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Notch receptor-mediated signaling is in-
volved in the developmental process and
functional modulation of lymphocytes, as
well as in mast cell differentiation. Here,
we investigated whether Notch signaling
is required for antipathogen host defense
regulated by mast cells. Mast cells were
rarely found in the small intestine of wild-
type C57BL/6 mice but accumulated ab-
normally in the lamina propria of the
small-intestinal mucosa of the Notch2-
conditional knockout mice in naive sta-
tus. When transplanted into mast cell-

deficient W*"/W" mice, Notch2-null bone
marrow-derived mast cells were rarely
found within the epithelial layer but abnor-
mally localized to the lamina propria,
whereas control bone marrow-derived
mast cells were mainly found within the
epithelial layer. After the infection of
Notch2 knockout and control mice with
L3 larvae of Strongyloides venezuelen-
sis, the abundant number of mast cells
was rapidly mobilized to the epithelial
layer in the control mice. In contrast,
mast cells were massively accumulated

in the lamina propria of the small intesti-
nal mucosa in Notch2-conditional knock-
out mice, accompanied by impaired eradi-
cation of Strongyloides venezuelensis.
These findings indicate that cell-
autonomous Notch2 signaling in mast
cells is required for proper localization of
intestinal mast cells and further imply a
critical role of Notch signaling in the
host-pathogen interface in the small intes-
tine. {Blood. 2011;117(1):128-134)

Introduction

Mast cells are important in a wide variety of physiologic and
pathologic processes, including protective immune responses to
parasites and allergic disorders.!? In intestinal parasite infec-
tion, mast cells play a central role in the immune response.3
During the induction phase of parasite-induced inflammation,
mast cells move from the submucosa to the tip of the villi,
accompanying the serial changes in the protease expression
pattern. Initially, they are positive for mouse mast cell pro-
tease-5 (mMCP-5) but negative for mMCP-1 and mMCP-2;
eventually, they become positive for mMCP-1 and mMCP-2 but
negative for mMCP-5, demonstrating convergence from connec-
tive tissue-type mast cells (CTMCs) to mature mucosal-type
mast cells (MTMCs).* The parasite-infected mice consequently
experience jejunal mast cell hyperplasia,’ and the serum concen-
tration of mMCP-1, an activation marker of small intestinal mast
cells, is increased by > 1000-fold compared with that in the
naive status.’

In the mammalian immune system, we and other groups have
demonstrated that Notch signaling is involved in the commit-
ment and differentiation of T cells, the development of splenic

marginal zone B cells, and the differentiation and functional
modulation of mature T cells, including T-helper type I (Th1)/
Th2 polarization®’ and differentiation of CD8-positive cyto-
toxic T cells.® Regarding the Notch signaling in mast cells, bone
marrow-derived mast cells (BMMCs) highly express Jaggedl®
and Notch2!® among the Notch ligands and the receptors,
respectively. We have previously shown that signaling through
the Notch2 receptor induces mast cell development from
myeloid progenitors by transcriptional up-regulation of hairy
and enhancer of split homolog-1 (Hes-1) and transacting
T cell-specific transcription factor GATA-3 (GATA3)." Induc-
tion of antigen-presenting potential of mast cells by Notch
signaling is also demonstrated.!? A question yet to be solved is
how Notch signaling affects mast cell properties in vivo.

In this report, we examined the effect of Notch2 signaling in
in vivo mast cells using Notch2-conditional knockout mice."?
We show that Notch2 signaling is specifically required for
intraepithelial localization of intestinal mast cells and antipara-
site immunity. In contrast, Notch2 is dispensable for either
distribution or development of CTMCs.
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Methods
Mice

The generation of Notch2/*¥f*x mice was described previously."> Mx-Cre
transgenic mice'* were crossed with Notch2f*fiox mice (N2-MxcKO mice)
and the progeny were injected with polyinosinic-polycytidylic acid (pIpC;
Sigma-Aldrich) 7 times every other day from 3 days after birth (25 wg/g
body weight) or 3 times between 4 and 6 weeks of age (20 ug/g body
weight). N2-MxcKO mice were further crossed with C57BL/6-Ly5.1 mice
(a kind gift from Dr H. Nakauchi, University of Tokyo) to generate
Ly5.1-N2-MxcKO mice. Notch2 deletion in bone marrow was examined by
polymerase chain reaction and 3% agarose gel electrophoresis' (supple-
mental Figure 1, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article). W*/W*" mice were purchased
from The Jackson Laboratory. All experiments were done with approval
from the University of Tsukuba Institutional Review Board.

Staining

Sections, fixed with Carnoid fluid, were stained with 0.5% toluidine blue
(Sigma-Aldrich), pH 0.3, followed by eosin. Small intestine was embedded
in optimal cutting temperature (OCT) compound (TissueTek) and cut with
cryostat (Leica CM1850). The section was fixed with 4% paraformalde-
hyde, washed with phosphate-buffered saline (PBS), blocked in 10% horse
serum and 0.1% Triton-PBS, and then stained with either 1:100 goat
anti-Jagged] antibody (C-20; Santa Cruz Biotechnology), goat anti-Deltal
antibody (Genzyme Tech), or control goat immunoglobulin G (IgG; Santa
Cruz Biotechnology) overnight at 4°C. The sections were washed with
PBS and stained with anti-goat Alexa 594 (Invitrogen). Sections were
analyzed by fluorescence microscope (Zeiss; Axioplan2), original
magnification X200.

BMMCs

Bone marrow cells from each mouse strain were cultured in RPMI 1640
medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum
(FBS), 50 ng/mL stem cell factor (SCF; PeproTech), and 10 ng/mL
interleukin-3 (IL-3; PeproTech) for 4 weeks. Generation of BMMCs was
confirmed by staining with lineage markers, c-Kit and IgE, as previously
described.!! Briefly, the cells were incubated with purified IgE (BD
Biosciences) after blocking the Fcy receptors with purified anti-CD16/32
antibody (BD Biosciences), stained with anti-IgE—fluorescein isothiocya-
nate (FITC; BD Biosciences), anti-Gr-1-phycoerythrin (PE), anti-
Macl-PE (eBioscience), and anti—c-Kit-allophycocyanin (APC; eBio-
science), and then analyzed by FACSCalibur (BD Biosciences).

Peritoneal mast cells

Five milliliters ice-cold PBS was injected into the peritoneal cavity, and
then 3 mL PBS was recovered. c-Kit and IgE receptor (FceRI) expression
was used to define the cells as peritoneal mast cells. Ly5.1 and Notch2 were
stained with anti-Ly5.1-PE (BD Biosciences) or biotinylated anti-Notch2
antibody (clone HMN2-35)¢ followed by streptavidin PE (eBioscience),
respectively.

Bone marrow transplantation

C57BL/6 mice and W*/W*" mice were lethally irradiated with a total dose
of 9.5 Gy and then transplanted with 1 X 107 whole bone marrow cells
from either N2-MxcKO-Ly5.1 mice or Notch2fefex-Ly5.1 mice from the
tail vein. Tissues of transplanted mice were assessed at 3 to 4 months after
transplantation. Donor-cell engraftment was assessed by fluorescence-
activated cell sorting (FACS) analysis of peripheral blood, which was
stained by anti-Ly5.2-FITC (BD Biosciences) and anti-Ly5.1-PE.

S venezuelensis infection

Mice were infected by subcutaneous injection of third-stage infective larvae

of Strongyloides venezuelensis. The degree of infection was monitored by
2
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Figure 1. Mature mast cells were abnormally accumulated in the lamina propria
of the small intestine of Notch2-deficient mice. (A) Sections of the small intestine
of N2-MxcKO or littermate control Notch2fxfox mice. Toluidine blue staining, followed
by eosin. Original magnification x200. (B) The numbers of mast cells per 10 villus
crypt units (vcus) distributing to various layers of the small intestine. Data are
presented as means *= SEM; Notch2™Xox (n = 10) versus N2-MxcKO (n = 8);
P = .000461 (total), P = .000261 (villus, lamina propria), P = .001918 (crypt, lamina
propria), P = .046874 (submucosa).

counting the number of eggs per gram of feces. Mast cells were counted and
presented as the number per 10 villus crypt units. BMMCs were washed
with PBS twice and then cultured with 10 ng/mL IL-4 and 10 ng/mL IL-10
for 3 days. These Th2-conditioned BMMCs were injected at day 3 and day
6 of experiments.! In contrast to the bone marrow transplantation, mice
were not irradiated before BMMC injection.

Statistical analysis

The data for the number of mast cells and the S venezuelensis infection data
were analyzed by the 7 test. P values < .05 were considered significant.

Results

Notch signaling affects the number and localization of mast
cells in the small intestine

We have previously reported that Notch2 regulates mast cell
differentiation in vitro.!! To examine whether Notch2 controls the
differentiation or development of MTMCs in vivo, we examined
intestinal mast cells by toluidine blue staining in C57BL/6 mice
carrying the Notch2fexfox gllele with or without the Mx1-Cre
transgene (N2-MxcKO mice or Notch2fe¥flox mice, respectively)
after pIpC treatment.'3 Mast cells were only sparsely detected in
the small intestine of Notch2fexfex mice, mainly within the
epithelium. However, the total number of mast cells in the small
intestine of N2-MxcKO mice was unanticipatedly greater than that
of Notch2fo#fex mice. Furthermore, those mast cells were mainly
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Figure 2. Localization of intestinal mast cells is abnormal in wild-type mice
transplanted with N2-MxcKO-Ly5.1 bone marrow cells, reminiscent of that in
N2-MxcKO mice. (A) Bone marrow cells from either N2-MxcKO- Ly5.1 mice or
littermate Notch2foxfox. Ly5 1 mice were transplanted into lethally irradiated (9.5 Gy)
C57BL/6-Ly5.2 mice. Toluidine blue staining, followed by eosin. Original magnifica-
tion X200. (B) The numbers of mast cells per 10 vcus distributing to various layers of
the small intestine. Data are presented as means * SEM; Mast cells in C57BL/6-
Ly5.2 mice transplanted with Notch2foxex.Ly5.1 (n = 3) versus N2-MxcKO-Ly5.1
(n = 8). P = .020594 (total) and P = .030123 (villus, lamina propria).

localized to the lamina propria, and very few mast cells were found
within the epithelium (Figure 1A-B).

