we observed a stabilization of the tumor volume.
Nevertheless, YO treatment was not sufficiently effective on
DND-41/aN1 and DND-41/aN1/GSI to regress the tumors to
an impalpable level, unlike parental DND-41- and DND-
41/mock-derived tumors.
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Fig. 4. Establishment of DND-41/aN1 and effects of
aN1 rescue on tumor growth during YO01027 (YO)
treatment. (a) Expression of aN1 proteins tagged with
myc in DND-41/aN1 cells and DND-41/aN1/GSI cells
was confirmed by Western blotting analysis. (b)
Proliferation assay of established DND-41/aNt and
DND-41/aN1/GSI cell lines, compared with DND-
41/WT and DND-41/mock cell lines, after treatment
for 11 days with varying doses of YO. The percent of
viable cell number indicates the proportion of viable
cells in the treated populations relative to untreated

populations. {¢) Antitumor effects of YO on xenograft
models of DND-41/WT, DND-41/mock, DND-41/aN1,
and DND-41/aN1/GS| (pre-selected by y-secretase
inhibitor [GSI] in vitro). "1 mg/kg/day” denotes the
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Effect of YO on in vitro tube formation and in vivo tumor
vessels. Recent studies have demonstrated that inhibition of
Notch signaling in solid tumors resulted in tumor regression via
increased tumor vessels with poor perfusion.m_'l(’) It has been
shown that Notch inhibition leads to promotion of non-function-
ing angiogenesis.

Tube formation assay was performed to investigate the effect
of YO on in vitro angiogenesis using HUVEC. We found that
YO treatment significantly increased the tube length in the tube
formation assay (Fig. 5a,b), suggesting that Notch inhibition
promoted proliferation_of endothelial cells, which is consistent
with previous studies.®*” In addition, cell proliferation in the
presence of VEGF was measured with WST-1-based assay. YO
significantly promoted Proliferation of HUVEC (Fig. 5¢) as
previously reported.**=7

To further clarify the mechanism of action with YO treatment,
we analyzed the tumor vasculature during YO treatment. We
implanted DND-41 cells into SCID mice and started YO or vehi-
cle treatment after the tumor diameter reached approximately
1 cm. We sacrificed mice at treatment day 5, and analyzed tumor
sections by immunostaining for anti-CD31, which is able to
identify the vessels in tumors. In the average, approximately 30
and >40 vessels per mm” were observed in the vehicle-treated
and YO-treated mice, respectively (Fig. 5d.e). These results are
consistent with the previous reports described above, in which
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group that received the YO treatment at a dose of
1 mgs/kg/day. Data represent the mean tumor
volume (mm?® +SD of vehicle-treated mice or YO
(1 mgrkg)-treated mice. *P < 0.01, statistically signi-
ficant differences. (d) Representative appearance of
subcutaneous xenograft models during YO treatment.
DND-41 cells stably expressing control vector or aN1
(pre-selected by GSI in vitro) were grown as
xenografts in SCID mice. Representative mice from
each group are shown.

tumor regression would result from increased but poorly func-
tional tumor vessels. Collectively, tumor regression in our mod-
els may depend partially on the disrupted tumor vasculature with
paradoxically increased tumor vessels presumably through the
inhibition of non-cell-autonomous Notch signaling by YO.

Discussion

The findings of the present study confirmed that the YO com-
pound that we synthesized is a GSI that efficiently blocks Notch
signaling in T-ALL cell lines carrying activating NOTCHI
mutations and induces apoptosis of these cell lines in virro. The
cell-autonomous effect against Notch signaling described here is
postulated to be the mechanism of anti-T-ALL. creating the
bases for clinical studies of a GSI targeting T-ALL.

We demonstrated a marked in vivo effect of YO in a xenograft
model that was more dramatic than we had expected. Although
the mechanisms of YO action on T-ALL have been virtually
confined to the cell-autonomous Notch signal inhibition, includ-
ing a recent report describing the combinatorial effect of steroid
with GSL®® the strong effect of GSI in vivo could also be attrib-
uted to non-cell-autonomous inhibition of Notch signaling.

