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growth on HF6 cells. Although the constitutively active mutants
of STATSA, the relatively stronger mutant STAT5A1*6 and
weaker mutant STAT5A#2, enabled Ba/F3 cells (Ba/F3',
Ba/F3*) to grow without IL-3 as reported earlier,”>?”?® both
failed to confer factor-independent growth on HF6 cells with
limited elongation of survival time without IL-3 (Figures 3a and
c). In contrast, the oncogenic NRAS mutant, NRASS'?Y | which
had been detected in a case of AML with MLL-SEPT6,%° enabled
HF6 cells (HF6S'?Y) to grow without IL-3, while it conferred no
factor-independent growth on Ba/F3 with limited elongation of
survival time without IL-3 (Figures 3b and c). In addition, Raf-1,
a signal molecule downstream of Ras in Ras-MAPK cascades
associated with malignant transformation, was tested with an
activation-inducible system using ARaf-ER, consisting of the
catalytic domain of human RAF-1 (ARaf) and the hormone-

Unlike transduced Ba/F3 (Ba/F32%FtR) cells, transduced HF6
(HF62RAFERY cells grew without IL-3 only in the presence of
4-hydroxy-tamoxifen (Figure 3e). In these HF6*F"FR cells
treated with 4-hydroxy-tamoxifen, STAT5A was not found to
be secondarily activated by induction of activation of Raf/MAPK
cascade in the absence of IL-3, whereas it was found to be
weakly activated by stimulation with IL-3 for 15min (data not
shown).

Furthermore, we examined whether Hoxa9, which is one of

the well-known target genes of MLL fusion proteins,'>"" 131 i

involved in cooperation between MLL fusion protein and Ras/
Raf/MAPK cascade. In the myeloid transformation assays, the
murine BM progenitors immortalized by Hoxa9 in the presence
of IL-3 (named A9G) proliferated without IL-3 after retroviral
transduction of NRASS'?Y (Figure 3b). In the inducible

binding domain of the ER (Figure 3d), as described earlier”®  transformation transduced A9G