Localization of MTMCs is abnormal in wild-type mice
transplanted with N2-MxcKO bone marrow cells, reminiscent of
that in N2-MxcKO mice

Because the Mx-Cre-based conditional knockout system deletes
target genes not only in the bone marrow cells but also, albeit
partially, in the intestinal cells,!# there was a possibility that Notch2
deletion in the intestinal cells was responsible for the distinct
distribution pattern or increased number of mast cells in N2-
MxcKO mice compared with control mice. To exclude this
possibility, we transplanted Notch2-null bone marrow cells carry-
ing the Ly5.1 marker to irradiated wild-type C57BL/6-LyS.2 mice.
A chimerism of donor-derived Ly5.1-positive fraction accounted
for more than 70% in the peripheral blood (data not shown). The
recipients of bone marrow cells from Norch2fe¥fex mice showed
that the intestinal mast cell distribution was virtually the same as
that in wild-type mice, whereas the recipients of Notch2-null bone
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marrow cells showed an increase in mast cells mainly in the lamina
propria in an indistinguishable manner from the N2-MxcKO mice
(Figure 2A-B). This result indicates that deletion of Notch2 in bone
marrow-derived cells alters the distribution pattern and increases
the number of mast cells in the small intestine.

Notch-ligand expression in the small intestine

Notch signaling is known to be activated through Notch ligand-
receptor binding.'® We examined the expression pattern of Notch
ligands in the small intestine with antibodies against Notch ligands
Jagged! and Deltal and found that the epithelial layer was clearly
stained with anti-Jagged] but not with anti-Deltal antibody (Figure
3). The staining with the anti-Jagged] antibody was confined to the
surface of epithelial cells, especially at their basal side rather than
the apical side (Figure 3). The Jagged] expression pattern suggests
a possibility that Jagged1-Notch2 interaction between the basal
side of the epithelial cells and mast cells has an important role for
mast cell migration from the lamina propria across the basement
membrane toward the epithelium (Figure 3). Furthermore, the
ligand-receptor binding itself might contribute to mast cell-
epithelial cell adhesion to some extent, based on our observation
that Notch2-expressing BMMCs attached to the Jaggedl-express-
ing Chinese hamster ovary (CHO) cells, while Noich2-null BM-
MCs did not (supplemental Figure 2).

Notch2is dispensable for the CTMC development and
distribution

We next investigated the roles of Notch2 in the development of
CTMCs. The localization and the number of CTMCs in the skin
and peritoneal cavity were not significantly different between
N2-MxcKO and littermate Notch2¥/%ox mice more than 4 weeks
after the treatment with pIpC (data not shown). This observation
might simply indicate that the Mx-Cre system was inefficient in
the tissue-resident mast cells, as a great majority of peritoneal

Immunostaining of small intestine

Control
IgG

Delta1

Jagged1

DAPI

Figure 3. Jagged1 is strongly expressed on the surface of the epithelial cells,
especially at their basal side. A section of small intestine prepared using cryostat
was stained with goat anti-Jagged1 and goat anti-Deltal antibodies followed by

6an’ti—goat Alexa594. Original magnification x200.
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Figure 4. Notch2 is not required for peritoneal mast cell
development. (A) Bone marrow cells from N2-MxcKO-Ly5.1
mice or control Notch2fexlox| y5 1 mice were transplanted into
lethally irradiated Ws"/Ws" mice. Peritoneal mast cells were
stained with anti-c-Kit-APC, IgE, and biotinylated anti-Notch2
antibody (HMN2-35), followed by anti-IgE~FITC and streptavidin-
PE, or they were stained with anti—c-Kit-APC, IgE, and anti-Ly 16
5.1-PE, followed by anti-IgE-FITC; they were then analyzed by
FACSCalibur (BD Biosciences). (B) The proportion (left) and the
absolute number (right) of peritoneal mast cells were not signifi-
cantly different between Ws"/Wsh mice transplanted with
Notch2-WT bone marrow cells and those transplanted with
Notch2-null bone marrow cells. P = .210642 (mast cell propor-
tion) and P = .196045 (mast cell number).
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mast cells of plpC-treated N2-MxcKO mice still expressed
Notch2 (data not shown). Therefore, to clarify the requirement
of Notch2 in the CTMC development, we examined peritoneal
mast cells in mast cell-deficient W*"/W*" mice after transplantion
of Notch2-null bone marrow cells carrying the Ly5.1 marker. In
this system, mast cells exclusively develop from transplanted
bone marrow progenitors, in which the Cre recombinase under
the Mx-promoter is quite effective '* (supplemental Figure 1). In
this experiment, we found that the proportion and absolute
number of peritoneal mast cells was not significantly different
between those developed from the N2-MxcKO-Ly5.1 bone
marrow cells and those developed from littermate Notch2/ex/fiox-
Ly5.1 bone marrow cells (Figure 4A-B). Notch2 was not
expressed in the peritoneal mast cells derived from N2-MxcKO-
Ly5.1 bone marrow cells but was expressed in those derived
from littermate Notch2fo¥fex-1,y5.1 bone marrow cells (Figure
4A middle), indicating that Notch2 was deleted efficiently.
These results suggest that Notch2 is dispensable for the
development and distribution of CTMCs.

0
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Cell-autonomous Notch2 signaling in mast cells is important
for mast cell migration across the basement membrane in the
small intestine

We then asked a question whether aberrant mast cell migration in
the small intestine in N2-MxcKO mice is dependent on Notch2
signaling in mast cells per se. We intravenously infused Notch2-
null or control BMMCs into nonirradiated W*"/W*" mice after
S venezuelensis infection, because it is reported that BMMCs could
only transiently reconstitute intestinal mast cells in mast-cell
deficient mice if these recipient mice are in naive status.!” In tissue
sections, we found that the distribution of mast cells in the small
intestine was different between control BMMCs-reconstituted mice
and Notch2-null BMMCs-reconstituted mice; control BMMCs
were mainly migrated into the epithelial layer, while a majority of
Notch2-null BMMCs remained in the lamina propria. This observa-
tion indicates that mast cell-autonomous Notch2 expression contrib-
utes to mast cell migration across the basement membrane from
lamina propria into the epithelial layer (Figure SA-B). Even in the
control BMMC-infused mice, however, a substantial proportion of
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Figure 5. Mast cell-aut »us Notch2 expression is required for mast cell
migration toward the epithelium. W5"/Ws" mice infected with S venezuelensis were
intravenously infused with Th2-conditioned Notch2-null or control BMMCs on days 3
and 6 of infection. (A) Notch2-null BMMCs poorly migrated toward the epithelium
compared with control BMMCs. Toluidine blue staining followed by eosin staining.
Original magnification x200. (Top) Control BMMCs; (Bottom) Notch2-null BMMCs.
(B) The number of mast cells per 10 vcus in the small intestine on day 12 after
S venezuelensis infection in We"/Wsh mice, without BMMC infusion, with control
BMMC infusion, and with Notch2-null BMMC infusion. Data are presented as means
+ SEM; n = 3 (control BMMC infusion) and n = 4 (Notch2-null BMMC infusion),
P = .004080 (villus, epithelium) and P = .000020 (crypt, epithelium). Note that mast
cells in Ws"/Wsh mice infused with Notch2-null BMMCs abnormally resided in the
lamina propria, whereas most of those in Ws"/Ws" mice infused with control BMMCs
had intraepithelially migrated. (C) Mast cell number in mid to apical side of the
epithelial layer was divided with that in the basal side of the epithelial layer. (D) Time
course of S venezuelensis egg numbers in the stool. The number of excreted eggs
was not significantly different between Ws"/Wsh mice infused with Notch2-null and
control BMMCs. Data are presented as means + SEM.

mast cells still remained in the lamina propria, submucosa, and
smooth muscle layers, and the distribution of mast cells within the
epithelium was confined to the basement membrane side of the
epithelial layer (Figure 5B-C). This mast cell localization pattern
was different from that in the Notch2f¥fex mice with S venezuelen-
sis infection, in which mast cells were present mainly at the mid to
apical side of the epithelial layer (Figure 5C). The numbers of
S venezuelensis eggs in the stool were virtually the same in the
S venezuelensis—infected W*"/W*" mice infused with Notch2-null
and control BMMCs and in the S venezuelensis—infected W*/W
mice without any BMMC infusion throughout the period after
infection (Figure 5D).
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Taken together, the BMMC-W*/W" transplantation model
demonstrated that Notch2 in the mast cells indeed determines their
intraepithelial migration from lamina propria; nevertheless, this
model was not adequate to examine the physiologic mast cell
distribution pattern and subsequent parasite expulsion that depends
on mast cells.

