Overexpression/enhanced kinase activity of BCR/ABL and altered expression of

Notchl induced acute leukemia in p210BCR/ABL transgenic mice

Toshiyuki Mizuno*?, Norimasa Yamasaki', Kazuko Miyazaki!, Tatsuya Tazaki’,
Richard Koller®, Hideaki Oda®*, Zen-ichiro Honda>, Mitsuo Ochi® Linda Wolff®, and

*Hiroaki Honda!

'Department of Developmental Biology, Research Institute of Radiation Biology and
Medicine, Hiroshima University, 1-2-3 Kasumi, Minami-ku, Hiroshima 734-8553,
Japan. “Department of Orthopedic Surgery, Hiroshima University School of Medicine,
Hiroshima University, 1-2-3 Kasumi, Minami-ku, Hiroshima 734-8553, Japan.
3Leukemogenesis Section, Laboratory of Cellular Oncology, National Cancer Institute,
NIH, 9000 Rockville Pike, Bethesda, MD 20892-4263, USA. “Department of Pathology,
Tokyo Women’s Medical University, 8-1 Kawada-cho, Shinjuku-ku, Tokyo 162-8666,
Japan. *Department of Allergy and Rheumatology, Faculty of Medicine, Graduate
School of Medicine, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655,

Japan.

*Corresponding author: Hiroaki Honda, Department of Developmental Biology,
Research Institute of Radiation Biology and Medicine, Hiroshima University, 1-2-3
Kasumi, Minami-ku, Hiroshima 734-8553, Japan.

Phone: +82-257-5819, Fax: +82-256-7107, e-mail: hhonda@hiroshima-u.ac.jp

Running title: p210BCR/ABL and Notchl expression in CML BC

Key words: Chronic myelogenous leukemia (CML), blast crisis (BC), transgenic mice
(Tg), p210BCR/ABL, Notchl

Abstract words: 204, Text words: 6317



Abstract

Chronic myelogenous leukemia (CML) is a hematopoietic disorder, which begins
as indolent chronic phase but inevitably progresses to fatal blast crisis. p210BCR/ABL,
a constitutively active tyrosine kinase, is responsible for disease initiation but molecular
mechanism(s) underlying disease evolution remains largely unknown. To explore this
process, we employed retroviral insertional mutagenesis to CML-exhibiting
p210BCR/ABL transgenic mice (Tg). Virus infection induced acute lymphoblastic
leukemia (ALL) in p210BCR/ABL Tg with a higher frequency and in a shorter latency
than wild-type littermates, and inverse PCR detected two retrovirus common integration
sites (CISs) in p210BCR/ABL Tg tumors. Interestingly, one CIS was the transgene itself,
where retrovirus integrations induced upregulation of p210BCR/ABL and production of
truncated BCR/ABL with an enhanced kinase activity. Another CIS was Notchl1 gene,
where retrovirus integrations resulted in overexpression of Notchl and generation of
Notchl lacking the C-terminal region (Notch1lAC) associated with stable expression of
its activated product, C-terminus-truncated Notch intracellular domain (NICDAC). In
addition, generation of Tg for both p210BCR/ABL and Notch1AC developed ALL in a
shortened period with Stat5 activation, demonstrating the cooperative oncogenicity of
Notch1AC/NICDAC with p210BCR/ABL involving Stat5-mediated pathway. These
results demonstrated that overexpression/enhanced kinase activity of BCR/ABL and

altered expression of Notchl induce acute leukemia in a transgenic model for CML.



Introduction

Chronic myelogenous leukemia (CML) is a clonal disorder originated from
multipotential hematopoietic stem cells, which shows excessive proliferation of
differentiated myeloid cells (Deininger et al., 2000; Ren, 2005). The clinical course of
the disease is characterized by its hematologically and temporally distinct stages
(Deininger et al., 2000; Ren, 2005). In the initial stage, chronic phase (CP), the disease
is indolent and the leukemic cells retain an ability to differentiate into mature myeloid
cells. After several years’ duration of the chronic phase, however, the disease inevitably
accelerates and ultimately progresses to the terminal fatal stage, blast crisis (BC), which
involves rapid expansion of differentiation-arrested blast cells.

Cytogenetically, CML CP is associated with the Ph chromosome, a shortened
chromosome 22, resulting from a reciprocal chromosomal translocation between
chromosome 9 and 22 (t(9;22)(g34;q11)) (Rowley, 1973). This fuses 5 portion of BCR
gene to 3’ portion of ABL proto-oncogene, thereby creating BCR/ABL chimeric mMRNA
encoding 210KD hybrid protein (p210BCR/ABL). p210BCR/ABL possesses a
constitutively active kinase activity, which is believed to initiate CP. In contrast,
mechanism(s) responsible for transition from CP to BC remains poorly understood,
although the appearance of nonrandom chromosomal abnormalities in BC strongly
suggests that additional events would account for disease progression (Deininger et al.,
2000; Ren, 2005).