system

using ARaf-ER,
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Figure 1 Characterization of signal transduction in the HF6 cells transformed by FMS-like receptor tyrosine kinase 3 (FLT3) mutants.
(a) Expression of each FLT3 mutant in HF6 and their transformed cells. The shadow profiles and black lines represent fluorescence-activated cell
sorting (FACS) staining obtained using the antibody specific to FLT3 and its isotype control antibody, respectively. (b) Western blot analyses of
proteins extracted from HF6 and their transformed cells after immunoprecipitation using the anti-signal transducer and activator of transcription 5A
{STAT5A) antibody (upper two panels), and of the whole lysates (lower two panels). The parental HF6 cells had been deprived of interleukin-3
(IL-3) 8 h before harvest. The blot of the immunoprecipitated samples was probed with the anti-STAT5A antibody (upper bottom panel), followed
by reprobe with 4G10 (the anti-phosphotyrosine antibody) (upper top panel). The blot of the whole lysates was probed with the anti-extracellular
signal-related kinase (ERK)1/2 antibody (fower bottom panel), followed by reprobe with the anti-phospho-ERK1/2 antibody (lower top pane).
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Figure 2 Differential effects of inhibition of cellular signal transduction on the HF6 cells transformed by FMS-like receptor tyrosine kinase 3
(FLT3) mutants. (a) Effect of the retroviral transduction with the dominant negative mutant of signal transducer and activator of transcription 5A
(dnSTAT5A) in pMXs-internal ribosomal entry site (IRES)-Kusabira-Orange (KO) on the transformed and parental HF6 cells. Viable cell numbers
and KO expression were monitored daily after the transduction, and the averages of ratios of each KO-positive cell number atdays 1,2, 3 and 4 to
that at day 1 are shown with s.d. (bars). (b} Intracellular flow cytometric analyses of phospho-STAT5 (Y634) on the transformed and parental HF6
cells transduced with dnSTAT5A in pMXs-IRES-KO. The density plots show expression of each intracellular antigen labeled with the Alexa Fluor
647-conjugated anti-phospho-STATS (Y694) (upper eight panels) or its isotype control (lower two panels) antibody versus expression of KO. As
negative controls, nontransduced and mock-transduced HF6 cells were used, respectively (lower two panels using the isotype control antibody).
As references, nontransduced HF6 cells were deprived of interleukin-3 (IL-3) for 8 h (HF6 (IL-3(-))), or stimulated with IL-3 for 15min after the
same deprivation (HF6 (IL-3(+))), and then used (Jower two panels using the anti-phospho-STAT5 antibody). KO and Alexa Fluor 647 were
detected using the FL2 and FL4 channels of the fluorescence-activated cell sorting (FACS) Calibur, respectively. {c) Effect of the various
concentrations of mitogen-activated protein kinase (MAPK) kinase (MEK) inhibitor, U0126, on the transformed and the parental HF6 cells. The
averages with s.d. (bars) of ratios of viable cell numbers in the presence of each concentration of U0126 to those in the absence of U0126 are
shown. (d) Western blot analyses of the whole lysates extracted from the transformed HF6 cells treated with U0126. Both groups of transformed
HF6 cells were treated with various concentrations {(shown above each upper pane!) of U0126 for 2 h and then harvested. Both blots were probed
with the anti-phospho-extracellular signal-related kinase (ERK)1/2 antibody (each top panel), followed by reprobe with the anti-ERK1/2 antibody
(each bottom panel).
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Figure 3 Transformation of the HF6 and A9G cells induced by direct activation of Ras/Raf/mitogen-activated protein kinase (MAPK) pathway.
