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Abstract

Chronic myeloid leukemia (CML) and some acute lymphoblastic leukemias are characterized by
the t(9;22) that encodes the BCR/ABL oncogene. Multiple mouse models of CML express BCR/
ABL at high levels from non-Bcrpromoters, resulting in the development of leukemias. In
contrast, a significant fraction of healthy humans have been found to have BCR/ABL positive
hematopoietic cells. To bridge the gap between the information derived from current mouse
models and the non-leukemic humans with the BCR/ABL oncogene, we generated a knockin
model with BCR/ABL p210 expressed from the Bcrlocus. Unlike previous models, expression of
BCR/ABL from the knockin allele did not induce leukemia. BCR/ABL mutant cells did exhibit
favorable bone marrow engraftment compared to wild-type cells. These data suggest BCR/ABL
expression alone is insufficient to induce disease. This new model allows for inducible spatial and
temporal control of BCR/ABL expression for analysis of early steps in the pathogenesis of BCR/
ABL-expressing leukemias.

Introduction

The molecular hallmark of chronic myeloid leukemia (CML) is the BCR/ABL-expressing
t(9;22) Philadelphia chromosome (Groffen et al., 1984; Rowley, 1973; Rudkin et al., 1964).
The discovery of this mutation led to the development of tyrosine kinase inhibitors (Druker
et al., 2001a; Druker et al., 2001b; Kantarjian et al., 2006; Kantarjian et al., 2002; Kantarjian
etal., 2010; Talpaz et al., 2006) that are now standard of care for patients with CML (Ernst
and Hochhaus, 2012; Zhang and Rowley, 2011). BCR/ABL is believed to be sufficient for
disease development, as expression of BCR/ABL in mouse models leads to rapid
development of hematopoietic neoplasias (Daley et al., 1990; Elefanty et al., 1990; Honda
and Hirai, 2001; Honda et al., 1998; Huettner et al., 2003; Jaiswal et al., 2003; Kelliher et
al., 1990; Koschmieder et al., 2005; Voncken et al., 1995; Wong and Witte, 2001). The
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current understanding of BCR/ABL-induced disease stems from several experimental
settings, including the injection of cell lines or primary cells from CML patients into
immune-deficient mice, transduction of bone marrow-derived cells with retroviruses that
express BCR/ABL (Daley et al., 1990; Elefanty et al., 1990; Kelliher et al., 1990; Wong and
Witte, 2001), and expression of BCR/ABL in transgenic mice (Honda and Hirai, 2001;
Honda et al., 1998; Huettner et al., 2003; Jaiswal et al., 2003; Koschmieder et al., 2005;
Voncken et al., 1995). All of these mice express BCR/ABL from active promoters and
multiple copies of the oncogene.

Although data from these mouse models suggest that BCR/ABL is sufficient to induce
leukemia, some reports have indicated that only high levels of BCR/ABL induce disease in
humans (Barnes et al., 2005; Gaiger et al., 1995). On the other hand, low levels of BCR/
ABL expression have been linked to persistence of CML in the presence of the tyrosine
kinase inhibitors, such as imatinib, due to a lack of oncogene dependency (Kumari et al.,
2012). Thus extremes of oncogene expression may each lead to our inability to eradicate
CML. To address whether a single copy of the BCR/ABL oncogene when expressed from
the endogenous locus leads to disease development and persistence, we have constructed a
knockin model with expression of human BCR/ABL p210 from the mouse Bcrlocus. This
model has allowed us to determine if expression of BCR/ABL as a single copy allele is
sufficient to induce neoplasia.

Generation of Conditional BCR/ABL Knockin Mice

The targeting vector was constructed to generate a knockin mouse model that conditionally
expresses BCR/ABL and eGFP (Figure 1A, Extended Experimental Procedures and Figure
S1).

Routine Bcr-Abl genotype analysis

The Bcer/Abl conditional knockin mice were genotyped from tail snips using real-time PCR
assays designed by Transnetyx (Cordova, TN). The assays were designed to detect the wild-
type and the mutant alleles in the presence or absence of the lox-Stop-lox cassette. A PCR
assay for GFP was also used to confirm the presence of the targeted allele

Transgenic Mice

Double-transgenic Mx1-Cre, VVav-Cre or CMV-Cre; Bcr*A-SL-BIA (vay-, Mx1- or CMV-
Cre;B/A) mice were generated by crossing the Bcr/LSL-B/A mice with mice transgenic for
the Cre transgenes. Mx1-Cre was induced with plpC as described (Oravecz-Wilson et al.,
2009). Triple transgenic Vav-Cre; BerA-SL-BIA; AmASL-AE mice were generated by
crossing Vav-Cre; Ber*-SL-BIA mice with Am/*-SL-AE mice (Higuchi et al., 2002). Mice
were housed in the Unit for Laboratory Animal Medicine at the University of Texas
Southwestern Medical Center under specific pathogen-free conditions and were monitored
regularly for evidence of disease and abnormal peripheral blood cell counts. All mouse
experiments were conducted after approval by the UT Southwestern Medical Center
Committee on Use and Care of Animals.

