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Chronic myelogenous leukemia (CML) is
a hematopoietic disorder originating from
p210BCR/ABL-transformed stem cells,
which begins as indolent chronic phase
(CP) but progresses into fatal blast crisis
(BC). To investigate molecular mecha-
nism(s) underlying disease evolution,
CML-exhibiting p210BCR/ABL transgenic
mice were crossed with BXH2 mice that
transmit a replication-competent retrovi-
rus. Whereas nontransgenic mice in the
BXH2 background exclusively developed
acute myeloid leukemia, p270BCR/ABL
transgenic littermates developed nonmy-

eloid leukemias, in which inverse polymer-
ase chain reaction detected 2 common
viral integration sites (CISs). Interest-
ingly, one CIS was transgene’s own pro-
moter, which up-regulated p270BCR/ABL
expression, The other was the 5’ noncod-
ing region of a transcription factor, Zfp423,
which induced aberrant Zfp423 expres-
sion. The cooperative activities of Zfp423
and p210BCR/ABL were demonstrated as
follows: (1) introduction of Zfp423 in
P210BCR/ABL transgenic bone marrow
(BM) cells increased colony-forming ability,
(2) suppression of ZNF423 (human homo-

logue of Zfp423) in ZNF423-expressing,
P210BCR/ABL-positive hematopoietic cells
retarded cell growth, (3) mice that re-
ceived a transplant of BM cells trans-
duced with Zfp423 and p210BCR/ABL
developed acute leukemia, and (4) ex-
pression of ZNF423 was found in human
BCR/ABL-positive cell lines and CML BC
samples. These results demonstrate that
enhanced expression of p210BCR/ABL and
deregulated expression of Zfp423/ZNF423
contribute to CML BC. (Blood. 2009;113:
4702-4710)

lntroductioh

Chronic myelogenous leukemia (CML) is a hematopoietic disorder of
multipotential stem cells, which exhibits excessive proliferation of
immature and mature myeloid cells.!? The cytogenetic hallmark of
CML is the Ph chromosome, created by (9;22)(q34:q11),® where the
amino-terminal BCR gene on chromosome 22 is fused to most of the
ABL proto-oncogene on chromosome 9, thereby creating an 8.5-kb
BCR/ABL chimeric mRNA encoding a 210-kDa hybrid protein
(p210BCR/ABL).*¢ p210BCR/ABL possesses a much higher kinase
activity in comparison with the normal 145-kDa c-ABL,” which is
believed to play a critical role in the pathogenesis of the disease.

The clinical course of CML is characterized by hematologically and
temporally distinct stages."? In the initial stage, called chronic phase
(CP), the disease is indolent and the leukemic cells retain an ability to
differentiate into mature granulocytes. After several years’ duration of
the chronic phase, however, the disease inevitably accelerates and
ultimately progresses to the terminal fatal stage, called blast crisis (BO),
which involves aggressive proliferation of immature blast cells. The
frequent appearances of additional chromosomal abnormalities in the
blast phase strongly suggest that superimposed genetic events would
account for the disease evolution? but the underlying molecular
mechanism(s) has remained largely unknown,

To understand the complex processes involved in the clinical
course of human CML, it is necessary to develop animal models
that express p2]0BCR/ABL and recapitulate the clinical features
of the disease. Major attempts have been focused on bone
marrow transplantation (BMT) experiments. Mice that have
been lethally irradiated and received a transplant of bone
marrow (BM) cells infected with Pp210BCR/ABL-expressing
retroviruses exhibited a CML-like myeloproliferative disor-
der®!! On the other hand, generation of transgenic mice
expressing p2/OBCR/ABL under various promoters also pro-
vides useful models.!>'7 We generated p2/0BCR/ABL trans-
genic mice using the promoter from the mouse TEC gene, a gene
encoding protein-tyrosine kinase preferentially expressed in
hematopoietic progenitor cells.!3? Although the founder mouse
died of T-cell acute lymphoblastic leukemia (ALL) with a short
latency, transgenic offspring reproducibly exhibited a myelopro-
liferative disorder after a long latency period. ™ Peripheral blood
smear showed remarkable myeloid hyperplasia with maturation,
the BM was hypercellular with a predominance of myeloid cells
at various stages of differentiation, and the spleen was enlarged
with proliferation and expansion of myeloid cells.!* These
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pictures represent cardinal features of human CML, allowing us
to consider these transgenic mice an animal model for CML.

To examine whether this transgenic model is applicable for
investigating pathogenic processes from CP to BC of CML, we
crossed p2/0BCR/ABL transgenic mice with mice heterozygous for
p53, a gene frequently inactivated in CML BC, and generated mice
transgenic for p2/0BCR/ABL and heterozygous for p53.20 Interest-
ingly, p2/OBCR/ABL transgenic, p53 heterozygous mice died of
acute leukemia with a short latency, and the analysis of p53 status
revealed that the residual normal p53 allele was frequently and
preferentially lost in the tumor tissues.?® In addition, we crossed
p2]OBCR/ABL transgenic mice with Dok-1/Dok-2 knockout mice
and showed that the absence of Dok-1 and Dok-2 accelerated the
disease phenotype and caused BC, defining the role of Dok-1 and
Dok-2 in tumor suppression.?’ Based on these results, our trans-
genic mice can be regarded as a useful model for investigating
molecular mechanism(s) underlying the progression from CPto BC
of human CML.

In this report, to identify genes whose altered expression causes
CML BC, p2/0BCR/ABL transgenic mice were subjected to
retroviral insertional mutagenesis, by backcrossing to BXH2 mice,
a recombinant inbred mouse strain that develop myeloid leukemia
mainly due to a horizontally transmitted replication-competent
retrovirus and intrinsic myeloid tropism induced by a mutation in
the Jesbp 1/11f8 1ocus 2224

Methods
Mice

p210BCR/ABL transgenic mice were generated as described. To allow for
retroviral insertional mutagenesis, p2/0BCR/ABL transgenic males were
backerossed 4 generations to BXH2 females, because the ecotropic retrovi-
rus in the BXH2 strain is transmitted to the progeny through the milk.
Genotyping of the mice was carried out as described.!* All the mice used in
this study were kept according to the guidelines of the Institute of
Laboratory Animal Science, Hiroshima University, and all murine studies
were approved by the animal care commitiee at the Japanese Foundation for
Cancer Research,

Hematologic and pathologic analyses

Peripheral blood counts were routinely examined. Smears and stamp specimens
of Jeukemic tissues were stained with Wright-Giemsa (WG). Tissues from dead
or moribund animals were fixed in 10% buffered formaldehyde and examined by
light microscopy. All organs were examined grossly and representative slices
were prepared for hematoxylin-eosin staining.

Southern and Northern blot analyses

To detect gene rearrangements, genomic DNAs were digested with
appropriate rtestriction enzymes and blotted with a genomic fragment
adjacent to the integration site. For transgene promoter, a Bgll-Smal
fragment in the promoter region was used as a probe, and for Zfp423, a
genomic fragment generated by polymerase chain reaction (PCR) (primer
sequences are 5 -GTGCGCACGTTTGTGAGGAGCTATA-3' and 5'-CCAGC-
TATTCTGTCCAGGAGCAAGA-3"), which comesponds to a part of the first
intron, was used as a probe. To detect RNA expression, total RNA extracted using
TRIzol (Invitrogen, Carlsbad, CA) or mRNA purified using Oligo-Tex (Takara
Bio, Tokyo, Japan) was blotied with p2/0BCR/ABL cDNA, Zfp423 cDNA,
or a part of coding region of ZNF423 cDNA generated by genomic PCR
(primer sequences are 5'.CAACCAGAAACACAAGTGCCCCATG-3' and
5'-GTTGCAGTGGAAGGCAGAGATGTTG-3").
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RT-PCR

RNA was extracted using TRI zol. Reverse-transcription (RT)-PCR was
performed as described (primer sequences are 5'-GAATGTCATCGTC-
CACTCAGCC-3' and 5'-GGCCACAAAATCATACAGTGCA-3' for
p210BCR/ABL, 5'-GAGGATACCCCTACGACGTG-3' and 5'-GACTT GT-
CACGCTGTTCCTGTC-3' for Zfp423, and 5'-GGCATCAACCACGAGT-
GTAAGC-3' and 5'-CTTCTGCGGAGAGGTGTCCTGT-3' for ZNF423).

Western blot analysis

Proteins extraction and Western blot were performed as described.™

Flow cytometric analysis

Cells were stained with monoclonal antibodies and second reagents. FITC-,
PE-, and biotin-labeled monoclonal antibodies were purchased from BD
PharMingen (San Diego, CA; Thy-1.2, CD19, CD45R/B220, Mac-1, Gr-1,
and CD3) or from eBioscience (San Diego, CA; CD43, 1gM, BP-1, and
CD20). Biotinylated antibodies were revealed with streptavidin-APC (BD
PharMingen). Clone 2.4G2 anti-CD32:CD16 was used to block Fc recep-
tors. Fluorescence-activated cell sorter (FACS) analysis was performed ona
FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NI), and
the data were analyzed with FlowJo software (TreeStar, Ashland, OR).