Notch2 signaling regulates antiparasite immunity of mast cells
in the intestine

The BMMC-W*"/W*" reconstitution model could not completely
reflect physiologic mast cell distribution pattern in the small
intestine. Therefore, to further assess the effect of Notch2 signaling
on the mucosal immune response of intestinal mast cells under a
pathologic condition, N2-MxcKO or control Notch2¥fe* mice
were infected with S venezuelensis. Total mast cell number was
increased in Notch2fo*fex mice much more than in N2-MxcKO
mice, especially in the epithelium in both crypts and villi 8 days
after infection (Figure 6A-B). Thirteen days after infection, mast
cells in the epithelium in Notch2fe¥fox mice were still more
abundant than those in N2-MxcKO mice (Figure 6C-D), while mast
cell accumulation in the lamina propria in N2-MxcKO mice was
more prominent in both villi and crypt than that in the earlier stage
of infection (Figure 6A,C). In particular, dense aggregation of mast
cells was prominent in the lamina propria of N2-MxcKO mice at
the tip of the villi (Figure 6D). As a consequence, the total number
of mast cells in the intestine of N2-MxcKO mice became equiva-
lent to those of Notch2fexfiex mice 13 days after infection (Figure
6C.,E). The number of Svenezuelensis eggs in the stool was
gradually decreased during day 8 to 10 in control Notch2fe¥fiox mice
but not in N2-MxcKO mice (Figure 6F). Furthermore, the worms
were still observed in N2-MxcKO mice but not in Notch2foxfiex
mice 12 days after infection (Figure 6G). These data suggest that
Notch2 deficiency alters the distinct distribution pattern of mast
cells in the small intestine, which is responsible for the defective
eradication of S venezuelensis.

Discussion

There is a growing body of evidence that Notch signaling
modulates cellular migration and adhesion in endothelial, neural,
and lymphoid lineage cells, as well as cancer cells.'® We have
shown that Notch2 signaling induces the development of mast
cells.!! However, it has remained unclear whether Notch2 signaling
is involved in the distribution of mast cells in the intestinal mucosa
or connective tissues or in controlling the functions of mast cells
against microorganisms. Here, we investigated the role of Notch2
signaling in mast cells in terms of their distribution and functions
using cell-specific Notch2-deficient mice. We found that in N2-
MxcKO mice, mast cells were abnormally accumulated in the
lamina propria of the small intestine, suggesting that Notch2-null
mast cells have some defect in the migration toward the epithelium.
Furthermore, N2-MxcKO mice failed to eradicate S venezuelensis
and exhibited a distinct mast cell migration pattern in the intestine
compared with control mice, suggesting that mast cells regulate the
host-microbial interface in the intestine through Notch2 signaling.

Mast cell number was rather increased in the intestinal mucosa
of N2-MxcKO mice compared with control mice in naive status.
Mast cell progenitors were supposed to reside in the submucosa
and gradually move toward the villi, accompanied by their
differentiation into mature mast cells. Based on our observation in
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Figure 6. Notch2 is essential for antiparasite immunity of
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mast cells in the intestine. N2-MxcKO or control Notch2fex/fiox
mice were subcutaneously injected with third-stage infective
larvae of S venezuelensis. (A) The number of mast cells per 10
veus in the small intestine on day 8 after S venezuelensis
infection. Data are presented as means * SEM. The number of
mast cells was much less in N2-MxcKO mice; n = 3, P = .008592
(total), P = .005695 (villus, epithelium), P = .000715 (villus, lamina
propria), P = .005245 (crypt, epithelium), and P = .045466 (crypt,
lamina propria). Note that mast cells in N2-MxcKO mice were
abnormally clustered in the lamina propria, whereas most of those
in the control Notch2™¥ox mice were intraepithelially migrated.
(B) Toluidine blue staining followed by eosin staining of the small
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intestine on day 8; original magnification x200. (C) The number of
mast cells per 10 vcus in the small intestine on day 13 after
S venezuelensis infection. Data are presented as means * SEM;
n = 3, P = .026076 (villus, epithelium), P = .00194 (villus, lamina
propria), P = .021177 (crypt, epithelium), and P = .019324 (crypt,
lamina propria), P = .047445 (submucosa). (D) Toluidine blue
staining followed by eosin staining of the small intestine on day
13. Original magnification x200. (E) The total number of mast
cells per 10 vcus on day 0, day 8, and day 13 of infection. The total
number of mast cells was significantly lower in N2-MxcKO mice at
the early phase (day 8) and almost equal at the later phase (day
13) to that of control mice. Data are presented as means = SEM;
n = 10 and 8 (day 0, Notch2/o¥flox and N2-MxcKO); n = 3 and 3
(day 8, Notch2foxfiox and N2-MxcKO); n =4 and 4 (day 13,
Notch2oxfiox and N2-MxcKO). (F) Time course of egg number in
the stool. The number of excreted eggs was significantly greater
in N2-MxcKO mice compared with those in Notch2foxox mice.
Data are represented as means = SEM; n = 4; P = .0291 (day 8)
and P =.0219 (day 9). (G) Hematoxylin-eosin staining of the
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small intestine on day 12. Original magnification X200. Arrows tip of the vill
indicate worms. Worms were still observed in the villi in the
jejunum of N2-MxcKO, but not of Notch2fex'ex mice.
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an § venezuelensis—infection model, mast cells increase in number
in the epithelium in control Notch2ffex mice, while they abnor-
mally aggregate in lamina propria in N2-MxcKO mice, especially
in the later stage of infection. This suggests that mast cell migration
from lamina propria toward the epithelium across the basement
membrane is impaired in N2-MxcKO mice. Consequently, mast
cell turnover might be prolonged in N2-MxcKO mice. Given that
the mechanism of mast cell migration from lamina propria toward
the epithelium is common in naive status and infection status, such
migration defect may also explain the mast cell increase in
N2-MxcKO mice in naive status that we observed.

The defect of mast cell migration toward intraepithelium of the
small intestine in N2-MxcKO mice is very similar to that in integrin
B6-deficient mice,' in which activation of transforming growth
factor (TGF)-B signaling is impaired.?’ A crosstalk between Notch
signaling and TGF-B signaling might occur in intestinal mast cells
as well as the cases of other cell types.?! Alternatively, Notch
signaling might directly regulate a downstream target of TGF-B1 in
intestinal mast cell migration (eg, the induction of integrin aE
expression).'?? Integrin a.E, forming an integrin « EB7 complex on
mast cells, binds to E-cadherin on epithelial cells and is involved in
mast cell localization in the epithelium.?? The expression level of

integrin aEB7, measured by flow cytometric analysis, however,
was not affected by Notch-ligand stimulation in BMMCs (unpub-
lished data).

In the previous paper we showed that Notch signaling facilitates
mast cell lineage development at the expense of granulocyte/
macrophage development from both common myeloid progenitors
(CMPs) and granulocyte-macrophage progenitors (GMPs) in vitro.!!
Mast cells, however, were not depleted in N2-MxcKO mice in
naive status in vivo, but rather slightly increased in the small
intestine of N2-MxcKO mice. This clearly indicates that Notch2
signaling is dispensable for steady-state mast cell generation in
vivo. However, the dynamic increase of mast cells during the early
phase of intestinal parasite infection was markedly impaired in
N2-MxcKO mice. The mechanisms underlying the Notch2 signal-
ing requirement only in parasite-infected mice remain to be
clarified. Nevertheless, rapidly increasing intestinal mast cells have
to be supplied by mast cell progenitors. The pathways and
mechanisms responsible for mast cell progenitor recruitment and
trafficking are likely to be dynamic and susceptible to modification
during inflammation.! Such a modulation of the mast cell genera-
tion pathway during intestinal infection might underlie the require-
ment of Notch2 only during parasite infection. This is similar to
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IL-3—deficient mice. IL-3 is essential for mast cell differentiation in
vitro; however, IL-3—deficient mice have the normal number of
mast cells at the steady state, whereas mast cell hyperplasia is
impaired upon intestinal parasite infection.?3

Our data showed that parasite expulsion was impaired in
N2-MxcKO mice. We could not exclude the possibility that the
Notch2 deletion in immune cells other than mast cells modulate the
response against the nematode infection. If we could show that
Th2-conditioned wild-type BMMCs successfully eradicate S ven-
ezuelensis in Wo"/Wsh mice and that Norch2-null BMMCs do not, it
would be clearer that Notch2 signaling in mast cells per se but not
in other immune cells should be critically important for defense
against S venezuelensis infection. The failure of rescue experiments
may be caused by the abnormal mast cell distribution pattern of
wild-type BMMCs in W*"/W*" mice. Nevertheless, the result of this
experiment supported the previous finding that the proper epithelial
migration of mast cells is required for efficient expulsion of
S venezuelensis®* and thus provides an insight that the impaired
S venezuelensis expulsion in N2-MxcKO mice is attributed to the
mast cell-autonomous deletion of Notch2.

In conclusion, our data clearly indicate that Notch2 receptor
signaling is specifically required for proper intestinal mast cell
distribution in a cell-autonomous manner. Furthermore, involve-
ment of Notch2 signaling in mucosal immunity was proven,
particularly for eradication of infected parasites, although whether
this is due to the Notch2 signaling in mast cells is yet to be
elucidated.

only.
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Hes1 immortalizes committed progenitors and plays a role in blast crisis transition
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Hairy enhancer of split 1 (Hes1) is a basic
helix-loop-helix transcriptional repressor
that affects differentiation and often helps
maintain cells in an immature state in
various tissues. Here we show that retro-
viral expression of Hes1 immortalizes
common myeloid progenitors (CMPs) and
granulocyte-macrophage progenitors
(GMPs) in the presence of interleukin-3,
conferring permanent replating capability
on these cells. Whereas these cells did
not develop myeloproliferative neoplasms

when intravenously administered to irra-
diated mice, the combination of Hes1 and
BCR-ABL in CMPs and GMPs caused
acute leukemia resembling blast crisis of
chronic myelogenous leukemia (CML), re-
sulting in rapid death of the recipient
mice. On the other hand, BCR-ABL alone
caused CML-like disease when expressed
in c-Kit-positive, Sca-1-positive, and
lineage-negative hematopoietic stem cells
(KSLs), but not committed progenitors
CMPs or GMPs, as previously reported.