Drug Treatments

Imatinib treatments were carried out for two weeks. Imatinib pills from the hospital
pharmacy were dissolved in water and filtered through a 0.45-pum syringe filter. The stock
concentration was 20 mg/ml (100 pl doses). Mice were given two doses a day by oral
gavage.
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Bone Marrow Transplantation and Long-Term Observation

Bone marrow from six-week old Cre"9;B/A or Vav-Cre;B/A donor mice (CD45.2) was
mixed with bone marrow from PepboyJ BL6 wild-type mice (CD45.1) prior to retroorbital
reconstitution of lethally-irradiated recipients. Each recipient received a 50:50 ratio of
CD45.1 to CD45.2 bone marrow cells to allow for subsequent quantitation of donor and
recipient chimerism in transplanted mice. Small cohorts (n=3) of mice receiving Cre"®9;B/A
and Vav.Cre;B/A bone marrow cells were sacrificed and analyzed at 6, 10, and 16 weeks
post-transplant. Remaining recipients were preserved for long-term observation (6 months, 1
year and 1.5 years of observation).

Hematopoietic Analysis

Peripheral blood, spleen, and bone marrow cells were analyzed for lineage (CD3, B220,
Mac-GR1), progenitor (lin—,Sca—,c—kit+, CD16/32+) and hematopoeitic stem cell (lin—,Sca
+, CD150+) markers using the LSR Fortessa flow cytometer (BD). CBC analysis was
performed on peripheral blood using the Hemavet 950 with MULTI-TROL Mouse as an
equilibration control (Drew Scientific).

Western blot and Immunoprecipitation

Results

Mouse tissues were solubilized by extraction in 1X RIPA lysis buffer (Cell Signaling
Technology, Beverly, MA), electrophoresed on 6% SDS-PAGE gels, and transferred to a
PVDF membrane. Proteins were detected using affinity-purified anti-BCR antiserum (Cell
Signaling Technology) or anti c-Abl antiserum (Cell Signaling Technology) and visualized
using Supersignal West Pico chemiluminescence substrate (Pierce, Rockford, IL).
Immunoprecipitation of solubilized brain and spleen extracts was performed using anti c-
Abl antiserum following pre-clearing of extracts with protein G-Sepharose. Immune
complexes were washed with 1X RIPA lysis buffer, analyzed by SDS-PAGE, and blotted as
indicated.

To assess the role of a single copy of the BCR/ABL oncogene in disease pathogenesis and to
avoid reported embryonic lethality (Castellanos et al., 1997; Heisterkamp et al., 1991), we
generated a conditional knockin allele of BCR/ABL. A loxP-bracketed transcriptional stop
cassette was engineered upstream of the human BCR/ABL p210-IRES-GFP cDNA (Pear et
al., 1998) in exon 1 of the murine Bcrlocus (Bcr-SL-BCRIABL Figure 1A and S1A). This
conditional knockin allele allowed for the use of different Cre transgenic mice to drive
temporal and tissue-specific expression in concert with the endogenous mouse promoter and
remaining regulatory elements of the locus. C57BL/6 ES cells were electroporated and
screened for targeted knockin alleles and two ES cell lines generated mice carrying the
Bcr-SL-BCRIABL mytation (Figure 1B and S1B). The C57BL/6 background has been used
previously to induce disease in other BCR/ABL mouse models, and this background can be
readily followed for donor chimerism following bone marrow transplantation using CD45.1
and CD45.2 variants. Furthermore, we sequenced the knockin allele from two different
genomic Bcrt/-SL-BCRIABL gpleens to confirm the absence of de novo mutations in the BCR/
ABL sequence. Bcr/LSL-BCRIABL mjce were born at predicted Mendelian frequency and
displayed normal growth. Lack of expression of wild-type Bcrfrom the knockin locus
resulted in Berhaploin sufficiency reflected in reduced Bcrmessage (Figure 1C) and protein
(Figure 1D).