(a) Transformation assays of the HF6 and Ba/F3 cells expressing constitutively active forms of signal transducer and activator of transcription 5A
(STATSA) (#2 and 1*6). Green fluorescent protein (GFP) was used as a control. (b) Transformation assays of the HF6, A9G and Ba/F3 cells
expressing wild-type (WT) NRAS or NRASS'?Y (G12V). The averages of the number of viable cells with s.d. (bars) are shown in (a) and (b). (¢, d)
Western blot analyses of the whole lysates extracted from the transduced cells (see legends to panels (a) and (b)) in the absence of interleukin-3
(1L-3). (¢} HF6 and Ba/F3 cells transduced with an inducible form of Raf (ARaf-estrogen receptor (ER)) (d) and their parental cells (¢, d). The blot was
probed with the anti-FLAG antibody to detect expression of ectopically expressed STATSA mutants {upper left panel), or probed with the anti-
NRAS antibody (upper right panel), followed by reprobe with the anti-o-tubulin antibody as internal control (lower panels) (c). The blot was also
probed with the anti-ER antibody to detect expression of ARaf-ER (d). (e) Transformation assays of the HF6, A9G and Ba/F3 cells expressing ARaf-
ER in the presence of 4-hydroxy-tamoxifen (4-OHT) {+) or vehicle control (). The averages of the number of viable cells with s.d. (bars) are
shown, (f) Analysis of Hoxa9 transcripts in A9G cells using reverse transcriptase-PCR. Ba/F3 and HF6 cells were used as negative and positive
controls, respectively.
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Figure 4 Leukemogenesis induced by mixed-lineage-leukemia (MLL)septin 6 (SEPT6) with NRASC'?Y synergistically, but not with signal
transducer and activator of transcription 5A (STAT5A)42, in vivo under lethal conditioning. (a) Survival curves of mice transplanted with MLL-
SEPT6 and NRASS'?Y (MS6/G12V; n=6), MS6 and STAT5A#2 (MS6/£2; n=#6), MS6/GFP (n=#6), neo/G12V (n=6), neo/#2 (n=3) and neo/GFP
(n=3). (b) Representative macroscopic images of spleens obtained from each group of mice shown in (a). Scale bar 1 cm. (c, d) Representative
histopathological analysis of morbid mice transplanted with MS6/42, MS6/G12V (c, d), neo/G12V, and neo/#2 (d). Bone marrow (BM) cells (c) and
paraffin sections of spleen (d) were stained with Wright-Giemsa and hematoxylin and eosin (H&E), respectively. Original magnification, x 200
(c) and x 40 (d); scale bars, 30 um (c) and 200 um (d). (e, f) Immunophenotype of BM or splenic (Sp) cells obtained from representative morbid
mice transplanted with MS6/#2 (e, left panels), MS6/G12V (e, right panels), neo/G12V (f, left panels) and neo/#2 (f, right panels). The dot plots
show each surface antigen labeled with a corresponding monoclonal antibody versus expression of GFP. Ly5.1, Gr-1, CD11b, Ter119, and c-Kit
were labeled with phycoerythrin (PE)-conjugated and allophycocyanin (APC)-conjugated monoclonal antibodies, respectively. (g) Southern blot
analysis to detect clonality (left panel) and proviral integration (right panel). Genomic DNA extracted from BM cells obtained from representative
mice transplanted with MS6/G12V (lanes 4, 5, 9 and 10), MS6/GFP (lanes 2, 3, 7 and 8) and neo/GFP (5 months after transplantation; lanes 1 and 6)
was digested with BamH! (lanes 1-5) and Nhel (lanes 6-10), respectively, and hybridized with the Neo probe. Oligoclonal bands of proviral
integration and single bands of the proviral DNA are indicated by arrows and arrowheads, respectively.
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(A9GARAER) cells grew without 1L-3 only in the presence of
4-hydroxy-tamoxifen (Figure 3e). Expression level of Hoxa9 in
A9G cells was shown in comparison with those in Ba/F3 and
HF6 (negative and positive controls, respectively) cells by
