LETTERS TO THE EDITOR

MLL-TETA fusion protein promotes immortalization of
myeloid progenitor cells and leukemia development

Mixed lineage leukemia (MLL) is involved in maintain-
ing epigenetic  transcriptional regulation. An
MLL-rearranged translocation triggers a broad range of
aggressive hematologic malignancies, including acute
lymphoblastic leukemia and acute myelogenous
leukemia. Such a translocation also confers a poor prog-
nosis compared with that of non-rearranged leukemia."®
Reciprocal translocations of the AILL gene result in the
replacement of the MLL 3’ coding sequences, with more
than 70 translocation partners.*” Some of these MLL-
rearranged genes, including ALL-AF9, MLL-AF4, and
MLL-ENL, have been extensively studied.® Although
MLL-TET1 (MT1) was identified before the other translo-

cations, there have been few investigations of this gene
in the context of myeloid malignancy, partly because of
the rarity of the MT1 rearrangement. Recently, TET1 was
observed to play an important role in the epigenetic
mechanisms that regulate gene expression, development,
and cancer. In addition, TET1 is a direct target of MLL-
AF9 and MLL-ENL, and it plays an oncogenic role with
the MLL-fusion protein.” Herein, we evaluated the onco-
genic potential of the MT1 fusion protein using i vivo
and in vitro analyses.

An in vitro colony-forming/replating assay was per-
formed to determine whether the MT1 fusion protein,
like other MLL-rearranged proteins, stimulates immortal-
ization of myeloid progenitor cells. Because most occur-
rences of MT1 fusion have been identified in cases of
acute myeloid leukemia, we used myeloid progenitor
cells to determine the function of MT1 fusion in only
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Figure 1. The MLL-TET1 fusion protein stimulates immortalization of myeloid progenitor cells. (A) Schematic representation of the human MLL N-terminal, TET1
C-terminal, and MLL-TET1 fusion proteins. The vertical arrows indicate the translocational breakpoint. SNL: subnuclear localization motif; CxxC: zinc-binding CxxC
domain; PHD: plant homeodomain; BD: bromodomain; FYRN: FY-rich domain N-terminal; NLS: nuclear localization signal; and DSBH, double-stranded p-helix-
20G-Fe(ll)-dependent dioxygenase are designated. (B) MT1 protein expression compared with that of the empty vector (EV) was determined in HEK293, U937,
and colony-forming cells by western blot analysis. Anti-MLL-N recognized the N-terminal fragment of MLL generated by proteolytic cleavage. Anti-TET-C recognized
the peptide mapping near the C-terminus of TET1. f-actin was used as a loading control. (C) The myeloid progenitor cells of the mice were transduced with an
empty vector (EV) or with the MLL-TET1 (MT1) or MLL-AF9 (MA9) fusion expression vector and differentiated respectively into the myeloid lineage using cytokine
treatments (stem cell factor, interleukin-3, interleukin-6, granulocyte colony-stimulating factor). Colony morphology was analyzed with an IX51 microscope. The
scale bar represents 100 um. The human MT1 fusion induced immortalization of myeloid progenitor cell in the mice. The numbers of the cells (D) and colonies
(E) that were transformed with EV or MT1 are displayed (*P<0.05, **P<0.01 and ***P<0.001; data are presented as the mean £ SD). (F) The number of
colonies for the cells transformed with the empty vector (EV) or MLL-AF9 (MA9) are displayed (***P<0.001; data are presented as the mean + SD). (G)
Representative images of the cytospin preparations in the secondary passage of the colony-forming assay. Most of the MT1-transduced cells were immature
cells in contrast to the presence of mature macrophages and segmented neutrophils in the EV-transduced cells. The scale bar represents 10 um. (H, 1) Flow
cytometric analyzes of the EV-, MT1-, or MA9-transduced colony-forming cells. The colony-forming cells in the secondary passage were stained with APC-labeled
anti-CD117 (c-kit) antibodies and PE-labeled anti-CD11b (Mac-1) antibodies. The MT1-transduced cells had a much higher proportion of CD117*CD11b" cells
compared with that of the EV-transduced cells (***P<0.001; data are presented as the mean + SD).