To understand the complex clinical course of human CML, it is necessary to
develop animal models. Major attempts have been focused on bone marrow
transplantation (BMT) experiments. Transplantation of BM cells infected with
p210BCR/ABL-expressing retroviruses into irradiated mice induced rapid proliferation
of differentiated myeloid cells (Pear et al., 1998; Zhang & Ren, 1998; Li et al., 1999).
On the other hand, transgenic mice (Tg) expressing p210BCR/ABL under various

promoters also provided useful models (Honda et al., 1995; Voncken et al., 1995;



Honda et al., 1998; Huettner et al., 2000; Huettner et al., 2003; Koschmieder et al.,
2005). We generated Tg expressing p210BCR/ABL under the control of mouse TEC
promoter (Honda et al., 1997) and demonstrated that the transgenic progeny
reproducibly exhibited a myeloproliferative disorder closely resembling to human CML
(Honda et al., 1998). We then crossed p210BCR/ABL Tg with p53 heterozygous mice
and demonstrated that acquired and preferential loss of p53 in
p210BCR/ABL-expressing hematopoietic cells induced BC (Honda et al., 2000). In
addition, we crossed p210BCR/ABL Tg with Dok-1/Dok-2 knockout mice and showed
that the absence of Dok-1 and Dok-2 accelerated disease phenotype and caused BC,
demonstrating that Dok-1 and Dok-2 function as tumor suppressors (Niki et al., 2004).
Based on these results, our p210BCR/ABL Tg can be regarded as a useful model for
investigating molecular mechanism(s) underlying the progression from CML CP to BC.

In this report, to identify gene(s) whose altered expression contributes to disease
evolution of CML, we employed retroviral insertional mutagenesis to the
p210BCR/ABL Tg, by directly injecting Moloney murine leukemia virus (MMLV)
(Jonkers & Berns, 1996) and its derivative, MOL4070LTR (Wolff et al., 2003b), into

newborn mice.



Results
MMLYV induced T-cell ALL in p210BCR/ABL Tg with a higher incidence and in a
shorter period than wild-type littermates (WT)

MMLV-injection induced acute leukemia in both p210BCR/ABL Tg and WT, but
the disease frequency and latency were significantly different between the two groups.
As shown in Fig. 1A, in contrast that WT injected with MMLV (WT/MMLYV) developed
acute leukemia after 5 months after birth (dotted line), p210BCR/ABL Tg injected with
MMLV (p210BCR/ABL/MMLV) began to develop acute leukemia at as early as 2
months of age and all Tg died within 4 months of age (thick line). All the leukemic mice
exhibited massive thymoma and splenomegaly, and pathological analysis showed
proliferation of blast cells in the peripheral blood, thymus, spleen, and other tissues.
Since the leukemic cells exclusively expressed a T-cell antigen, they were diagnosed as
T-cell ALL (T-ALL). The representative results of pathological and flow cytometric
analyses of a T-ALL mouse (MMLV-2) are shown in Fig. 2A (left panel) and Fig. 2B
(upper panel), respectively, and characteristics of p210BCR/ABL/MMLV leukemic

mice are summarized in Table 1.

MOL4070 induced T-cell and B-cell ALL in p210BCR/ABL Tg while no disease
was observed in WT

MOLA4070LTR injection induced acute leukemia in 6 out of 11 p210BCR/ABL Tg
(p210BCR/ABL/MOL4070), while no disease was observed in virus-injected WT (Fig.
1B). Among the diseased mice, 3 mice (MOL4070-3, -4, and -6) showed thymic
enlargement as observed in p210BCR/ABL/MMLYV, whereas other 3 mice (MOL4070-1,
-2, and -5) exhibited different phenotypes. MOL4070-1 developed a tumor on the right
shoulder at 3 months of age. Since the tumor enlarged and the peripheral blood smear
showed proliferation of blast cells, the mouse was diagnosed as acute leukemia with

blastoma. The other two mice (MOL4070-2 and -5) exhibited multiple LN swellings



and splenomegaly but no thymic enlargement was evident.

Blast cells of the former 3 mice (MOL4070-3, -4, and -6) were positive for a T-cell
antigen and were diagnosed as T-ALL, whereas those of the latter 3 mice (MOL4070-1,
-2, and -5) were positive for a B-cell antigen and were considered to develop B-cell
ALL (B-ALL). The representative results of pathological and flow cytometric analyses
of a B-ALL mouse (MOL4070-1) are shown in Fig. 2A (right panel) and 2B (lower
panel), respectively, and characteristics of p210BCR/ABL/MOL4070 leukemic mice are

summarized in Table 2.

Identification of the transgene as a retrovirus common integration site in B-cell
leukemias

The results that retrovirus-injected p210BCR/ABL developed acute leukemia with
higher morbidity and mortality than virus-injected WT (Fig. 1A and 1B) indicated that
alteration(s) in gene expression by retroviral integration cooperated with
p210BCR/ABL and induced ALL. To identify virus-integrated genes, DNAs extracted
from leukemic tissues were subjected to inverse PCR (iPCR).

We first tried to identify retrovirus common integration sites (CISs) in B-ALL
cases, since in human CML BC, B-cell crisis is more frequently observed than T-cell
one (Pane et al., 2002). Among iPCR fragments obtained from B-cell leukemias
(MOL4070-1, -2, and -5, see supplemental Table 2), we found one interesting PCR
product in MOL4070-1, in which a retrovirus integrated in the promoter region of
mouse TEC gene but sequencing of whole PCR product revealed that the sequences
were interrupted and followed by human BCR/ABL cDNA. Since this exactly
corresponds to the structure of the p210BCR/ABL transgene (Honda et al., 1998), the
integration site was disclosed to be not in the endogenous TEC promoter but in the
promoter region of the transgene. In addition, an integration site was found in the

coding region of ABL gene in MOL4070-2, but curiously, the sequences had only an



~80% homology to mouse ABL gene but completely matched human ABL gene,
indicating that the integration occurred not in the endogenous ABL gene but in the
ABL-coding region of the transgene. Based on these findings, the transgene was
identified as a CIS, where integrations occurred in the promoter and in the ABL-coding
regions. In the latter case, the retrovirus insertion created a new stop codon at nucleotide
5116, which would produce truncated BCR/ABL. The schematic model of the

integration sites and resultant protein products in these mice are shown in Fig. 3A.