Identification of retroviral integration sites

Genomic DNAs were digested with restriction enzymes, self-ligated, and
subjected to inverse PCR as described,? except that the CUA and CAU
repeats were deleted from the secondary PCR primers. The position
mapping on the mouse chromosome was done by BLAST searching using
the University of Colombo School of Computing (UCSC) Genome
Bioinformatics database (http://genome.ucsc.edu/)? and the definition of a
common integration site (CIS) was the same as in the mouse retrovirus
tagged cancer gene database (RTCGD; http:/irtcgd.abee.neiferf.gov/). 2%

Retrovirus-mediated gene transfer, colony formation assay,
and bone marrow transplantation

Retroviral preparation and retrovirus-mediated gene transfer were per-
formed as described.?® For colony assay, BM cells of 5-fluorouracil
(5FU)—treated transgenic or nontransgenic littermates were cultured in
oMEM plus 20% FCS supplemented with 10 ng/mL IL-6, 10 ng/mL IL-3,
and 100 ng/mL SCF (R&D Systems, Minneapolis, MN). Retrovirus was
generated using plat-E cells®® and added into the medium containing BM
cells with 6 mg/mL polybrene (Sigma-Aldrich, St Louis, MO), and
retrovirus-infected BM cells were subjected to B-cell colony assay using
MethoCult M3630 (StemCell Technologies, Vancouver, BC) that contains
rhIL7. After 7 to 12 days’ incubation, green colony numbers were counted
under a fluorescent microscope.

For BM transplantation, BM cells extracted from 5FU-untreated Balb/c
mice were cultured for 24 hours in IMDM plus 15% FCS supplemented
with 10 ng/mL IL-6, 10 ng/mL IL-3, 100 ng/mL SCF, and 10 ng/mL IL-7
(R&D Systems). Retrovirus infection and BM transplantation were per-
formed as described.®

Retrovirus-mediated transduction of shRNA for ZNF423

Two short hairpin RNA (shRNA) target sequences for ZNF423 '~
GACATACCAGTGCATCAAG-3' for shRNA-1 and 5'-CTGTAAGTTCT-
GCAGCAAG-3' for shRNA-2) were chosen according to the siRNA
Hairpin Oligonucleotide Sequence Designer (Clontech, Mountain View,
CA). Annealed double-strand oligonucleotides were subcloned into RNA-
ready pSIREN-retroQ retroviral expression vector (Clontech). Human
hematopoietic cells were first transduced with ecotropic retrovirus receptor
(EcoRVR) to render these cells competent for ecotropic retrovirus infec-
tion.3! Plai-E cells were then transfected with a pSIREN-retroQ vector
harboring shRNA and the culture supernatant was used for infecting the
ecotropic retrovirus to EcoRVR-expressing cells using Viro Mag (07
Biosciences, Marseille, France). These procedures routinely yielded a high
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infection efficiency (~ 60%) as judged by GFP fluorescence (not shown).
Infected cells were selected with puromycin (0.4 mg/mL) for 2 weeks,
subsequently cultured in puromycin-free medium for at least another
2 weeks, and subjected to Northern blot and cell proliferation assay.

Cell proliferation assay

On day 1, 10° cells of the parental and shRNA-transduced sublines were
plated in a 10-cm?® dish and cultured in RPMI plus 10% FCS. Cell numbers
were counted on day 3 and day 5.

Cell lines and patient samples

Ph-positive and Ph-negative human hematopoietic cell lines were kindly
provided by Drs Hiroya Aso (Hiroshima, Japan) and Toshiya Inaba
(Hiroshima, Japan). Patient samples were taken after informed consent was
obtained in accordance with the Declaration of Helsinki and approval from
the institutional review board at Hiroshima University was granted.®
Diagnosis of CML CP or CML BC (myeloid or B-lymphoid lineage) was
performed based on morphologic, cytogenetic, immunophenotypic, and
molecular analyses.

Results

Acute leukemias in p210BCR/ABL transgenic mice on a BXH2
background

To identify gene(s) whose alteration by retrovirus insertion contrib-
utes to blast crisis of CML, p2/0BCR/ABL transgenic mice were
backcrossed to BXH2 mice that contain and transmit a replication-
competent retrovirus. p2/OBCR/ABL transgenic and wild-type
(nontransgenic) littermates from the N4 BXH2 backcross genera-
tion were used for this study (designated as p210BCR/ABL/BXH?2
and WT/BXH2, respectively).

WT/BXH2 mice began to develop acute leukemia at 6 months
after birth (Figure 1A thin continuous line). Macroscopically, the
leukemic mice exhibited hepatosplenomegaly and lymph node
(LN) swelling, which were occasionally associated with thymic
enlargement. Pathologic analysis showed that leukemic cells
having morphology of myeloblasts proliferated in the peripheral
blood and infiltrated into the liver, spleen, LNs, and other tissues
(data not shown). Flow cytometric analysis of the leukemic tissues
showed that the blast cells were exclusively positive for Mac-1 and
Gr-1 but negative for Thyl.2 and CD19, indicating that they all
were of myeloid origin (data not shown).

In contrast to the WI/BXH2 mice, several p210BCR/ABL/
BXH2 mice (named as nos. 30, 1, 17, 5, 18, and 23; Figure 1A thick
continuous line) developed nonmyeloid leukemias with a shorter
latency. Among them, 4 mice (nos. 30, 17, 18, and 23) displayed
splenomegaly and LN swelling but did not show apparent hepato-
megaly. The other 2 mice (nos. 1 and 5) exhibited massive thymic
enlargement with pleural effusion and splenomegaly. Pathologic
analysis showed that leukemic cells having morphology of lympho-
blasts were evident in the peripheral blood and infiltration of the
blast cells was observed in the LNs, liver, and other tissues
examined (Figure 1B and not shown). Flow cytometric analysis
revealed that the leukemic cells of the former 4 mice (nos. 30, 17,
18, and 23) were positive for CD19 but negative for Thyl.2,
Mac-1, and Gr-1, and those of the latter 2 mice (nos. 1 and 5) were
positive for Thyl.2 but negative for CDI9, Mac-1, and Gr-1,
indicating that they were of B-lymphoid and T-lymphoid origins,
respectively (Figure 1C and not shown). Three CD19* samples
(nos. 17, 18, and 30) were further analyzed with antibodies against
CD20, B220, BP-1, CD43, and IgM to investigate the differentia-
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Figure 1. Survival curves and pathologic and flow cytometric analyses of
leukemic mice. (A) Survival curves of the mice. The survival curves of WT/BXH2 and
p210BCR/ABL/BXH2 are shown by thin and thick continucus lines, respectively,
whereas those of BXH2-nonbackcrossed WT and p210BCR/ABL are shown by thin
and thick dotted lines, respectively. As for the 6 p210BCR/ABL/BXH2 animals that
died in a short latency and exhibited nonmyeloid phenotypes (nos. 30, 1, 17, 5, 18,
and 23), the death points are indicated by —+ and the immunophenotypes of the
disease are shown in the parentheses. T indicates T-cell leukemia; and B, B-cell
leukemia. (B) Pathologic analysis of the leukemic mice. WG-stained peripheral blood
smears (PB) and HE-stained lymph node (LN) and liver slices of a representative
mouse for B-cell leukemia (no. 17) or T-cell leukemia (no. 5) are shown. PB smears
show proliferation of blast cells and LN specimen shows the destruction of the basal
struclure by blast cell infiltration. In the fiver, blast cells are observed around the
vessel and in the sinusoids. (C) Flow cytometric analysis of mice that developed
B-cell or T-cell leukemia. Biast cells of no. 17 were positive for CD19 but negative for
Thy1.2, Mac-1, and Gr-1 and those of no. § were positive for Thy1.2 but negative for
CD19, Mac-1, and Gr-1, indicating that they were of B- and T-lymphoid origins,
respectively. The percentages of positive cells in each quadrant are shown.

tion stages (pro-B, pre-B, or mature B). As shown in Figure S
(available on the Blood website; see the Supplemental Materials
link at the top of the online article), all the samples were positive
for CD20, B220, BP-1, and CD43 but negative for IgM, indicating
that they were pre-B-cell leukemias.

The characteristics of the 6 p210BCR/ABL/BXH?2 leukemic
mice with an early disease onset are summarized in Table 1. As for
the leukemias developed in the remaining p210BCR/ABL/BXH2
mice after 6 months of age, macroscopic appearances and the
results of flow cytometric analysis were indistinguishable from
those of the WI/BXH2 mice (data not shown). During the
observation period, no mice developed hematologic disease in
BXH2-nonbackcrossed WT mice and one mouse died of CML in
BXH2-nonbackerossed p2/0BCR/ABL transgenic mice (Figure 1A
thin and thick dotted lines, respectively).