myeloid lineages.”"” We induced the myeloid progenitor
cells by growing murine bone marrow mononuclear cells
with Iscove modified Dulbecco medium containing 15%
fetal bovine serum, interleukin-3, interleukin-6 and stem
cell factor for 48 h. During this period, mononuclear cells
were activated into myeloid progenitor cells and the
number of myeloid progenitor cells was increased. The
breakpoint region of the MT1 fusion between exon 9 of
MLL and exon 9 of TET1 has been previously identified
(Figure 1A)." The expression of the MT1 fusion protein
was confirmed using antibodies against the polyhistidine
tag, TET1 C-terminus, and MLL N-terminus in HEK293,
U937, and colony-forming cells, respectively (Figure 1B).
The empty vector (EV)- and the MT1-transduced progen-
itor cells (10,000 cells each) were plated onto a methyl-
cellulose medium containing myeloid differentiation fac-
tors. The colony formation assays revealed that the MT1-
transduced colonies were widely spread with an undiffer-
entiated shape and were maintained at replating com-
pared to tightly packed
MA9-transduced colonies (Figure 1C). The number of the
MT1-transduced colonies and cells increased significantly
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(P<0.05) after a second round of replating compared with
that of the EV-transduced colonies, but the number was
substantially lower than that of the AMA9-transduced
colonies (Figure 1D-F). In addition, cytospin analyses of
the colony-forming cells demonstrated that all of the
MT1- and MA9-transduced cells displayed a maturation
arrest in contrast to the higher proportion of mature
macrophages and segmented neutrophils in the EV-trans-
duced cells (Figure 1G,H). Flow cytometry revealed that
the MT1-transduced cells exhibited a much higher pro-
portion of CD117*(hematopoietic progenitor cell marker)
and CD11b (myeloid mature cell marker) cells than did
the EV-transduced cells (95% versus 37%, respectively,
P<0.001; Figure 1H,I).

To determine whether MT1 suppressed differentiation
in vivo and in vitro, mice bone marrow transplantation
(BMT) assays were performed with GFP-tagged and
MT1-transduced myeloid progenitor cells. Eight-week
old C57BL/6 recipient mice were lethally irradiated (*Cs)
at a dose of 8 Gy. The unsorted retrovirus-transduced
myeloid progenitor cells (1.5 x 10° per mouse, the effi-
ciency of transduction was 15-20%) were transplanted
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Figure 2. The MLL-TET1 suppresses the differentiation of myeloid progenitor cells in vivo. (A) The differentiation of myeloid progenitor cells was assessed using
flow cytometry in the peripheral blood of the EV (n=3) and MT1 (n=5) transplanted mice. The red spot indicates GFP-positive cells in the peripheral blood of the
bone marrow transplanted mice. (B) Representative images of the cytospin preparations from the bone marrow at 20 days after the BMT. The morphologies of
the bone marrow cells in the mice transplanted with the EV- or MT1-transduced bone marrow cells were identified by cytospin. In the MT1-transduced bone mar-
row, clusters of immature cells were frequently noted (black arrow). (C) Flow cytometric analysis of the bone marrow at 20 d after the BMT. (D) Flow cytometric
analysis of the bone marrow at 50 d after the BMT. The bone marrow cells in the transplanted mice were stained with APC-labeled anti-CD117 (c-kit) antibodies
and PE-labeled anti-CD11b (Mac-1) antibodies. The EV- and MT1-transduced cells were identified by GFP expression. (E) The Kaplan-Meier survival curve for
the EV- and MT1-transduced bone marrow recipients. (F) Representative images of the liver and spleen in the EV and MT1-transduced bone marrow recipients
at 152 days after the BMT. The scale bar represents 200 um. (G) The peripheral blood (PB) and the bone marrow were extracted from healthy EV-transduced
bone marrow recipients and from MT1-transduced bone marrow recipients that displayed signs of imminent death at 152 days after the BMT. (H) The numbers
of white blood cells, red blood cells, hemoglobin, and platelets and the percentages of neutrophils, lymphocytes, monocytes, and basophils, were determined
from the peripheral blood of EV-transduced bone marrow recipients (n=4) and MT1-transduced bone marrow recipients (n=2) by using the Sysmex XE-5000
hematology analyzer (Sysmex Corporation Kobe, Japan). The EV- and MT1-transduced bone marrow recipients were transplanted from two independent cohorts
with independent virus preparations.
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Figure 3. The MLL-TET1 fusion increases the expression of leukemogenic genes. The expression levels of the (A) Pbx family members (B) Tet2 of the Tet family
and the (C) Hoxa family members and Meis1 were increased (mean + SD, ***P<0.001) compared with those of the control cells. (D) Luciferase reporter assays
of the human HOXA9 promoter regions. The pcDNA3.1 (empty vector), MT1, MA9, or pRL-CMV (pRL Renilla reniformis luciferase control reporter vector, internal
control) was transiently transfected into RAW264.7 cells. The fold change relative to the pGL3-basic firefly luciferase reporter vector is displayed (mean + SD,
**P<0.01). (E) The chromatin immunoprecipitation real-time polymerase chain reaction assay of MLL-N and MLL-C binding to the Hoxa9 and Meis1 promoter
regions. The EV- or MT1-transduced colony-forming cells were immunoprecipitated using anti-MLL-N, anti-MLL-C, and normal IgG control antibodies. MLL-N and
MLL N-terminal represented both the wild-type MLL and the MLL-fusion proteins. The MLL-C and MLL C-terminal represented the wild-type MLL only. (F) Hoxa9
protein expression was increased in the MT1- and MA9-transduced colony-forming cells. (G) The expression level of p27kip1 was increased in the secondary

