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Figure 1 EVI-1 interacts with histone methyltransferases SUV39H1 and G9a, but not with Set9. (a) Schematic representation of EVI-1 isoforms.
ZF, zinc finger domain; PR, PR domain. (b) Histone methyltransferase assay with FLAG-EVI-1 and Flag-MDS1-EVI-1. Lysates from cells transfected
with EVI-1 or MDS1-EVI-1 were immunoprecipitated with anti-Flag antibody and analysed for specific histone H3 methylation activity by
autoradiography, but neither EVI-1 nor MDS1-EVI-1 methylated histone H3. Myc-SUV39H1 and HA-G9a were purified with anti-Myc or HA
antibodies and used as positive controls. (c) The 293T cells were transfected with Flag-EVI-1 (lanes 2 and 4), Flag-MDS1-EVI-1 (lane 5), and Myc-
SUV39H1 (lanes 3-5). Whole-cell extracts were immunoprecipitated with anti-Flag antibody. Flag-EVI-1-bound Myc-SUV39H1 was detected by
western blotting by means of anti-Myc (top). Expression of Flag-EVI-1 and Myc-SUV39H1 is monitored with anti-Flag (middle) and anti-Myc
(bottom), respectively. (d) The 293T cells were transfected with Flag-EVI-1 (lanes 2 and 4), Flag-MDS1-EVI-1 (lane 5), and GFP-G9a (lanes 3-5).
Whole-cell extracts were immunoprecipitated with anti-Flag antibody. Flag-EVI-1-bound GFP-G9a was detected by western blotting by means of
anti-GFP (top). Expression of Flag-EVI-1 and GFP-G9a is monitored with anti-Flag (middle) and anti-GFP (bottom), respectively. (e) The 293T cells
were transfected with HA-EVI-1 (left panel), HA-MDS1-EVI-1 (right panel) and Flag-Set9 (lane 2 of both panels). Whole-cell extracts were
immunoprecipitated with anti-HA antibody. HA-EVI-1-bound Flag-Set9 was detected by western blotting by means of anti-Flag (top). Expression of
HA-EVI-1 and Flag-Set9 is monitored with anti-HA (middle) and anti-Flag (bottom), respectively.

HMT assay MgCl2, 10mm B-mercaptoethanol, 250 mm sucrose) containing
Flag-EVI-1, Myc-SUV39HA or HA-G9a was immunoprecipi- 2 pg of histone 3 (Roche, Indianapolis, IN, USA) as the substrate
tated with anti-Flag, anti-Myc and anti-HA antibodies, respec- and S-adenosyl-[methyl-14C]-I-methionine as the methyl donor.

tively. The immunoprecipitates were incubated for 1h at 37 °C Reactions were stopped by boiling the samples in sodium dodecyl
in 50 ul of MAB buffer (50 mm Tris, pH 8.5, 20 mm KCI, 10mm sulphate loading buffer, and then the proteins were separated by
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15% sodium dodecy! sulphate-polyacrylamide gel electrophoresis.
Gels were dried and quantification of methyl-'*C was performed
using a BAS-2000 imaging analyzer (Fuji Film).

Immunoprecipitation and western blotting

The 293T cells were transfected by the calcium phosphate
method. The cells were cultured 48 h after transfection and were
lysed in the TNE buffer.'* For immunoprecipitation, cell lysates
were incubated with the anti-Flag M2 monoclonal antibody
(F3165, Sigma, St Louis, MO, USA) for 3h at 4°C. Then, the
samples were incubated with protein-G-Sepharose (Amersham
Pharmacia Biotech, Piscataway, NJ, USA) for 1h at 4°C. The
precipitates were washed five times with the TNE buffer,
subjected to sodium dodecyl sulphate-polyacrylamide gel
electrophoresis, and analysed by western blotting. Western
blotting was performed with anti-Flag M2-Peroxidase (A8592,
Sigma), anti-Myc (2276, Cell Signaling Technology, Beverly,
MA, USA), anti-HA-Peroxidase (12CA5, Roche), anti-GFP anti-
body (G1544, Sigma), anti-EVI-1 (C50E12, Cell Signaling
Technology), anti-SUV39H1 (MG44, upstate) or anti-G9a anti-
body (C6H3, Cell Signaling Technology). Proteins were
visualized by the enhanced chemiluminescence system (Amer-
sham Pharmacia Biotech).

Immunofluorescence microscopy
For colocalization studies, COS7 cells were transfected with
Myc-SUV39H1 or GFP-G9a together with Flag-EVI-1 using the

Roles of HMTs in EVI-1-mediated leukemogenesis
S Goyama et al

FuGENE transfection reagent (Roche). After 48 h, cells were fixed
in 3.7% formaldehyde and permealized with 0.1% Triton X-100.
Samples were blocked with 1% bovine serum albumin for
40 min, incubated with mouse anti-Myc-FITC (F2047, Sigma) or
rabbit anti-Flag antibody (F7425, Sigma) for 2 h, washed, and
then incubated with the Alexa Fluor 555 conjugated goat anti-
rabbit antibody. For evaluation of endogenous H3K9 methylation
status, MEF cells were incubated with rabbit anti-dimethyl H3K9
(29698, Upstate) or rabbit anti-trimethyl H3K9 antibody (31855,
Upstate), followed by labelling with Alexa Fluor 488 conjugated
anti-rabbit antibody. Nuclear staining was performed using
TOPRO3 (Invitrogen, Carlsbad, CA, USA). Cells were analysed
by the confocal laser scanning microscopy (Leica TCS SL).

Luciferase reporter assay

For analysis of luciferase activities, 293T cells were seeded in
12-well culture plates at a density of 1 x 10° per well. At 12 h
after seeding, the cells were transfected with 500ng of p3TP-
Lux, 100ng of pME-EVI-1, and increasing amounts (100 or
200ng) of either pcDNA3-SUV39H1, pcDNA3-SUV39H1-
H324K, pcDNA3-G9a or pcDNA3-G9a-NH903/904LE using
Lipofectamin 2000 (Invitrogen). The cells were harvested 48 h
after transfection and assayed for the luciferase activity by
means of the luciferase assay system (Promega, Madison, WI,
USA) and a luminometer (Lumat, LB 9700, Berthold, Bad
Wildbad, Germany). Transfection efficiency was evaluated by
cotransfecting 10 ng of a reporter CMV-fgalactosidase plasmid.
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Figure 2 Domain contribution of EVI-1 for interaction with SUV39H1 and G9a. (a) Schematic presentation of the functional domains of
EVI-1 and structures of the deletion mutants. (b) Association between Flag-EVI-1 or its deletion mutants and Myc-SUV39H1 or its mutant.
M, a mutant carrying an inactivating point mutation within the HMT domain of SUV39H1 (SUV39H1-H324K). (c) Association between Flag-EVI-1
or its deletion mutants and HA-G9a or its mutant. M, a mutant carrying an inactivating point mutation within the HMT domain of G9a

(G9a-NH903/904LE).
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Retrovirus transduction and colony-replating assay
Plat-E packaging cells*® were transiently transfected with 3 pg of
retrovirus vectors, mixed with 9pul of FUGENE 6 (Roche) for
retrovirus production. Colony-replating assay was performed as
described earlier.* Colony-forming cells from the third to fifth
round of plating were subsequently infected with retrovirus
encoding either Suv39H1-small hairpin  RNA  (shRNA),
G9a-shRNA or control-shRNA, and the cells were replated at
1x10° per plate in M3434 in the presence of 1pg/ml
puromycin. Puromicin-resistant colonies were then replated at
5% 107 per plate.

RNA interference

We designed retrovirus vectors (RNAi-Ready pSIREN-RetroQ
Vector, Clontech, Palo Alto, CA, USA) encoding an shRNA
directed against murine Suv39h1 or G9a. As a control, we used
an shRNA vector without hairpin oligonucleotides. Reduced
expression of Suv39H1 or G9a in Evi-1- or E2A/HLF-immorta-
lized cells was confirmed by performing quantitative PCR with
Universal ProbeLibrary Reference Gene Assays (Roche). Target
sequences for shRNAs and primer sequences for quantitative
PCR are shown in Supplementary Table 1.

Statistical analysis
Statistical significance of differences between parameters was
assessed using Welch’s t-test.