Enhanced expression of p210BCR/ABL and aberrant
expression of Zfp423 in the leukemic tissues with B-cell
phenotype

We focused on the 6 p210BCR/ABL/BXH2 mice that developed
nonmyeloid leukemias in a shortened period, because diseases in
these mice would not be only due to the BXH2 background-derived
intrinsic mechanism but caused by cooperation of p2/0BCR/ABL
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Table 1. Characteristics of p210BCR/ABL/BHX2 mice with lymphoid leukemias

Mouse Age at PB parameters Macroscopic tumor

no. disease, mo WBC, x10%% Hb, g/L Pit, x 109 sites Surface markers Diagnosis
30 26 Lt 1.2 (blast £ 70%) 140 452 Spl LN " Thyt 2=, GD19Y, Gri<, Mact~ 1 B-cell leukemia
1 3.0 V10.0 (blast ~ 60%) 124 238 Thy, Sp! Thyt.2+,CD19-, Gr.1-, Maci~ T-cell teukemia
17 CTE ARt 824 (blast’s 100%) 109 4 i 526 SphLN. I Thyt.2*, CD19™, Gr.i~, Maci =T Bleeli ledkemia
5 4.8 ) 22.0r(blast ~ 100%) 123 339 Thy, Spl, LN Thyi.2-, CD19*, Gr.1-, Mac1~ T-cell leukemia
18 “UEIS2 Y 680 (blast ~ 100%) 118 345, i SpL LN S Thyii2-,CD19%, Gr.17, Mact=:/: .12, B-cell leukemia
23 5.4 19.8 (blast ~ 100%) 107 338 Spl, LN Thyi.2-, CD19%, Gr.17, Maci~ B-cell leukemia

Spl indicates spleen; LN, lymph node; and Thy, thymus.

with retrovirus-inserted altered gene expression. To identify virus-
affected genes in these mice, inverse PCR (iPCR) was performed
and sequences of PCR fragments were subjected to BLAST
searching using the UCSC Genome Bioinformatics database.
Among candidate genes (listed in Table S1), we found 2 common
integration sites (CISs) in B-lineage leukemias (shown by asterisks
and in boldface in Table S1).

The first one was the promoter region of the mouse TEC gene.
This CIS was found in nos. 17 and 30 and the viral integration sites
were approximately 1.5-kb and approximately 200-bp upstream of
the transcription initiation site,!® respectively. Interestingly, in both
cases, sequencing of the entire PCR fragment revealed that the
mouse TEC promoter sequences were interrupted at +22 from the
transcription initiation site and followed by human BCR/ABL
¢DNA. This result indicated that the integration sites were not in
the endogenous mouse TEC gene but in the promoter region of the
transgene itself. Another CIS observed in nos. 18 and 23 was in the
noncoding region of the first exon of mouse Zfp423 (Zinc finger
protein 423, also known as Early B-cell factor-associated zinc-
finger protein, Ebfaz) gene.® In these cases, the retroviruses were
integrated almost in the same position, approximately 100-bp
upstream of the translational initiation ATG.* The schematic
models of the integration sites are shown in Figure 2A.

To confirm that these CISs were major integration sites in the
leukemic samples, Southern blot was performed using a genomic
DNA fragment adjacent to the integration site. DNA extracted from
a spleen of a BXH2-nonbackcrossed p2/OBCR/ABL transgenic
mouse was used as a negative control. As shown in Figure 2B, a
rearranged band is evident in each sample (indicated by an
arrowhead in Figure 2B), indicating that tumor cells with the CISs
were predominant in the related tumors and were clonal in origin.
The clonality and B-cell commitment of the leukemic cells in these
mice (nos. 17, 30, 18, and 23) were further demonstrated by
Southern blot using a mouse JH probe (Figure 52).

To investigate the alteration in gene expression of p2/0BCR/
ABL and Zfp423 by virus integration, RNAs extracted from tumor
tissues of the 4 leukemic mice were blotted with p2]0BCR/ABL
cDNA or mouse Zfp423 cDNA. RNA extracted from a spleen of a
BXH2-nonbackcrossed p2]0BCR/ABL transgenic mouse was used
as control. The results are shown in upper panels of Figure 2C.

As for p2]0BCR/ABL, it is not surprising that the p2/0BCR/
ABL message was not detected in the control transgenic mouse
spleen (Figure 2C top left panel, “C”), because our previous data
showed that the basal transgene expression was quite low, probably
due to the nature of the promoter used (Honda et al'* and data not
shown). In contrast, a clear p2/OBCR/ABL message was evident in
the tumors of nos. 17 and 30 (~ 7 kb, Figure 2C top left top panel,
arrow). The quantitative p2/0BCR/ABL mRNA expression in these
samples is shown in Figure $3. As expected from the result of the
Northern blot (Figure 2C top left panel), the p2/0BCR/ABL mRNA
in the control transgenic spleen was quite low and was significantly

enhanced by the transgene integration (nos.17 and 30). The
enhanced expression of p210BCR/ABL at the protein level was
confirmed by Western blot using an anti-ABL antibody (Figure 2C
bottom left panel).

As for Zfp423, no clear message was observed in the control
transgenic spleen (Figure 2C top right panel, “C”), which is in
accordance with our previous report showing that Zfp423 message
was barely detectable in the spleen when using polyA* RNA 3 In
contrast, in nos. 18 and 23, an enhanced expression of the Zfp423
message was observed (~ 6 kb, Figure 2C top right panel, arrow).
These results indicated that the retrovirus integrations up-regulated
p210BCR/ABL expression and induced aberrant Zfp423 expression.

Expression of 2fp423in transgenic BM cells enhanced B-cell
colony-forming ability, and suppression of ZNF423in
ZNF423-expressing, p210BCR/ABL-positive CML BC cells
retarded cell growth

We next investigated the effect of up-regulation and down-
regulation of Zfp423 on the proliferative ability of p2/OBCR/ABL-
positive cells. We first examined whether introduction of Zfp423
confers a growth advantage to transgenic BM cells by a colony
formation assay. BM cells purified from wild-type (WT) or
p210BCR/ABL transgenic mice were infected with control pMysIG
or Flag-HA-tagged Zfp423 (FHZfp423)-expressing pMysIG
(pMysIG/FHZfp423) retrovirus, and the infected cells were cul-
tured in methylcellulose-based media (Figure 3A). Because mice
with Zfp423 activation (nos. 18 and 23) developed B-lineage
leukemia, the virus-infected cells were subjected to a B-cell colony
assay, and as the retrovirus vector contains GFP as a detection
marker, colonies with green fluorescence were counted.

The results are shown in Figure 3B. No obvious difference in
the colony numbers was found between control pMysIG virus-
infected WT (WT-+control) and p2/0BCR/ABL transgenic
(p210BCR/ABL+control) BM cells. This result indicates that the
basal p2]OBCR/ABL expression in this transgenic system does not
affect the proliferative ability of B cells, probably due to the nature
of the promoter used, and is in accordance with our observation that
the p2/0BCR/ABL transgenic mice have not developed B-cell
disease so far!*® pMysIG/FHZfp423-infected WT BM cells
(WT-+FHZfp423) showed a slight increase in the colony number in
this system. In contrast, pMysIG/FHZfp423-infected p2l0BCR/
ABL transgenic BM cells (p210BCR/ABL +FHZ{p423) generated
a significantly increased number of colonies.

We next tried to down-regulate endogenous ZNF423 (the
human homologue of Zfp423) by RNA interference and examined
its effect on the growth rate. We designed 2 short hairpin RNAs
targeted to ZNF423 mRNA (shRNA-1 and shRNA-2) and intro-
duced them into BV-173, a p2/OBCR/ABL-positive and ZNF423-
expressing human hematopoietic cell line (see Figure 5A). As
shown in Figure 3C, introduction of shRNA-1 effectively decreased
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Figure 2. Retrovirus integration sites, genomic rearrangements, and altered
gene expressions in mice with B-cell leukemia. (A) Schematic models of retrovi-
rus integration sites. The retrovirus integration sites are indicated by vertical arrows.
The left panel illustrates the transgene structure, where the mouse TEC promoter,
P210BCR/ABL cDNA, and polyA and splicing signals are shown by dotted, filled, and
shaded boxes, respectively. In mice nos. 17 and 30, retroviruses were integrated
approximately 1.5-kb and approximately 200-bp upstream of the transcriptional
initiation site, respectively. In the right panel, the noncoding and coding regions of
ZIp423 exon 1 are shown by blank and filled boxes, respectively. In mice nos.
18 and 23, the viral integration occurred almost in the same site, approximately
100-bp upstream of the translational initiation site. The positions of probes used for
Southern blots are also shown. (B) Southern blots to confirm the CISs as major
integration sites. Genomic DNAs extracted from the spleen of a control transgenic
mouse (C) and tumor tissues of the diseased mice (nos. 17, 30, 18, and 23) were
digested with BamH! and blotted with a DNA fragment adjacent to the integration site.
Probe A {A) was used for transgene rearrangement (nos. 17 and 30, ieft panel) and
probe B was used for Z{p423 gene rearrangement (nos. 18 and 23, right panel). The
positions of germline (G) and rearranged bands are indicated by — and <
respectively. Molecular markers are shown on the left. (C) Enhanced expression of
P210BCR/ABL in mice nos. 17 and 30 and up-regulated expression of Z/p423in mice
nos. 18 and 23. For detecting p210BCFR/ABL message, 20 pg total RNAs extracted
from the spleen of a control p210BCA/ABL transgenic mouse (C) and tumor tissues
of the diseased mice (nos. 17, 30, 18, and 23) were blotted with p210BCA/ABL cDNA
(top left panel) and for detecting Zfp423 message, 3 ng mRNAs from the same
tissues were biotted with a part of Zfp423 cDNA {top right panel). The result of B-actin
hybridization is shown as an internal control, Molecular markers are shown on the left
and the positions of p210BCR/ABL and ZIp423 messages are indicated by —+.
Enhanced expression of p210BCR/ABL protein in mice nos. 17 and 30 was detected
by blotting the proteins extracted from the same tissues with an anti-ABL antibody
(bottom left panel). Protein markers are shown on the left and the positions of
p210BCR/ABL and ¢-ABL (145 kDa) are indicated by —.