reverse transcriptase-PCR (Figure 3f).
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Taken together, these results in vitro suggested the
essential role of activation of the Ras/Raf/MAPK cascade
together with Hoxa9 upregulated by MLL fusion proteins
in the transformation of the cells expressing MLL fusion
protein.
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MLL fusion proteins and oncogenic NRAS cooperate to  marker also known as Ly-6G) and low level of c-Kit (CD117,
induce acute leukemia, at least partly through aberrant  the receptor of stem cell factor) (Figure 4e). In addition, Southern
expression of Hoxa9 blot analysis of genomic DNAs derived from the spleens of the
The findings on the transformation of HF6 cells in vitroledtothe  MS6/G12V mice showed oligoclonal bands of proviral integra-
hypothesis that MLL fusion proteins might cooperate with tion (Figure 4g). These results indicated that the MS6/G12V mice
activation of Ras to induce AML in vivo. To test this hypothesis, developed AML similar to the mice receiving BM cells trans-
the oncogenic potential of NRASS'2Y (G12V) or STAT5A#2 (#2)  duced with MLL-SEPT6 and FLT3-ITD, as described earlier.®
to cooperate with MLL-SEPT6 (MS6) or MLL-ENL short formwas ~ In contrast, the morbid neo/G12V mice showed extremely
examined in the leukemogenesis assays in vivo (Supplementary ~ hypocellular marrows and extramedullary hematopoiesis in the
Figure 1). STATSA1*6 was not used owing to its too strong  spleen, where a majority of the cells did not express Ly5.1
oncogenic potential in vivo as reported earlier.>® The transduc-  (Figure 4f), with little expression of Hoxa9 in comparison with
tion efficiencies of NRASC'?Y, STAT5A#2 and MLL-ENL were  the morbid MS6/G12V mice (Supplementary Figure 3a). Thus,
30-50, 20-40 and 5-10%, respectively, as determined by GFP  this finding suggested that, in our leukemogenesis assays under
expression (data not shown). lethal conditioning, NRAS might develop BM aplasia presum-
The mice receiving the BM cells transduced with MLL-SEPT6  ably due to engraftment failure. Meanwhile, the MS6/#2 mice
and NRASS'?V (MS6/G12V) died with significantly shorter  died of MPD, showing myeloid hyperplasia consisting pre-
latencies (26 + 2.4 days; P<0.05, log-rank test) than the MS6/  dominantly of mature granulocytic elements in the BM cells,
GFP mice that died of MPD (137£9.0 days) as described ~ where a very small population (1.0%) expressed STAT5A#2,
earlier,® but, unexpectedly, the neo/G12V mice died as early as  with splenomegaly similar to the MS6/GFP mice (Figures 4b-d,
the MS6/G12V mice (31+1.4 days) (Figure 4a, Table 1, and  and Table 1). The neo/#2 mice showed neither hepatospleno-
data not shown). The MS6/4#2 mice died with significantly megaly nor hematological abnormalities in the peripheral
shorter latencies (82 % 11 days; P<0.05, log-rank test) than the  blood, but relative myeloid hyperplasia in the BM, where only
MS6/GFP mice, but as early as the neo/#2 mice (80 + 8.0 days) a small population (9.4%) expressed STAT5A#2 (Figures 4b and
(Figure 4a and Table 1). Notably, the phenotypes of the MS6/  f, data not shown and Table 1), thus implying that STAT5A#2
G12V mice were very different from those of the neo/G12V ~ might induce lethal BM abnormality owing to paracrine
mice and from MPD in the MS6/GFP mice, whereas those of the  expression of some cytokines as in the earlier report using
MS6/#2 mice were rather similar to MPD in the MS6/GFP mice  STAT5A1*6.%¢
than those of the neo/#2 mice. To generalize leukemogenic cooperation between MLL fusion
The morbid MS6/G12V mice showed hepatosplenomegaly  proteins and oncogenic NRAS and avoid the early death caused