Results

EVI-1 associates with SUV39HT and G9a in mammalian
cells
As PR domain is homologous to the catalytic SET domains of
HMTs, we initially assessed whether MDS1-EVI-1 (PR-contain-
ing form) is able to transfer methyl groups onto histones. We
purified recombinant full-length EVI-1 and MDS1-EVI-1 from
293T cell extracts by immunopurification and analysed them by
an in vitro HMT assay with histone H3 as a substrate. However,
the immunoprecipitated EVI-1 protein (both EVI-1 and MDS1-
EVI-1) had no methyltransferase activity (Figure 1b), indicating
that MDS1-EVI-1 itself is not a HMT. We then investigated
whether EVI-1 can associate with H3K9-specific HMTs,
SUV39H1 and G9a in mammalian cells. We introduced Flag-
tagged EVI-1 or MDS1-EVI-1 in the absence or presence of Myc-
SUV39H1 into 293T cells. Cell lysates were subjected to
immunoprecipitation with anti-Flag, followed by immunoblo-
tting with anti-Myc. We observed that Myc-SUV39H1 was
coprecipitated with both Flag-EVI-1 and Flag-MDS1-EVI-1
(Figure 1c). Using the same assay, we also found that GFP-
G9a could be detected in immunoprecipitates of both Flag-EVI-
1 and Flag-MDS1-EVI-1 (Figure 1d). In contrast, Flag-SET9 did
not show any interaction with HA-EVI-1 (Figure 1e). Thus, both
isoforms of EVI-1 are able to form a complex with two H3K9
methyltransferases, SUV39H1 and G9a.

We next mapped the region of EVI-1 that is necessary for
interaction with the HMTs using EVI-1 deletion mutants that
lack various functional domains (Figure 2a).”> The first zinc

Figure 3 EVI-1 colocalizes with histone methyltransferases SUV39H1 and G9a in the nucleus. (a) COS7 cells were cotransfected with
Myc-SUV39H1 and Flag-EVI-1 and stained with anti-Myc-FITC (green) and anti-Flag antibodies followed by secondary Alexa 555 (red) staining,
together with TOPRO3 nuclei staining (blue). Merged images revealed the partial association of both proteins in speckled structures of the nucleus.
(b) COS7 cells were cotransfected with GFP-G9a (green) and Flag-EVI-1 and stained with anti-Flag followed by secondary Alexa Fluor 555 (red)
staining, together with TOPRO3 nuclei staining (blue). Merged images revealed nearly complete association of both proteins in speckled structures
of the nucleus.
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Figure 4 Evi-1 deflaency does not affect global methylation status in MEF cells. (a) Expression of Evi-1 and B-actin protein in wild-type and
Evi-17'~ MEF cells. (b) Wild-type (left panel) and Evi-17"" (right panel) MEFs were stained for H3K9-Me2 (upper panel) or H3K9-Me3 (lower
panel), followed by secondary Alexa 488 (green), together with TOPRO3 nuclei staining (blue). H3K9-2Me and 3Me were broadly detected in

nuclei of MEF cells, and Evi-17"~

finger domain (ZF1) is a DNA-binding domain and is essential
for interaction with several proteins, including Smad3 and c-Jun
N-terminal kinase.”® The second zinc finger domain (ZF2) is
another DNA-binding domain and is essential for AP-1
activation.” The repression domain is required for the efficient
repression of TGF-B signalling.” The region containing CtBP-
binding-motif-like sequences is responsible for the interaction
with CtBP1."® In addition, EVI-1 contains a highly acidic domain
at the C-terminus, which is required for EVI-1-mediated P-Sp
haematopoiesis.”® In contrast to the earlier reports, which
showed that EVI-1 interacts with SUV39H1 through ZF1,*'%? all
of these deletion mutants associate with both SUV39H1 and
G9a almost as efficiently as full-length EVI-1 (Figure 2b and c).
These results indicate that the interactions between EVI-1 and
HMTs are mediated through a relatively wide stretch of multiple
regions, at least in 293T cells.

EVI-1 colocalizes with SUV39HT and G9a in the
nucleus

Next, we examined whether EVI-1 and the HMTs could
colocalize in cells using immunofluorescence analysis with
COS7 cells. Consistent with earlier reports,”” EVI-1 shows a
nuclear diffused localization pattern in the majority of cells, and
sometimes shows speckled nuclear distribution (Figure 3a and b,
left). When both Flag-tagged EVI-1 and Myc-tagged SUV39H1
were cotransfected into COS7 cells, EVI-1 and SUV39HI1
formed speckles that partially overlap (yellow colour) in nuclei,
confirming the colocalization between two proteins in vivo
(Figure 3a, right). The possibility of cross-talk between the
channels or cross-reactivity of the antibodies was ruled out
(Supplementary Figure 1). The same assay also revealed nearly
complete colocalization of EVI-1 and G9a in cells transfected
with both constructs (Figure 3b, right). Thus, EVI-1 and the
HMTs (SUV39H1 and G9a) colocalize within the nucleus in
mammalian cells.

EVI-1 is not essential for the global methylation of H3K9
It has been shown that SUV39H1 is required for H3K9
trimethylation (H3K9-3Me) and G9a promotes H3K9 dimethyla-
tion (H3K9-2Me).”® Therefore, we then examined the effect of
Evi-1 deletion on the overall levels of di- and tri-methylation of
H3K9 in wild-type and Evi-1~~ MEF cells. The absence of Evi-1
protein in Evi-1~~ MEF cells was confirmed by western blotting
(Figure 4a). As shown in Figure 4b, H3K9-2Me and 3Me were
broadly detected in nuclei of MEF cells, and Evi-1~"~ cells
showed no remarkable change on overall methylation levels.

cells showed no remarkable change on the overall methylation level.
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Figure 5 Transcriptional repression by EVI-1 requires catalytically
active SUV39H1. The 293T cells were cotransfected with p3TP-Lux
and expression vectors for EVI-1, and different concentrations of
the SUV39H1, SUV39H1-H324K, G9a and G9a-NH903/904LE, as
indicated. All luciferase assays were performed in triplicates in two
independent experiments. Values and error bars depict the mean and
the s.d., respectively.

Thus, Evi-1 deficiency does not cause significant reduction of
H3K9 methylation level in MEF cells.

Transcriptional repression by EVI-1 requires
catalytically active SUV39H 1

We next investigated whether SUV39H1 and G9a are actively
involved in EVI-1-mediated transcriptional repression. We
transfected 293T cells with the reporter plasmid p3TP-Lux, a
synthetic TGF-B-responsive reporter that contains the promoter
region of the plasminogen activator inhibitor 1 (PAI-1). As
shown earlier, cotransfection of EVI-1 resulted in repression of
the reporter activity. Interestingly, increasing amounts of
SUV39H1-H324K, a construct carrying an inactivating point
mutation within the HMT domain of SUV39H1, completely
abrogated the transcriptional repression mediated by EVI-1
(Figure 5). As H324K is still able to associate with EVI-1 in
immunoprecipitation studies (Figure 2b), it is thought to act as a
dominant-negative mutant by competing with endogenous
SUV39H1. In contrast, both G9a and G9a-NH903/904LE, a
construct carrying inactivating mutations within the HMT
domain of G9a, did not affect the reporter activity (Figure 5).
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These results suggest that SUV39HT1 is more important for EVI-1-
mediated transcriptional repression in this context.