ZNF423 mRNA to approximately 40% of that in the parental cells,
whereas shRNA-2 was less effective. Concurrently, as shown
Figure 3D, BV-173 cells transduced with shRNA-1 displayed a
significantly reduced growth rate, whereas cells expressing shRNA-2
showed only marginal growth retardation. To confirm that the
shRNAs did not affect the growth of cells without ZNF423
expression, the same shRNAs were introduced into KOPNG67, a
P210BCR/ABL-positive but ZNF423-nonexpressing cell line (see
Figure 5A). As expected, no difference in cell growth was observed
in the parental line and shRNAs-transduced sublines (Figure S4),
confirming the specificity of the shRNAs on the ZNF423-dependent
cell growth. These results indicated that Zfp423/ZNF423 cooper-
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ated with p2/OBCR/ABL and enhanced proliferation of p2/0BCR/
ABL-expressing hematopoietic cells.

Zfp423 accelerated disease onset of p2710BCR/ABL-induced
leukemia and increased incidence of B-ALL

We then investigated the in vivo cooperative activity of Zfp423 and
p2l10BCR/ABL by a BMT approach. Because p2]0BCR/ABL
transgenic mice were not congenic enough for BMT, we generated
p2/0BCR/ABL-expressing retrovirus and FHZfp423-expressing ret-
rovirus separately, and infected them with BM cells of Balb/c mice,
the strain that has been successfully used to develop CML in the
BMT experiments.'®!! And because Zfp423-positive leukemias
(nos. 18 and 23) were of B-cell phenotype, BM cells were not
pretreated with SFU and in vitro culures were performed using a
cytokine cocktail with IL-6, IL-3, SCF, and IL-7, as previously
described.!!

BM cells infected with control retrovirus, p2/0BCR/ABL-
expressing retrovirus, FHZfp423-expressing retrovirus, or both
types of viruses were transplanted into sublethally irradiated
syngeneic mice (Figure 4A). To detect p2/0BCR/ABL- and
FHZfp423-positive cells by flow cytometry, cells expressing
p210BCR/ABL and FHZfp423 were labeled with GFP and KO
(Kusabira Orange), respectively (Figure 4A). The protein expres-
sion of the inserted cDNA by retrovirus infection was confirmed by
Western blot (Figure S5).

The mice that underwent transplantation were continuously
observed and peripheral blood parameters were routinely examined
for morphologic changes by Wight-Giemsa staining and for GFP
and/or XO positivities by flow cytometry. The survival rate of each
group evaluated using the Kaplan-Meier test is shown in the upper
panel of Figure 4B. No disease developed in the control virus-
transduced mice. In addition, no hematologic abnormalities were
observed in FHZfp423-transduced mice, indicating that overexpres-
sion of Zfp423 does not possess a transforming ability on primary
hematopoietic cells, which is in accordance with the result that
introduction of Zfp423 in BM cells did not apparently increase
colony numbers (Figure 3B). As expected from the results of
previous studies, most of the p2/0BCR/ABL-transduced mice
developed CML, except 2 cases that developed acute myeloid
leukemia (AML) and B-cell ALL (B-ALL, Figure 4B bottom panel,
left bar). In contrast, mice transduced with both types of viruses
died in a shortened period and exhibited different phenotypes. The
mean survival periods of mice reconstituted with p210BCR/
ABL+FHZfp423 and those reconstituted with p210BCR/ABL
alone were 29.5 and 48 days, respectively (Figure 4B top panel,
thick and thin continuous lines), and the difference was statistically
significant (P < ,01). In addition, compared with mice reconsti-
tuted with p210BCR/ABL, those reconstituted with p210BCR/
ABL+FHZfp423 exhibited an increased incidence of B-ALL
(Figure 5B bottom panel, right bar), although the difference was
not statistically significant (P = .119), probably due to the limited
sample numbers. These results demonstrated that Zfp423 possesses
a cooperative oncogenecity with p2/OBCR/ABL in vivo, which
accelerated disease onset and induced a more aggressive phenotype
mainly of B-cell lineage. The representative results of pathologic
analyses of mice that developed CML by p210BCR/ABL and that
developed B-ALL by p210BCR/ABL plus FHZfp423 are shown in
Figure 4C and the results of flow cytometry of the latter are shown
in Figure 4D. The expression of p2JOBCR/ABL and Zfp423
mRNAs in tumors developed in p210BCR/ABL plus FHZfp423-
transduced mice was confirmed by RT-PCR (Figure S6).
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Figure 3. Effects of Zfpd23 expression on the colony A C BV-173
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an internal control and the relative expression ratio of ZNF423 £ L 121
fo B-actin in each cell line is shown as a vertical column. i 30+ 3 104
(D) Results of cell proiiferation assay. Cells of the parental 5 é 8
BV-173 line and 2 shANA-introduced sublines (BV-173/ 2 20 ?‘; o4 BV173/shANA-1
shRNA-1 and BV-173/shRNA-2) were plated at a density of g
10510 cm? on day 1 and cell numbers were counted on day 3 g 10 *
and day 5. The mean cell number of 3 independent experi- i | 2
ments of each line is plotted with error bars. 0 [ T T
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Expression of ZNF423in human BCR/ABL-positive BCR/ABL fusion gene) were also examined, because the expression of
hematopoietic cell lines and CML BC samples pI90BCR/ABL is exclusively associated with B-ALL the same

We finally investigated the clinical relevance of ZNF423 expression in ~ Phenotype as the leukemias developed in the mice with Zfp423
the progression from CML CP to BC using human Ph-positive integration (nos. 18 and 23). In addition, Ph-negative B-ALL lines were
hematopoietic cell lines and clinical samples. For the cell line experi- included in this study to investigate the role of ZNF423 in the
ment, cells expressing p/90BCR/ABL (an alternative form of the development of B-cell malignancy without BCR/ABL.
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Figure 4. Survival and disease phenotype in mice that received a transplant of p210BCR/ABL- and/or FHZ{p423-expressing BM cells. (A) Schematic structures of the
retroviruses and the illustration of the experimental procedure. BM cells infected with p210BCR/ABL-expressing retrovirus (pMylG/p210BCA/ABL), FHZ{p423-expressing
retrovirus (pPMylKO/FHZIp423), or both lypes of viruses were subjected to the BMT assay. KO indicates Kusabira Orange. (B) Acceleration of disease onset and altered
disease phenotype by cotransduction of Zfp423 and p210BCA/ABL. in the top panel, survival curves of mice reconstituted with BM cells transduced with control retrovirus
(control, n = 5), pMyIKOIFHZIp423 (FHZIp423, n = 10), pMylGIp210BCR/ABL (p210BCR/ABL, n = 9), and both viruses (p210BCR/ABL+FHZ{p423, n = 10) are shown as
thin dotted, thick dotted, thin continuous, and thick centinuous lines, respectively. In the botiom panel, the percentages of samples diagnosed as CML, B-ALL, and AML are
shown by black, white, and shaded boxes, respectively. (C) Representative results of pathologic analysis of CML and B-ALL developed in mice transduced with p210BCR/ABL
and p210BCR/ABL+FHZip423, respectively. In the BM smears, proliferation of differentiated myeloid cells is observed in the CML case (top left panel), whereas monotonous
proliferation of immature lymphoid tumor cells is apparent in the B-ALL case (bottom left panel). Massive infiltration of ieukemic cells is shown in the spleen and liver (middle and
right panels). (D) Representaive results of fiow cylometric analysis of B-ALL developed in mice transduced with p210BCR/ABL and FHZIp423. Leukemic cells are positive for
both GFP and KO (top panel), confirming that they were originated from hematopoietic progenitor cells infected with both p210BCR/ABL and FHZ{p423. GFP-positive leukemic
cells showed positive staining for B220, but are negative for Mac-1, Gr-1, and CD3 (middle and bottom panels).
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Figure 5. Expression of ZNF423 in BCR/ABL-positive cell lines and in CML BC
samples. (A) mANA (3 ug) extracted from 6 p210BCR/ABL-positive, 4 p1908CR/
ABL-positive, and 3 Ph-negative cell lines was blotted with a part of the human
ZNF423 coding region. B-Actin hybridization was performed as an internal control.
The position of the ZNF423 message is indicated by —+ and the immunophenotypes
of the cell lines are shown at the bottomn. A vertical line has been inserted to indicate a
repositioned gel lane. (B) Total RNAs extracted BM samples from 3 CML CP and
8CML BC cases (4 myeloid and 4 B-lymphoid) were subjected to RT-PCR for
ZNF423 expression. B-Actin RT-PCR was performed as an internal control.

mRNAs extracted from 6 p2/OBCR/ABL-positive cell
lines (1 B-lymphoid, 3 myeloid, I erythroid, and 1 basophilic), 4
p190BCR/ABL-positive B-lymphoid cell lines, and 3 Ph-negative
B-lymphoid cell lines were blotted with human ZNF423 cDNA. As
shown in Figure 5A, ZNF423 mRNA expression was detected in 1
of 6 p2]0BCR/ABL-positive (BV-173), 3 of 4 pJ90OBCR/ABL-
positive (Hirata CL, KOPN-72bi, and KOPN-92bi), and 2 of
3 Ph-negative cell lines (HAL-01 and NALM-6), all of which were
of B-cell phenotype.

We then examined ZNF423 expression in human clinical
samples diagnosed as CML CP or BC. BM samples of 3 CML CP
and 4 CML BC patients (4 myeloid and 4 B-lymphoid lineages)
with informed consent were subjected to RT-PCR using ZNF423-
specific primers. BV-173 cells that express ZNF423 (Figure 5A)
were used as a control. As shown in Figure 5B, whereas no ZNF423
expression was detected in CML CP sample (nos. 1-3), 4 of 8 CML
BC samples were found to express ZNF423, where 1 was of
myeloid (no. 6) and the other 3 were of B-lymphoid (nos. 8, 9,
and 11) phenotypes. These results strongly indicated that aberrant
expression of ZNF423 clinically contributes to the malignant
transformation of BCR/ABL-positive cells and to the progression to
CML BC, mainly of B-cell lineage.