Leukemic cells derived from Hes1 and
BCR-ABL-expressing CMPs and GMPs
were more immature than those derived
from BCR-ABL-expressing KSLs. Intrigu-
ingly, Hes1 was highly expressed in 8 of
20 patients with CML in blast crisis, but
not in the chronic phase, and dominant
negative Hes1 retarded the growth of
some CML cell lines expressing Hes1.
These results suggest that Hes1 is a key
molecule in blast crisis transition in CML.
(Blood. 2010;115(14):2872-2881)

Introduction

The balance between activator and repressor basic helix-loop-helix
transcription factors is crucial for the proper timing of cellular
differentiation and normal morphogenesis of various tissues.!
During embryogenesis, the basic helix-loop-helix protein hairy
enhancer of split 1 (Hes1), functioning downstream of the Notch
receptor,>3 blocks differentiation of neural stem cells by antagoniz-
ing Mash1* and affects the cell-fate decision of pancreatobiliary
epithelial progenitors.’ In the adult hematopoietic system, Hesl
blocks granulocyte colony-stimulating factor-induced granulocytic
differentiation of the 32D cell line,® preserving the long-term
reconstituting ability of hematopoietic stem cells (HSCs) in vitro as
well as in vivo.” Hesl also plays a significant role in the
development of perinatal T cells,*® and knocking out Hes1 leads to
lack of thymus.?

Recently, activating mutations of the Notchl and Notch2 genes
have been identified in more than 50% of human T-cell acute
lymphoblastic leukemias'® and in a subset of non-Hodgkin lympho-
mas,!! respectively, implicating Notch signal deregulation based on
a genetic abnormality in human cancers. The effect of Notch signal
aberration, however, has been largely confined to lymphoid lin-
eages in the hematopoietic compartment. Indeed, enhanced Notch
signaling provides the bone-marrow-to-thymus transition stage of
early progenitors, with strong selective pressure toward thymic

T-cell precursors at the expense of B-cell and myeloid precur-
sors.!Z14 We recently found that up-regulation of Hes1 represents
only a part of Notch signaling during the decision between mast
cell and granulocyte lineage differentiation. Notch signaling does
promote mast-cell development at the expense of granulocyte
differentiation through up-regulation of both Hes1 and GATA-3 in
common myeloid progenitors (CMPs) and granulocyte-macrophage
progenitors (GMPs). However, up-regulation of Hes1 alone causes
expansion of cells with myeloid progenitor phenotypes, rather than
mast cell development, mediated through down-regulation of a
transcription factor, C-enhancer binding protein a (C/EBP-a).'

A growing volume of evidence shows that down-regulation of
C/EBP-o represents major events in human acute myelogenous
leukemia (AML), through either genetic or epigenetic abnormali-
ties. Therefore, it is postulated that Hesl up-regulation may be
involved in a subset of myeloid leukemias.

Chronic myelogenous leukemia (CML) is a myeloproliferative
neoplasm that originates in an abnormal pluripotent bone marrow
stem cell and is consistently associated with the BCR-ABL fusion
gene. The disease is biphasic or triphasic; an initial indolent chronic
phase is followed by one or both of the aggressive stages, the
accelerated phase and blast crisis, resulting in expansion of
immature leukemic cells. The mainstay of chronic phase to blast
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crisis transition is the differentiation block by additional genetic
events in progenitor stages of CML cells'® that could otherwise
differentiate during the chronic phase. Thus, the transformation of
BCR-ABL-induced myeloproliferative neoplasm to full-blown
blast crisis has been drawing tremendous attention from
investigators.

Here we show that retroviral expression of Hes1 immortalizes CMPs
and GMPs in vitro. Hesl introduction together with BCR-ABL into
CMPs and GMPs, the postulated origin of blast crisis transition in CML,
induced CML blast crisis-like disease when intravenously administered
to sublethally irradiated mice. Considering as well the study of Hesl
expression in CML patients, we propose that Hesl is a unique
experimental tool for studying the mechanisms of chronic phase to blast
crisis transformation in CML.

Methods
Mice

C57BL/6 (Ly5.1) donor mice were purchased from Sankyo Labo Service
Corporation. C57BL/6 (Ly5.2) recipient mice were purchased from SLC.
Mice were kept at the Animal Center for Biomedical Research, University
of Tokyo, according to institutional guidelines.

Bone marrow progenitor sort

Bone marrow cells were isolated from the femurs and tibias of C57BL/6
(Ly5.1) donor mice (8-10 weeks of age) and were incubated with
biotinylated antibodies for lineage markers, including anti-CD3, anti-
CD4, anti-CD8, anti-B220, anti-Ter119, and anti-Gr-1 antibodies (BD
Biosciences PharMingen) followed by incubation with streptavidin
Micro Beads (Miltenyi Biotec). The lineage marker-negative (Lin™)
fraction was separated with an autoMACS separator or LS Columns
(Miltenyi Biotec) and incubated with anti-CD34—fluorescein isothiocya-
nate, anti-CD16/32 (FeyRIIV/II receptor)—-phycoerythrin (PE), anti—c-Kit—
allophycocyanin, streptavidin peridinin chlorophyll protein (BD Biosciences
PharMingen), and anti-Sca-1-PE/Cy7 (eBioscience). Lin~ c-Kit*Sca-1*, Lin~c-
Kit*Sca-1"FcyR°CD34*, and Lin~c-Kit*Sca-1"FcyRMCD34* cells (KSLs,
CMPs, and GMPs, respectively)!? were sorted with a FACSAria cell sorter (BD
Biosciences).

Transfection and retrovirus production for murine cells

Rat Hesl cDNA, a gift from R. Kageyama (Kyoto University, Kyoto,
Japan), was subcloned into a retrovirus vector, GCDNsam/internal ribo-
some entry site (IRES)-nerve growth factor receptor (NGFR), a gift from
H. Nakauchi (University of Tokyo) and M. Onodera (National Center for
Child Health and Development, Tokyo, Japan). BCR-ABL (p210) cDNA'8
was subcloned into a retrovirus vector, GCDNsam/IRES-GFP.!? Mouse
C/EBP-a ¢cDNA, a gift from K. Akashi (Kyushu University, Fukuoka,
Japan) and S. Mizuno (Dana-Farber Cancer Institute, Boston, MA), was
subcloned into a retrovirus vector, pMYs-IRES-GFP." Plat-E? packaging
cells maintained in Dulbecco modified Eagle medium supplemented with
10% fetal calf serum were transfected with retroviral constructs using
FuGENE 6 transfection reagent (Roche Diagnostics) according to the
manufacturer’s instructions. The medium was changed a day after transfec-
tion, and retroviruses were harvested 48 hours after transfection, as
previously described.!>?

Transfection and retrovirus production for human cell lines

We generated a dominant-negative Hes1 (dnHesl) lacking a C-terminal
WRPW (Trp-Arg-Pro-Trp) domain as described.?! The fragment of dnHes1
was subcloned into pMYs-IRES-GFP.! Retrovirus packaging was done as
described. Briefly, retroviruses were generated by transient transfection of
Plat-A2° packaging cells with FuGENE 6 (Roche Diagnostics).
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Infection to progenitors

The retrovirus medium was placed in 24-well nontissue culture dishes for
4 hours at 37°C, precoated with 40 pg/mL of RetroNectin (Takara Bio)
overnight at 4°C. After washing the wells with phosphate-buffered saline,
sorted KSLs, CMPs, or GMPs were plated for infection for 48 to 60 hours
with the coated retroviruses harboring GCDNsam/IRES-GFP-BCR-ABL
(p210) or GCDNsam/IRES-NGFR-Hes1 or an empty vector as a control.
Infection was done in StemSpan SFEM medium (StemCell Technologies)
containing 100 ng/mL mouse stem cell factor (SCF), 100 ng/mL mouse
thrombopoietin (TPO), and 100 ng/mL human FLT3 ligand (FL) for KSLs,
or in Iscove modified Dulbecco medium (Sigma-Aldrich) containing 20%
fetal calf serum, 50 ng/mL mouse SCF, 20 ng/mL mouse TPO, and
20 ng/mL mouse interleukin-3 (IL-3), 20 ng/mL human IL-6 (R&D
Systems) for CMPs or GMPs.

Colony-forming assay

Retrovirus-infected cells were sorted at 48 to 60 hours from the initiation of
infection with a FACSAria cell sorter (BD Biosciences) and used for
colony-forming assay using Methocult 3231 (StemCell Technologies),
supplemented with 50 ng/mL mouse SCF, 20 ng/mL mouse TPO, and
20 ng/mL mouse IL-3, 20 ng/mL human IL-6. A total of 1000 cells were
cultured in each 2.5-cm dish in duplicate. The colony-forming cells were
harvested and replated every 7 to 9 days and scored for colony formation.
We defined a colony as “a group of cells, grown from a single parent cell,
which is composed of more than 40 live cells.”