Both SUV39H1 and G9a are required for efficient
propagation of Evi-1-expressing cells

We then evaluated a role for HMTs in Evi-1-induced leukemo-
genesis. Bone marrow cells from 5-fluorouracil-treated mice
were transduced with Evi-1, and were subjected to colony-
replating assay (Figure 6a). Consistent with earlier reports,*
primary bone marrow progenitors transduced with Evi-1, but not
empty vector, formed colonies in methylcellulose that can be
replated through at least seven rounds of culture (data not

shown). Wright-Giemsa-stained cytospin preparations of the
cells constituting these Evi-1-transduced colonies showed
blastic morphology with myeloid dysplasia (Figure 6b). After
establishment of sustained clonogenic activity after more than
three rounds of replating, the cells were transduced with
Suv39h1-shRNA, G9a-shRNA or control-shRNA. We designed
two independent shRNAs targeting murine Suv39H1 or G9a,
and confirmed reduced expression of these HMTs by quantita-
tive PCR in Evi-1-transduced cells and by western blotting in
NIH3T3 cells (Figure 6c; Supplementary Figure 2). Although
the colony-forming activity vary among different cultures
(Supplementary Table 2), knockdown of Suv39h1 or G9a in
Evi-1-transduced progenitors showed a clear tendency to reduce
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Figure 6 Effects of SUV39H1 or G9a knockdown on Evi-1-induced bone marrow immortalization. (a) Schematic representation of the following
experiments. BM progenitors were transduced with Evi-1 or E2A/HLF oncogenes. Colony-forming cells from the third to fifth round of in vitro
plating were subsequently transduced with Suv39h1-shRNA, G9a-shRNA or control-shRNA. Clonogenic activity was then assessed in the further
round of replating in the presence of puromycin. (b) Giemsa-stained cells constituting colonies generated by Evi-1. Blasts (left panel) and the cells
with Pseudo-Pelger-Huet anomaly (right panel) were shown. (¢, e) Relative expression of Suv39h1 or G9a in Evi-1-immortalized cells (c) or E2A/
HLF-immortalized cells (e) transduced with various shRNAs. Values are normalized to GAPDH. Means from two independent experiments are
depicted with s.d. NC, negative control; Suv-1, 2, shRNAs for Suv39h1; G9a-1, 2, shRNAs for G9a. (d, f) Colony counts from the replating cultures
of Evi-1- or E2A/HLF-immortalized cells after shRNA transduction. The bar graph shows the relative number of colonies generated by HMT-
downregulated cells compared with control cells. Means from five (Evi-1) or three (E2A/HLF) independent experiments are depicted with s.d., each
in duplicate. Statistical analysis was performed on Round2 and Round3 colony numbers. *P<0.01, relative to controls.
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the colony numbers (Figure 6d; Supplementary Figure 3A;
Supplementary Table 2). In addition, the HMT-knockdown cells
exhibited a tendency to differentiate towards a granulocytic
lineage in some experiments (Supplementary Figure 3B). We
then assessed a role for the HMTs in bone marrow immortaliza-
tion by E2A/HLF, a chimeric gene generated in t(17;19) that is
also known to immortalize murine bone marrow cells.*® We
used E2A/HLF as a control because the contribution of Evi-1 to
colony-forming ability of E2A/HLF-transduced cells is relatively
small.'” Despite the efficient downregulation of Suv39h1 and
G9a (Figure 6e), the HMT-knockdown cells showed equivalent
colony-forming activity to that of control E2A/HLF-transduced
cells (Figure 6f; Supplementary Table 2). These results
indicate that both Suv39h1 and G9a are specifically required
for Evi-1-mediated bone marrow immortalization.

Discussion

Understanding mechanisms underlying EVI-1-mediated leuke-
mogenesis is essential to develop new therapy for leukaemias
with high EVI-1 expression, which are often predictive of poor
clinical outcome. Very recently, it was shown that EVI-1
physically interacts with H3K9 HMTs,?'?? suggesting that
EVI-1 regulates transcription by recruiting these HMTs. Here,
we extended these analyses and found that the HMTs are
important for colony-replating ability of Evi-1.

The PR domain is a subclass of SET domains most closely
related to the known HMTs. However, we found that MDS1-
EVI-1 (PR-containing form) showed no HMT activity. It was
shown earlier that PRDI-BF1 (Blimp-1), another member of PR
gene family, exhibits HMT activity by recruiting G9a regardless
of its PR domain.®' Similarly, as we and others have shown,
EVI-1 interacts with two HMTs, SUV39H1 and G9a. Therefore,
it is likely that EVI-1 is involved in histone modification by
recruiting other proteins, not through its PR domain.

Earlier reports showed that wild-type SUV39H1 enhances the
repressive potential of Gal4-EVI-1 on the activity of a promoter-
containing GAL4 sites, whereas the effect is not observed
when the catalytically inactive mutant (SUV39H1-H324K) was
used.?'?? In contrast to these reports, we found that SUV39H1-
H324K acts in a dominant-negative manner to abrogate
EVI-1-mediated repression of p3TP-Lux reporter activity,
whereas wild-type SUV39HT1 has little effect on the repression
by EVI-1. This discrepancy is probably because of the different
cell types and/or promoters used for the assays. Thus, SUV39H1
is actively involved in EVI-1-mediated transcription but its
effects are strictly dependent on the context. Although we did
not observe significant changes in the EVI-1-mediated p3TP
reporter repression by G9a or its catalytically inactive mutant
(G9a-NH903/904LE), the possible requirement of G9a for EVI-1-
mediated transcriptional regulation should be assessed in
different experimental settings. Furthermore, because genes
downregulated by EVI-1 have not been identified thus far,
identification of repressive target genes of EVI-1 is an important
future challenge.

Downregulation of Suv39h1 or G9a in Evi-1-transduced
cells significantly inhibited their colony-forming activity. It
may indicate the importance of these HMTs for generation of
leukaemia-initiating cells by Evi-1. Alternatively, these HMTs
may support efficient propagation of Evi-1-expressing leukaemic
cells. To clarify a precise role of Evi-1/HMT complex in
leukemogenesis, further in vivo studies are warranted. In
contrast to Evi-1-induced immortalization, both Suv39h1
and G9a are dispensable for bone marrow immortalization by

Roles of HMTs in EVI-1-mediated leukemogenesis
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E2A/HLF. Although we have shown that complete loss of Evi-1
slightly reduced colony-forming ability of E2A/HLF, the effect of
Evi-1 deletion in E2A/HLF-immortalized cells is relatively small
than that in MLL-immortalized cells.'* It therefore seems likely
that the Evi-1/HMT interaction is not a major mediator for
oncogenic activity of E2A/HLF.

Recently, several inhibitors targeting SUV39H1 and G9a have
been identified.*?** Furthermore, we have shown that a HDAC
inhibitor, trichostatin A, alleviates Evi-1-mediated repression of
TGF-B signalling.'® Therefore, combined epigenetic therapy
with the HMT and the HDAC inhibitors may exert synergistic
activity against EVI-1-expressing leukaemic cells, and it also
needs to be evaluated in the future.

In summary, we showed that EVI-1 interacts and colocalizes
with SUV39H1 and G9a. The interaction contributes, at
least in part, to the transcriptional repression and bone
marrow immortalization by EVI-1. Although further studies are
required to address the mechanistic links between histone
methylation and EVI-1-mediated leukemogenesis, our results
indicate that targeting these HMTs could be of therapeutic benefit
in the treatment for EVI-1-related haematological malignancies.
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Hesl immortalizes committed progenitors and plays a role in blast crisis transition
in chronic myelogenous leukemia
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Hairy enhancer of split 1 (Hes1) is a basic
helix-loop-helix transcriptional repressor
that affects differentiation and often helps
maintain cells in an immature state in
various tissues. Here we show that retro-
viral expression of Hes1 immortalizes
common myeloid progenitors (CMPs) and
granulocyte-macrophage progenitors
(GMPs) in the presence of interleukin-3,
conferring permanent replating capability
on these cells. Whereas these cells did
not develop myeloproliferative neoplasms

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

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

Introduction

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

Recently, activating mutations of the Notchl and Norch2 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.!>1* 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 HesI 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-w). '

A growing volume of evidence shows that down-regulation of
C/EBP-«x 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 Hesl 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

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

Bone marrow progenitor sort

Bone marrow cells were isolated from the femurs and tibias of C57BL/6
(Ly5.1) donor mice (8-10 weeks of age) and were incubated with
biotinylated antibodies for lineage markers, including anti-CD3. anti-
CD4, anti-CD8, anti-B220, anti-Ter119, and anti-Gr-1 antibodies (BD
Biosciences PharMingen) followed by incubation with streptavidin
Micro Beads (Miltenyi Biotec). The lineage marker-negative (Lin")
fraction was separated with an autoMACS separator or LS Columns
(Miltenyi Biotec) and incubated with anti-CD34—fluorescein isothiocya-
nate, anti-CD16/32 (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"¢-
Kit*Sca-1 "FeyRPCD34*, and Lin c-Kit*Sca-1"FeyRMCD34 " 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, GC DNsam/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'™
was subcloned into a retrovirus vector, GCDNsam/IRES-GFP."Y Mouse
C/EBP-« ¢DNA, a gift from K. Akashi (Kyushu University, Fukuoka,
Japan) and S. Mizuno (Dana-Farber Cancer Institute. Boston, MA). was
subcloned into a retrovirus vector, pMYs-IRES-GFP." Plat-E? packaging
cells maintained in Dulbecco modified Eagle medium supplemented with
10% fetal calf serum were transfected with retroviral constructs using
FuGENE 6 transfection reagent (Roche Diagnostics) according to the
manufacturer’s instructions. The medium was changed a day after transfec-
tion, and retroviruses were harvested 48 hours after transfection, as
previously described.'?*"