Discussion

CML provides an appropriate disease model for multistep carcino-
genesis in which generation of p210BCR/ABL initiates CML CP
and an additional genetic event(s) contributes to the evolution to
CML BC.® We developed a transgenic mouse model for human
CML, which expresses p2]OBCR/ABL in hematopoietic progenitor
cells and reproducibly exhibits a CML-like myeloproliferative
disorder.!* To investigate molecular mechanism(s) responsible for
disease progression, the p2/OBCR/ABL transgenic mice were
subjected to retroviral insertional mutagenesis. BXH2 mice that
harbor a horizontally transmittable replication-competent retrovi-

BLOOD, 7 MAY 2009 - VOLUME 113, NUMBER 19

rus? were used as a virus donor strain, because it has been
successfully used to detect second hit genes in previous studies. >

The inbred BXH2 mice were reported to develop acute myeloid
leukemia at 7 to 12 months of age due to ecotropic virus integration
and intrinsic myeloid tropism.?>* In line with this report, all the
WT/BXH2 mice died of myeloid leukemia (Figure 1A). In
contrast, 6 p210BCR/ABL/BXH2 mice developed nonmyeloid
leukemias with a shorter latency. The early disease onset and
different phenotypes in these mice indicated that the diseases were
caused by the cooperation of p2/OBCR/ABL with altered expres-
sion of virus-affected gene(s). Therefore, in this study, we intended ..
to identify virus-integrated genes in the tumors of the 6 mice and
iPCR analysis detected 2 CISs in B-cell leukemia samples. These
CISs were considered to be strong candidates for CML BC,
because leukemia with B-cell phenotype has not been detected in
p210BCR/ABL transgenic mice' and very rarely reported in BXH2
mice (http://ricgd.abece.neiferf.gov/). 222327

It is to be noted that one CIS was in the promoter region of the
transgene. Interestingly, our previous retrovirus insertional mutagen-
esis study, in which newborn p2J0BCR/ABL transgenic mice were
directly injected with retroviruses, also identified the transgene as a
CIS in B-cell BC cases, where retrovirus integration resulted in
overexpression and/or enhanced kinase activity of the transgene
product.* The up-regulation of p2/0BCR/ABL in the blast phase is
especially interesting, because it corresponds to double Ph, which
is one of the most frequently observed chromosomal abnormalities
found in CML BC.® Therefore, our observation provides in vivo
experimental evidence that acquired enhancement of p210BCR/
ABL expression accelerates the disease and causes BC. The reason
why mice with transgene integration exhibited B-cell leukemia is
not clear. It could be possible that p2/0BCR/ABL originally
expressed by the 7EC promoter and then up-regulated by retrovirus
insertion might predispose the infected mice to develop B-ALL by
an unknown mechanism. In human CML BC, double Ph was
reported to be occasionally associated with B-cell BC samples. 4142

Another CIS was the 5' noncoding region of Zfp423, which
encodes a transcription factor with multiple zinc-finger repeats.®
Zip423 was originally identified as a binding partner of Ebf (early
B-cell factor, also denoted as OIf!), a protein essential for B-cell
and olfactory nervous system development,** and was subse-
quently shown to interact with SMADs in response to bone
morphogenic protein 2 (BMP2) in the Xenopus laevis.®S Zfp423
was also cloned as a target in B-cell lymphoma in AKXD?27 mice
by retroviral insertional mutagenesis.3® In that study, retrovirus
integration occurred upstream of the translation initiation codon
resulting in a high level of expression, as observed in our cases
(Figure 2).3% A recent study demonstrated that Zfp423 knockout
mice exhibited abnormal cerebellum development but appeared to
have a normal hematopoiesis,*¢ suggesting that its ectopic expres-
sion would be involved in leukemogenesis.

It remains to be clarified how overexpression of Zfp423
contributes to B-cell malignancy. Interestingly, although Zfpd23
was originally identified as an Ebf-binding partner, it is not
expressed in hematopoietic tissues including B cells.33 In the
olfactory nervous system, Zfp423 was shown to negatively regulate
Ebf function; Zfp423 forms a heterodimer with Ebf, which inhibits
Ebf homodimer formation that has an ability to transactivate
downstream target genes.> Thus, it would be possible that the
aberrant expression of Zfp423 in the hematopoietic system induces
B-cell leukemia, at least in part by impairing Ebf-mediated
signaling. Alternatively, because a recent study demonstrated that a
highly conserved 12-amino acid peptide located in the extreme
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N-terminus of Zfp423 recruits the nucleosome remodeling and
deacetylase corepressor complex (NuRD),* it could be postulated
that Zfp423 functions as a transcription repressor and contributes to
Jeukemogenesis by suppressing downstream target genes.

In this study, Zfp423 was identified as a gene whose deregulated
expression cooperates with p2/0BCR/ABL and induces CML BC.
The cooperative activities of Zfp423 and p2l0BCR/ABL were
demonstrated by in vitro and in vivo mouse experiments and also
by human samples. Enforced expression of Zfp423 in hematopoi-
etic cells derived from p2/0BCR/ABL transgenic mice enhanced
B-cell colony formation, and suppression of ZNF423 expression in
ZNF423-expressing, p210BCR/ABL-positive CML BC cells re-
duced cell growth (Figure 3). In addition, expression of Zfp423
with p2]0BCR/ABL in hematopoietic progenitor cells accelerated
p210BCR/ABL-mediated leukemia and induced a more aggressive
phenotype mainly of B-cell lineage (Figure 4). Furthermore,
ZNF423 is expressed in a subset of BCR/ABL-positive hematopoi-
etic cell lines and several CML BC samples mostly with B-cell
phenotype (Figure 5). These results demonstrated that Zfp423/
ZNF423 cooperates with p2]OBCR/ABL, confers a proliferative
advantage to p2] 0BCR/ABL-expressing hematopoietic cells, and
consequently develops CML B-cell BC. It is to be noted that
ZNF423 expression was detected in several Ph-negative B-ALL
lines (Figure 5), which indicates that ZNF423 contributes not only
to CML B-cell BC or Ph-positive B-ALL but also to de novo
B-ALL without BCR/ABL.

It is intriguing that while the recipient mice transduced with
both p2/0BCR/ABL and Zfp423 developed mainly B-ALL, 2 cases
developed AML (Figure 4B). Although Zfp423 has been exclu-
sively associated with B-ALL in retroviral insertional mutagenesis
studies, 333 this result strongly suggests that Zfp423 might contain
a potency to develop AML as well as B-ALL. This idea is in
accordance with the finding that one myeloid BC case expressed
ZNF423 in clinical analysis (Figure 5B no. 6). Recently, Zfp52J/
ZNF52] (also known as EHZF [early hematopoietic zinc finger
protein] and Evi3), which is homologous to Zfp423/ZNF423 and
was also identified as a target of B-ALLs by mouse retrovirus
insertional mutagenesis studies, > was reported to be frequently
involved in AML samples in human leukemias.*® Thus, a set of zinc
finger—containing transcription factors that has been isolated as a
target in B-ALL in mice might contribute to leukemias with
different phenotypes in humans.

As for the 2 mice that developed T-ALL, although we could not
identify any CIS, candidate genes, such as Hest (hematopoietic cell
signal transducer, also called DAPIO/KAP10), an adaptor protein
involved in T-cell signaling, %! and [i21r (IL21 receptor), a
cytokine receptor mediating T-cell activation™? were detected
(Table S1). In addition, several genes isolated by iPCR have been
reported in cancer gene studies. For example, Avpill, Ddx6, Runx],
Mef2d, Jakl, Cbfa2t3h, and Sox4 have already been identified as
retrovirus integration sites in the mouse retrovirus tagged cancer
gene database (RTCGD; http://rtcgd.abee.neiferf.gov/),”?" and
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JL21R, DDx6, Runxi, and Chfa2t3h have been denoted as chromo-
somal translocation-associated genes in human cancer (htip://
www.sanger.ac.uk/genetics/CGP/Census/).5* Furthermore, MEF2D
was shown to create a fusion gene in t(1;19)(q23;p13),%* and Sox4
was demonstrated to be a powerful tool to identify cooperative
genes when transplanted by a replication-defective retrovirus.>
Further studies will be required to investigate whether virus
insertion in these genes might affect the BC phenotype and/or
lineage commitment observed in p210BCR/ABL/BXH2 mice.