Overexpression of p210BCR/ABL and expression of truncated BCR/ABL with an
enhanced kinase activity

To examine cells with these integration sites to be a major part in the tumors,
Southern blot was performed using transgene-derived fragments adjacent to the
integration sites. DNA extracted from a virus-non-infected p210BCR/ABL transgenic
spleen was used as a control. As shown in Fig. 3B, rearranged bands were detected in
both cases (indicated by an arrowheads), demonstrating that these integration sites were
the major integration sites and that the tumors were clonal in origin.

To investigate whether these integrations altered the expression and/or the kinase
activity of p210BCR/ABL, we performed Northern blot and an in vitro kinase assay
using RNAs and proteins extracted from the tumors. Virus-not-infected p210BCR/ABL
transgenic spleen and tumors of MOL4070-3~MOL4070-5, in which retrovirus was not
integrated in the transgene, were used as controls. The results are shown in Fig. 3C and
3D.

It is not surprising that expression of p210BCR/ABL message or phosphorylation of
p210BCR/ABL protein was not detected in the control p210BCR/ABL transgenic spleen
(Fig. 3C ad 3D), since our previous data demonstrated that the basal transgene
expression was quite low, probably due to the nature of the promoter used (Honda et al.,

1998). Enhanced expression of p210BCR/ABL mRNA and phosphorylation of its



protein product were observed in MOL4070-1 (indicated by an arrowhead in Fig. 3C
and 3D). In addition, although no upregulation of the transgene-derived mRNA was
apparent, a ~160KDa phosphorylated band corresponding to the molecular weight of the
truncated BCR/ABL was evident in MOL4070-2 (indicated by an arrow in Fig. 3D).
These results demonstrated that retrovirus integrations in MOL4070-1 and MOL4070-2
induced overexpression of p210BCR/ABL and truncated BCR/ABL with an enhanced

Kinase activity, respectively.

Identification of Notchl gene as a retrovirus common integration site in T-cell
leukemias

Among genes isolated by iPCR in T-ALL cases developed in p210BCR/ABL Tg
(MMLV1~10 and MOL4070-3, -4, and -6, listed on supplemental Table 1 and 2), we
identified another CIS, Notchl gene, that encodes a transmembrane protein involved in
cellular signaling (Ellisen et al., 1991). In two Notchl-integrated cases, one integration
was found in the second intron (MMLV-1), while the other occurred in the coding
region of the last exon (MMLV-6), which created a new stop codon at nucleotide 7114
and would produce a truncated protein lacking the C-terminal domain. The schematic
model of the integration sites and protein products in the two Notchl-inserted cases is

shown in Fig. 4A.

Overexpression of Notchl and expression of Notchl lacking the C-terminal region
(Notch1AC) with its activated product, C-terminus-truncated Notchl intracellular
domain (NICDAC)

To investigate cells with these Notchl-integration sites to be a major population in
the tumors, Southern blot was performed using genomic fragments adjacent to the
integration sites. As shown in Fig. 4B, in both MMLV-1 and MMLV-6, a rearranged

band was detected (indicated as arrowheads), demonstrating these sites to be major



integration sites.

We next investigated possible alteration in Notchl expression in these
Notchl-inserted leukemias by Northern blot using Notchl cDNA and by Western blot
using an anti-Notchl antibody, mN1A. Virus-non-injected transgenic thymus and
thymomas of MMLV-3~MMLV-5, in which retrovirus was not integrated in Notchl
gene, were used as controls. As shown in Fig. 4C and 4D (upper panels), at both mMRNA
and protein levels, overexpression of Notchl was observed in MMLV-1 (indicated by an
arrowhead) and expression of Notchl lacking C-terminal region (NotchlAC) was
detected in MMLV-6 (indicated by an arrow). In addition, in the Western blot, since the
mNZ1A antibody recognizes not only full-length Notchl (>200 KDa) but also cleaved
Notchl (~120 KDa), the expressional changes of Notchl in MMLV-1 and MMLV-6
were found to be associated with enhanced expression of Notchl transmembrane
subunit (NTM), the product after S1 cleavage, and stable expression of
C-terminus-deleted NTM (NTMAC), respectively (indicated by a white triangle and by
an arrow in Fig. 4D). To investigate whether the altered expression of Notch1l/NTM and
Notch1AC/NTMAC affected the expression of Notchl intracellular domain (NICD), the
active form of Notchl after S3 cleavage, the same samples were blotted with Val1477
antibody that specifically recognizes NICD. As shown in the lower panel of Fig. 4D,
expression of NICDAC was observed in MMLV-6, whereas no apparent expression of
NICD was detected in other samples including MMLV-1. These results indicated that
the retrovirus insertion in MMLV-1 induced overexpression of Notchl and NTM,
whereas that in MMLV-6 resulted in expression of NotchlAC, which led to stable
expression of NTMAC and NICDAC.

Double Tg for p210BCR/ABL and NotchlAC developed T-ALL with Statb
activation

We finally examined whether NotchlAC/NICDAC cooperates  with



p210BCR/ABL and induces acute leukemia in vivo. To this aim, we generated
Notch14C Tg, crossed them with p210BCR/ABL Tg, and created double Tg for both
p210BCR/ABL and NotchlA4C. Since MMLV-6 developed T-ALL, the Ick promoter,
which drives transgene expression in thymocytes (Abraham et al., 1991), was chosen as
a regulatory element and to facilitate detection of Notch1A4C, an Flag-HA (FH) tag was
added to the 5’ portion of Notch14C cDNA (Fig. 5A).