Mouse bone marrow transplantation

Bone marrow cells prepared from C57BL/6-Ly5.1 mice were infected with
retrovirus containing Hesl or BCR-ABL, and 0.1 to 2.6 X 105 of Hesl/
NGFR-sorted or BCR-ABL/GFP-sorted cells were injected through tail
veins into C57BL/6-Ly5.2-recipient mice (8-12 weeks of age) after
sublethal (5.25 Gy) or lethal (9.5 Gy) total body y-irradiation ('*Cs). For
the lethally irradiated mice, 2 X 10° of C57BL/6-Ly5.2 mice-derived bone
marrow cells were simultaneously injected for radioprotection. Probabili-
ties of overall survival of the mice that received transplantations were
estimated using the Kaplan-Meier method. Statistical differences were
determined by the Wilcoxon test. All animal studies were approved by the
Animal Care Committee of the Institute of Medical Science, University
of Tokyo.

Analysis of mice receiving transplantation

After transplantation, mice were monitored for signs of disease, such as
cachexia, hyperpnea, or loss of gloss in fur. Autopsies were performed on
moribund recipient mice. Peripheral blood count was analyzed by KX-21
Auto Analyzer (Sysmex). Morphology of the peripheral blood was evalu-
ated by staining of air-dried smears with Hemacolor (Merck). Tissues
including bone marrow, spleen, and liver were fixed in 10% buffered
formalin, embedded in paraffin, sectioned, and stained with hematoxylin
and eosin. Cytospin preparations of bone marrow and spleen cells were also
stained with Hemacolor. Percentage of blasts, myelocytes, neutrophils,
monocytes, lymphocytes, and erythroblasts was estimated by examination
of at least 200 cells. To assess whether the leukemic cells were transplant-
able to secondary recipients, 0.1 to 5 X 10° total bone marrow cells were
injected into the tail veins of sublethally irradiated mice. Two recipient mice
were used for each serial transplantation.

Flow cytometric analysis

Red blood cells were lysed using Red Blood Cell Lysing Buffer (Sigma-
Aldrich) in peripheral blood or single-cell suspensions of bone marrow and
spleen. After washing with phosphate-buffered saline, Fc receptor was
blocked by incubating cells with 2.4G2 antibody (eBioscience) for 15 min-
utes at 4°C and then staining them with the following PE-conjugated
monoclonal antibodies for 20 minutes at 4°C: Ly-5.1, Gr-1, CDI11b,
B220, CD19, CD3, CD4, CD8, c-Kit, Sca-1, CD34, and Ter119. Flow-
cytometric analysis of the stained cells was performed with FACSCalibur
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(BD Biosciences) equipped with CellQuest software (BD Biosciences) and
FlowlJo software (TreeStar).

Patients

CML patients were diagnosed at Hiroshima University Hospital and its
affiliated hospitals. Diagnosis was based on morphologic, immunopheno-
typic, and, in some cases, real-time reverse transcription-polymerase chain
reaction (RT-PCR) studies according to the French-American-British
classification or World Health Organization classification. Patient samples
were prepared after the research plan was approved by the Institutional
Review Board at Hiroshima University, and written informed consent was
obtained in accordance with the Declaration of Helsinki. Investigations
were carried out in accordance with ethical standards authorized by the
ethics committee of Hiroshima University and the ethics committee of the
University of Tokyo (approval no. 20-10-0620)

Real-time RT-PCR

Total RNA was extracted from human bone marrow or peripheral blood cells
using a TRIzol Kit (Invitrogen) according to the manufacturer’s instructions, and
converted to cDNA with a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Total RNA of mouse progenitors was extracted with
RNeasy (QIAGEN) according to the manufacturer’s instructions, and
converted to cDNA with a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Real-time RT-PCR was performed using a LightCy-
cler Workflow System (Roche Diagnostics). cDNA was amplified using
a SYBR Premix EX Taq (Takara). Reaction was subjected to 1 cycle of
95°C for 30 seconds, 45 cycles of PCR at 95°C for 5 seconds, 58°C for
10 seconds, and 72°C for 10 seconds. All samples were independently
analyzed at least 3 times. The following primer pairs were used:
5'-CCAGTTTGCTTTCCTCATTCC-3’ (forward) and 5'-TCTTCTCTC-
CCAGTATTCAAGTTCC-3' (reverse) for human Hesl1??; 5'-GAG-
CTGAACGGGAAGCTCACTGG-3" (forward) and 5'-CAACTGTG-
AGGAGGGGAGATTCAG-3" (reverse) for human GAPDH??;
5'-GAACAGCAACGAGTACCGGGTA-3' (forward) and 5'-CCCA-
TGGCCTTGACCAAGGAG-3' (reverse) for mouse C/EBP-a?3;
5'-CACAGGACTAGAACACCTGC-3' (forward) and 5'-GCTGGTG-
AAAAGGACCTCT-3" (reverse) for mouse hypoxanthine phospho-
ribosyltransferase (HPRT).?* Relative gene expression levels were cal-
culated using standard curves generated by serial dilutions of cDNA.
Product quality was checked by melting curve analysis via LightCycler
software (Roche Diagnostics). Expression levels were normalized by a
control, the expression level of GAPDH mRNA for human samples, and
HPRT mRNA for mouse samples.

Western blot analysis

To detect the expression of Hesl or BCR-ABL (p210) proteins, equal
numbers of cells from spleen or cell line were lysed, and Western blotting
was performed as described with minor modifications.2* Polyclonal rabbit
anti-Hes1 antibody (H-140; Santa Cruz Biotechnology) and polyclonal
rabbit anti—c-ABL antibody (K-12; Santa Cruz Biotechnology) were used
for Hes1 or BCR-ABL detection, respectively.

Results
Retroviral transduction of Hes1 immortalizes CMPs and GMPs

NGFR-sorted Hesl-transduced KSLs, CMPs, and GMPs similarly
generated compact and relatively large colonies, whereas empty
vector-transduced KSLs generated a similar number of less large
colonies. Empty vector-transduced CMPs and GMPs did not
generate colonies (Figure 1A). Cytospin preparations of Hesl-
transduced progenitors, stained with Hemacolor (Merck), showed
blast-like morphologies, whereas those of empty vector-transduced

KSLs contained bands, macrophages, and blasts (Figure 1B). Most
21
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of the empty vector-transduced CMPs and GMPs died and few
cells remained (Figure 1B). In serial colony-forming assays, both
CMPs and GMPs transduced with Hesl formed colonies after at
least 4 rounds of replating, with the plating efficiency more than
15% at the fourth round (Figure 1C). Replating could be reproduc-
ibly maintained for more than half a year, implying immortalizing
activity of Hesl (Figure 1D). The Hesl-transduced KSLs, CMPs,
and GMPs were dependent on the presence of IL-3, requiring
concentrations more than 1 ng/mL (Figure 1E; supplemental Figure
1A-B, available on the Blood website; see the Supplemental
Materials link at the top of the online article). There was no
significant difference between these cells in the dependency on
IL-3. The majority of HesI-transduced cells expressed c-Kit and
CD34 at high levels, Sca-1 and CD11b at intermediate levels
(Figure 1F, supplemental Figure 2A-B), irrespective of whether
they were derived from KSLs, CMPs, or GMPs (supplemental
Figure 2E).

The Lin~ cells were further analyzed by adopting 5-color flow
cytometry that is used to identify bone marrow KSLs, CMPs, and
GMPs. The expression levels of c-Kit, Sca-1, and CD34 were
distributed over wide ranges. Approximately 2.5% to 6.4% of all
nucleated cells showed a phenotype similar to KSLs, and another
4.8% to 11.6% showed a phenotype similar to GMPs. There were
few cells that resembled CMPs (Figure 1G). We sorted the
KSL-like cells, CMP-like cells, and GMP-like cells from each
Hesl1-transduced cell (Hes1-KSLs, Hes1-CMPs, and Hes1-GMPs)
and cultured them for a week in methylcellulose. The same analysis
by 5-color flow cytometry showed accumulation of GMP-like cells
(~ 45.3%-83.5% of all nucleated cells) and moderate accumula-
tion of KSL-like cells (~ 4.3%-23.4% of all nucleated cells) in the
cultured cells (supplemental Figure 3A-C).