In this study, we demonstrated that enhanced expression of
p210BCR/ABL and aberrant expression of Zfp423/ZNF423 con-
tribute to blastic transformation of p2J/OBCR/ABL-expressing
hematopoietic cells. Our results provide insights into the
molecular mechanism(s) for disease progression of human CML
and prove this transgenic system is a valuable tool in identifying
genes whose altered expression cooperates with p2/0BCR/ABL
to induce CML BC.
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Abstract

A molecular target associated with the progression of gastric
cancer has not yet been uncovered. FBXW7 is a tumor
suppressor gene transcriptionally controlled by p53 that plays
a role in the regulation of cell cycle exit and reentry via c-Myc
degradation. Few studies have addressed the clinical signifi-
cance of FBXW7 expression in gastric cancer. Therefore, we
examined FBXW7 mRNA expression to determine its clinico-
pathologic significance in 100 cases of gastric cancer. Low
expression levels of FBXW7 in primary gastric cancer
contributed to malignant potential, such as lymph node
metastasis (P = 0.0012), tumor size (P = 0.0003), and poor
prognosis (P = 0.018). In comparison with 52 cases of gastric
cancer without the p53 mutation, 29 cases with the mutation
exhibited lower expression levels of FBXW7 (P = 0.0034),
revealing a significant relationship between P53 mutation and
FBXW? expression. Furthermore, we found that gastric cancer
patients who had low FBXW7? expression levels and 53
mutation had a distinctively poor prognosis in comparison
with other subgroups (P = 0.0033). In conclusion, we showed a
role for p53 in the transcriptional regulation of FBXW7
expression in clinical gastric cancer cases and showed that
disruption of both p53 and FBXW? contributes to poor
prognosis. [Cancer Res 2009;69(9):3788-94]

Introduction

FBXW?7 is a F-box protein subunit of a SCF-type ubiquitin ligase
complex that induces the degradation of positive cell cycle
regulators (oncoproteins) such as c-Myc, cyclin E, c-Jun, and
Notch. Therefore, FBXW7 and the associated molecules have been
focused on as one of the new carcinoma control structures (1L,2).In
particular, FBXW7 induces cell cycle exit (G, phase) via c-Mye
degradation, so the altered expression of FBXW?7 is considered one
of the major causes of carcinogenesis or carcinoma development
(2-4). Because FBXW?7 also participates in cell cycle exit to, and the
reentry from, G, (5-7), it is a candidate molecular therapeutic
target in intractable carcinoma cases that are firmly resistant to
combined modality therapies (5, 8).

Mao and colleagues reported that epithelial tumors are not
established in p53™/~ mice, whereas 53" mice form epithelial

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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tumors with altered FBXW? expression. FBXW7 works downstream
of p53, both of these cell cycle regulator genes, are critical for
carcinogenesis of epithelial tissues (3),

Recently, Onoyama and colleagues reported that mice carrying a
FBXW?7 T-cell conditional knockout eventually developed thymic
lymphomas following thymomas. FBXW?7 and P53 double-knockout
mice developed thymic lymphomas more frequently than other
subgroups of knockout mice, such as wild-type, p53~/~, and
FBXW?7 conditional knockout mice. Therefore, their study clearly
showed the consecutive roles of p53 and FBXW?7 in the
carcinogenesis of solid tumors ir vivo. Moreover, a comparison of
four groups classified according to FBXW?7 and P53 status revealed
a worse prognosis for double inactivation mice than in the other
subgroups (6). It is unknown if identical findings were observed
during previous ir vivo studies of human cancer cases.

The clinical significance of FBXW?7 in human solid cancers has
been diversely reported. FBXW7 mutation rates in cholangiocarci-
nomas, T-cell acute lymphocytic leukemia, endometrial carcinoma,
and colorectal cancer were reported as 35%, 31%, 9%, and 9%,
respectively (2, 4, 9, 10). Also, FBXW7 low expression in glioma
tissues reportedly produces a poor prognosis (11, 12). Lee and
colleagues reported that the FBXW7 mutation rate in clinical
gastric cancer tissues of 3.7% to 6% did not differ in early or
progressive gastric cancer (4, 13). However, few studies are
available on the connection between FBXW?7 expression level and
poor prognoses in gastric cancer.

This study details (a) the magnitude of the effect of altered
FBXW? expression on prognosis determination in gastric cancer
cases; (b) the significance of both FBXW7 expression and p53
mutation status on clinical gastric cancer cases, which was
compared with previous in vivo reports; and (¢) how the
coexistence of the p53 mutation and low expression of FBXW? in
clinical samples determines malignant potential and a poorer
prognosis for gastric cancer patients,

Materials and Methods

Clinical samples and cell lines. One hundred gastric cancer samples
and paired noncancerous samples were obtained during surgery and
used after obtaining informed consent, All patients underwent resection
of the primary tumor at Kyushu University Hospital at Beppu' and
affiliated hospitals between 1992 and 2000. Resected cancer tissues and
paired noncancerous tissues were immediately cut and embedded in
Tissue-Tek OCT medium (Sakura), frozen in liquid nitrogen, and kept at
—80°C until RNA and DNA -extraction. Following isolation of RNA and
DNA, ¢DNA was synthesized from 8.0 Hg total RNA as described
previously (14),

The human gastric cancer cell line AZ521 was provided by the Cell
Resource Center of Biomedical Research, Institute of Development, Aging
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and Cancer, Tohoku University. This cell line was maintained in RPMI 1640
containing 10% fetal bovine serum with 100 units/mL penicillin and
100 units/mL streptomycin sulfates and cultured in a humidified 5% CO,
incubator at 37°C.

Real-time quantitative reverse transcription-PCR. FBXW?7-specific
oligonucleotide primers were designed to amplify a 249-bp PCR pro-
duct encoding the common region among three FBXW7 isoforms. The
following primers were used: FBXW7 sense primer 5-AAAGAGTTGT-
TAGCGGTTCTCG-3' and antisense primer 5-CCACATGGATACCAT-
CAAACTG-3' and glyceraldehyde-3-phosphate dehydrogenase {GAPDH;
270 bp) sense primer 5-GTCAACGGATTTGGTCTGTATT-3' and antisense
primer 5-AGTCTTCTGGGTGGCAGTGAT-3'. These primers spanned more
than two exons to avoid amplification of contaminating genomic DNA. PCR
amplification for quantification of FBXW7 and GAPDH mRNA in clinical
samples was done in the LightCycler system (Roche Applied Science) using
the LightCycler-FastStart DNA Master SYBR Green 1 Kit (Roche Applied
Science) as described previously (15). The amplification conditions of cycles
consisted of initial denaturation at 95°C for 10 min followed by 40 cycles of
denaturation at 95°C for 10 s, annealing at 62°C (60°C for GAPDH) for 105,
and elongation at 67°C (65°C for GAPDH) for 10 s. Melting curve analysis
was done to distinguish specific products from nonspecific products and
primer dimmers. The relative expression levels of FBXW7 were obtained by
normalizing the amount of FBXW7 mRNA divided by that of GAPDH mRNA
as an endogenous control in each sample.

FBXW?7 RNA interference. FBXW7-specific siRNA (Silencer Predesigned
SiRNA1: sense GCACAGAAUUGAUACUAACTT and antisense GUUAGUAU-
CAAUUCUGUGCTG and Silencer Predesigned siRNA2: sense
CCUUAUAUGGGCAUACUUCTT and antisense GAAGUAUGCC-
CAUAUAAGGTG) and negative control siRNA (Silencer Negative Control
1 siRNA) were purchased from Ambion. Lipofectamine RNA interference
MAX (Invitrogen) and FBXW?7-specific siRNA were then added in 6-well flat-
bottomed microtiter plates. After incubation, the AZ521 cell line was seeded
at 1.5 X 10° per well in a volume of 2 mL in 6-well flat-bottomed microtiter
plates and incubated in a humidified atmosphere (37°C and 5% CO,). The
RNA interference assay was done after a 24 h incubation.

Immunoblot analysis. Total protein was extracted from AZ521 after
EBXW7 RNA interference. Aliquots of total protein (35 ng) were electro-
phoresed in 7.5% concentrated READY GELS ] (Bio-Rad Laboratories).
¢-Mye, cyclin E, and p53 proteins were detected using anti-c-Myc (N-262),
anti-cyclin E (M-20), and anti-p53 (Pab240; all obtained from Santa Cruz
Biotechnology) diluted 1:500, 1:100, and 1:100, respectively. These proteins
were normalized to the level of B-actin protein (Cytoskeleton) diluted
1:1,000. Western blot analysis was done as described previously (16).

Enhanced chemiluminescence detection reagents (Amersham Biosciences)
were used to detect antigen-antibody reactions.

In vitro proliferation assay. Proliferation was determined using the 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide assay (Roche
Diagnostics). After a 24 h incubation following siRNA addition, cells were
cultured further for 0 to 72 h and the absorbance of the samples was
measured as described previously (17).

53 and FBXW?7 sequence. Among 100 gastric cancer samples in which
FBXW7 mRNA levels were measured, p53 was sequenced in 81 genomic
DNA samples, Similarly, 80 paired cDNA samples were subjected to FBXW7
mutational analysis.

The 81 genomic DNA samples were used as templates to PCR amplify
exons 4 to 9 of the p53 gene with primers derived from intronic sequences
(Supplementary Table S1)., The PCR was done with AmpliTaq Gold DNA
Polymerase (Applied Biosystems). Likewise, the FBXW? (a, B, and v)
sequence was amplified using cDNA from 80 gastric cancer samples with
KOD-FX DNA polymerase (TOYOBO) and sequencing primers (Supplemen-
tary Table S1). These PCR products were electrophoresed on 1% agarose
gels containing ethidium bromide and purified with ethanol precipitation.
Purified PCR products were sequenced using a Big-Dye Terminator version
1.1 Cycle Sequencing Kit (Applied Biosystems) and an ABI3100 sequencer
(Applied Biosystems).