Among several transgenic lines produced, a line with high Notch1AC expression,
screened by anti-FH and anti-Notchl Western blots (data not shown), was used for
crossing with p210BCR/ABL Tg. The survival curves of the offspring are shown in Fig.
5B. During about 6 months’ observation, a half of double Tg developed massive thymic
enlargement showing expression of a T-cell antigen (data not shown), while none of
p210BCR/ABL or Ick/Notch14C Tg alone developed hematological disease. To examine
that tumors in double transgenic mice expressed Notch1AC and p210BCR/ABL proteins,
cell lysates extracted from control transgenic thymuses (p210BCR/ABL Tg (C1) and
Ick/Notch14C Tg (C2)) and tumors of double transgenic mice (No.1~4) were blotted
with anti-Notch1 and anti-ABL antibodies. As shown in upper and middle panels of Fig.
5C, all the tumors in addition to C2 expressed NotchIAC/NTMAC by anti-mN1A
Western blot, and expression of NICDAC in these samples was confirmed by
anti-Val1477 Western blot. In addition, stable expression of p210BCR/ABL in the
tumors was detected by anti-ABL Western blot (lower panel of Fig. 5C). These results
indicated the cooperative role of NotchlIAC/NICDAC and p210BCR/ABL in tumor
development. We further investigated alteration in tyrosine-phosphorylation in the
tumors, by using an anti-phosphotyrosine (P-Tyr) antibody (upper panel of Fig. 5D).
Two major tyrosine-phosphorylated bands were detected in the tumors (shown by an
arrow and an arrowhead). The upper band (~200KDa) was identified as
tyrosine-phosphorylated p210BCR/ABL, while lower band (~97KDa) corresponds to

molecular weight of Stat5, a signal transducer involved in p210BCR/ABL-mediated

10



pathway. To examine whether this band was Stat5, we immunoprecipitated proteins with
an anti-Stat5 antibody and blotted immunoprecipitants with the same antibody or with
an anti-PTyr antibody. The results showed the tyrosine phosphorylation of Stat5,

demonstrating the activation of Stat5 in the tumors (Fig. 5D, lower panels).
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Discussion

Carcinogenesis results from accumulation of sequential genetic changes. In this
respect, CML is an appropriate disease model in which generation of p210BCR/ABL
initiates CP and subsequent genetic event(s) progresses the disease to BC. To identify
gene(s) responsible for disease evolution, p210BCR/ABL Tg were subjected to
retrovirus insertional mutagenesis, the method that has successfully identified
cooperative genes in gene-engineered mice (Jonkers & Berns, 1996; Mikkers & Berns,
2003; Nakamura, 2005). MMLV and its derivative, MOL4070LTR, were used in this
study. MOL4070LTR was generated as a hybrid retrovirus by replacing a part of MMLV
LTR with that of 4070A and it possesses a property to induce myeloid disease as well as
lymphoid disease (Wolff et al., 2003b). In our study, although no myeloid disease was
observed, MOL4070LTR developed T- and B-ALL in contrast MMLV exclusively
induced T-ALL, confirming that MOL4070LTR has a potential to induce expanded
disease phenotypes as compared to the parental MMLV.

Pathological examination of the diseased mice showed that the bone marrow
pictures already exhibited CML-like myeloid hyperplasia with maturation when they
developed acute leukemia (a representative picture is shown in Supplemental Fig. 1).
Therefore, it could be conceivable that CML already existed and alteration in gene
expression induced by retrovirus integration accelerated the disease and consequently
caused BC. To isolate genes responsible for disease evolution, we performed iPCR and
identified two CISs; one for B-ALL and the other for T-ALL.

The CIS in 2 B-ALL cases was, interestingly, the transgene itself. The reason why
the transgene was subjected to retrovirus attack remains unknown, but one possibility is
that the transgene insertion in the genome might alter chromatin structure, which would
consequently facilitate retrovirus integration. In these cases, overexpression of
p210BCR/ABL and enhanced kinase activity of its truncated product were observed.

These findings are very interesting, since double Ph, where p210BCR/ABL would be

12



more expressed than in CP, is one of the most frequently observed chromosomal
abnormalities in CML BC (Calabretta & Perrotti, 2004) and our observation provides in
vivo experimental evidence that acquired overexpression or enhanced kinase activity of
p210BCR/ABL induces BC. In the BMT studies, p210BCR/ABL expression by
retrovirus promoters would be much more abundant than that in our transgenic model,
nevertheless, the recipient mice develop a rapid and fatal proliferation of differentiated
myeloid cells but rarely exhibit an acute phenotype (Pear et al., 1998; Zhang & Ren,
1998; Li et al., 1999). These results lead us to the idea that initial p210BCR/ABL
expression level affects aggressiveness and latency of CML CP, but high p210BCR/ABL
expression alone is not sufficient to induce acute leukemia, and acquired
overexpression/enhanced kinase activity of BCR/ABL is required for disease evolution.

In MOL4070-2, the mechanism of how C-terminal deletion of p210BCR/ABL
rendered an enhanced kinase activity remains unknown. The structure of truncated
BCR/ABL in MOL4070-2 very closely resembles to that of a BCR/ABL mutant isolated
as possessing an enhanced kinase activity and a high transforming activity (Shore et al.,
1994). Thus, existence of a negative regulatory region in the deleted sequences or
alteration in intramolecular/intermolecular interaction caused by the structural change
might enhance BCR/ABL-induced kinase activity, as suggested previously (Shore et al.,
1994).

Another CIS was Notchl gene, originally cloned as a target gene in
t(7;9)(g34;0934.3). Although this rearrangement accounts for only ~1% of human T-ALL
(Ellisen et al., 1991), recent studies demonstrated mutations in Notchl to be detected in
a substantial population of T-ALL in human and also in mouse (Weng et al., 2004; Lin
et al., 2006; O'Nei et al., 2006). In both species, most of the mutations are detected in
the HD (heterodimerization domain) and/or the PEST (polypeptide enriched in proline,
glutamate, serine, and threonine) domain, as observed in case of MMLV-6 (Fig. 4A).