with various ranges of leukocytosis, anemia and thrombocyto- by transduction of NRASS'?Y, the BM cells transduced with
penia, whereas the morbid neo/G12V mice showed no  MLL-ENL and/or oncogenic NRAS were also transplanted into
hepatomegaly but mild splenomegaly, and severe pancytopenia  recipient mice under sublethal conditioning. The MLL-ENL short
(Figure 4b and Table 1). Histopathological analyses of the  form was used for leukemogenesis assays under sublethal
morbid MS6/G12V mice showed that immature myelomono-  conditioning with oncogenic NRAS (NRASS™Y), in which
cytic blasts accounted for more than 30% of BM cells, and  retroviral vectors were exchanged, so that the expression of
severely infiltrated the spleen and the liver (Figures 4c and d, GFP indicated that of MLL-ENL (Supplementary Figure 1). These
and data not shown). Immunophenotyping analyses of the BM leukemogenesis assays under sublethal conditioning confirmed
cells also revealed that a majority of these cells expressed GFP, that the combination of MLL-ENL and NRAS®'?V reproduced
which indicated expression of NRASS'?Y, with high level of  AML, and that MLL-ENL (and puro) induced the phenotype of
CD11b, intermediate level of Gr-1 (a myeloid differentiation MPD (Figures 5a, b and d, and Table 1). Meanwhile, NRASS'2Y
Table 1 Characteristics of the morbid mice transplanted with hematopoietic progenitors transduced with MLL fusion genes or Hoxa9, and/or
either NRASS'?Y or STAT5A #2
Mouse Latency (days) Liver (g) Spleen (g) Thymus (g) WBC (per pi) Hb (g per 100 ml} Plt (x 1 0* per pl)
Lethal conditioning
MS6/G12V (h=6) 26+2.4 1.60£0.35 0.31£0.07 0.020£0.012 74600+ 62900 4.2+1.0 4.0+£3.9
MS6/#2 (n=3)° 82+ 11 0.98+0.43 0.321+0.03 0.019+0.006 73100 5.3 4.4
MS6/GFP (n=6) 137+£9.0 1.64£0.69 0.26£0.09 0.037+0.005 309000 +263000 7.0+6.6 8.0+£5.7
neo/G12V (n=16) 31+1.4 1.04+0.25 0.25%£0.08 0.030+0.030 4600+ 1800 2.5+0.3 05+0.4
neo/#2 (n=3)° 80%+8.0 0.66+0.16 0.08+0.06 0.011+0.001 9800 18.8 68.2
neo/GFP (n=3) NA 1.36+0.11 0.09+0.01 0.051£0.010 12000£4700 14.7+£0.6 81+13
A9/G12V (n=4) 28+7.5 1.93+0.56 0.4410.16 0.033+0.030 76300+566700 45127 1.0x0.6
A9/GFP {n=16) NA NT NT NT 21200+ 5400 17.3+2.4 66+ 4.7
puro/GFP (n =3} NA 1.48+0.21 0.06+£0.01 0.049%£0.022 12000+ 3400 13.6+1.5 81+19
Sublethal conditioning
MEs/G12V (n=10) 21+3.9 256+0.45 0511010 0.043+0.020 1640001131000 7.2+25 11+4.5
MEs/puro (n=5) 89+ 11 1.80+£0.58 0.44+0.11 0.043+0.006 99000+ 53000 7.4%29 91431
GFP/G12V (n=5)° 89+10 0.90+0.31 0.06%0.03 0.63+0.35 22000+ 1000 13.6%1.7 97
GFP/puro (n=3) NA NT NT NT NT NT NT
Abbreviations: GFP, green fluorescent protein; Hb, hemoglobin; MEs, MLL-ENL short form; NA, not applicable; NT, not tested; Plt, platelet; WBC,
white blood cell.
Averages with s.d. are shown.
2Blood cell counts of only one morbid mouse were performed.
POne mouse developing acute leukemia and thymoma was excluded, owing to the remarkably increased number of WBGCs and
hepatosplenomegaly. The platelet count of only one morbid mouse was determined.
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Figure 5 Leukemogenesis assays under sublethal conditioning using mixed-lineage-leukemia/eleven nineteen leukemia (MLL-ENL) and
NRASS'*Y_ () Survival curves of mice transplanted with a shaort form of MLL-ENL (MEs) and NRASS'2Y (MEs/G12V) (n= 10), MEs/puro (n=5),
GFP/G12V (n=5) and green fluorescent protein (GFP)/puro (n=3). (b) Representative cytospin preparations of bone marrow (BM) cells obtained
from morbid MEs/G12V and MEs/puro mice. The cells were stained with Wright-Giemsa. Original magnification 200 x ; Scale bars 30 um.
(c) Representative histopathologic images of thymus obtained from the GFP/G12V mouse. A paraffin section of the thymus was stained with
hematoxylin and eosin (H&E). Original magnification, x40; vertical and horizontal scale bars, Tem and 200um, respectively.