Statistical analysis. Differences between two groups were estimated
with Student's ¢ test, X analysis, and ANOVA. Overall survival curves were
plotted according to the Kaplan-Meier method, with the log-rank test
applied for comparison. Survival was measured from the day of the surgery.
Data for FBXW7 mRNA expression levels in three groups were analyzed with
ANOVA. When the results of the ANOVA were significant, Tukey's multiple
comparison tests were used to assess differences in' FBXW7 mRNA
expression levels among each group. All differences were statistically
significant at the level of P < 0.05 and a tendency was indicated at the level
of P < 0.1 Statistical analyses were done using the JMP 5 for Windows
software package (SAS Institute).

Results

Clinical significance of FBXIW7 mRNA expression in gastric
cancer cases. The expression levels of FBXW7 mRNA in
cancerous tissues (n = 100) and paired noncancerous tissues
(n = 100) of the gastric cancer patients were examined by real-
time reverse transcription-PCR. These data were corrected for
GAPDH mRNA levels. FBXW7 mRNA expression levels in cancer
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tissues (mean + SD, 141 + 151) were lower than those in
noncancerous tissues (2.37 + 23). A significant difference in
mRNA mean expression level was found between cancerous and
noncancerous tissues (P = 0.0007; Fig. 14). Immunostaining of
FBXW7 was done to confirm the correlation between FBXW7
mRNA and FBXW7 protein. Fifteen gastric cancer samples were
divided into two groups according to FBXW?7 protein level (high
or low). The expression of FBXW7 mRNA in each group was
examined and compared with protein expression levels. The high
FBXW7 protein group (n = 7) showed high FBXW7 mRNA
expression levels in comparison with the low FBXW7 protein
group (n = 8; P = 0,0013; Supplementary Fig, S1).

In the overall survival curve (Fig. 1B), patients in the low
FBXW?7 expression group (n = 69; cancer/noncancerous tissues

FBXW7/GAPDH P
High expression Low expression
(n=31) (n =69)

Age (y)
=65 15 30 0.69
<65 16 38

Gender
Male 17 49 0.12
Female 14 20

Histology
Well, moderate 16 34 0.88
Poor, signet 15 34

Size (cm)
<5 22 22 0.0003*
25 9 47

Depth .
T, (m, sm) 10 11 0.06
To-T4 (mp, ss, se, si) 21 58

Lymph node metastasis
Absent 18 17 0.0012*
Present 13 52

Lympbhatic invasion
Absent 12 17 0.15
Present 19 52

Venous invasion
Absent 27 45 0.024*
Present 4 24

Liver metastasis
Absent 31 65 0.17
Present 0 4

Peritoneal dissemination
Absent 30 53 0.014*
Present 1 16

Stage
L1 23 28 0.0019*
L v 8 41

NOTE: High FBXW7 expression group (n = 31), FBXW7 (T)/FBXW7 (N)

< 1.0; low FBXW?7 expression group (n = 69), FBXW7 (T)/FBXW7 (N)

< 1.0. Well, well differentiated; poor, poorly differentiated; moderate,

moderately differentiated; signet, signet ring cell.

*P < 0.05.

1P <0l

< 1.0) had a significantly poorer prognosis than those in the
high FBXW?7 expression group (n = 31; cancer/noncancerous
tissues = 1.0; P = 0.018). However, there was no relationship
between FBXW?7 expression and clinical stage progression
(Supplementary Fig. $2). Multivariate analysis revealed that the
FBXW7 mRNA expression level in cancer is an independent
predictor of lymph node metastasis (Supplementary Table S24
and B).

Clinicopathologic factors were significantly different in the
low FBXW?7 expression group (n = 69). There was more
progressive tumor size, lymph node metastasis, venous
invasion, peritoneal dissemination, and clinical staging com-
pared with the high FBXW7 expression group (n = 3L; P <
0.05). However, no significant differences were observed
regarding age, gender, histology, lymphatic invasion, and liver
metastasis {Table 1).

Expression of the FBXW7 isoform and prognosis in gastric
cancer cases. In several in vivo studies, mouse Fbxw?7 has three
isoforms (o, B, and <y). The o isoform is expressed in most
tissues, the B isoform is found in the brain and testis, and the y
isoform is in the heart and muscle (5). We confirmed the
distribution of FBXW?7 expression in a human panel before
searching for FBXW7 mutations in gastric cancer cases. We
found a similar distribution of FBXW7 mRNA expression
between the human panel and laboratory mice (Supplementary
Fig. 83). Fhxw?7 vy controls the nucleolar level of c-Myc and cell
size and is restricted to muscle cells, which is larger than other
cells (5, 18). It has been suggested that Fbxw7 vy contributes to
muscle differentiation through regulation of c-Myec. Therefore,
the expression level of FBXW?7 7y in the heart might be very high
to regulate heart muscle differentiation (Supplementary Fig. S3).

In addition, the association between overall FBXW7 expres-
sion and poor prognosis was more significant than between the
expression of any individual isoform (Supplementary Fig. $4).

FBXW?7 and p53 mutation analysis. We examined p53
mutations in 81 genomic DNA samples and FBXW7 mutations in
80 cDNA samples, the same paired samples that were used for the
FBXW7 mRNA expression assay. Mutation analysis done with
sequencing found p53 and FBXW7 mutation rates of 35.8% (29 of
81) and 8.8% (7 of 80), respectively (Fig. 24 and B; Supplementary
Table 83; Supplementary Fig. S5).

Examination of the relationship between p53 mutation status
and FBXW7 mRNA expression levels revealed that FBXW7 mRNA
mean expression levels in the p53 mutation (+) group (n = 29,
1.07 + 1.03) were lower than those in the P53 mutation (—; n = 52;
156 * 1.79) and noncancerous tissues (n = 100; 2.36 + 2.3). A
significant difference was found between the p53 mutation (+)
group and the other groups (Fig. 3). In addition, no difference was
observed between the p53 mutation (—) gastric cancer tissues and
noncancerous tissues.

Mean expression levels of FEXW7 in the FBXW7 mutation (+)
group (z = 7) were not significantly different from those of
the FBXW? mutation (~) group (n = 73) and noncancerous tissues
(1 = 100). The presence of the FBXW7 mutation was not associated
with poor prognosis or clinical stage in gastric cancer patients
(Supplementary Fig. S5).

FBXW7 RNA interference promotes proliferation in vitro.
Because FBXW7 mRNA suppression in cancer tissues is
associated with poor prognosis, the protein levels of c-Myc
and cyclin E, degradation targets of FBXW7, were examined to
evaluate FBXW7 function in gastric cancer cells. FBXW?7
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Figure 2. p53 and FBXW7 mutation
analysis. A, structure and mutation of the
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suppression analysis was done with two different FBXW7 siRNA
(siRNA1 or siRNA2) using gastric cancer cell line AZ521. FBXW7
suppression by siRNA was confirmed with quantitative reverse
transcription-PCR in the control siRNA and FBXW7 siRNA
groups. The level of FBXW7 mRNA was substantially reduced by
70% in FBXW7 siRNA1 (Fig. 44).

Western blot analysis confirmed expression of c-Myc and
cyclin E proteins degradation targets of FBXW? in control siRNA
and FBXW7 siRNA groups. The expression levels of c-Myc and
cyclin E protein were enhanced in the FBXW7 siRNA group
compared with the control siRNA group. Likewise, p53
expression was enhanced (Fig. 4B). Evaluation of proliferation
potency in the FBXW7 siRNA groups using the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide assay showed that
proliferation rates were significantly enhanced in both FBXW?
groups in comparison with the control siRNA group and parent
cell line AZ521 (Fig. 4C).

P53 mutation and FBXW7 expression are associated with
poor prognosis in clinical gastric cancer patients, FBXW7
mRNA expression was inhibited in p53 mutation (+) gastric
cancer tissues, and the low FBXW7 expression patients had a
significantly poorer prognosis than the high FBXW7 expression
patients (Figs. 1B and 3).

Therefore, we divided 81 gastric cancer patients into four groups
according to FBXW? expression level and the state of the p53
mutation and examined the overall survival curve in these groups.
The p53 mutation (+), FBXW7 low expression group (n = 24)
had a significantly poorer prognosis than the other three groups
(P = 0.0033; Fig. 5). \

Discussion

In this study, we showed that FBXW7 mRNA expression in
gastric cancer samples is markedly decreased in comparison
with the corresponding noncancerous samples and that FBXW7
is a poor prognostic factor. There are three possible
explanations. First, it is worth noting that FBXW7 expression

is regulated by p53 in in vitro and in vivo experimental data
(3, 5, 6, 19). For instance, Mao and colleagues reported that
Fbxw7 mRNA expression was activated when p53 expression
was induced by radiation, and baseline expression of Fbxw7
mRNA is suppressed in p53_/‘ mice. Moreover, they reported
that a p53-binding site is present in a promoter region of the
mouse Fbxw?7 (3). In addition, Kimura and colleagues reported
that FBXW7 P expression is enhanced when wild-type p53 is
produced in a p53-mutated glioblastoma cell line (8). These
reports strongly suggest that transcription of FBAW?7 is
regulated by p53 activity. Therefore, we focused on the regu-
lation of FBXW?7 expression by p53 in gastric cancer cases. In
the current study, FBXW7 expression levels were decreased in
most p53 mutation (+) gastric cancer samples (Fig. 3); only 6%
(5 of 81) cases were FBXW7 high expression in p53 mutation
(+: Fig. 5). Most of the p53 mutation (+) gastric cancer patients
belonged to the FBXW7 low expression group. Therefore, we
propose that FBXW7 mRNA expression is primarily regulated by
the presence of the p53 mutation in clinical gastric cancer
cases. It is worth noting that the reproducibility of this finding
in vivo was clearly confirmed in human clinical cases. To
determine which isoform of FBXW? is regulated by p53 in vitro,
we used p53 siRNA to suppress p53 expression in gastric
cancer cell line AZ521. The expression levels of the three
FBXW?7 isoforms (o, B, and vy) were suppressed by p53 siRNA
(Supplementary Fig, $6). .