The expressional changes in these domains are considered to contribute to
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leukemogenesis by facilitating ligand-independent pathway activation and by increasing
the half-life of transcriptionally active Notchl intracellular domain (NICD) (Grabher et
al., 2006) and indeed, enhanced expression of NICDAC was detected in MMLV-6 (Fig.
4D, lower panel). In case of MMLV-1, although we could not detect NICD by Western
blot, it might be possible that the overexpression of Notchl/NTM would enhance
expression of NICD. These results strongly suggest that activation of Notchl would
participate in the progression to acute phase of CML.

To confirm the contribution of NotchlAC/NICDAC to CML-BC in vivo, we
generated Ick/NotchlAC Tg and crossed it with p210BCR/ABL Tg. Double Tg
developed acute leukemia and expression of NICDAC was detected in the tumors as
well as in the thymus of a control Ick/NotchlAC Tg (Fig. 5C), demonstrating the
cooperative role of Notch1AC/NICDAC with p210BCR/ABL in T-cell BC. Although
T-cell crisis is rare in human CML BC, it would be intriguing to examine whether
Notchl mutations are found in CML T-cell BC cases. Since an FH-tag was added to the
N-terminus of NotchlAC to facilitate transgene expression, further studies will be
required to clarify whether transgene-derived NotchlAC might be expressed as a
membrane protein and activate downstream signaling by a ligand-dependent mechanism,
or it might remain in the cytoplasm and exert its function by a ligand-independent
mechanism (Bray, 2006; Ilagan & Kopan, 2007).

In addition, in the tumors of double Tg, we demonstrated that Stat5, a molecule
involved in BCR/ABL-mediated signaling pathways (Shuai et al., 1996; Scherr et al.,
2006; Ye et al., 2006), was activated. Recent studies demonstrated that Notch and its
effector, Hes, activate Stat families (Kamakura et al., 2004; Monsalve et al., 2006).
Thus, it might be possible that Stat5 functions as a downstream target and its activation
would play a role in ALL development in p210BCR/ABL and Notch1AC double Tg.

In addition to these two CISs, we also identified several genes that were shown to

be major integration sites in the tumors by Southern blot, which included IL21 receptor
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(IL21R), Ahil, Cdk5rap2, and Lyt-2 for T-ALL, and Evi3 for B-ALL (see supplemental
Fig. 2 and supplemental Table 1 and 2). Although these results strongly suggest that
altered expression of these genes might be involved in the disease progression, further
studies will be required to clarify the roles of these genes in the pathogenesis of CML
BC.

In this study, by combining our CML transgenic model with retroviral insertional
mutagenesis, we demonstrated that overexpression/enhanced Kkinase activity of
BCR/ABL and expression of Notch1AC/NICDAC contribute to CML BC. Our results
provide insights in the molecular mechanism(s) responsible for the disease evolution of
human CML and find this transgenic system to be a valuable tool to identify genes
whose altered expression and/or structural change cooperate with p210BCR/ABL to

induce BC.
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Materials and Methods
Transgenic mice and retrovirus infection

p210BCR/ABL Tg were generated as described (Honda et al., 1998). Ick/Notch14C
Tg were generated as follows; A fragment containing the PEST domain mouse Notchl
cDNA (a kind gift from Dr. Chiba in Tokyo University) was replaced by a fragment
released from BstYI5/6-4 (an iPCR product of MMLV-6, where the retrovirus was
integrated in the last exon of Notchl gene, see supplemental Table 1), which created
cDNA lacking the C-terminal PEST domain (NotchlA4C). Flag-HA (FH) sequences
were added to the 5’end of Notch14C, which was subcloned into a transgenic cassette
possessing the Ick promoter (Abraham et al., 1991). A fragment containing the Ick
promoter, FH, Notchl4C, and a part of human growth hormone (hGH) gene was
excised and microinjected into pronuclei of C57BL/6N mice. All the mice were kept
according to the guidelines of the Institute of Laboratory Animal Science, Hiroshima
University.

Preparation and infection of retrovirus were performed as described (Wolff et al.,
2003a; Wolff et al., 2003b). In brief, newborn mice were intraperitoneally inoculated

with 100 pl of virus solution containing approximately 1X10° virus particles.

Pathological analysis

Autopsies were performed on dead or moribund animals. Smears and stamp
specimens of leukemic tissues were stained with Wright-Giemsa (WG). Tissues were
fixed in 10% buffered formaldehyde and subjected to light microscopic examination.
All the organs were grossly examined and representative slices were prepared for

hematoxylin-eosin (HE) staining.

Flowcytometric analysis

Leukemic cells were stained with fluorescein isothiocyanate (FITC)-conjugated or
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phycoerythrin  (PE)-conjugated monoclonal antibodies, including anti-Thy-1.2,
anti-B220, anti-Gr.1, and anti-Macl (Pharmingen, San Diego, CA) and were analyzed
on a FACS Calibur (Becton Dickinson, Sunnyvale, CA).

Identification of retroviral integration sites

Genomic DNA was digested with BstYl (New England Biolabs, Inc., Beverly,
MA), self-ligated, and subjected to the inverse PCR as described elsewhere (Yamashita
et al., 2005). The position mapping on the mouse chromosome was done by BLAT
searching using the UCSC Genome Bioinformatics database (http://genome.ucsc.edu)
and the definition of a common integration site (CIS) was the same in the
retroviral-tagged cancer gene database (RTCGD) (http://rtcgd.abcc.ncifcrf.gov/)(Akagi
et al., 2004).