To express BCR/ABL from this knockin allele, we crossed the BcrHLSL-BCRIABL mjce with
Vav-Cre and Mx1-Cre transgenic mice. The Vav and interferon (pIpC) induced Mx1
promoters are specifically activated in embryonic (Georgiades et al., 2002) and adult
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hematopoietic tissues including HSCs (Georgiades et al., 2002; Rajewsky et al., 1996).
Mx1-Cre and Vav-Cre-mediated recombination and BCR/ABL expression was predicted to
emulate BCR/ABL expression in CML patients as Cre expression is not only restricted to
hematopoietic tissues but the knocked in BCR/ABL expression is further constrained by the
endogenous regulatory elements of the Bcrlocus. Expression of GFP was detected by flow
cytometry of peripheral blood in white blood cells (WBCs) using either Vav-Cre or Mx1-
Cre mediated recombination (Figure 1E and data not shown). Peripheral blood GFP levels
were highest in the Mac1*Gr1* population (Figure S1C) and GFP expression in bone
marrow was highest in the stem/progenitor LSK (Lin~Sca*;c-Kit*) population (Figure 1F
and Figure S1D). Since Bcris expressed primarily in hematopoietic stem and progenitor
cells (Wetzler et al., 1993), high GFP expression in hematopoietic stem cells was expected.
These BCR/ABL expression patterns are also consistent with previous findings of enriched
BCR/ABL expression in human bone marrow progenitors from CML patients (Marega et
al., 2010). Additionally, GFP and constitutively phosphorylated BCR/ABL were detected by
western blot of whole spleen extracts (Figure 1E; insert and Figure 1G). We tested for
constitutive phosphorylation of CRKL and STATS in isolated LSK cells, but did not observe
phosphorylation (data not shown). These data indicate that the knockin allele is expressed in
a cellular pattern similar to the Bcr protein and the expressed oncogene has the expected
constitutive tyrosine kinase activity. However, the amount of signaling is not strong enough
for us to detect phosphorylation of its downstream targets.

To determine if the levels of BCR/ABL were similar to the human situation where BCR/
ABL is expressed from the human BCR locus, we compared the copy number of the
knocked-in BCR/ABL message to the copy number of the mouse Bcrmessage in Vav-
Cre;Bcrt/BCR-ABL mice. Using qPCR and a huBCR/ABL-mBcr chimeric standard, we
measured the absolute levels of the splenic huBCR/ABL message (8 copies/ng RNA; range
2-15; n= 13) and the mouse Bcrmessage (13 copies/ng RNA; range 3 to 15; n=10) in Vav-
Cre;BCR/ABL knockin mice. The numbers of BCR/ABL and Bcr copies were in the same
order of magnitude, although as expected, Bcrwas higher. We did not expect the BCR/
ABL:Bcr ratio to be 1:1 as Vav-Cre does not induce 100% recombination and is not
expressed in every cell of the spleen. These data, together with specific GFP expression in
stem and progenitor cells (Figure 1F), indicate that regulated expression of the BCR/ABL
knockin allele is similar to the endogenous Bcr.

During the first year of observation of cohorts that were of either Cren€d; B¢r+/LSL-BCRIABL
Vav-Cre; BertLSL-BCRIABL (n=14) or plpC induced Mx1-Cre; Bcr/LSL-BCRIABL (n=13)
genotypes, we saw no signs or symptoms of a hematopoietic illness. Mice expressing BCR/
ABL (Cre; Bert/LSL-BCRIABL ) had normal WBC counts (Figure 2A; Figure S2A), and their
WBC differentials displayed normal myeloid and monocytic frequencies with only a slight
trend of decreased lymphocyte frequencies (data not shown). Over the 1.5-years of
observation, Vav-Cre; Bert/LSL-BCRIABL mice were sacrificed and necropsied at 3 month
intervals (n=3 per time point). During this period, none of the VVav-Cre; Bcrt/LSL-BCR/ABL
mice or Mx1-Cre; Bcr/LSL-BCRIABL mice displayed abnormalities at necropsy, and flow
cytometry of bone marrow showed normal stem and progenitor frequencies (Figure S2B and
S2C). Furthermore, no changes in BCR/ABL expression were observed with age, as
evidenced by steady peripheral blood GFP and spleen BCR/ABL message levels (Figure 2B
and C). The bone marrow, spleen and peripheral blood of a final set of VVav-Cre;
Bcrt/LSL-BCRIABL mice sacrificed at 75 weeks of age had normal HSC and early progenitor
frequencies as well as normal myeloid and lymphoid progenitor frequencies (Figure 2D).
Spleen structure and histology as well as frequency of myeloid methylcellulose colonies
(CFU-GEMM and CFU-GM) from the final groups of Vav-Cre;B/A and Mx1-Cre;B/A mice
were normal (Figure 2E and data not shown). We observed seven homozygous Vav-
Cre;Bcr LSL-BCR/ABLILSL-BCRIABL mjce (have twice as much GFP as the heterozygous Vav-
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Cre;Bcr */LSL-BCR/ABL mjce) for 10-12 months. All of these homozygous mice remained
disease free indicating that two copies of BCR/ABL are also not sufficient for disease
development.