Our findings were consistent with the recent reports on the
role of Notch signaling in tumor angiogenesis. > Delta-4,
one of the Notch ligands, is expressed on tip cells in the endothe-
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images are shown. Original magnification, x20. (b) S 0.4 &
Quantitative analysis of tube length after tube .'.g g 0.4
formation of HUVEC with or without 100 nM YO. Fold B 0.2 i
change of tube length is shown, compared with that % 0.2
of vehicle control. *P < 0.05, statistically significant 0.0 4 = 0.0 4
differences. (c) The cell proliferation assay of HUVEC Vehicle YO Vehicle YO
in the presence of vascular endothelial growth factor
(VEGF), either with or without 100 nM YO for 7 days. d
Fold change of absorbance at 450 nm is shown, () © 60 4 X

Vehicle YO

compared with that of the vehicle control. *P < 0.05,
statistically significant differences. (d) Anti-CD31
immunostainings of tumor sections in DND-41-
bearing SCID mice, either after YO treatment at a
dose of 1mgrkgsday or after vehicle treatment.
Original magnification, x40. (e) Quantitative analysis
of vessels in tumors after YO treatment. The cells
stained with anti-CD31 were counted, and data
represent the mean vessel density (per mm?) 25D in
tumors derived from DND-41. *P < 0.05, statistically
significant differences.

lium of newly elongating tumor vessels by stimulation with
VEGF. Engagement of Notchl expressed on the stalk cells in the
endothelium by neighboring tip cell-expressing Delta-4 blocks
differentiation of the stalk cells into tip cells, which represents
the process required for the normally functioning tumor vessel
formation. Blockade of this signaling pathway impairs normal
tumor angiogenesis and creates hyper-blanched, non-functioning
vasculature, which results in regression of the solid tumor.
Whereas we used T-ALL cell lines in our experiments, we chose
the subcutaneous tumor injection model because it is more con-
venient for observing and measuring the tumors. In this subcuta-
neous tumor model, we observed a similar tendency regarding
tumor vessel density. from which we could easily speculate that
the same mechanism was underlying this phenomenon.

The introduction of the GSl-insensitive cleaved form of

Notchl into DND-41 cells transformed these cells to be com-
pletely resistant to YO in vitro, exactly as expected, but failed to
confer complete resistance to YO in the subcutaneous xenograft
model. Whereas the subcutaneous tamors derived from DND-
41/aN1 were significantly more resistant to YO than tumors
derived from parental DND-41 and DND-41/mock cells, they
still significantly responded to YO. These observations fit the idea
that the marked in vivo antitumor effect of YO against subcutane-
ous tumors derived from parental DND-41 as well as DND-
41/mock cells was mediated through, in addition to the cell-
autonomous effect, a blockade of tumor vasculature that supplies
blood to the tumor cells in a non-cell-autonomous fashion.

We confirmed that subcutaneous tumors made of a colon can-
cer cell line, LoVo, which was non-sensitive to YO in vitro,
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were partially regressed by YO at 10 mg/kg/day (data not
shown). The effect of YO on the LoVo tumors, however, was
not as strong as on tumors made of parental DND-41 and several
other T-ALL cell lines, again supporting the idea that the excep-
tionally strong effect of YO on T-ALL xenografts is due to the
inhibiting effect of YO on Notch signaling at two independent
targets in vivo.

As shown in Figure 3(b), inhibition of Notchl activation
in vivo was almost complete with YO at 10 mg/kg but incom-
plete with YO at I mg/kg. On the other hand. the effect of YO
in vitro was saturated by YO >10 nM, as shown in Figure 1(c).
These findings might indicate that >10 nM serum/tissue concen-
tration is achieved with 10 mg/kg and 1-10 nM with 1 mg/kg
administration, if both in vitro and in vivo results are considered
together. Whereas administration of YO at 1-3 mg/kg/day for
up to 4 weeks did not cause weight loss, diarrhea, or hair coat
abnormalities in mice, treatment at 10 mg/kg/day for more than
2 weeks resulted in obvious weight loss, diarrhea, and hair coat
roughness. This implies a narrow window of YO for the treat-
ment purpose. Nevertheless, it also indicates that the sensitivity
to YO is variable among tissues and cells, and this difference
might be important for YO to be considered as a drug Together
with the results described in previous papers,’ ""a subset of
T-ALL cells may be the most sensitive among others and possi-
bly similar to melenocyte stem cells and splenic marginal zone
B cells. In contrast, thymocyte progenitors and intestinal goblet
cells appear to be less sensitive to YO.

Based on the facts that subcutaneous tumors from T-ALL cell
lines do not represent common clinical presentations and that
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our finding might depend on the experimental model that we
chose in this study, the question arises as to how the current
findings can be translated to clinical application. The vascula-
ture component might be negligible in the leukemia model, but
the effect of the combination of cell-autonomous apoptosis
induction in leukemia cells with the inhibition of angiogenesis
in leukemic cell-infiltrating bone marrow is not known. The
effectiveness of YO in a leukemia model must be examined
using the same T-ALL cell lines.