Southern and Northern blot

Genomic DNA was digested with appropriate restriction enzymes, separated in
0.8% agarose gel, blotted to a nylon membrane, and hybridized with a *P-dCTP labeled
probe. Total RNA was extracted using TRIzol (Invitrogen, California, CA), separated in
1.2% formaldehyde gel, blotted to a nylon membrane, and hybridized with a 3*P-dCTP
labeled probe.

Western blot, immunoprecipitation, and in vitro kinase assay

Tissues were lysed in 1% Triton buffer as described (Honda et al., 1995). For
Western blot, proteins were separated by SDS-PAGE, transferred to a nitrocellulose
membrane, incubated with an appropriate antibody (1:500 for anti-Notchl monoclonal
antibody, mN1A (Santa Cruz, California, CA), 1:1000 for anti-Notchl polyclonal
antibody, Val1477 (Cell Signaling Technology, Danvers, MA), 1:1000 for anti-Flag
monoclonal antibody, M2 (Sigma-Aldrich, St Louis, MOQO), 1:500 for anti-ABL

17



polyclonal antibody, Abl (Oncogene Science, Cambridge, MA), 1:2000 for
anti-phosphotyrosine monoclonal antibody, 4G10 (a kind gift from Dr. Sakai in
National Cancer Center), and 1:500 for anti-Stat5 polyclonal antibody, C-17 (Santa
Cruz, California, CA)), and developed with the enhanced chemiluminescence (ECL)
system. For immunoprecipitation, proteins were incubated with 1:200 diluted an
anti-Stat5 antibody and immunoprecipitated proteins were blotted with 4G10 (1:2000)
or with the same antibody (1:500). For in vitro kinase assay, protein was incubated with
1:200 diluted an anti-ABL antibody and immunoprecipitated proteins were subjected to

the assay as described (Honda et al., 1995).
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Title and legends for figures

Figure 1. (A) Kaplan-Meyer survival curves of MMLV-injected p210BCR/ABL Tg
(p210BCR/ABL/MMLY, solid line) and WT (WT/MMLYV, dotted line). The death points
of p210BCR/ABL/MMLV (MMLV-1~10) are indicated. (B) Kaplan-Meyer survival
curves of MOL4070LTR-injected p210BCR/ABL Tg (p210BCR/ABL/MOL4070, solid
line) and WT (WT/MOL4070, dotted line). The death points of 6
p210BCR/ABL/MOL4070 (MOL4070-1~6) are indicated and disease phenotypes of the

mice are shown in the parentheses (B, B-cell leukemia and T, T-cell leukemia).

Figure 2. (A) Pathological analysis of the leukemic mice. Results of WG-stained
peripheral blood smears (PB) and HE-stained lymphnode (LN) and liver slices for T-cell
leukemia (MMLV-2) and B-cell leukemia (MOL4070-1) are shown. In both cases, blast
cells proliferated in the PB, destructed the basal structure in the LN, and infiltrated
around the vessel and in the sinusoids in the liver. (B) Results of a flow cytometric
analysis of mice that developed B-cell or T-cell leukemia. Blast cells of MMLV-2 were
positive for Thyl1.2, whereas those of MOL4070-1 were positive for CD19, indicating

that they were of T- and B-lymphoid origins, respectively.

Figure 3 (A) Schematic illustration of the transgene identified as a CIS in 2 B-ALL
cases (MOL4070-1 and MOL4070-2) and the resultant gene products. In the transgene,
virus integration sites are indicated by vertical arrows, and in the gene products,
virus-derived region is underlined and altered nucleic acid and amino acid sequences
are shown in lowercase (SH3; src homology 3, SH2; src homology 2, KD; kinase
domain, NLS/DBD; nuclear localization signal/DNA binding domain, ABD;
actin-binding domain). (B) Southern blot for gene rearrangement. Five pug genomic
DNAs extracted from a spleen of a control transgenic mouse (C) and tumor tissues of

MOL4070-1 and MOL4070-2 were digested with restriction enzymes and probed with a

25



part of mouse TEC promoter (left panel) or a part of ABL-coding region (right panel).
Rearranged bands are indicated by arrowheads. (C) Northern blot for BCR/ABL mRNA.
Twenty pg total RNAs of a control transgenic spleen (C), tumors of MOL4070-1 and
MOL4070-2, and tumors of MOL4070-3~MOL4070-5 in which retrovirus was not
integrated in the transgene were probed with BCR/ABL cDNA. Overexpressed
p210BCR/ABL mRNA in MOL4070-1 is indicated by an arrowhead. f-actin
hybridization is shown as an internal control. (D) In vitro kinase assay for
BCR/ABL-mediated kinase activity. One mg proteins extracted from the same tissues as
(C) were incubated with an anti-ABL antibody, and immunoprecipitated proteins were
subjected to the in vitro kinase assay. Phosphorylated p210BCR/ABL in MOL4070-1
and truncated BCR/ABL in MOL4070-2 are indicated by an arrowhead and by an arrow,

respectively.