passage of MT1-transduced colony-forming cells (mean + SD, ***P<0.001).

into the irradiated C57BL/6 congenic mice by direct
intrafemoral injection. Shortly after the BMT (20 days), a
significant proportion of GFP-positive peripheral blood
cells was observed, but only in the EV cell-BMT mice
(Figure 2A). However, the bone marrow of EV cell-BMT
mice revealed a normal maturation sequence, while that
of MT1 cell-BMT mice revealed myeloid maturation
arrest with clusters of immature cells (Figure 2B). In addi-
tion, the proportion of CD11b*CD117* in the GFP-posi-
tive cells in the bone marrow of the MT1 cell-BMT mice
was greater than that in the bone marrow of the EV cell-
BMT mice (73.90% versus 18.97 %; Figure 2C). To assess
the ongoing activities of the MT1 cells in vivo, bone mar-
row was extracted and analyzed at 50 days after the
BMT. Among the total cell populations, the bone marrow
of the MT1 cell-BMT mice displayed slightly higher per-
centages of CD11b*CD117* than did that of the EV-BMT
mice (4.26% versus 1.44%; Figure 2D). Although the pro-
portion of GFP-positive cells in the bone marrow of
MT1 -BMT mice at 50 days was lower than at 20 days
after the BMT, the GFP-positive cells in the MT1-BMT
BM contained a much larger proportion of CD11b*
CD117* cells compared with those in the EV-BMT bone
marrow (94.08% versus 2.08%; Figure 2D). The Kaplan—
Meier survival curves of the EV- and the MT7-BMT recip-
ients 300 days after the BMT indicated that the AIT1
overexpression reduced the overall survival (P=0.049,
log-rank test, Figure 2E). The central veins and the peri-
central sinusoids in the liver of the MT7-BMT mice were
severely dilated, and their splenic architecture was dis-

rupted and infiltrated by immature cells (Figure 2F). In
addition, the peripheral blood of the MT71-BMT mice
showed signs of cell death and demonstrated pancytope-
nia and agranulocytosis, and the bone marrow was
replaced by immature blasts (Figure 2G). However, the
percentages of lymphocytes were sustained. The hemo-
globin and numbers of myeloid lineage cells, such as
white blood cells, red blood cells, platelets, neutrophils,
monocytes, and basophils, were all decreased in the
peripheral blood of the MT1-BMT recipients at 70 days
and 152 days after the BMT. These were signs of immi-
nent death (Figure 2H).