(d) Immunophenotype of BM and thymic (Th) cells obtained from representative morbid MEs/G12V and GFP/G12V mice. The dot plots show
each surface antigen labeled with a corresponding monoclonal antibody versus expression of GFP or CD4. Ly5.1, CD11b, CD4, and c-Kitand CD8
were labeled with phycoerythrin (PE)-conjugated and allophycocyanin (APC)-conjugated monoclonal antibodies, respectively.
(and GFP) led to thymoma, sometimes together with feukocy-  Histopathological analysis of one MS6/#2 mouse, which was
tosis, with a long latency (Figures 5a, ¢ and d, and Table 1). In killed 150 days after the transplantation, showed no significant
addition, to examine the possibility that the phenotypes hepatosplenomegaly but mild myeloid hyperplasia in the BM
associated with STAT5A#2 might change, similar to oncogenic (data not shown). Only 30% of the BM cells were positive for
NRAS, the BM cells transduced with STAT5A#2 (in pMYs-IRES-  donor-derived Ly-5.1, and 7% of the BM cells were positive for
EGFP) and/or MLL-SEPT6 (in pMXs-neo) were again transplanted GFP, indicating expression of STAT5A#2 (Supplementary
into recipient mice under sublethal conditioning. Within an Figure 3c), whereas reverse transcriptase-PCR analysis of the
observation period of 160 days, two of three neo/#2 mice under ~ BM cells gave very weak signals of MLL-SEPT6 after 30 cycles
sublethal conditioning died with longer latencies (134 and 139 (data not shown), but clearly visible signals after 35 cycles
days) and showed the same phenotype of myeloid hyperplasia (Supplementary Figure 3c). Therefore, sublethal conditioning
in the BM, where a small population (15%) expressed  seemed to be inappropriate for leukemogenesis assays using
STAT5A#2, aithough these had different phenotypes of pancy-  oncogenes, such as MLL-SEPT6 and STAT5A#2, which had
topenia and splenomegaly (Supplementary Figure 3b and data relatively weak onco%enic potential in comparison with
not shown). In contrast, two of three MS6/42 mice and all of  MLL-ENL and NRASS'?Y.
the three MS6/GFP mice survived and showed no hematologi- Finally, we examined whether Hoxa9 may be involved in
cal abnormalities in the peripheral blood, whereas one of  cooperation between the MLL fusion protein and oncogenic
the MS6/#2 mice died (125 day) but could not be analyzed NRAS in vivo, such as in transformation assays in vitro. The
because of post-mortem change, within the observation period. leukemogenesis assays using the BM cells transduced with
Leukemia
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Hoxa9 and oncogenic NRAS were carried out under lethal
conditioning, because preliminary leukemogenesis assays under
sublethal conditioning were unsuccessful probably because of
engraftment failure (data not shown). The combination of Hoxa9
and NRASS™Y (A9/G12V) led to death with short latencies
(281 7.5 days) (Figure 6a and Table 1), whereas Hoxa9 (and
GFP) per se induced no lethal disease within 120 days, as
reported earlier.’” The A9/G12V mice showed remarkable
hepatosplenomegaly and had a tendency toward leukocytosis,
anemia and thrombocytopenia (Table 1). Histopathological and
immunophenotyping analyses of the BM cells revealed that the
A9/G12V mice had a few, but prominent, myelomonocytic
blasts (Figure 6b), with high expression of CD11b and Gr-1, and
low level of c-Kit (Figure 6c). A Southern blot analysis of
genomic DNAs derived from the spleens of the A9/G12V mice
gave oligoclonal bands (data not shown). These results indicated
that Hoxa9 cooperated with oncogenic NRAS to rapidly induce
lethal myeloid malignancy that was not identical but similar to
the acute leukemia induced by MLL fusion proteins and
oncogenic NRAS.