Figure 4 (A) Schematic illustration of Notch1 gene identified as a CIS found in 2 T-ALL
cases (MMLV-1 and MMLV-6) and the resultant gene products. In Notchl gene, virus
integration sites are indicated by vertical arrows, and in the gene products, virus-derived
region is underlined, and altered nucleic acid and amino acid sequences are shown in
lowercase (LIN; LIN12 repeats, TM; transmembrane, RAM; RAM domain, ANK;
ankyrin repeats, TAD; transactivation domain, PEST; polypeptide enriched in proline,
glutamate, serine, and threonine). (B) Southern blot for gene rearrangement. Five ug
genomic DNAs extracted from a control transgenic mouse thymus (C) and tumor tissues
of MMLV-1 and MMLV-6 were digested with restriction enzymes and probed with an
adjacent genomic fragment. Rearranged bands are indicated by arrowheads. (C)
Northern blot for Notchl mRNA. Twenty ug total RNAs of a control transgenic spleen
(C), tumors of MMLV-1 and MMLV-6, and tumors of MMLV-3~MMLV-5 in which
retrovirus was not integrated in Notchl were probed with Notchl cDNA. Overexpressed

Notchl mRNA in MMLV-1 and truncated Notchl mRNA in MMLV-6 are indicated by
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an arrowhead and by an arrow, respectively. S-actin hybridization is shown as an
internal control. (D) Western blot for Notchl. Thirty ug proteins extracted from the
same tissues as (C) were blotted with an anti-Notch1 antibody, mN1A (upper panel) or
Val1477 (lower panel). In the upper panel, the positions of Notchl and its cleaved
product, NTM, are shown on the right, the overexpressed Notchl and enhanced
expression of NTM in MMLV-1 are indicated by black and white triangles, and
expression of truncated Notchl (NotchlAC) and stable expression of truncated NTM
(NTMAC) in MMLV-6 are indicated by arrows. In the lower panel, expression of

NICDAC is indicated by an arrow. Protein markers are shown on the left.

Figure 5 (A) Schematic illustration of the transgene for Ick/NotchlAC Tg. A DNA
fragment containing the Ick promoter, Flag/HA (FH) tag, Notch14C cDNA, and a part
of human growth hormone gene (hGH) was used to generate Ick/NotchlAC Tg. (B)
Kaplan-Meyer survival curves of p210BCR/ABL Tg, Ick/Notch14C Tg, and double Tg
(p210BCR/ABLXIck/Notch1A4C Tg) are plotted as thin solid, thick dotted, and thick
solid lines, respectively. During the observation period, a half of double Tg died of
T-ALL, whereas none of Tg for p210BCR/ABL or Ick/Notch1AC alone developed
leukemia. (C) Western blot for expression of NotchIAC/NTMAC and NICDAC, and
p210BCR/ABL in control transgenic thymuses and in the tumor tissues. Thirty ug
proteins extracted from a p210BCR/ABL Tg thymus (C1), an Ick/Notch14C Tg thymus
(C2), and tumor tissues of double Tg (No. 1~4) were blotted with anti-Notchl
antibodies (upper panel with mN1A and middle panel with Val1477) or an anti-ABL
antibody (lower panel). In the upper panel, the positions of Notchl/NTM and
Notch1AC/NTMAC are indicated by arrows and in the middle panel, the expression of
NICDAC is indicated by an arrow. In the lower panel, the expression of p210BCR/ABL
is indicated by an arrow. Protein markers are shown on the left. (D) Western blot for

tyrosine-phosphorylated proteins in the tumor tissues. In the upper panel, thirty ug of

27



proteins extracted from the same tissues as (C) were blotted with an
anti-phosphotyrosine (PTyr) antibody. Two major tyrosine-phosphorylated bands are
indicated by an arrow and an arrowhead. In the lower panels, one mg proteins were
incubated with an anti-Stat5 antibody and immunoprecipitated proteins were blotted

with an anti-PTyr or an anti-Stat5 antibody. Protein markers are shown on the left.
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Table 1

Table 1. Characteristics of leukemias in p210BCR/ABL/MMLV

vowse R wgo PTGy Maomseomcf Sl g
(month)  (X103/ul) (g/dL) (X10%/ul)

M-1 1.89 N.D. N.D. N.D. Thy, Spl, LN N.D. T-cell leukemia, s/o
M-2 20 215 138 211 Thy, Spl  Thyl.2(+), B220(-)  T-cell leukemia
M-3 20 89.0 149 33.8 Thy, Spl, LN Thy1.2(+), B220(-)  T-cell leukemia
M-4 2.1 185 144 492 Thy, Spl  Thy1.2(+), B220(-)  T-cell leukemia
M-5 2.2 105 146 378 Thy, Spl  Thyl.2(+), B220(-)  T-cell leukemia
M-6 24 145 130 365 Thy, Spl, LN Thy1.2(+), B220(-) ~ T-cell leukemia
M-7 25 3.4 153 414 Thy, Spl  Thy1.2(+), B220(-)  T-cell leukemia
M-8 3.0 11.8 137 546 Thy, Spl Thy1.2(+), B220(-) T-cell leukemia
M-9 3.1 309 135 278 Thy, Spl, LN Thy1.2(+), B220(-)  T-cell leukemia
M-10 32 71 132 515 Thy, Spl  Thyl.2(+), B220(-)  T-cell leukemia

* d, found dead
T N.D., not done
k4 Thy, thymus; Spl, spleen, LN, lymphnode

Table 1 Mizuno T. et al.

Table 2
Table 2. Characteristics of leukemias in p210BCR/ABL/MOL4070
Mo detem  weo P mm oo o Vasesselct o Swhce  pagnoss
(month) (x10%/uL) (g/dL) (X10%/ul)
4070-1 3.1 624 92  58g rumor ‘g‘pls““'e” Thy1.2(-), B220(+) B-cell leukemia
4070-2 45 51.9 9.7 60.2 Spl, LN Thy1.2(-), B220(+) B-cell leukemia
4070-3 50 8.9 120 449 Thy, Spl Thyl.2(+), B220(-) T-cell leukemia
4070-4 53 10.5 14.4 49.2 Thy, Spl Thy1.2(+), B220(-) T-cell leukemia
4070-5 56 41.0 6.6 13.0 Spl, LN Thy1.2(-), B220(+) B-cell leukemia
4070-6 6.0 325 80 216 Thy, Spl, LN Thy1.2(+), B220(-) T-cell leukemia

i Thy, thymus; Spl, spleen, LN, lymphnode

Table 2 Mizuno T. et al.