Transfection and retrovirus production for human cell lines

We generated a dominant-negative 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).
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Infection to progenitors

The retrovirus medium was placed in 24-well nontissue culture dishes for
4 hours at 37°C, precoated with 40 pg/mL of RetroNectin (Takara Bio)
overnight at 4°C. After washing the wells with phosphate-buffered saline,
sorted KSLs, CMPs, or GMPs were plated for infection for 48 to 60 hours
with the coated retroviruses harboring GCDNsam/IRES-GFP-BCR-ABL
(p210) or GCDNsam/IRES-NGFR-Hes1 or an empty vector as a control.
Infection was done in StemSpan SFEM medium (StemCell Technologies)
containing 100 ng/mL mouse stem cell factor (SCF). 100 ng/mL mouse
thrombopoietin (TPO), and 100 ng/mL human FLT3 ligand (FL) for KSLs.
or in Iscove modified Dulbecco medium (Sigma-Aldrich) containing 20%
fetal calf serum, 50 ng/mL mouse SCE 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 C57BL/6-Ly5.2-recipient mice (8-12 weeks of age) after
sublethal (5.25 Gy) or lethal (9.5 Gy) total body y-irradiation ('*Cs). For
the lethally irradiated mice, 2 X 107 of C57BL/6-Ly5.2 mice-derived bone
marrow cells were simultaneously injected for radioprotection. Probabili-
ties of overall survival of the mice that received transplantations were
estimated using the Kaplan-Meier method. Statistical differences were
determined by the Wilcoxon test. All animal studies were approved by the
Animal Care Committee of the Institute of Medical Science, University
of Tokyo.

Analysis of mice receiving transplantation

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

Flow cytometric analysis

Red blood cells were lysed using Red Blood Cell Lysing Buffer (Sigma-
Aldrich) in peripheral blood or single-cell suspensions of bone marrow and
spleen. After washing with phosphate-buffered saline, Fc receptor was
blocked by incubating cells with 2.4G2 antibody (eBioscience) for 15 min-
utes at 4°C and then staining them with the following PE-conjugated
monoclonal antibodies for 20 minutes at 4°C: Ly-5.1, Gr-1, CDI1lIb,
B220, CD19, CD3, CD4, CD8, c-Kit., Sca-1. CD34, and Ter119. Flow-
cytometric analysis of the stained cells was performed with FACSCalibur
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(BD Biosciences) equipped with CellQuest software (BD Biosciences) and
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 Hes1’?; 5'-GAG-
CTGAACGGGAAGCTCACTGG-3" (forward) and 5'-CAACTGTG-
AGGAGGGGAGATTCAG-3" (reverse) for human GAPDH??2;
5'-GAACAGCAACGAGTACCGGGTA-3" (forward) and 5'-CCCA-
TGGCCTTGACCAAGGAG-3' (reverse) for mouse C/EBP-o’?;
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 Hes 1 or BCR-ABL detection, respectively.

Results
Retroviral transduction of Hes1 immortalizes CMPs and GMPs

NGFR-sorted Hes I -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 Hesl formed colonies after at
least 4 rounds of replating, with the plating efficiency more than
15% at the fourth round (Figure 1C). Replating could be reproduc-
ibly maintained for more than half a year, implying immortalizing
activity of Hesl (Figure 1D). The Hesl-transduced KSLs, CMPs,
and GMPs were dependent on the presence of IL-3, requiring
concentrations more than 1 ng/mL (Figure 1E; supplemental Figure
1A-B, available on the Blood website: see the Supplemental
Materials link at the top of the online article). There was no
significant difference between these cells in the dependency on
IL-3. The majority of Hesl-transduced cells expressed c-Kit and
CD34 at high levels, Sca-1 and CDI1b 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
HesI-transduced cell (Hes1-KSLs, Hes I-CMPs, and Hes1-GMPs)
and cultured them for a week in methylcellulose. The same analysis
by 5-color flow cytometry showed accumulation of GMP-like cells
(~ 45.3%-83.5% of all nucleated cells) and moderate accumula-
tion of KSL-like cells (~ 4.3%-23.4% of all nucleated cells) in the
cultured cells (supplemental Figure 3A-C).

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

Because the Hes1-immortalized cell lines were IL-3 dependent for
their growth in vitro, we examined whether additional signaling
could replace IL-3. IL-3 signaling takes place mainly via Stat-,
Ras-MAPK-, and PI3K-Akt-dependent pathways. It is also known
that CML-specific BCR-ABL (p210) can replace IL-3 signaling in
several experimental designs. Thus, we retrovirally expressed
BCR-ABL together with Hesl. The combination of Hesl and
BCR-ABL enabled KSLs, CMPs, and GMPs to form colonies after
repeated replating, not only in the presence of cytokines (Figure 2A
left panel) but also in the condition free from cytokines (Figure 2A
right panel). In contrast, KSLs. but not CMPs or GMPs, formed
colonies by BCR-ABL transduction alone only when supplemented
with cytokines (Figure 2A left panel), and they did not form any
colonies without cytokines (Figure 2A right panel) or after
replating with/without cytokines (Figure 2A both panels). In the
liquid culture, it was shown that KSLs, CMPs, and GMPs
transduced with both Hesl and BCR-ABL were immortalized
without cytokine supplementation (Figure 2B). The colonies made
from Hesl- and BCR-ABL-transduced cells showed similar mor-
phology with those from Hes I -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 Hesl-
and BCR-ABL-transduced KSLs, CMPs, and GMPs, even in the
same cytokine cocktail (Figure 2D). The majority of Hesl "BCR-
ABL" KSLs as well as Hesl "BCR-ABL* CMPs and GMPs
expressed CD34 at high levels, whereas they expressed c¢-Kit,
Sca-1, and CDI11b 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
immortalized in the presence of IL-3. (A) Typical colonies
derived from Hes1- and empty vector-transduced KSLs,
CMPs, and GMPs in the presence of SCF, TPO, IL-3, and
IL-6. Images were obtained with an IX70 microscope and a
DP70 camera (Olympus); an objective lens, UPlanFl (Olym-
pus); original magnification 40 (bottom 2 in the right
panels) and original magnification - 100 (remaining 4 pan-
els). (B) Giemsa staining of Hes1- and control vector-
transduced KSLs, CMPs, and GMPs. Images were obtained
with a BX51 microscope and a DP12 camera (Olympus); an
objective lens, UPlanFl (Olympus): original magnification

1000. (C) Colony-forming assay from KSLs, CMPs, and
GMPs transduced with Hes1 or empty vector. Hes1-
transduced cells were replatable more than 4 times in vitro.
Bars represent the number of colonies obtained per 10° cells
after each round of plating in methylicellulose supplemented
with SCF, TPO, IL-3, and IL-6. A representative result from
3 independent and reproducible experiments is shown. Error
bars represent the SD from duplicate cultures. (D) Sustained
growth of Hes1-transduced cells in liquid culture supple-
mented with 1 ng/mL IL-3. The number of cells was deter-
mined every 7 days by trypan blue staining, and 10° cells 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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requirement of Hes1-transduced CMPs. The cells were 3 %
cultured in Iscove modified Dulbecco medium supplemented = .
with indicated cytokines in duplicate. The numbers of cells £ ]
were counted after 4 days of culture. A representative result E [est owe |