Taken together, these results in vivo suggested that MLL fusion
proteins rapidly induce acute leukemia together with activated
NRAS, at least in part through aberrant expression of Hoxa9.

Discussion

The present study provides several evidences that MLL-fusion-
mediated leukemogenesis cooperated synergistically with Ras
activation, but not with STAT5 activation. Although all known
MLL fusion proteins were not tested in this study, we showed
that this synergistic cooperation was not limited to the specific

aie " e s s - -
9w — AWGIV
s b — - AWGEP
=
< 60}
E
= 8 T
£
t a0
o n F
b0
o
o I 2 L
0 30 60 L] 126

Survival (days)

MLL fusion, using two different well-characterized types of MLL
fusion proteins. In the light of the role of FLT3 mutations in MLL-
fusion-mediated leukemogenesis described earlier,® signaling
pathways downstream of FLT3 mutations were analyzed in the
transfectants of HF6, a cell line expressing MLL-SEPT6. The
immortalized cells, such as HF6 and A9G, used in this study
might have acquired additional mutations. However, the
phenotypes including IL-3 dependency, expression patterns of
lineage markers and growth rates were not changed since their
establishment (data not shown), thus suggesting that at least no
mutations leading to critical transformation had occurred in
these cell lines. Although recent studies have disclosed the
differences in activation of signal molecules, including MAPK
and STATS, between FLT3-TKD and FLT3-ITD,**® our experi-
ments using transduction with FLT3 mutants and inhibition of
the signal molecules first showed a crucial role of activation of
MAPK rather than STATS5 in the factor-independent survival and
proliferation of HF6 cells. Next, the myeloid transformation
assays in vitro revealed that the activation of Raf-1, as well as
oncogenic NRAS, transformed HF6 cells, but that constitutively
active mutants (1*6 and #2) of STATSA did not. The
leukemogenesis assays in vivo also showed that oncogenic
NRAS rapidly induced acute leukemia together with MLL fusion
proteins, which differed from the original phenotype induced by
each molecule. In contrast, the active STAT5A mutant did not
confer obvious synergistic effects on the MLI-fusion-mediated
Jeukemogenesis. Thus, these results in vitro and in vivo
suggested that activation of the Ras/Raf/MAPK pathway may
be sufficient for the transformation of HF6 cells and develop-
ment of MLL-fusion-mediated leukemia.

Oncogenic NRAS induced thymoma in the leukemogenesis
assays under sublethal conditioning, which is consistent with the

GFP (NRASG2Y)

Figure 6 Leukemogenesis induced by Hoxa9 and oncogenic neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS) under lethal
conditioning. (a) Survival curves of mice transplanted with Hoxa9 and NRASC'2Y (A9/G12V; n= 4), A%/green fluorescent protein (GFP) (n=#6) and
puro/GEP (n=3). (b) Representative cytospin preparations of bone marrow (BM) cells obtained from morbid A9/G12V mice. The cells were stained
with Wright-Giemsa. Original magnification, x 200; scale bar, 30 um. (¢} Immunophenotype of BM cells obtained from representative morbid A9/
G12V mice. The dot plots show each surface antigen labeled with a corresponding monoclonal antibody versus expression of GFP. Ly5.1, Gr-1,
CD11b, and c-Kit were labeled with phycoerythrin (PE)-conjugated and allophycocyanin (APC)-conjugated monoclonal antibodies, respectively.
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development of T-lymphoma by FLT3-TKD in our experimental
system (Ono et al., unpublished data), whereas it led to the
development of BM aplasia in our leukemogenesis assays under
lethal conditioning. This difference in the disease phenotypes
implies that forced expression of oncogenic NRAS in BM
progenitors might be involved in its inhibitory effects on the
engraftment of radioprotective cells as well as the antiprolifera-
tive effect of oncogenic NRAS in the early phase of the
transplantation.*® These disease phenotypes were also different
from the development of MPD in the earlier reports.**® This
discrepancy might be due to the differences in the experimental
systems, such as the retroviral transduction and mice strains.
Meanwhile, the BM progenitors transduced with Hoxa9 and
NRASS'?V seemed to result in engraftment failure under
sublethal conditioning, but these rapidly developed myeloid
malignancy under lethal conditioning. A recent study using BM
transplantation showed the possibility of drastic fluctuation in
the engraftment of donar cells receiving pathological modifica-
tion under sublethal conditioning;*' hence, our unsuccessful
results under sublethal conditioning might be associated with
some instability of the transplantation.