Second, we determined that FBXW7 is inactivated by a
mutation in the coding region. The average of FBXW7 mutation
rate in several malignancies was ~6% (4). As for gastric cancer
cases, Lee and colleagues reported the possibility of the presence
of mutation, but the relationship of the FBXW7 mutation and
prognosis was not elucidated (13). Therefore, we examined the
sequence of the FBXW?7 isoforms. The FBXW7 mutation rate, 8.8%
(7 of 80), was similar to the 3.7% to 6% previously reported for
gastric cancer (4, 13). Mutation hotspots are located in T-cell
acute lymphocytic leukemia; however, they were not detected in
the current study (13, 20, 21).
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Third, chromosome 4q contains the FBXW?7 gene. Approximately
30% of the gene is deleted in certain carcinomas, such as
esophageal and gastric cancers. In particular, inactivation of tumor
suppressor genes by the chromosome 4q deletion may be an
important factor in colon carcinogenesis (22-24).

The reduction of FBXW?7 expression is associated with the
dysregulation of cyclin E and c-Myc, positive regulators of the
cell cycle (2, 18, 25, 26). c-Myc is associated with cell growth and
is recognized as an important factor in control of the G; (G) to

S-phase transition (1, 6, 27, 28). Cyclin E expression is enhanced in
various types of cancer, where it regulates cell cycle progression via
Rb phosphorylation and contributes to genome instability (19, 29).
Consistent with previously published reports, we showed that
protein expression of ¢c-Myc and cyclin E is enhanced when FBXW7
is suppressed in a gastric cancer cell line (Fig. 4). Immunohisto-
chemical analysis of FBXW7 in clinical gastric cancer tissues
revealed enhanced expression of Myc and cyclin E in FBXW7 low
expression tissues (Supplementary Fig. S74). Conversely, Myc and
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cyclin E expression levels were suppressed in tissues in which
FBXW7 was overexpressed (Supplementary Fig. §7B), confirming
the relationship between FBXW7 and target proteins in clinical
gastric cancer tissues.

In addition, ¢-Myc accumulation induces p53-dependent apo-
ptosis via MDM2 degradation (6, 30, 31). The inactivation of
both FBXW7 and p53 promotes c-Myc accumulation and inhibits
p53-dependent apoptosis by MDM2 activation. It probably means
that the proliferation rate was increased in these cells.

The low FBXW?7 expression group of gastric cancer patients
showed progression of clinicopathologic factors and poor progno-
sis. All 4 cases of liver metastasis (100%, 4 of 4), 16 cases of
peritoneal dissemination (94%, 16 of 17), and 24 cases of venous
invasion (86%, 24 of 28) were classified as members of the FBXW7
low expression group (Table 1). Unfortunately, a significant
correlation was not observed between the incidence of liver
metastasis and FBXW?7 expression because of an insufficient
number of cases. However, other clinicopathologic findings
indicated that FBXW7 contributes to hematogenous metastasis
besides lymph node metastasis and peritoneal dissemination.

FBXW?7 is a tumor suppressor. Considering tumor dormancy as
one way to conquer malignancies, the introduction of FBXW?7
may facilitate “tumor dormancy therapy.” Moreover, it was found
that Myc inhibition triggers rapid regression of incipient and
established lung tumors in vivo (32). Therefore, Myc degradation by
FBXW?7 may not only induce a state of tumor dormancy but also
could have an antitumor effect.

As in a previous in vivo study, the simultaneous disruption of
two cell cycle checkpoint genes, p53 and FBXW?7, shortened the
survival of mice with thymic lymphomas (6). It is notable that,
even in the FBXW7 low expression group, the 5-year survival rate
of p53 mutation () cases is 53%, but we found that it was 14%
in the FBXW?7 low expression/p53 mutation (+) group of clinical
gastric cancer patients (Fig. 5). Both p53 and FBXW7 act to
brake the cell cycle. Therefore, simultaneous disruption of these
genes led to poor prognosis in clinical gastric cancer in
comparison with inactivation of p53 or FBXW7 alone. Although
p53 reportedly regulates FBXW7 expression, other mechanisms
may be present. In the current study, most cases of p53
mutation (+) gastric cancer were in the low FBXW7 group and had

poor prognosis (83%, 24 of 29). However, a few cases of p53
mutation (+) gastric cancer were in the high FBXW7 expression
group (17%, 5 of 29) and had good prognosis in comparison with the
53 mutation (+)/low FBXW? group. There were a few cancer cases
with higher FBXW7 expression that was not regulated by p53.
Therefore, the prognosis of p53 mutation (+) cases is not identical
to that of p53 mutation (+)/FBXW? low cases.

These results show that the status of FBXW?7 and p53 is critical
for prognosis determination in gastric cancer patients. This report
is the first confirmation of the experimental mice data using
clinical gastric cancer samples.

In conclusion, FBXW?7 has recently attracted attention as a
tumor suppressor gene that reduces important oncoproteins and
related carcinogenesis and cell cycle progression. There are
previous reports of in vitro and in vivo studies showing that
p53 controls FBXW7 expression and that FBXW7 inactivation
contributes to poor prognosis via genome instability and cell cycle
progression. However, these findings had not been shown in
clinical cancer samples. We have clarified that gastric cancer
patients with inactivation of FBXW7 and p53 have a poorer
prognosis.
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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

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.

not develop myeloproliferative neoplasms

Introduction

(Blood. 2010;115(14):2872-2881)

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 Hes! leads to
lack of thymus.®

Recently, activating mutations of the Notch/ 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.'>14 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 Hes! 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 o (C/EBP-).15

A growing volume of evidence shows that down-regulation of
C/EBP-a 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. Hes! 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

C57BLJ6 (Ly5.1) donor mice were purchased from Sankyo Labo Service
Corporation. C57BL/6 (LyS5.2) 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
(LyS.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 (FeyRIIVII 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-FeyR°CD34+, and Lin~c-Kit*Sca-1-FcyRECD34* cells (KSLs,
CMPs, and GMPs, respectively)!? were sorted with a FACSAria cell sorter (BD
Biosciences).

Transfection and retrovirus production for murine cells

Rat Hesl ¢DNA, 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, GCDNsan/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.!920

Transfection and retrovirus production for human cell lines

We generated a dominant-negative Hesl (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-A% packaging cells with FuGENE 6 (Roche Diagnostics).

Hes1 IMMORTALIZES COMMITTED PROGENITORS 2873

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 GCDNsanvIRES-NGFR-Hes!1 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 10° of Hesl/
NGFR-sorted or BCR-ABL/GFP-sorted cells were injected through tail
veins into CS7BL/6-Ly5.2-recipient mice (8-12 weeks of age) after
sublethal (5.25 Gy) or lethal (9.5 Gy) total body vy-irradiation (*3Cs). 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. Cylospin 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, CDllb,
B220, CDI19, CD3, CD4, CD8, c-Kit, Sca-1, CD34, and Teri19. Flow-
cytometric analysis of the stained cells was performed with FACSCalibur
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(BD Biosciences) equipped with CellQuest software (BD Biosciences) and
FlowJo 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 Hesl??; 5'-GAG-
CTGAACGGGAAGCTCACTGG-3' (forward) and 5'-CAACTGTG-
AGGAGGGGAGATTCAG-3' (reverse) for human GAPDH22;
5'-GAACAGCAACGAGTACCGGGTA-3' (forward) and S5'-CCCA-
TGGCCTTGACCAAGGAG-3' (reverse) for mouse C/EBP-a23;
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.® Polyclonal rabbit
anti-Hes! 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 immontalizes 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
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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 Hes1 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 Hes1 (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 Hesl-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
Hesl-transduced cell (Hes1-KSLs, Hes1-CMPs, and Hes!-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 Hes! and BCR-ABL were immortalized
without cytokine supplementation (Figure 2B). The colonies made
from Hesl- 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 Hes] *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
Figure 2C-D), irrespective of whether they were derived from
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Figure 1. Hes1-transduced KSLs, CMPs, or GMPs were A
immortalized in the presence of IL-3. (A) Typical colonies
derived from Hesi- 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, UPlanF! (Olym-
pus); original magnification %40 (botom 2 in the right
panels) and original magnification X 100 (remalning 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, UPlanFi (Olympus); original magnification GMP
x1000. {C) Colony-forming assay from KSLs, CMPs, and N
GMPs transduced with Hest or empty vector. Hesl- C
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 methylcellulose supplemented
with SCF, TPO, IL-3, and IL-6. A representative result from
3independent and reproducible experiments is shown. Error
bars represent the SD from duplicate cultures. (D) Sustained
growth of Hest-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 biue staining, and 10° celis per
well were seeded into a 6-well plate. Liquid culture was
reproducibly continued for more than 6 months. (E) Cytokine
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KSLs, CMPs, or GMPs (supplemental Figure 2F). HesI *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 Hes! or BCR-ABL in the Hes! * 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
~y-irradiation ('¥*Cs). 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-

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 Hes1 "TBCR-ABL* KSLs, CMPs,
and GMPs through tail veins into CS7BL/6-Ly5.2 recipient mice