The discovery of NOTCH] activating mutations in T-ALL has
made the Notch pathway an attractive target for therapy.“*" The
results described here indicate the rationale for the use of GSI in
the treatment of T-ALL, as well as for solid tumors whose tumor
vasculature formation is dependent on Notch signaling.

Nevertheless, resistance of T-ALL against GSI might limit
the clinical use of GSI. Recently, mutational loss of the phos-
phatase and tensin homolog (PTEN) gene, which encodes a key
tumor suppressor that inhibits the phosphatidylinositol-3 kinase
(PI3K)-Akt signaling pathway, was discovered in T-ALL cells
that are resistant to GSL™? This could explain the variation of
GSI sensitivity among T-ALL cells. Our results with HPB-ALL
raise a different issue. This cell line was very sensitive to YO
in vitro, but subcutaneous tumors derived from HPB-ALL
appeared to be less sensitive to YO compared to other cells such
as DND-41. This result indicates that YO concentrations suffi-
cient to inhibit Notchl activation may not be achieved in the
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subcutaneous tumor made from HPB-ALL. In addition, it is
likely thal inhibition of tumor vessel [ormation is less efficient
for the reduction of subcutaneous HPB-ALL tumors for some
reasons, such that this particular tumor is less dependent on
tumor vessels.

Expectations and questions arc intermingled with regard to
the development of GSI and other Notch signal inhibitors for the
treatment of T-ALL as well as other tumors. Nevertheless.
various Notch signal inhibitors are being developed aiming at
clinical use.
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Dear Editor,

We experienced spontaneous rupture of the left gastro-
epiploic artery (GEA) in a patient with hemophilia A. A 35-
year-old male with moderate hemophilia A (factor VIII
activity 3%) presented to the emergency room with
constant gradually increasing abdominal pain. There was
no previous history of trauma. His abdomen was noted to
be distended and diffusely tender, without guarding or
rebound. His rectal examination was guaiac negative. His
initial laboratory evaluation revealed the hemoglobin level
of 9.9 g/dl, which had decreased from 14.0 g/dl over the
previous 16 days. Roentgenograms of the chest and
abdomen were negative. An ultrasound study showed a
large pool of peritoneal fluid in the abdomen. Computed
tomography (CT) scanning with intravenous contrast
revealed pseudovessel and hematoma in greater omentum
(Fig. la), which showed very active bleeding. CT scanning
also showed massive intraperitoneal blood. Intravenous
recombinant factor VIII was administered and an angiog-
raphy was performed immediately. On selective angiogra-
phy, an extravascular leakage of the contrast medium from
a branch of the left GEA was observed (Fig. 1b). A
transcatheter arterial embolization (TAE) was performed
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successfully using micro-coils with gelatin sponge particles.
After TAE, the patient was managed with administration of
intravenous recombinant factor VIII, leading to an unevent-
ful recovery.

Abdominal apoplexy (AA) is the spontaneous rupture
of a visceral artery causing hemoperitoneum. The true
incidence of AA is unknown, and the reports on
spontaneous GEA rupture are extremely rare. On the other
hand, hemorrhage from an artery in a hemophilic patient
has rarely been reported and usually secondary to trauma
or a medical procedure [!-3]. To the best of our
knowledge, AA or rupture of GEA in a hemophilic patient
has not yet been reported. Because the incidence of AA or
hemophilia is low, it is not clear whether or not hemophilia
is a risk factor of AA. There is, at least a possibility that
hemophilia aggravated the hemorrhage in the present case.
Because AA is a potentially fatal disease even in patients
without hematological and/or coagulation abnormalities, it
is very important to diagnose and determine the optimal
treatment strategy urgently. Physicians should keep in
mind that bleeding source can localize in splanchnic
arteries and a rupture of these arteries should be included
in the differential diagnosis of abdominal pain, especially
when a patient has hematological and/or coagulation
abnormalities.

Surgical or nonsurgical treatments including ligation,
aneurysmectomy, gastrectomy, or embolization are needed
for hemorrhage due to a ruptured GEA. TAE has also been
reported for visceral artery bleeding, This is a safe and less
invasive procedure than surgery, although recanalization or
rerupture have been reported to occur in a few patients,
necessitating reembolization [4]. The diagnosis in our
patients could be confirmed by angiography immediately,
and TAE was performed successfully. Therefore, angiogra-
phy and TAE were very effective in the present case.
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