from 2 independent and reproducible experiments is shown.
Error bars represent the SD from duplicate cultures. Hes1-
transduced KSLs and GMPs showed similar results (supple-
mental Figure 1A-B). (F) Flow-cytometric analysis of Hes1-
transduced KSLs cultured in methylcellulose supplemented
with SCF, TPO, IL-3, and IL-6. The dot plots represent Gr-1,
CD19, c-Kit, CD4, CD8a, B220, Sca-1, CD34, Teri19, and
CD14 labeled with a corresponding PE-conjugated monoclo-
nal antibody versus CD11b, CD3, and FceR1a labeled with a
corresponding fluorescein isothiocyanate-conjugated mono-
clonal antibody or FL1 with no monoclonal antibody. Hes1-
transduced CMPs and GMPs showed similar expression
pattems (supplemental Figure 2A-B). (G) Flow-cytometric
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KSLs, CMPs, or GMPs (supplemental Figure 2F). Hes1 "BCR-
ABL " KSLs, CMPs, and GMPs showed lower expressions of ¢-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 Hesl 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-LyS5.2 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 Hes1 and BCR-ABL
transduction conferred cytokine-independent immortalization on
CMPs and GMPs, we injected Hes] "TBCR-ABL ™ KSLs, CMPs,
and GMPs through tail veins into C57BL/6-Ly5.2 recipient mice
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Figure 2. Hes1- and BCR-ABL-transduced KSLs, CMPs,
or GMPs were immortalized independently of IL-3.
(A) Colony-forming assay of KSLs, CMPs, and GMPs trans-
duced with BCR-ABL alone or Hes1 and BCR-ABL, cultured
in methyicellulose with or without cytokine cocktail containing
SCF. TPO, IL-3, and IL-6. Hes1'BCR-ABL " cells could be
serially replated more than 4 times both with or without
cytokines. In contrast, whereas KSLs, but not CMPs or
GMPs, transduced with BCR-ABL alone, formed colonies in
the presence of cytokines, neither KSLs, nor CMPs, nor
GMPs formed colonies without cytokine supplementation.
Bars represent the number of colonies obtained per 10° cells
after each round of plating in methylcellulose. A representa-
tive result from 3 independent and reproducible experiments
is shown. Error bars represent the SD from duplicate cultures.
(B) Sustained growth of Hes1*BCR-ABL* cells in liquid
culture without cytokine supplementation. The numbers of
cells were determined every 7 days by trypan blue staining,
and 10° cells per well were seeded into a 6-well plate. Liquid
culture was reproducibly continued for more than 6 months.
(C) Typical colonies derived from KSLs, CMPs, and GMPs
transduced with BCR-ABL alone (left panels) or BCR-ABL
and Hes1 (right panels) in the presence of SCF, TPO, IL-3,
and IL-6. Images were obtained with an IX70 microscope and
a DP70 camera (Olympus); an objective lens, UPlanFl
(Olympus); original magnification - 100. (D) Giemsa staining
of Hes1*BCR-ABL* KSLs, CMPs, and GMPs. Images were
obtained with a BX51 microscope and a DP12 camera
(Olympus); an objective lens, UPlanFI (Olympus); original
magnification  1000. (E) Flow-cytometric analysis of
Hes1*BCR-ABL * KSLs cultured in methylcellulose supple-
mented with SCF, TPO, IL-3, and IL-6. The dot plots repre-
sent Gr-1, CD11b, c-Kit, Sca-1, CD3, CD4, CD8a, B220,

Hesl «
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CD19, CD34, Ter119, and CD14 labeled with a correspond-
ing PE-conjugated monoclonal antibody versus expression
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showed a similar expression pattem (supplemental Figure
2C-D). The analyzed cells were GFP and NGFR sorted at 48
to 60 hours from the initiation of BCR-ABL- or Hes1+BCR-
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after sublethal irradiation. The numbers of cells injected varied
among experiments, ranging from 17 X 102 to 15 X 10%, because
of the difference in sorting efficiencies. All the mice receiving
transplantations rapidly developed fatal AML/CML in blast crisis-
like disease with no significant difference in latency, ranging
between 18 and 39 days after the transplantation (P < .867)
(Figure 4A). The tissue distribution of the disease was virtually the
same among mice receiving KSLs, CMPs, and GMPs; they
invariably demonstrated marked hepatosplenomegaly and lung
hemorrhage resulting from infiltration of leukemic cells (Figure
4B). Expression of Hesl and BCR-ABL in the spleen cells of
recipient mice was confirmed by Western blot analysis (supplemen-
tal Figure 4B).

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

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

The long-term self-renewal properties of the leukemic cells
derived from Hesl- and BCR-ABL-transduced CMPs or GMPs
were tested by transplantation into secondary recipients; 0.1 to
5 X 10° total bone marrow cells were injected into the tail veins of
sublethally irradiated mice. All recipient mice transplanted with
more than 105 Hesl® cells from bone marrow developed fatal
AML/CML in blast crisis-like disease with latencies of between
18 and 75 days (supplemental Figure 4C). The discase was almost
identical with the primary disease (data not shown).

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

The results presented from the mouse model experiments suggest a
potential link between deregulated expression of Hesl and human
CML in blast crisis. We measured the Hesl mRNA by real-time
RT-PCR in Il peripheral blood, I cerebrospinal fluid, and 8 bone
marrow samples from CML in blast crisis patients; 19 bone marrow
samples from CML in chronic phase patients: and 10 bone marrow
samples from normal subjects. In 8 of 20 CML in blast crisis
samples, we found that Hes| mRNA levels were elevated by more
than 4 times the average of normal bone marrow samples (Figure



From bloodjournal.nematologylibrary.org at (D) TOKYO U MED LIB on May 30, 2011. For personal use only.

BLOOD, 8 APRIL 2010 - VOLUME 115, NUMBER 14

100
90 |
8 s | Hes1 KSL (n=6)
E g L — = Hes1 CMP (n=9)
E 6 L == ="Hesl GNP (n=9)
3 st
-
S 40
o
5 30
a.
20
[T
0 + . . + !
0 50 100 150 200 250
Days
100
90 -
= 8 r —— BCR/ABL KSL (n-2)
< P=.0304
= 70 r —-=-BCR/ABL CNP (n=3)
>
S 60 F e BCR/ABL GNP (n=3)
—
a3 50
£
g 4 r
o
5 %
a
20
10
0 L | L L L L )
0 20 40 60 80 100 120
Days

Figure 3. Mice transplanted with Hes1-transduced KSLs, CMPs, and GMPs
were kept healthy. (A) Survival curves for mice injected with Hes1-transduced
progenitors. No mice showed any signs of MPN for more than 250 days from
transplantation. Data were analyzed by the Kaplan-Meier method. The numbers of
transplanted mice are shown. Three independent experiments were performed.
(B) Survival curves for mice injected with BCR-ABL-transduced progenitors. Mice
transplanted with BCR-ABL-transduced KSLs developed fatal MPN within 30 days
after transplantation, whereas mice transplanted with BCR-ABL-transduced CMPs or
GMPs showed no evidence of disease when killed between 130 and 200 days after
transplantation. Data were analyzed using the log-rank test. The 2 independent
experiments were performed, and the total numbers of transplanted mice are shown.

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

To investigate the role of Hesl in CML blast crisis, we
measured the Hesl mRNA by real-time RT-PCR in 5 human cell
lines (K-562,%7 JK-1,°% KCL-22,% TS9:22,%° and JURL-MKI3!),
which were derived from CML in blast crisis. We found that, in 3 of
5 CML blast crisis cell lines, Hes] mRNA levels were elevated
compared with the normal bone marrow sample (Figure 6B).
We transduced a dominant-negative Hesl (dnHesl) lacking a
C-terminal WRPW domain via retrovirus vector into the 3 cell lines
(K-562, TS9:22, and JURL-MKI1) in which Hesl mRNA levels
were elevated. Indeed, in 2 of these 3 cell lines, proliferation was
significantly suppressed by transduction of dnHesl (Figure 6C).
The repression of C/EBP-ac by Hesl was also observed in
Hes I-transduced KSLs, CMPs, and GMPs compared with control