To determine if the expression of BCR/ABL was necessary for the survival of the cells
expressing it, we treated Vav-Cre;B/A mice with imatinib for two weeks and measured GFP
in peripheral blood. We detected no changes in GFP after imatinib treatment indicating that
the majority of the BCR/ABL expressing cells are not addicted to BCR/ABL (Figure S2D).
This supports prior data that indicates leukemia cells expressing low levels of BCR/ABL do
not undergo apoptosis when treated with imatinib (Modi et al., 2007). These data are also
consistent with the hypothesis that low levels of BCR/ABL expression are a reason for
persistence of CML in patients treated with imatinib (Kumari et al., 2012).

Despite an initial year in which no hematopoietic abnormalities or addiction to BCR/ABL
expression were observed, a single Vav-Cre; Bert/LSL-BCRIABL knockin mouse
spontaneously died at 58 weeks of age. At necropsy, this mouse was found to have an
effaced spleen with infiltration of neutrophils, mimicking what is seen in the chronic phases
of CML (Figure 2F). In addition to this mouse, upon sacrifice of the remaining members of
this cohort at 1.5-years of age, we observed a slight effacement of the normal white/red pulp
spleen structure in two out of the remaining seven mice. However, the rest of the
hematopoietic analysis (bone marrow, peripheral blood and spleen flow cytometry) of these
two mice was normal. This single case of a myeloproliferative disease could be due to either
expression of the BCR/ABL oncogene or to the normal increased frequency of
myeloproliferation neoplasms that occurs with age in mice. In fact, the presence of a single
myeloproliferative neoplasm in the BCR/ABL cohort was not significantly different from
the controls (p<0.2).

Although expression of BCR/ABL from its endogenous locus did not lead to disease, bone
marrow cells from Vav-Cre; Bcrt/LSL-BCRIABL mjce did exhibit an engraftment advantage
compared to wild type bone marrow when the two were co-transplanted into lethally-
irradiated mice (Figure 2G, dotted line). It is possible that CD44 molecules on the BCR/
ABL-expressing stem cells in the knockin model are more functional than CD44 of the co-
transplanted wild type cells. This possibility was considered due to a recent report indicating
that BCR/ABL-expressing stem cells have a greater dependence on CD44 for bone marrow
engraftment compared to normal stem cells (Krause et al., 2006). However, we did not
observe increased expression of CD44 in the BCR/ABL-expressing stem and progenitor
populations (data not shown). This enhanced reconstitution could be a result of
accumulation genetic mutations over time. Contrasting with the Cre-positive cells, Cre-
negative Bcrt/LSL-BCRIABL haploinsufficient bone marrow cells displayed a competitive
disadvantage compared to co-transplanted wild-type cells (Figure 2E, solid line). The
decreased engraftment by the Cre-negative Bcrt/LSL-BCRIABL hone marrow may be due to
Bcrhaploinsufficiency (Figure 1D). Indeed, we found that the haploinsufficiency of Bcr in
young Cre negative Bcrt/LSL-BCRIABL mjce (1-3 months of age) did lead to a decrease in the
number of hematopoietic stem cells (Figure S2E). The fact that expression of BCR/ABL
overrode this negative engraftment effect and provided an additional engraftment advantage
(Figure 2G) may simply be due to the well-known constitutive proliferative and survival
signals from BCR/ABL that sustain CML in humans(Cilloni and Saglio, 2012). Because we
did not observe increased frequencies of LT-HSCs in any of the Vav-Cre;BCR/ABL mice,
an engraftment advantage was likely not due to BCR/ABL leading to increased self-renewal
(Figure S2B). Instead, BCR/ABL expression may provide a better environment for cells to
survive the normally harsh cytokine-poor state of an irradiated bone marrow niche.
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The infrequent occurrence of myeloproliferation after a long latency in the mice bearing the
BCR/ABL knockin allele suggests that additional genetic events are required for
transformation of hematopoietic cells. We previously observed this for the HIP1L/PDGFSR
knockin allele (Oravecz-Wilson et al., 2009). To begin to test this, we crossed the BCR/ABL
mice with mice bearing a conditional AML1/ETO knockin allele (Higuchi et al., 2002). This
AMLI1/ETO knockin allele on its own, like HIP1/PDGF(R and BCR/ABL, is insufficient for
leukemogenesis. Dual conditional knockin mice with the VVav-Cre transgene were born at
the expected Mendelian ratio and appeared healthy until spontaneous deaths occurred in
over 50% of the mice between 6 and 12 months of age (Figure 2H). Upon necropsy, we
observed splenic architecture effacement in those mice whose spleens were intact at death
(Figure S2F). Prior to death lymphopenia, thrombocytopenia, neutrophilia and/or
monocytosis were present in the double knockin mice (Figure 21 and data not shown). In the
mice that remained in this dual knockin cohort, peripheral blood GFP levels of the double
knockin mice (Vav-Cre;BCR/ABL;AML1/ETO) were similar to those of the Vav-Cre;BCR/
ABL mice (Figure S2G, top panel). By the time of this last analysis of GFP levels, all of the
mice had aged enough to develop a monocytosis (Figure 2SG, bottom panel), which is the
harbinger to a lethal myeloproliferation (Figure 2H). There was one “outlier” mouse with a
higher GFP level than the rest of the mice (14% vs. average of 5%). However, this level is
similar to that found in homozygous BCR/ABL mice (two copies of BCR/ABL) that do not
develop disease. These data indicate that a second hit (e.g. AML1/ETO), rather than an
increased BCR/ABL level, is key to the development of myeloproliferation in this mouse
(Figure S2G). These data also indicate that even though AMLL1/ETO has been found in
many tyrosine kinase-driven leukemias (Golub et al., 1994; Miyoshi et al., 1991; Schessl et
al., 2005) and cooperates with BCR/ABL in these mice, the 5 month latency to disease
suggests even more than the two genetic changes are needed for the development of BCR/
ABL associated leukemia.