BCR-ABL replaces IL-3 in Hes1-immortalized cell lines

Because the Hes1-immortalized cell lines were IL-3 dependent for
their growth in vitro, we examined whether additional signaling
could replace IL-3. IL-3 signaling takes place mainly via Stat-,
Ras-MAPK-, and PI3K-Akt-dependent pathways. It is also known
that CML-specific BCR-ABL (p210) can replace IL-3 signaling in
several experimental designs. Thus, we retrovirally expressed
BCR-ABL together with Hesl. The combination of Hesl and
BCR-ABL enabled KSLs, CMPs, and GMPs to form colonies after
repeated replating, not only in the presence of cytokines (Figure 2A
left panel) but also in the condition free from cytokines (Figure 2A
right panel). In contrast, KSLs, but not CMPs or GMPs, formed
colonies by BCR-ABL transduction alone only when supplemented
with cytokines (Figure 2A left panel), and they did not form any
colonies without cytokines (Figure 2A right panel) or after
replating with/without cytokines (Figure 2A both panels). In the
liquid culture, it was shown that KSLs, CMPs, and GMPs
transduced with both Hesl and BCR-ABL were immortalized
without cytokine supplementation (Figure 2B). The colonies made
from Hes1- and BCR-ABL-transduced cells showed similar mor-
phology with those from Hes1-transduced cells in the presence of a
cytokine cocktail (Figure 2C). Importantly, the morphology of
colony-forming cells derived from BCR-ABL-transduced KSLs
was much more mature compared with those derived from Hes1-
and BCR-ABL-transduced KSLs, CMPs, and GMPs, even in the
same cytokine cocktail (Figure 2D). The majority of Hes1*BCR-
ABL* KSLs as well as Hes]*BCR-ABL* CMPs and GMPs
expressed CD34 at high levels, whereas they expressed c-Kit,
Sca-1, and CD11b at intermediate levels (Figure 2E; supplemental
3Figure 2C-D), irrespective of whether they were derived from
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Figure 1. Hes1-transduced KSLs, CMPs, or GMPs were
i iin the p of IL-3. (A) Typical colonies
derived from Hes1- and empty vector-transduced KSLs,
CMPs, and GMPs in the presence of SCF, TPO, IL-3, and
IL-6. Images were obtained with an IX70 microscope and a
DP70 camera (Olympus); an objective lens, UPlanFI (Olym-
pus); original magnification x40 (bottom 2 in the right
panels) and original magnification X100 (remaining 4 pan-
els). (B) Giemsa staining of Hes1- and control vector-
transduced KSLs, CMPs, and GMPs. Images were obtained
with a BX51 microscope and a DP12 camera (Olympus); an
objective lens, UPlanFl (Olympus); original magnification
%1000. (C) Colony-forming assay from KSLs, CMPs, and
GMPs transduced with Hes1 or empty vector. Hes1-
transduced cells were replatable more than 4 times in vitro.
Bars represent the number of colonies obtained per 10° cells
after each round of plating in methylicellulose supplemented
with SCF, TPO, IL-3, and IL-6. A representative result from
3 independent and reproducible experiments is shown. Error
bars represent the SD from duplicate cultures. (D) Sustained
growth of Hes1-transduced cells in liquid culture supple-
mented with 1 ng/mL IL-3. The number of cells was deter-
mined every 7 days by trypan blue staining, and 105 cells per
well were seeded into a 6-well plate. Liquid culture was H
reproducibly continued for more than 6 months. (E) Cytokine o b

GMP

colonies per dish

requirement of Hes1-ransduced CMPs. The cells were 2 %
cultured in Iscove modified Dulbecco medium supplemented 3 -
with indicated cytokines in duplicate. The numbers of cells z 3
were counted after 4 days of culture. A representative result  |£

from 2 independent and reproducible experiments is shown.
Error bars represent the SD from duplicate cultures. Hes1-
transduced KSLs and GMPs showed similar results (supple-
mental Figure 1A-B). (F) Flow-cytometric analysis of Hes1-
transduced KSLs cultured in methylcellulose supplemented
with SCF, TPO, IL-3, and IL-6. The dot plots represent Gr-1,
CD19, c-Kit, CD4, CD8a, B220, Sca-1, CD34, Ter119, and
CD14 labeled with a corresponding PE-conjugated monoclo-
nal antibody versus CD11b, CD3, and FceR1a labeled with a
corresponding fluorescein isothiocyanate-conjugated mono-
clonal antibody or FL1 with no monoclonal antibody. Hes1-
transduced CMPs and GMPs showed similar expression
pattems (supplemental Figure 2A-B). (G) Flow-cytometric
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analysis of Lin—-gated Hes1-transduced cells. Five-color
analyses are used to identify KSL-like (top panels) and
CMP-like and GMP-like cells (bottom panels) in the Hes1-
transduced KSLs, CMPs, and GMPs. The number shows the
percentage of cells in all nucleated cells. The analyzed cells

were NGFR sorted at 48 to 60 hours from the initiation of
Hes1- or control vector-transduction and cultured for the
following lengths of time before the analysis: (A) 1 week,
(B) 1 week, (C) 0 days, (D) 4 weeks, (E) 2 weeks, (F) 1 week,
and (E) 2 weeks.

KSLs, CMPs, or GMPs (supplemental Figure 2F). Hes1"BCR-
ABL* KSLs, CMPs, and GMPs showed lower expressions of c-Kit
and CD34 than KSLs, CMPs, and GMPs transduced with Hesl
alone (supplemental Figure 2E-F) when cultured in the presence of
the same cytokine cocktail (SCF, TPO, IL-3, and IL-6). Expression
of Hes1 or BCR-ABL in the Hesl = BCR-ABL transduced CMP
or GMP cell lines was confirmed by Western blot analysis
(supplemental Figure 4A).

Hes1+*BCR-ABL* CMPs and GMPs rapidly induce AML/CML
blast crisis-like disease in recipient mice

To examine the effect of Hesl on leukemogenesis, Hesl-
transduced KSLs, CMPs, and GMPs were injected through tail
veins into C57BL/6-Ly5.2 recipient mice (8-12 weeks of age) after
a sublethal (5.25 Gy) or a lethal (9.5 Gy) dose of total-body
~-irradiation (135Cs). For the lethally irradiated mice, 2 X 10° bone
marrow cells from C57BL/6-Ly5.2 mice were simultaneously

injected for radioprotection. All the mice that received transplanta-
21

tions of Hesl-transduced KSLs, CMPs, and GMPs were kept
healthy, and no recipients developed myeloproliferative neoplasms
(MPNs) or leukemias for up to 250 days after the transplantation
(Figure 3A). Regarding the nonleukemogenic nature of the stem/
progenitor cells transduced with Hesl alone, we’ and others?’
previously reported similar results, although the cell populations
and/or experimental designs were not identical.

In agreement with the previous reports,?® recipient mice injected
with BCR-ABL-transduced KSLs developed fatal MPN within
30 days after the transplantation, whereas those injected with BCR-
ABL-transduced CMPs and GMPs were kept healthy for more than
130 days. We did not find any signs of MPN or leukemias when
mice were killed between 130 and 200 days after the transplanta-
tion (Figure 3B).

Because we found that the combination of Hesl and BCR-ABL
transduction conferred cytokine-independent immortalization on
CMPs and GMPs, we injected Hes]"TBCR-ABL* KSLs, CMPs,

4and GMPs through tail veins into C57BL/6-Ly5.2 recipient mice
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Figure 2. Hes1- and BCR-ABL-transduced KSLs, CMPs,
or GMPs were immortalized independently of IL-3.
(A) Colony-forming assay of KSLs, CMPs, and GMPs trans-
duced with BCR-ABL alone or Hes1 and BCR-ABL, cultured
in methylcellulose with or without cytokine cocktail containing
SCF, TPO, IL-3, and IL-6. Hes1*BCR-ABL* cells could be
serially replated more than 4 times both with or without
cytokines. In contrast, whereas KSLs, but not CMPs or
GMPs, transduced with BCR-ABL alone, formed colonies in
the presence of cytokines, neither KSLs, nor CMPs, nor
GMPs formed colonies without cytokine supplementation.
Bars represent the number of colonies obtained per 10° cells
after each round of plating in methylcellulose. A representa-
tive result from 3 independent and reproducible experiments
is shown. Error bars represent the SD from duplicate cultures.
(B) Sustained growth of Hes1tBCR-ABL* cells in liquid
culture without cytokine supplementation. The numbers of
cells were determined every 7 days by trypan blue staining,
and 10° cells per well were seeded into a 6-well plate. Liquid
culture was reproducibly continued for more than 6 months.
(C) Typical colonies derived from KSLs, CMPs, and GMPs
transduced with BCR-ABL alone (left panels) or BCR-ABL
and Hes1 (right panels) in the presence of SCF, TPQ, IL-3,
and IL-6. Images were obtained with an IX70 microscope and
a DP70 camera (Olympus); an objective lens, UPlanFl
(Olympus); original magnification x100. (D) Giemsa staining
of Hes1*BCR-ABL* KSLs, CMPs, and GMPs. Images were
obtained with a BX51 microscope and a DP12 camera
(Olympus); an objective lens, UPlanFl (Olympus); original
magnification x1000. (E) Flow-cytometric analysis of
Hes1*BCR-ABL* KSLs cultured in methylcellulose supple-
mented with SCF, TPO, IL-3, and IL-6. The dot plots repre-
sent Gr-1, CD11b, c-Kit, Sca-1, CD3, CD4, CD8a, B220,

CD19, CD34, Ter119, and CD14 labeled with a correspond-
ing PE-conjugated monoclonal antibody versus expression
of GFP/BCR-ABL. Hes1*BCR-ABL* CMPs and GMPs
showed a similar expression pattern (supplemental Figure

2C-D). The analyzed cells were GFP and NGFR sorted at 48
to 60 hours from the initiation of BCR-ABL- or Hes1+BCR-
ABL transduction and cultured for the following lengths of

time before the analysis: (A) 0 days, (B) 4 weeks, (C) 1 week,
(D) 1 week, and (E) 1 week.

Teri19

after sublethal irradiation. The numbers of cells injected varied
among experiments, ranging from 17 X 10? to 15 X 10%, because
of the difference in sorting efficiencies. All the mice receiving
transplantations rapidly developed fatal AML/CML in blast crisis-
like disease with no significant difference in latency, ranging
between 18 and 39 days after the transplantation (P < .867)
(Figure 4A). The tissue distribution of the disease was virtually the
same among mice receiving KSLs, CMPs, and GMPs; they
invariably demonstrated marked hepatosplenomegaly and lung
hemorrhage resulting from infiltration of leukemic cells (Figure
4B). Expression of Hesl and BCR-ABL in the spleen cells of
recipient mice was confirmed by Western blot analysis (supplemen-
tal Figure 4B).