Hes1 IMMORTALIZES COMMITTED PROGENITORS 2877

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

Discussion

In the present study, we demonstrated that retroviral transduction of
Hes1 readily immortalizes myeloid progenitors at various stages.
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Figure 4. CMPs and GMPs transduced with the combination of Hes1 and
BCR-ABL rapidly induced AML/blast crisis of CML. (A) Survival curves of mice.
KSLs (n = 5), CMPs (n = 8), and GMPs (n = 5) transduced with the combination of
Hes1 and BCR-ABL developed fatal AML/CML in blast crisis-like disease within 18 to
39 days, 20 to 32 days, and 20 to 27 days, respectively. Numbers of injected cells
ranged 17 < 10% to 2.6 - 10* for KSLs, 55 < 10* to 15 - 10* for CMPs, and
4.0 - 10* to 13.8 - 10* for GMPs. There was no significant difference in latency of
penetrance (P < .867). Statistical differences were determined using the log-rank
test. Three independent experiments were performed, and the total numbers of
transplanted mice are shown. (B) Tissue distribution of the leukemic cells. Mice
transplanted with KSLs, CMPs, and GMPs transduced with the combination of Hes1
and BCR-ABL invariably demonstrated marked hepatosplenomegaly and lung
hemorrhage, both resulting from infiltration of leukemic cells. (C) The morphology of
bone marrow cells from representative recipient mice. Increased myeloid blasts were
seen with no significant difference among KSLs, CMPs, and GMPs. (D) Histology of
spleen, liver, and lungs from representative mice receiving Hes1"BCR-ABL* GMPs.
Vast infiltration of leukemic cells is seen. There were no differences in the histology
among mice receiving Hes1*BCR-ABL* KSLs, CMPs, and GMPs.
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Figure 5. Comparisons of blast percentages in the bone marrow and peripheral
blood leukocyte counts between mice receiving KSLs transduced with BCR-
ABL alone and those receiving KSLs, CMPs, and GMPs transduced with the
combination of Hes1 and BCR-ABL. (A) Blast ratios in the bone marrow. The mean
blast ratios in all nucleated bone marrow cells were 6.5% * 0.7% and 36.5% * 6.9%
in mice receiving KSLs transduced with BCR-ABL alone and in those receiving KSLs,
CMPs, and GMPs transduced with the combination of Hes1 and BCR-ABL,
respectively. The difference was statistically significant by the 2-sample  test with
Welch correction (P < .001). (B) Peripheral white blood cell counts (WBCs). WBCs
were 34 = 0.6 - 10¥uL and 17.8 = 20.3 - 10%uL in mice receiving KSLs trans-
duced with BCR-ABL alone and in those receiving KSLs, CMPs, and GMPs
transduced with the combination of Hes1 and BCR-ABL, respectively. The difference
was statistically significant by the 2-sample t test with Welch correction (P < .001).
(C) Flow-cytometric analysis of bone marrow cells from mice receiving GMPs
transduced with the combination of Hes1 and BCR-ABL. The dot plots represent
Gr-1, CD11b, c-Kit, Sca-1, CD3, CD4, CD8a, B220, CD19, CD34, Ter119, and NGFR
labeled with the corresponding PE-conjugated monoclonal antibody versus expres-
sion of GFP/BCR-ABL. NGFR is amarker of Hes1, and GFPis a marker of BCR-ABL
transduction. The bone marrow cells derived from mice receiving KSLs or CMPs
transduced with the combination of Hes1 and BCR-ABL showed essentially the same
pattern (supplemental Figure 5A-B)

Moreover, when BCR-ABL is transduced together, Hes| tranforms
differentiated myeloid progenitors, such as CMPs and GMPs, in
addition to hematopoietic stem cell-rich population, such as KSLs,

BLOOD, 8 APRIL 2010 - VOLUME 115, NUMBER 14

to AML/CML in blast crisis-like cells, rapidly killing recipient
mice. This result is in sharp contrast to the fact that a hematopoietic
stem cell-containing population is required for BCR-ABL to cause
MPN-like disease.

Hes| is known as an effector molecule functioning downstream
of Notch signaling. The activating mutations of the extracellular
heterodimerization domain and/or the C-terminal PEST domain of
Notchl have been identified in approximately 50% of human T-cell
acute lymphoblastic leukemias.!®3> We have recently identified
gain-of-function mutations of Norch2 in conjunction with increased
copy numbers of the mutation-carrying Norch2 allele in a subset of
B-cell lymphomas.'" A possible association between deregulated
Notch signaling is also reported in Hodgkin lymphoma, anaplastic
large cell lymphoma, small-cell lung cancer, and prostate adenocar-
cinoma, etc.’ Regarding myeloid malignancies, however, only one
paper reports the identification of the activating mutation of Notch]1
in 1 of 12 human AML samples.** Given that Notch signaling is
among the strongest inducers of T-cell lineage commitment'*!¥ and
that increased Notch signaling could block myeloid lineage commit-
ment,'S deregulated Notch signaling might antagonize, rather than
promote, the development of myeloid malignancies. However,
Hes | does not necessarily represent Notch signaling. Indeed, other
extracellular signaling, such as Sonic Hedgehog,® could affect
Hes 1 cxpression, and cross-talk between Hes family proteins and
molecules in various cell signaling pathways, such as Stat3.% has
been demonstrated.

We previously reported that Hesl preserved highly purified
hematopoietic stem cells in vitro and contributed to the expansion
of transduced hematopoietic stem cells in the recipients’ bone
marrow,’ but the effect of Hes! transduction on myeloid progeni-
tors was not evaluated in detail. We have now found the myeloid
progenitor-immortalizing activity of Hes . In addition, accumula-
tion of KSL- and GMP-like population in Hesl-transduced cells
implicates a role for Hesl in leukemic stem cells. On the other
hand, we have also found that the in vitro growth of the
Hes1-immortalized cells is dependent on cytokine signaling and
that Hesl alone is insufficient to be fully leukemogenic when
overexpressed. The mainstay of the Hesl effects on myeloid
progenitors appears to be blockade of differentiation, although
other functions, such as reversion from the quiescent state to the
actively cycling state,”' may also be involved. In the present study,
we confirmed that Hes 1 expression represses C/EBP-a, a transcrip-
tion factor having important roles in myeloid differentiation, in
mouse KSLs and committed progenitors as we reported.'s More-
over, transduction of C/EBP-a reversed the differentiation block
caused by Hesl expression, which partially explains the mecha-
nism of blocked myeloid differentiation by Hesl. C/EBP-« is
frequently mutated in AML with the normal karyotype. ¥~ In other
human AML without C/EBP-« mutations, reduced C/EBP-a
expression, possibly through deregulated epigenetic control, is not
uncommon and is associated with poor prognosis.**#! Furthermore,
mice injected with mutated C/EBP-a-transduced bone marrow
cells develop myelodysplastic syndrome and AML.* Therefore,
reduction of C/EBP-« function is highly relevant to the develop-
ment and/or progression of myeloid malignancies. Hes|, therefore,
might be involved in human myeloid malignancies through suppres-
sion of C/EBP-«.

Up-regulation of Hesl is shown in a subset of human rhab-
domyosarcomas?!' and medulloblastomas.**** In the present study,
we have detected elevated expression of Hesl in 8 of the 20 sam-
ples from CML in blast crisis patients, but not those from CML
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Figure 6. Hes1 expression was elevated in approxi- A
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(A) Real-time RT-PCR for Hes1 in bone marrow or
peripheral blood cells from healthy subjects, patients with 25

CML in chronic phase, or patients with CML in blast crisis.

Expression levels were normalized by GAPDH mRNA. 20

RNA from normal bone marrow cells served as a control
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marrow; CSF, cerebrospinal fluid. The solid bar repre- °

@

PRI i\|s Sa g s I

sents CML in blast crisis exceeding 4; the hatched bar

represents CML in blast crisis less than 4. (B) Hes1

expression in 5 human CML blast crisis cell lines. Expres- r BM

sion levels of HEST in K-562, JK-1, KCL-22, TS9:22, and
JURL-MK1 were evaluated by real-time RT-PCR and B
were normalized by GAPDH mRNA. (C) Growth repres-

Mo fnfofos  Bls o - —none .
normal GML chronic phase : s il i cuLl::l:tris " J
H BM l! PB IE'§ PB ] BM4|
C

sion by transduction of dnHes1 (a dominant-negative 80

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

120%

TS89:22, and JURL-MK1). Six days after retrovirus trans-

100%

80%

duction, cell numbers were counted. Growth is shown as oD
a percentage of the control cells that were transduced g 50
with control vector. A representative result from 2 indepen- @ 40
dent and reproducible experiments is shown. Error bars %2 5,
represent the SD from duplicate cultures. (D) Real-time £

RT-PCR for C/EBP-a in Hes1-transduced KSLs, CMPs,
and GMPs compared with control vector-transduced o0
KSLs, CMPs and GMPs. Total RNA was extracted at 00