Germline expression of transgenic BCR/ABL has been reported to result in embryonic
lethality (Heisterkamp et al., 1991), and prior attempts to generate a germline knockin of
p190 BCR/ABL allele were not successful (Castellanos et al., 1997). To determine when in
embryogenesis lethality occurs and understand why, the Bcrt/LSL-BCRIABL mice were
crossed with transgenic CMV-Cre mice to allow Cre recombination of the LoxP sites in the
germline (Schwenk et al., 1995). To our surprise, germline expression of BCR/ABL in our
mice was not embryonic lethal. CMV-Cre; Bcr/-SL-BCRIABL mice were born at the
predicted Mendelian frequency and displayed no gross abnormalities. Members of a cohort
of these mice are now a year of age and without evidence of cancer or other abnormalities.
Although CMV-Cre recombination leads to LoxP site recombination in all cells of the body,
the expression of the BCR/ABL knockin allele also depends on many of the natural
regulatory elements of the Bcrlocus. Thus, we predicted that the expression of BCR/ABL
would closely mimic that of Bcr (Heisterkamp et al., 1993). Indeed, the BCR/ABL message
(Figure 3A) was especially prevalent in the brain, in agreement with earlier reports that
expression of Ber protein is highest in the CNS (Heisterkamp et al., 1993). Despite normal
brain histology and size, the brains from these mice had easily detectable BCR/ABL protein
that exhibited constitutively active tyrosine kinase activity (Figure 3B). Expression of the
knockin allele was also maintained in the peripheral blood of these CMV-Cre;
Bcrt/-SL-BCRIABL mice at frequencies similar to that in Vav-Cre; Bert/LSL-BCRIABL mjce
(Figure 3C). This CMV-Cre experiment further demonstrates that this knockin allele mimics
the tissue specific expression pattern of the endogenous Bcr locus.

Discussion

Although CML has been considered exemplary of a malignancy caused by a single genetic
event, three main lines of evidence prior to this report led us to question whether BCR/ABL
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alone is responsible for to induce disease. First, blood cells from up to 30% of healthy
individuals repeatedly test positive for the Philadelphia chromosome (Bayraktar and
Goodman, 2010; Biernaux et al., 1995; Bose et al., 1998). Second, treatment of patients with
potent BCR/ABL inhibitors infrequently cures their CML (Savona and Talpaz, 2008). And
third, based on the low copy number of BCR/ABL messages in residual diseased progenitors
from imatinib-treated CML patients, Kumari and colleagues recently proposed that
chronically low levels of BCR/ABL in imatinib-refractory CML-initiating cells may be
independent of BCR/ABL signals for survival and explain their persistence in the presence
of imatinib (Kumari et al., 2012). These data suggest that in addition to the presence of the
BCR/ABL oncogene, distinct molecular changes may be required for disease onset,
progression and maintenance.