The morphology of bone marrow demonstrated increased
myeloid blasts (Figure 4C), and the histology of spleen, liver, and
lungs demonstrated extensive infiltration of leukemic cells (Figure
4D). The percentages of the blasts ranged between 28% and 55% of
all nucleated bone marrow cells (mean, 36.5%) of the mice
receiving Hesl- and BCR-ABL-transduced KSLs, CMPs, and
GMPs. In contrast, the percentages of bone marrow blasts in the
recipient mice receiving BCR-ABL-transduced KSLs were only
6% to 7% (Figure 5A). White blood cell counts in the peripheral
blood of recipients with Hes1*BCR-ABL* KSLs, CMPs, and
GMPs were 2.4 X 10%pLto 67.9 X 10¥pL (mean, 17.8 X 10%pL),
whereas those with BCR-ABL-transduced KSLs showed moderate
leukocytosis ranging between 2.9 X 10¥pL and 3.8 X 10%pL

(Figure 5B). The surface marker profiles of the bone marrow cells2 ;

from the recipients with Hes1*BCR-ABL™ cells expressed CD11b
and Gr-1 at high levels, whereas they expressed c-Kit, Sca-1, and
CD34 at intermediate levels (Figure 5C; supplemental Figure
5A-B), irrespective of whether they were derived from KSLs,
CMPs, or GMPs (supplemental Figure 5C).

The long-term self-renewal properties of the leukemic cells
derived from Hesl- and BCR-ABL-transduced CMPs or GMPs
were tested by transplantation into secondary recipients; 0.1 to
5 X 10° total bone marrow cells were injected into the tail veins of
sublethally irradiated mice. All recipient mice transplanted with
more than 10° Hesl* cells from bone marrow developed fatal
AML/CML in blast crisis-like disease with latencies of between
18 and 75 days (supplemental Figure 4C). The disease was almost
identical with the primary disease (data not shown).

Hes1 expression is elevated in a substantial subset of human
CML blast crisis samples

The results presented from the mouse model experiments suggest a
potential link between deregulated expression of Hesl and human
CML in blast crisis. We measured the Hesl mRNA by real-time
RT-PCR in 11 peripheral blood, 1 cerebrospinal fluid, and 8 bone
marrow samples from CML in blast crisis patients; 19 bone marrow
samples from CML in chronic phase patients; and 10 bone marrow
samples from normal subjects. In 8 of 20 CML in blast crisis
samples, we found that Hes] mRNA levels were elevated by more
than 4 times the average of normal bone marrow samples (Figure
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Figure 3. Mice transplanted with Hes1-transduced KSLs, CMPs, and GMPs
were kept healthy. (A) Survival curves for mice injected with Hes1-transduced
progenitors. No mice showed any signs of MPN for more than 250 days from
transplantation. Data were analyzed by the Kaplan-Meier method. The numbers of
transplanted mice are shown. Three independent experimenis were performed.
(B) Survival curves for mice injected with BCR-ABL-transduced progenitors. Mice
transplanted with BCR-ABL-transduced KSLs developed fatal MPN within 30 days
after transplantation, whereas mice transplanted with BCR-ABL-transduced CMPs or
GMPs showed no evidence of disease when killed between 130 and 200 days after
transplantation. Data were analyzed using the log-rank test. The 2 independent
experiments were performed, and the total numbers of transplanted mice are shown.

6A). Interestingly, all but one of their phenotypes were myeloid,
and 5 of 12 samples in which Hes1 mRNA levels were not elevated
were derived from patients with B-cell lineage lymphoid crisis. On
the other hand, the average of Hes] mRNA levels in CML in
chronic phase samples seemed to be lower than that of the normal
bone marrow samples, with no sample exceeding twice the
average. Clinical data of 20 patients with CML in blast crisis are
shown in Table 1. The correlation coefficient between the blast
percentage and the Hes1 mRNA level was —0.395, indicating that
the elevated Hes1 expression level was independent of the increase
in the blast percentage.

To investigate the role of Hesl in CML blast crisis, we
measured the Hesl mRNA by real-time RT-PCR in 5 human cell
lines (K-562,27 JK-1,2 KCL-22,% TS9:22,° and JURL-MK13"),
which were derived from CML in blast crisis. We found that, in 3 of
5 CML blast crisis cell lines, Hes1 mRNA levels were elevated
compared with the normal bone marrow sample (Figure 6B).
We transduced a dominant-negative Hesl (dnHesl) lacking a
C-terminal WRPW domain via retrovirus vector into the 3 cell lines
(K-562, TS9:22, and JURL-MKI1) in which Hes] mRNA levels
were elevated. Indeed, in 2 of these 3 cell lines, proliferation was
significantly suppressed by transduction of dnHesl (Figure 6C).
The repression of C/EBP-a by Hesl was also observed in

Hes1-transduced KSLs, CMPs, and GMPs compared with controlz_I
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vector-transduced KSLs, CMPs, and GMPs (Figure 6D). When
C/EBP-a retrovirus vector was transduced to Hesl-transduced
KSLs, CMPs, and GMPs, all of these cells differentiated to
segmented neutrophils, suggesting that the expression of C/EBP-a
reversed the function of Hes1 (supplemental Figure 6).

Discussion

In the present study, we demonstrated that retroviral transduction of
Hesl readily immortalizes myeloid progenitors at various stages.

100 #
o | ~=-Hes! + BOR/ABL KSL (=5
% ~~Hes1 + BCR/ABL CWP (v=8)
= ~+~Hes1 + BOR/ABL GHP (=5
=
Z 6
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w7 P =.8665
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GMP

spleen liver lung

Figure 4. CMPs and GMPs transduced with the combination of Hes1 and
BCR-ABL rapidly induced AML/blast crisis of CML. (A) Survival curves of mice.
KSLs (n = 5), CMPs (n = 8), and GMPs (n = 5) transduced with the combination of
Hes1 and BCR-ABL developed fatal AML/CML in blast crisis-like disease within 18 to
39 days, 20 to 32 days, and 20 to 27 days, respectively. Numbers of injected cells
ranged 17 X 102 to 2.6 X 10% for KSLs, 5.5 x 10* to 15 X 10* for CMPs, and
4.0 X 10% to 13.8 x 10* for GMPs. There was no significant difference in latency of
penetrance (P < .867). Statistical differences were determined using the log-rank
test. Three independent experiments were performed, and the total numbers of
transplanted mice are shown. (B) Tissue distribution of the leukemic cells. Mice
transplanted with KSLs, CMPs, and GMPs transduced with the combination of Hes1
and BCR-ABL invariably demonstrated marked hepatosplenomegaly and lung
hemorrhage, both resulting from infiltration of leukemic cells. (C) The morphology of
bone marrow cells from representative recipient mice. Increased myeloid blasts were
seen with no significant difference among KSLs, CMPs, and GMPs. (D) Histology of
spleen, liver, and lungs from representative mice receiving Hes1*BCR-ABL* GMPs.
Vast infiltration of leukemic cells is seen, There were no differences in the histology
6among mice receiving Hes1*BCR-ABL* KSLs, CMPs, and GMPs.
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Figure 5. Comparisons of blast percentages in the bone marrow and peripheral
blood leukocyte counts between mice receiving KSLs transduced with BCR-
ABL alone and those receiving KSLs, CMPs, and GMPs transduced with the
combination of Hes1 and BCR-ABL. (A) Blast ratios in the bone marrow. The mean
blast ratios in all nucleated bone marrow cells were 6.5% = 0.7% and 36.5% * 6.9%
in mice receiving KSLs transduced with BCR-ABL alone and in those receiving KSLs,
CMPs, and GMPs transduced with the combination of Hes1 and BCR-ABL,
respectively. The difference was statistically significant by the 2-sample ttest with
Welch correction (P < .001). (B) Peripheral white blood cell counts (WBCs). WBCs
were 3.4 + 0.6 x 10%uL and 17.8 = 20.3 X 10%uL in mice receiving KSLs trans-
duced with BCR-ABL alone and in those receiving KSLs, CMPs, and GMPs
transduced with the combination of Hes1 and BCR-ABL, respectively. The difference
was statistically significant by the 2-sample ttest with Welch correction (P < .001).
(C) Flow-cytometric analysis of bone marrow cells from mice receiving GMPs
transduced with the combination of Hes1 and BCR-ABL. The dot plots represent
Gr-1,CD11b, c-Kit, Sca-1, CD3, CD4, CD8a, B220, CD19, CD34, Ter119, and NGFR
labeled with the corresponding PE-conjugated monoclonal antibody versus expres-
sion of GFP/BCR-ABL. NGFR is a marker of Hes1, and GFP is a marker of BCR-ABL
transduction. The bone marrow cells derived from mice receiving KSLs or CMPs
transduced with the combination of Hes1 and BCR-ABL showed essentially the same
pattern (supplemental Figure 5A-B).

Moreover, when BCR-ABL is transduced together, Hes1 tranforms
differentiated myeloid progenitors, such as CMPs and GMPs, in
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to AML/CML in blast crisis-like cells, rapidly killing recipient
mice. This result is in sharp contrast to the fact that a hematopoietic
stem cell-containing population is required for BCR-ABL to cause
MPN:-like disease.

Hesl is known as an effector molecule functioning downstream
of Notch signaling. The activating mutations of the extracellular
heterodimerization domain and/or the C-terminal PEST domain of
Notch1 have been identified in approximately 50% of human T-cell
acute lymphoblastic leukemias.!®32 We have recently identified
gain-of-function mutations of Notch2 in conjunction with increased
copy numbers of the mutation-carrying Notch2 allele in a subset of
B-cell lymphomas.!! A possible association between deregulated
Notch signaling is also reported in Hodgkin lymphoma, anaplastic
large cell lymphoma, small-cell lung cancer, and prostate adenocar-
cinoma, etc.’ Regarding myeloid malignancies, however, only one
paper reports the identification of the activating mutation of Notchl
in 1 of 12 human AML samples.>* Given that Notch signaling is
among the strongest inducers of T-cell lineage commitment'>'3 and
that increased Notch signaling could block myeloid lineage commit-
ment,'S deregulated Notch signaling might antagonize, rather than
promote, the development of myeloid malignancies. However,
Hes1 does not necessarily represent Notch signaling. Indeed, other
extracellular signaling, such as Sonic Hedgehog,?® could affect
Hesl1 expression, and cross-talk between Hes family proteins and
molecules in various cell signaling pathways, such as Stat3,% has
been demonstrated.