80%

108 |-

20%

0%

dnHes1

dnHes1 dnHes1

KCL-22
TS9:22
JURL-MK1

60 hours from the initiation of Hes1-transduction. Error &, 8
58
bars represent the SD from 2 independent experiments E g =
in (A-B,D). :
30
25
&
T 20
- <
Bl
P
Y
w 10
o
E
05

- -

7] @ %

P E 7
@ x

H S S

E x £

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

Although the origin of CML is considered to be a hematopoietic
stem cell, blast crisis has been shown to be a result of transforma-
tion of myeloid progenitors.'® BCR-ABL can cause MPN-like
disease when introduced into the hematopoietic stem cell popula-
tion but cannot induce MPN or leukemia when introduced into
differentiated myeloid progenitors.?® Therefore, development of
full-blown AML/CML in blast crisis-like disease in mice with
differentiated progenitors only by cotransduction with Hesl and
BCR-ABL may represent a true model of blast crisis of CML. In
this context, Hesl is a possible crisis-promoting gene like other
examples, such as activated B-catenin'® and BCL-2,* both of
which caused CML in blast crisis-like disease in mice when
transduced into GMPs together with BCR-ABL.
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Several AML-associated fusion gene products, such as MLL-
ENL.* MOZ-TIF22¢ and MLL-AF9,*7 have been demonstrated to
confer replating capacity on CMPs and GMPs, and eventually to
transform these cells into leukemia-initiating cells. Unique to our
findings is the fact that we transduced a wild-type transcription
factor, Hesl, and found that such simple up-regulation of a
transcription factor led to similar transformation phenotypes.
A substantial number of examples have indicated that loss of
function or altered function, rather than gain of function, of
transcription factors, including MLL, MOZ, Runxl, RARa,
C/EBP-q, etc, is associated with leukemogenesis. If up-regulation
of Hesl is indeed involved in human leukemias, this represents a
new mechanism of leukemogenesis.

In modeling CML in mice, the present model provides a powerful
tool by which we can induce 2 distinct phases of CML from stem cells
or progenitors using BCR-ABL gene: a chronic phase-like state by
transduction of KSL with BCR-ABL alone and a blast crisis-like state by
cotransduction of CMPs and GMPs with BCR-ABL and Hes|1.

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

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

228 CML BC PB 57 0.49 B-ALL 46,XY 1(9;22)/46 XY, +der(1;14)(q10:q12),4(9;22) —

428 CML BC PB 100 0.27 B-ALL 1(9;22) =

984 CML BC PB 60 0.56 B-ALL 46, XX, t(9;22)(q34:q11.2) -

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

1385 CML BC BM 81 0.56 B-ALL 1(9;22) —

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

1CMLBC PB 90 0.51 Myeloid t(9;22) —

219 CML BC PB 12 19.72 Myeloid 45 XX ,-7.4(9;22) BM was dry tap composed of 100% blasts.

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

1088 CML BC PB 30 6.22 Myeloid 46, XX, 1(9:22)(q34;q11.2) BM was dry tap.

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

1824 CML BC PB 51 115 Myeloid #(9:22) BM was dry tap.

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

232 CMLBC BM 11 7.96 Myeloid 47 XY,+8,19:22) The blasts in BM increased drastically up to 44%
after taking this sample.

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

916 CML BC BM 24 0.11 Myeloid 1(9:22) R

1091 CML BC BM 28 0.67 Myeloid (9;22) -,

811 CML BC BM 25 26.25 Myeloid 46, XX, 1(1:9;22)(q44;934;911.2) —

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

3847 CML BC BM 62 4.79 Myeloid 1(9;22) —

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

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

understanding of the molecular mechanisms underlying blast crisis
of CML and might lead to a better therapeutic outcome for this
difficult disease.
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AlD-induced T-lymphoma or B-leukemia/lymphoma in a mouse BMT model
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Activation-induced cytidine deaminase (AID) diversifies
immunoglobulin through somatic hypermutation (SHM) and
class-switch recombination (CSR). AlD-transgenic mice develop
T-lymphoma, indicating that constitutive expression of AID
leads to tumorigenesis. Here, we transplanted mouse bone
marrow cells transduced with AID. Twenty-four of the 32
recipient mice developed T-lymphoma 2-4 months after the
transplantation. Surprisingly, unlike AlD-transgenic mice, seven
recipients developed B-leukemia/lymphoma with longer laten-
cies. None of the mice suffered from myeloid leukemia. When we
used nude mice as recipients, they developed only B-leukemia/
lymphoma, presumably due to lack of thymus. Analysis of
AID mutants suggested that an intact form with SHM activity
is required for maximum ability of AID to induce lymphoma.
Except for a K-ras active mutant in one case, specific mutations
could not be identified in T-lymphoma; however, Notch1 was
constitutively activated in most cases. Importantly, truncations
of Ebfl or Pax5 were observed in B-leukemia/lymphoma.
In conclusion, this is the first report on the potential of
AID overexpression to promote B-cell lymphomagenesis in a
mouse model. Aberrant expression of AID in bone marrow cells
induced leukemia/lymphoma in a cell-lineage-dependent
manner, mainly through its function as a mutator.

Leukemia (2010) 24, 1018—1024; doi:10.1038/leu.2010.40;
published online 1 April 2010
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Introduction

Under physiological conditions, activation-induced cytidine
deaminase (AID) is expressed in germinal center (GC) B-cells
and initiates somatic hypermutation (SHM) and class-switch
recombination (CSR) by deaminating a cytosine to create a
uracil."? Structurally, the N-terminal or C-terminal domain of
AID is indispensable for SHM or CSR, respectively.’ > Interest-
ingly, expression of AID is increased in B-lymphoid leukemia
or GC-derived B-lymphoma, with frequent hypermutation of
proto-oncogenes and reciprocal chromosomal translocation.®™
In fact, recent studies have shown that AID is required for
GC-derived lymphomagenesis and c-Myc/IgH chromosomal
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translocations.'”'" In addition, elevated expression of endo-
genous AID and aberrant somatic mutations in tumor-related
genes have also been observed in cancerous tissues related
to inflammation.'” Analysis of AlD-transgenic (Tg) mice has
revealed that constitutive expression of AID leads to tumori-
genesis; ubiquitous and constitutive expression of AID induced
lethal T-lymphoma with no apparent chromosomal trans-
location, occasionally accompanied by lung, liver, and gastric
cancers,'*"'* and specific expression of AID in double-positive
thymocytes also induced T-lymphoma.'® However, neither
AID-Tg mice specifically expressing AID in single-positive
thymocytes and mature T-cells nor AID-Tg mice with CD19™
B-cell-specific expression of AID developed lymphoma/
leukemia.”>"'® These results suggest that susceptibility to AID-
induced tumorigenesis depends on tissue or cell lineage, but
the underlying mechanism remains obscure. Importantly,
sequencing analysis in AID-Tg mice indicated that AID is an
organ-specific mutator of non-Ig genes.'* To prevent accumula-
tion of unfavorable mutations induced by AID, its activity is
tightly regulated by several mechanisms."”

In this study, we focused on AID-mediated leukemogenesis
and created a mouse bone marrow transplantation (BMT)
model, using BM cells retrovirally transduced with AID.
Notably, recipient mice developed B-leukemia/lymphoma,
albeit less frequently as compared with thymic T-lymphoma.

Materials and methods

Retroviral constructs, transfection, and retrovirus
production

Murine AID (mAID), mAID mutants (G23S* and A189-198°),
human AID (hAID), and hAID mutants (P20? and JP8B?®) were
subcloned into the pMYsIG vector as described in ‘Supplemen-
tary Materials and methods’. All constructs were verified by
DNA sequencing. Expression of wild-type or mutant AID was
recognized in 293T cells transiently transfected with each
construct. Retroviruses were generated by transient transfection
of Plat-E packaging cells with FuGene 6 (Roche Diagnostics,
Mannheim, Germany), as described earlier.'®"*°

Mouse BMT
Mouse BMT was performed as described earlier.”® C57BL/6
CD45.1 or CD45.2 mice were used as donors or recipients,



respectively. Infected cells (2 x 10°) were intravenously injected
into recipient mice, which had been administered a sublethal
dose of y-irradiation. Overall survival was estimated using the
Kaplan-Meier method and log-rank test. Data are presented as
the means+s.d. PB smears and cytospin slides were stained
with Hemacolor (Merck, Darmstadt, Germany). Tissues were
fixed in 4% w/v buffered formalin, embedded in paraffin, and
then sliced and stained with standard hematoxylin and eosin. All
animal studies were approved by the Animal Care Committee
of the Institute of Medical Science, The University of Tokyo.