To address the challenges associated with current CML treatments and to determine whether
single-gene-copy expression of BCR/ABL is sufficient for CML development, we generated
a mouse model in which BCR/ABL p210 is expressed from the endogenous Bcrlocus. This
allele allows for the expression of the oncogene from its endogenous locus and mimics
heterozygous BCR knockout that occurs as a result of the translocation. Although
heterozygous Bcrknockout mice are grossly normal (VVoncken et al., 1995), Ber
haploinsufficiency has been proposed by Lin and colleagues to influence myeloid
leukemogenesis by the BCR/ABL oncogene (Lin et al., 2001). In the latter report, the acute
phase of CML was evaluated by injecting K562 cells into NOD/SCID mice under conditions
where endogenous BCR expression was low, resulting in rapid development of disease in
100% of the recipient mice. This 100% chance of disease development was compared to a
20% disease rate in mice that were transplanted with K562 cells that were modified to have
high levels of BCR expression (Lin et al., 2001). However, our haploinsufficiency data do
not support an inhibitory role for Bcrexpression in the chronic phase of CML development
as the lower levels of the Ber protein together with expression of BCR/ABL from the
knockin allele did not lead to disease (Figures 1D and 2A).

The BCR/ABL oncogene in the human disease is expressed not only from the BCR
promoter but also from a derivative t(9;22) Philadelphia chromosome. Epigenetic effects or
new distal enhancers that result from the translocated arm of chromosome 9 may change
expression of the oncogene beyond what is expected from the BCR locus alone. It is
therefore possible that the level of BCR/ABL in this knockin mouse model does not
perfectly mimic the human disease, due to a lack of these translocation effects.
Measurements of the levels of BCR/ABL compared to wild type BCR in CML cells from
patients with early phases of the disease will address the hypothesis that the translocated arm
of chromosome 9 leads to altered expression of the BCR locus.

The lack of hematopoietic neoplasia in the BCR/ABL knockin mice up to one and a half
years of age contrasts to previous retroviral and transgenic models using the same human
BCR/ABL cDNA. Prior models demonstrated high penetrance of malignancies between one
and four months of age(Daley et al., 1990; Elefanty et al., 1990; Honda et al., 1998;
Huettner et al., 2003; Jaiswal et al., 2003; Kelliher et al., 1990; Koschmieder et al., 2005;
Voncken et al., 1995; Wong and Witte, 2001). There was one report that described a
transgenic model with somewhat longer disease latency than the other models. In this model
with delayed disease, p210 was driven by the promoter of the fec gene, which is expressed
specifically in early hematopoietic progenitors and a total of 10 mice were afflicted with
hematopoietic neoplasms between 4 and 12 months of age (Honda and Hirai, 2001). On the
other hand, the data from our knockin mice are consistent with the fact that low levels of
BCR/ABL do not confer factor-independent growth to hematopoietic cell lines (Barnes et
al., 2005), and these findings suggest 15 that the malignancies induced in prior models may
be due, in part, to achievement of very high levels of BCR/ABL expression. Although there
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may also be secondary mutations induced by the prior models (retroviral or transgene
insertional mutagenesis, genome instability), it has also been reported that oncogene levels
in retroviral mouse models are much higher than single copy oncogene knockin models
(Chen et al., 2008). BCR/ABL levels have, in fact, been reported to increase upon
progression from the chronic phase of the disease to the blast crisis phase (Barnes et al.,
2005; Gaiger et al., 1995). However, Vav-Cre;BCR/ABL;AML1/ETO double knockin mice
that did develop a myeloproliferative disease, did not show a large increase in GFP levels.
These data support the assertion that BCR/ABL expression from the Bcrlocus is insufficient
on its own for development of disease and requires additional genetic hits that achieve more
than just an increased amount of BCR/ABL.

Unfortunately, genome sequencing experiments to identify BCR/ABL cooperators have
primarily analyzed CML blast crisis cells rather than cells from the earlier chronic phase of
the disease. Recently, pilot exon sequencing and single nucleotide polymorphism analyses
of the earliest stages of CML have been initiated by a few investigators (Grossmann et al.,
2011; Huh et al., 2011). No frequent genetic aberrations have yet been reported from these
studies. WT1 and IDH1 mutations have been identified in a few chronic phase patients and,
thus, are certainly genes of interest for examination in the BCR/ABL knockin mouse
background. Because the AML1/ETO mutation has been found in tyrosine kinase associated
leukemias (Golub et al., 1994; Miyoshi et al., 1991; Schessl et al., 2005), we generated a
group of mice that were double mutant BCR/ABL and AML1/ETO knockin alleles and did
observe a myeloproliferative phenotype. These data support the idea that additional genetic
aberrations are needed to cooperate with BCR/ABL as a single copy oncogene to induce
CML.