Supplemental Figure 1

Bone marrow of p210BCR/ABL/MMLV-2
' (X20) (X80) |

Supplemental figure 1. Bone marmow pictare of p2 I0BCRAABLMAMMLY-2 at 2 months of age, when the mouse developed T-ALL.
In the lower magnification (20, left), the bone marmow is hyperce lular with predominance of myeloid cells, Increas in
megakaryocyte s iz alzo observed. In the higher magnification ({80, right), proliferation of myeloid cells with differentiation iz
evident. These findings are a characteristic feature of CWL CP.

Supplemental Figure 1 Mizuno T. et al.

Supplemental Figure 2
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Supplernental figure 2, Results of & outhem blots that showed rearranged bands in genes of JL21 receptor (ILI1R), Ahil,
Celiraps, and Ly-2 for T-ALL and Ew3 for B-ALL. Rearranged bands are indicated by arnowheads.
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Supplemental Figure 3

Supplemental Table 1. Genes identified by iPCR in p210BCR/ABL/MMLYV leukemic samples

Mouse No.
MMLV-1

MMLV-2

MMLV-3

MMLV-4

MMLV-5

MMLV-6

MMLV-7

MMLV-8

MMLV-9

MMLV-10

PCRfragment No.
BstYI5/1-1
BstYI3'/1-1
BstYI371-2
BstYI571-2
BstYI572-1
BstY13'/2-1
BstYI3/2-2
BstYI372-3
BstY1573-1
BstY|5/3-2
BstYI373-1
BstYI374-1
BstYI3'/4-2
BstYI575-1
BstYI575-2
BstY|5/5-3
BstYI375-1
BstYI375-2
BstYI576-1
BstYI576-2
BstY1576-3
BstY15'/6-4
BstYI577-1
BstYI577-2
BstY|5/7-3
BstYI377-1
BstY1377-2
BstYI578-1
BstYI378-1
BstYI378-2
BstYI579-1
BstY15'/9-2
BstYI379-1
BstYI5710-1
BstYI5710-2
BstYI5710-3
BstYI3710-1
BstYI3710-2

Gene name
Gata3
*Notch1
Atp5f1
Eif3s2
Mod 1
121r
Traf1
Evl
Tbc1d16
Edem1
Ptpn1
BC043727
hi
Myb(-)
Zip239
Tspan5
Vegfa
Semada

Stgsiat
*Notch1

Pp1ir(-)
Gfil (-)

Chromosome position
2gA1
2qA3
3qgF2.2
4qD2.2
9qE3.1
79F3
2qB
12qF 1
11qE2
69E2
2gH3
3qF23
10qA3
10gA3
6qF1
3qH1
179B3

49B1
10qCH1
119B1.3
9gB

9qE1
14gD1
5qF
4qC1-qC2

Integration site

3' downstream (~70kb)
2ndintron

5' upstream (~10kb)

5' upstream (~2kb)
5thintron

8thintron

1stintron

Sthintron

Bth intron

3rd intron

5' upstream (~20kb)
1st intron

14th intron

5' upstream (~20kb)
3'downstream (~20kb)
2nd intron

5' upstream (~2kb)
2nd intron

2nd intron

2nd intron

1stintron

last exon (disrupt coding)
1stintron

5' upstream (~1kb)

4th intron

last exon

1stintron

3' downstream (~20kb)
2nd intron

1stintron

1stintron

11th intron

1st intron

1stintron

5' upstream (~2kb)

5' upstream (~1kb)

5' upstream (~10kb)

3' downstream (~20kb)

Description

Trans-acting T-cell specific transcription factor GATA-3
Notch gene homolog 1 (Notch 1

Mitochondrial ATP synthase chain

Eukaryotic franslation initiation factor 3

Similar to malic enzyme, supematant

Interleukin 21 receptor precursor

TNF receptor associated factor 1

Ena/vasodilator stimulated phosphoprotein-like protein
TBC1 domain family member 16

EDEM prmotein homolog

Protein-tyrosine phosphatase 1B

2010308MO01Rik protein

Ahi/Jouberin (Abelson helper integration site 1 protein)
Myb pmoto-oncogene protein

Zinc finger protein 239

Tetraspanin 5

Vascular endothelial GFA precursor/VEGF
Semaphorin 4A precursos
Glyceraldehyde-3-phosphate dehydrogenase

Protein arginine N-methyltransferase/JBP1

Alpha 2,8-sialyitransferase

Notch gene homolog 1 (Notch 1)

Erythrocyte me mbrane protein 55/PEMP

Cell division protien kinase 6/PLSTIRE
Golgi-associated plant pathogenesis-related protein 1
Folistatin-like 3

T-cell specific transcription factor 7/TCF-1
Transducin-like enhancer of split 3

Leucine rich repeat protein 1

Piwi like homolog 2/Mili

Tescalcin

Cdk5 regulatory subunit associated protein 2
Mannosidase alpha class 1C

Myocyte specific enhancer factor 2B

E2F transcription factor 4

Nk2 transcription factor related

placental protein 11 related/Tcl30

Growth factor independent 1

Genes in bold-face are major integration sites demonstrated by Southern blots and asterisks indicate common integration sites (CISs).
(-) after gene namges indicates that we performed Southern blots but could not detect rearranged bands.

Supplemental Table 1 Mizuno T. et al.
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