Flow cytometric analysis

Cells were stained with phycoerythrin-conjugated monoclonal
antibodies (eBiosciences, San Diego, CA, USA), as described.?
Flow cytometric analysis was performed with a FACSCalibur
equipped with CellQuest software (BD Biosciences, San Jose,
CA, USA) and Flowjo software (Tree Star, San Carlos, CA, USA).

Western blotting

Equal numbers of cells were denatured in pre-heated sample
buffer. Western blotting was performed as described.*® Anti-AID
mAb raised against the N-terminus of mAID, and anti-a-tubulin
Ab (T6074, Sigma-Aldrich, St Louis, MO, USA) were used.

Southern blotting

Southern blotting was performed as described.*® Briefly, 10 g of
genomic DNA digested with EcoRlwas electrophoresed on a 0.7%
agarose gel. Proviruses were probed with a **P-labeled GFP probe.

Reverse transcription and real-time PCR

Real-time PCR was performed using LightCycler (Roche
Diagnostics), as described.”® cDNA was amplified using a SYBR
Premix EX Taq (Takara, Shiga, Japan). Primer pairs and
conditions used for real-time PCR are listed in ‘Supplementary
Materials and methods’. Informed consent for the use of the
human leukemia/lymphoma cells was obtained from patients in
accordance with the Declaration of Helsinki, and study
approval was obtained from the ethics committee of the Institute
of Medical Science, the University of Tokyo (Approval Number
20-10-0620).

Sequencing of target genes

Genomic PCR was performed by using AmpliTaq Gold (Roche
Molecular Systems Inc., Branchburg, NJ, USA) and the primer
pairs described in ‘Supplementary Materials and methods’.
The PCR products were gel-purified and directly sequenced.
If necessary, PCR products were subcloned and sequenced.

Treatment of AlD-induced T-lymphoma cell lines with
y-secretase inhibitor

Cell lines of AlD-induced T-lymphoma were established
by culturing tumor cells in RPMIT1640 with 20% FBS. Human
T-acute lymphoblastic leukemia (T-ALL) cell lines Jurkat and
HPB-ALL were cultured in RPMIT640 with 10% FBS.
Various concentrations of y-secretase inhibitor (DAPT,
565770, Calbiochem, Darmstadt, Germany) or vehicle (DMSO,
Wako, Osaka, Japan) were added to 5 x 10° cells for 72 h. Cell
growth was estimated by using CellTiter-Glo (Promega,
Madison, WI, USA). Cleavage of intracellular domains of
Notch1 (ICN) was detected by anti-ICN antibody (2421, Cell
Signaling, Beverly, MA, USA) in western blotting.

AID-induced lymphomagenesis in a BMT model
Y Komeno et al

Results

Transduction with AID into BM cells causes
B-leukemia/lymphoma as well as thymic T-lymphoma
in a mouse BMT model

First, we asked whether transduction of wild-type mAID
(WT) into BM cells caused leukemia/lymphoma other than
T-lymphoma in a BMT model (n=32) (Figure 1). We confirmed
efficient retrovirus infection: 50-70% and 76-84% of the
BM cells transduced with WT or mock, respectively, were
GFP-positive before transplantation. The recipient mice of
WT-transduced cells developed thymic T-lymphoma more
frequently than did AID-Tg mice'® (75 vs 35%). The disease
was associated with hepatosplenomegaly, killing the mice in
2-4 months after transplantation (Figure 1a; Supplementary
Figure 1; Supplementary Table 1). Histological and flow
cytometric analyses showed that the thymus was filled with
the T-lymphoblastic cells CD3%", CD4*, CD8*, and Thy1.2™,
indicating the differentiation block at early stages of T-cell
development in thymus (Figures 1b—d). The complete blood
counts of these mice were usually normal, except for the
increase of T-lymphoblastic cells or mature granulocytes in
some cases (Supplementary Figure 1; Supplementary Table 1,
and data not shown). Notably, 7 of 32 transplanted mice (22%)
developed B-leukemia/lymphoma with pancytopenia and
splenomegaly, and died with significantly longer latencies
as compared with those of T-lymphoma (Figures 1a—d; Supple-
mentary Figure 1; Supplementary Table 1). Spleen and BM were
filled with B-lymphoblastic cells in most cases, while affected
lymph nodes differed in size among cases. B-lymphoma
cells were B220™, CD19*, CD43%W* ckit™"*, and IgM~
(Figure 1d). Neither Bcl-6 induction®'** nor abnormal Ikaros
deletions®® were detected in these cells (data not shown). There
was a wide range of GFP-positive ratios among AlD-induced
T- or B-lymphoma cells, irrespective of disease severity
(Supplementary Figure 2 and data not shown). Sequencing
analysis of GFP gene integrated into the genome revealed
multiple mutations, resulting in reduced green fluorescence.
Interestingly, one recipient developed both T- and B-lymphoma.
None of the mice suffered from myeloid leukemia. The
lymphoma cells, irrespective of T- or B-lineage, were serially
transplantable and developed T- or B-leukemia with shorter
latencies, respectively (data not shown). The recipient mice of
mock-transduced cells did not develop any leukemia/lymphoma
(Figure 1a). Collectively, transduction with AID into BM cells
led to thymic T-lymphoma or B-leukemia/lymphoma, but not
myeloid leukemia in a mouse BMT model. Similar results were
obtained when Balb/c mice were used (data not shown).

We next asked whether the integration of retroviruses
influenced the different phenotypes (T- or B-lymphoma) in
AlD-induced leukemogenesis. Southern blot analysis demon-
strated a single or several proviral integrations in T-lymphoma
samples (Figure 1e, left panel). On the other hand, we found that
a single integration was predominant in B-lymphoma samples
(Figure 1e, right panel). In one recipient harboring both T- and
B-lymphoma, a distinct integration was confirmed in each
sample (Figure Te, right panel, lanes *B and *T), indicating the
double cancer in this case. We identified a single or several
retroviral integration sites (RIS) from lymphoma samples by
inverse PCR method (Supplementary Table 2). However, we
could not find any specific relationship between RIS and different
phenotypes of lymphomas. In addition, a common integration
site was identified only in one recipient (ID69) (Supplementary
Table 2). These results suggested that AlD-induced lymphoma-
genesis mainly depended on its intrinsic function, but not RIS.
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Figure 1 AID-induced T-lymphoma and B-leukemia/lymphoma in a mouse BMT model. (a) Kaplan-Meier plot of survival (black lines). Survival
curve for AID recipient mice that developed T-lymphoma or B-lymphoma is indicated by green or red line, respectively. (b) Hematoxylin and eosin
staining of AID-induced T-lymphoma (thymus, upper/left panel), control thymus (upper/right panel), AID-induced B-lymphoma (spleen, lower/left
panel), or control spleen (lower/right panel). Magnifications x 200 (overview) and x 400 (insert). Scale bars: 200 um. (c) Cytospin preparations of
T-lymphoma (left panel) and B-lymphoma (right panel). Magnification x 1000. Scale bars: 20 um. (d) Flow cytometric analysis of lymphoma cells.
(e) Southern blotting of T-lymphoma (left panel) and B-lymphoma (right panel). *B or *T in the right panel indicates B- or T-lymphoma,

respectively, which was found in the same mouse (ID 29).

We then asked whether other hematopietic malignancies,
including myeloid leukemia, are induced in the absence of
thymus. We used athymic nude mice as recipients of a BMT
model, finding that 5 of 8 nude mice transplanted with AID-
transduced BM cells developed B-leukemia/lymphoma, but no
other hematopoietic diseases were observed (Supplementary
Figure 3). Thus, B-leukemia/lymphoma was predominantly
induced in the absence of thymus, but transduction of AID into
BM cells did not induce myeloid leukemia. Altogether, these
results suggested that the oncogenic transformation of
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AlD-transduced BM cells requires in vivo environment suitable
for differentiation and proliferation of immature lymphoid cells.

Impaired lymphomagenesis by SHM-defective AID
mutants

To examine how SHM and/or CSR activities of AID contribute to
lymphomagenesis, we constructed a BMT model using mutant
forms of AID: missense mutant G23S with decreased SHM
activity*; and truncation mutant A189-198 defective for CSR