It remains to be determined if the BCR/ABL knockin mice will develop CML and progress
to accelerated or frank blast crisis when combined with additional known genetic stressors
such as expression of Nup98/HoxA9 (Neering et al., 2007), abnormal IDH1 (Mardis et al.,
2009), or deficiencies of TET2 (Moran-Crusio et al., 2011), p53 and/or Ink4a/Arf.
Alternatively, a non-biased discovery of spontaneous or ENU induced cooperating
mutations and other conditions that promote myeloid leukemogenesis in this mouse model
such as those that induce the Bcrpromoter will likely shed new light on mechanisms of
CML development and progression. The unique result of no disease in the single BCR/ABL
knockin mouse despite expression of an active oncogene suggests that additional mouse
models of other leukemias may provide new insights about the role(s) of well-known
oncogenes to leukemogenesis. We predict that this conditional knockin model will be a
powerful tool for investigators to use to improve CML prevention in those “previvors” with
“normal” bone marrow bearing BCR/ABL(Bayraktar and Goodman, 2010; Biernaux et al.,
1995; Bose et al., 1998) and treatment for individuals with the earliest phases of CML.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Conditional Knockin of BCR/ABL into the Murine Ber Locus

A. Schematic of the first 7 of 23 exons of the murine Bcrgenomic locus (Bcr), the targeted
Bcr-SL-BCRIABL knockin allele generated by homologous recombination, and the allele with
the deleted stop cassette (BcrBCR/ABL) following Cre-mediated recombination. The
following features are indicated: stop cassette bracketed by loxP recombination sequences
(LSL), human BCR/ABL-ires-GFP cDNA, and genomic hybridization probes. See Figure
S1 for details of vector construction.

B. Southern blot analysis using 5, 3’, and neo probes of Spel-digested DNA from ES cell
clones showing the wild-type (WT) Bcrand mutant knockin alleles. Lane 1, wild type Ber
and lanes 2 and 3, Bcrt/-SL-BCRIABL ¢lones that were used to generate two different targeted
lines of mice.
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C. Bermessage levels were significantly diminished in the spleens of Cre-negative
heterozygous Bert/-SL-BCRIABL a4yt mice (denoted Cren®9:B/A). *p<0.05. Error bars
denote SEM.

D. Anti-Bcr and anti-ABL polyclonal antibodies were used to detect the endogenous mouse
proteins in brain extracts from Cre-negative Bcr/LSL-BCRIABL and wild-type mice as
indicated. Lanes 1 and 2 are from wild-type mice, and lanes 3 and 4 are from knockin mice.
E. Vav-Cre expression in the hematopoietic system leads to recombination of the
Bcr-SL-BCRIABL j|lele and GFP expression in peripheral blood WBCs. WT, Cre"9;B/A, and
Vav-Cre;B/A mice were bled at 6 weeks of age, and WBCs were subjected to flow analysis
for GFP fluorescence. The expression of GFP was significantly higher in the Vav-Cre;B/A
mice (p<0.0001). GFP was quantified as the percentage of WBCs that exhibit a lateral shift
in fluorescent signal intensity relative to a wild-type baseline (denoted GFP(% of WBCSs)).
Inset: Mouse spleen extracts were blotted with an anti-GFP monoclonal antibody (Sigma).
Lanes 1-3 are from three Cre"®9;B/A mice and lanes 4-6 are from three Vav-Cre;B/A mice.
F. Representative FACS plot of GFP expression in bone marrow stem and progenitor LSK
(Lin"Sca*c-Kit*) populations from control (left) or Vav-Cre;B/A (right) mice. The majority
(80%) of LSK cells from Vav-Cre;B/A mice were GFP positive (green) compared none
(0.8%) in the wild type mice. The wild type LSK cells were almost all GFP negative
(purple).

G. Immunoprecipitation and western blot analysis of spleen extracts from Vav-Cre;B/A
mice for expression and constitutive tyrosine phosphorylation of BCR/ABL (4G10). Lane 1
and 3 are extracts from wild-type spleens, lanes 2 and 4 are extracts from Vav-Cre;B/A
spleens. The identity of the phospho-protein in lanes 1-3 that migrates just above the 150
kDa marker is not known.

See also Figure S1.
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Figure 2. Phenotype of Vav-Cre;Bcr/BCR/ABL \jce

A. Complete blood counts (CBCs) from wild-type (WT open circles) and BCR/ABL
knockin mice (closed circles) were normal. Members of a cohort of WT (n=9) and Vav-
Cre; Ber*/BCRIABL (n=15) mice were observed for at least one year. Averages and standard
deviations of WBCs counts of all mice are reported. No significant differences were
observed between the two groups over the entire time course. Upon necropsy of a subset of
the mice (n=5 of each group) at 6 months and1 year, no gross or histologic diseases were
uncovered. Error bars denote SEM.