We previously reported that Hesl preserved highly purified
hematopoietic stem cells in vitro and contributed to the expansion
of transduced hematopoietic stem cells in the recipients’ bone
marrow,’ but the effect of Hes1 transduction on myeloid progeni-
tors was not evaluated in detail. We have now found the myeloid
progenitor-immortalizing activity of Hesl. In addition, accumula-
tion of KSL- and GMP-like population in Hes1-transduced cells
implicates a role for Hesl in leukemic stem cells. On the other
hand, we have also found that the in vitro growth of the
Hes1-immortalized cells is dependent on cytokine signaling and
that Hes1 alone is insufficient to be fully leukemogenic when
overexpressed. The mainstay of the Hesl effects on myeloid
progenitors appears to be blockade of differentiation, although
other functions, such as reversion from the quiescent state to the
actively cycling state,?! may also be involved. In the present study,
we confirmed that Hes1 expression represses C/EBP-a, a transcrip-
tion factor having important roles in myeloid differentiation, in
mouse KSLs and committed progenitors as we reported.!> More-
over, transduction of C/EBP-a reversed the differentiation block
caused by Hesl expression, which partially explains the mecha-
nism of blocked myeloid differentiation by Hesl. C/EBP-a is
frequently mutated in AML with the normal karyotype.?’-3? In other
human AML without C/EBP-a mutations, reduced C/EBP-a
expression, possibly through deregulated epigenetic control, is not
uncommon and is associated with poor prognosis.*>#! Furthermore,
mice injected with mutated C/EBP-a-transduced bone marrow
cells develop myelodysplastic syndrome and AML.*? Therefore,
reduction of C/EBP-a function is highly relevant to the develop-
ment and/or progression of myeloid malignancies. Hes1, therefore,
might be involved in human myeloid malignancies through suppres-
sion of C/EBP-a. )

Up-regulation of Hesl is shown in a subset of human rhab-
domyosarcomas?' and medulloblastomas.**# In the present study,
we have detected elevated expression of Hesl in 8 of the 20 sam-

addition to hematopoietic stem cell-rich population, such as l(SLs,21 _/ples from CML in blast crisis patients, but not those from CML
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Figure 6. Hes1 expression was elevated in approxi-
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(normal BM mean © 1)

human CML Hes1 expression

mately 40% of patients with CML in blast crisis.
(A) Real-time RT-PCR for Hes1 in bone marrow or
peripheral blood cells from healthy subjects, patients with

30
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CML in chronic phase, or patients with CML in blast crisis.
Expression levels were normalized by GAPDH mRNA.

RNA from normal bone marrow cells served as a control
(mean of 10 RNA levels of normal bone marrow was

defined as 1). Hes1 mRNA levels exceeded 4 (solid bar)

hHes1/GAPDH

in 8 of 20 samples from CML in blast crisis patients. The
correlation coefficient determined by the Wilcoxon signed-
rank test between blast ratio and Hes1-expression level 5

was —0.395. PB indicates peripheral blood; BM, bone
marrow; CSF, cerebrospinal fluid. The solid bar repre- o
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represents CML in blast crisis less than 4. (B) Hes1

expression in 5 human CML blast crisis cell lines. Expres- [ BM
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sion levels of HES1 in K-562, JK-1, KCL-22, TS9:22, and
JURL-MK1 were evaluated by real-time RT-PCR and
were normalized by GAPDH mRNA. (C) Growth repres-
sion by transduction of dnHes1 (a dominant-negative

Hes1) retrovirus vector into 3 human cell lines (K-562,

TS9:22, and JURL-MK1). Six days after retrovirus trans-

duction, cell numbers were counted. Growth is shown as

o
o

a percentage of the control cells that were transduced

with control vector. A representative result from 2 indepen-
dent and reproducible experiments is shown. Error bars

hHes1/GAPDH
w
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represent the SD from duplicate cultures. (D) Real-time

RT-PCR for C/EBP-a in Hes1-transduced KSLs, CMPs, 20

and GMPs compared with control vector-transduced
KSLs, CMPs and GMPs. Total RNA was extracted at
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in chronic phase patients. Although it is yet to be confirmed by a
larger number of samples from CML as well as AML patients, this
result indicates an interesting connection between the mouse model
of AML/CML in blast crisis-like disease and human leukemia. In
addition, we have demonstrated that transduction of dnHesl
represses the proliferation in 2 of 3 human cell lines of CML in
blast crisis. These results suggest that Hes1 plays an important role
in blast crisis of CML.

Although the origin of CML is considered to be a hematopoietic
stem cell, blast crisis has been shown to be a result of transforma-
tion of myeloid progenitors.'® BCR-ABL can cause MPN-like
disease when introduced into the hematopoietic stem cell popula-
tion but cannot induce MPN or leukemia when introduced into
differentiated myeloid progenitors.?® Therefore, development of
full-blown AML/CML in blast crisis-like disease in mice with
differentiated progenitors only by cotransduction with Hesl and
BCR-ABL may represent a true model of blast crisis of CML. In
this context, Hes1 is a possible crisis-promoting gene like other
examples, such as activated B-catenin'® and BCL-2,%* both of
which caused CML in blast crisis-like disease in mice when
transduced into GMPs together with BCR-ABL.

Hes1 CMP

mock GMP

Hest GMP
BM

normal whole

Several AML-associated fusion gene products, such as MLL-
ENL,* MOZ-TIF2,%¢ and MLL-AF9,*” have been demonstrated to
confer replating capacity on CMPs and GMPs, and eventually to
transform these cells into leukemia-initiating cells. Unique to our
findings is the fact that we transduced a wild-type transcription
factor, Hesl, and found that such simple up-regulation of a
transcription factor led to similar transformation phenotypes.
A substantial number of examples have indicated that loss of
function or altered function, rather than gain of function, of
transcription factors, including MLL, MOZ, Runxl, RARa,
C/EBP-q, etc, is associated with leukemogenesis. If up-regulation
of Hesl is indeed involved in human leukemias, this represents a
new mechanism of leukemogenesis.

In modeling CML in mice, the present model provides a powerful
tool by which we can induce 2 distinct phases of CML from stem cells
or progenitors using BCR-ABL gene: a chronic phase-like state by
transduction of KSL with BCR-ABL alone and a blast crisis-like state by
cotransduction of CMPs and GMPs with BCR-ABL and Hes].

In conclusion, we have developed a useful mouse model for
CML blast crisis and have indicated that Hes1 is a key molecule in
blast crisis transition in CML. The present mouse model will aid
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Table 1. Clinical data of 20 patients with CML in blast crisis

BLOOD, 8 APRIL 2010 - VOLUME 115, NUMBER 14

Sample Blast
name Source ratio Hes1/GAPDH Phenotype Chromosome aberration Clinical features

228 CML BC PB 57 0.49 B-ALL 46,XY,1(9;22)/46,XY, +der(1;14)(q10;q12),t(9;22) —

428 CML BC PB 100 0.27 B-ALL t(9;22) —

984 CML BC PB 60 0.56 B-ALL 48, XX, 1(9;22)(q34;q11.2) —

3259 CML BC PB 100 0.16 B-ALL t(9;22) —

1385 CML BC BM 81 0.56 B-ALL t(9;22) —

1107 CML BC CSF 100 4.16 B-ALL (9;22) The blasts increased drastically in CNS.

1CMLBC PB 90 0.51 Myeloid (9;22) —

219CML BC PB 12 19.72 Myeloid 45,XX,-7,1(9;22) BM was dry tap composed of 100% blasts.

393CML BC PB 20 0.08 Myeloid 46,XX,1(9;22),add(17)(p11) —

1088 CML BC PB 30 6.22 Myeloid 46, XX, 1(9;22)(q34;,911.2) BM was dry tap.

1299 CML BC PB 20 7.35 Myeloid (9;22) BM was dry tap composed of 23% blasts.

1824 CML BC PB 51 1.15 Myeloid (9;22) BM was dry tap.

3153 CML BC PB 7 0.66 Myeloid 1(9;22) BM was dry tap. The blasts in BM increased up to
42% after taking this sample.

232 CML BC BM 1 7.96 Myeloid 47,XY,+8,1(9;22) The blasts in BM increased drastically up to 44%
after taking this sample.

452 CML BC BM 54 2.01 Myeloid 46,dic(17)(q10),1(9;22) —

916 CML BC BM 24 0.1 Myeloid 1(9;22) —

1091 CML BC BM 28 0.67 Myeloid 1(9;22) —

811 CML BC BM 25 26.25 Myeloid 46, XX, 1(1,9;22)(q44,934;q11.2) —

3332 CML BC BM 22 417 Myeloid 1(9;22) —

3847 CML BC BM 62 4.79 Myeloid (9;22) —

CML indicates chronic myelogenous leukemia; BC, blast crisis; PB, peripheral blood; B-ALL, B-cell acute lymphoblastic leukemia; BM, bone marrow; CSF, cerebrospinal

fluid; —, not applicable; and CNS, central nervous system.

understanding of the molecular mechanisms underlying blast crisis
of CML and might lead to a better therapeutic outcome for this
difficult disease.
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