We next analyzed the levels of leukemogenic gene
expression in the MT1-transduced cells by using quanti-
tative real-time polymerase chain reaction. All members
of the Pbx family were substantially up-regulated follow-
ing MT1 overexpression, and Tet2 of the Tet family was
slightly increased (Figures 3A,B). In addition, MT1 signif-
icantly augmented the expression levels of the Hoxa7,
Hoxa9, Hoxa10, and Meis1 genes (Figure 3C). MT1 and
MA9 stimulated human Hoxa9 promoter activities in
RAW?264.7 cells (Figure 3D). The abundance of the Hoxa9
and AMeis1 promoter regions in MLL-N and
MLL-C precipitated DNA from the /T 1-transduced cells.
This increased significantly relative to that of control
(Figures 3E). It is important to note that the MT1 fusion
protein only contained the MLL-N terminus of MLL.
Hoxa9 and Meis1 are target genes of the MLL fusion pro-
tein in AILL-rearranged leukemia and they are important
factors in the initiation of leukemia. The protein expres-
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sion of Hoxa9 in the MT1-transduced cells was increased
compared to that in the EV-transduced cells, but levels
were lower than those in the AMA9-transduced cells
(Figures 3F). In addition, the expression level of p27**, a
negative regulator of the cell cycle, was augmented in
MT1-transduced cells compared to the level in EV-trans-
duced cells (Figure 3G).

In the present study, we report that the MT1-fusion
stimulated immortalization and inhibited the differentia-
tion of the myeloid progenitor and transplanted bone
marrow cells. Interestingly, the surface markers of
MT1-transduced myeloid progenitor cells in vitro were
CD117*CD11b,, and the surface markers of most of the
MT1 leukemic cells recovered after the BMT changed to
CD117*CD11b". Previous studies showed that when
BMT was performed using CD117°CD11b™ or
CD117°CD11b" MA9 leukemic cells, AVL developed at
similar times and showed the same phenotype and simi-
lar percentages of surface markers. This indicate the pos-
sibility of a phenotypic inter-convertibility between
CD117*CD11b" and CD117°CD11b" MA9 leukemic
cells.” The above phenomenon appears to have also
occurred in MT1 cells.

The colony-forming assay showed that the //T1-trans-
duced colonies and cells increased significantly compared
to the control. However, the proliferation rate of immor-
talized MT1-transduced colonies was slower than that of
MA9-transduced colonies. In addition, BMT analysis
showed that the leukemia with MT1 develops slower
than that with MA9. It is known that the proliferation
rate of cells increases with the progression of differentia-
tion from hematopoietic stem cells to terminal cells and
in the case of common myeloid progenitors, megakary-
ocyte-erythroid  progenitors, and  granulocyte-
macrophage progenitors, the proliferation rate is two to
three times higher than that of multipotent progenitors.
It also known that CD117*CD11b" cells account for
1~3% of MA9 leukemic cells, which are relatively quies-
cent compared to CD117*CD11b" cells and the majority
of them remain in the GO/G1 stage. These characteristics
are closely related to the expression of p27, and the
expression of p27 is relatively higher in CD117*CD11b"
MAY leukemic cells than in CD117* CD11b" cells. In
addition, p27 inhibits leukemic cell proliferation with
MYC and is known to play a central role in the mainte-
nance of quiescence and drug resistance in
CD117*CD11b"° MA9 cells. CD117*CD11b~ MT4 trans-
duced cells are, therefore, more likely to grow slowly
than CD11b* MA9 transduced cells and may also take
longer to develop leukemia.

We investigated the leukemogenic potential of MT1
using in vivo and in vitro analyses. In order to understand
the mechanism of leukemia induction by MT1, function-
al studies to evaluate factors such as differentiation and
the cell cycle will be required, and comparison with other
cases of JMLL rearranged acute myelogenous leukemia
will provide new insights.
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