B. BCR/ABL message in the spleen (left) and expression of GFP in the peripheral blood
(right) of WT and Vav-Cre;B/A mice at 5 months of age. BCR/ABL message was measured
by absolute quantitative PCR, and GFP fluorescence was measured by flow cytometry as
described.

C. BCR/ABL message levels in spleens (left) and GFP in peripheral blood (right) of WT
and BCR/ABL mice at 11 months of age.

D. Final bone marrow (left) and spleen (right) progenitor frequencies in the members of the
1.5-year old aged mouse cohort. All mice were without evidence of disease at necropsy.
Open circles represent aged control mice and closed circles represent aged Vav-Cre;B/A
mice. Hematopoietic stem (LT-HSCs), B (B220), T (CD3) and myeloid (Mac+Grl+) cell
frequencies were not altered in the presence of the BCR/ABL oncogene.

E. Representative H&E stains of spleens from 1.5-year old aged control and Vav-Cre;B/A
mice at 4x magnification.

F. Displayed are spleen H&E stains (top) of the one Vav-Cre;B/A mouse that succumbed to
a myeloproliferative neoplasm at 58 weeks of age and a WT control mouse (4x
magnification). A myeloid infiltration was confirmed in the Vav-Cre;B/A spleen with
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myeloperoxidase staining (bottom; 10x magnification). Spleen from the wild type (WT)
mouse was myeloperoxidase negative.

G. Competitive bone marrow transplantation indicated that BCR/ABL enhances
engraftment. Bone marrow from Cre-negative B/A (n=3) or Vav-Cre-positive donor mice
(n=3) (CD45.2) was mixed with an equal number of WT competitor bone marrow (CD45.1)
cells, and then 1 x 106 cells were transplanted into 15 lethally-irradiated recipients per donor
(n=45 recipients per genotype) in a CD45.1:CD45.2 ratio of 1:1. At the indicated time
points, peripheral blood and bone marrow was assessed for donor chimerism by flow
cytometry. The dotted line represents percent of CD45.2 chimerism in mice that received
Vav-Cre; Ber*BCRIABL donor cells, and the solid line represents chimerism analysis in mice
that received Cre-negative Bcr*BCR/ABL donor cells. Percent CD45.2 on the Y-axis was
expected to be 50% throughout the experiment. Results represent average and SEM of the
chimerism data from mice in each cohort. The engraftment of the VVav-Cre;B/A cells were
significantly than the Cre"®9;B/A cells at point; *p<0.05; **p<0.01; ***p<0.001.

H. Kaplan-Meier survival curve of Vav-Cre;B/A;A/E and Vav-Cre;B/A control mice. Vav-
Cre;B/A;A/E were found dead or were sacrificed when moribund. P<0.01 (Logrank test).

|. Complete blood counts (CBCs) from Vav-Cre;B/A;A/E knockin mice showed significant
monocytosis and neutrophilia. Members of a cohort of controls (n=16) and Vav-

Cre; Ber*/BCRIABL: AmFIAMLIETO (n=14) mice were observed for one year. If a mouse died
before the year endpoint, the last available CBC data were included. Averages and standard
deviations of are reported. Error bars denote SEM. *P<0.05; ***P<0.001.

See also Figure S2.
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Figure 3. Germline BCR/ABL expression mimicsthat of BCR and does not alter the health of
embryos, newborns, or mature mice

A. Quantitative PCR analysis for BCR/ABL RNA expression in CMV-Cre;B/A mouse
organs. Hrt, heart; Lvr, liver; Lng, lung; Brn, brain; Mu,muscle; Kdny, kidney; Spin, spleen.
Each assay was performed in triplicate and three mice were evaluated (total assays n=9).

B. Immunoprecipitation and western blot analysis for BCR/ABL expression and constitutive
phosphorylation (4G10) in brain extracts from CMV-Cre;B/A mice. The identity of the
phosphoprotein that migrates just above the 150 kDa marker in the right hand panel is not
known but serves as an internal loading control. Lane 1 =wild-type brain; Lane 2 =
Cren®9:B/A brain; Lane 3 = CMV-Cre;B/A brain.

C. Peripheral blood cells of adult CMV-Cre;B/A mice have GFP positive white blood cells
similar to that observed for the Vav-Cre;B/A mice. Error bars are SEM; ***p<0.001;
****<0.0001.
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