Our leukemogenesis assays showed a definitively synergistic
cooperation between MLL fusion proteins and oncogenic NRAS
in the acceleration of disease onset and change of the
phenotypes. Interestingly, the synergistic cooperation between
MLL fusion proteins and Ras/RaffMAPK activation closely
correlated with recent clinical studies reporting the frequent
coincidence of MLL fusion genes and mutations of RAS*® or
RAF*? It was reported that the additional expression of
oncogenic KRAS induced an acute promyelocytic leukemia-like
disease in transgenic mice expressing promyelocytic leukemia/
retinoic acid receptor-o with an increased penetrance and
decreased latency, although neither the penetrance nor the
latency was significantly different from those in mice that died of
MPD by expression of oncogenic KRAS alone.** Other groups
recently reported that the combination of oncogenic NRAS and
MLL-AF9* or MLL-ENL* is capable of developing AML, and
that induced repression of oncogenic NRAS on the combination
reverted AML to MPD by the MLL fusion gene (MLL-AF9)
alone.** Although our findings that MLL fusion proteins and onco-
genic NRAS cooperate to induce AML confirmed these notions,
the present study further analyzed the involvement of Hoxa9
and Raf, downstream of the cooperation between MLL fusion
proteins and oncogenic NRAS. The myeloid transformation
assays in vitro showed that the activation of Raf-1, as well as
oncogenic NRAS, transformed A9G, a cell line expressing
Hoxa9. The leukemogenesis assays in vivo also showed that
Hoxa9 and oncogenic NRAS rapidly developed myeloid mali-
gnancy. These results in vitro and in vivo suggested that, as
downstream molecules, Hoxa9 and Raf may have important
roles in the synergistic leukemogenesis by MLL fusion proteins
and oncogenic NRAS.

Our findings suggest a possible model of MLL-fusion-
mediated leukemogenesis that was essentially recapitulated by
Hoxa9 expression and Ras/Raf/MAPK activation (Figure 7). In
the context of secondary genetic alterations, such as FLT3
mutations, this model explains the clinical features of acute
leukemia with 11923 translocations. First, overexpression, as
well as TKD mutations, of FLT3 frequently detected in the MLL-
rearranged infant acute leukemia may be involved in the
leukemogenesis mainly through activation of Ras/Raf/MAPK,
because several studies reported that the signaling pathway of
wild-type FLT3 is similar to FLT3-TKD rather than FLT3-ITD.**3?
Second, besides FLT3, other unknown molecular pathways that
lead to the activation of Ras/Raf/MAPK might also be involved in

Collaborative leukemogenesis by MLL and Ras
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FLY3-ITD

Figure 7 A model of mixed-lineage-leukemia (MLL)}-mediated
leukemogenesis together with secondary genetic alterations. MLL
fusion protein and secondary genetic alterations cooperate to induce
acute leukemia through synergistic molecular crosstalk between
aberrant expression of Hox genes, including Hoxa9, and the activation
of Ras/Raf/mitogen-activated protein kinase (MAPK). Other signaling
pathways, including signal transducer and activator of transcription 5
(STATS) activation, only additively affect the leukemogenic potential.

the MLL-rearranged leukemia carrying no known genetic
alterations, as FLT3 alterations are not found very frequently in
most Ml I-rearranged leukemia except in infants.***” Mean-
while, in the context of MLL fusion proteins, we analyzed the
role of the Hoxa9-mediated pathway leading to leukemogen-
esis. Recent studies revealed that one of the Hox-cofactor
molecules, Meis1, is an essential molecule involved in normal
hematopoiesis*® as well as Hoxa9-mediated leukemogenesis.*’
However, our experimental system® using BM cells transduced
with MLL fusion proteins did not detect any significant
upregulation of Meis1 in comparison with the mock transduc-
tion as reported earlier,’® in contrast with the findings by
other groups.' Therefore, we focused on Hoxa9, one of the key
molecules directly upregulated by MLL fusion proteins. Inter-
estingly, a recent study showed that the combination of Hoxa9
and Meis1 cooperated with Tribl, which enhanced the
phosphorylation of ERK, to induce acute leukemia in the BM
transplantation assays.®' Their study is not inconsistent with our
findings; thus, the HOX and Ras/Raf/MAPK axes may have
central roles in the molecular network of MLil-mediated
leukemogenesis, which might be additively affected by other
pathways, such as activation of STAT5 (Figure 7). In addition, at
least, endogenous expression of Meis1 in A9G cells is also
considered to be important in this network, but further analysis
will be required to clarify the role of Meis? in the collaboration
between HOX and MAPK axes.

Conclusion

This study suggests that MLL fusion proteins synergistically
cooperate with Ras/Raf/MAPK activation in leukemogenesis, at
least partly through the upregulation of Hoxa9. Future studies
analyzing the molecular crosstalk between Hoxa9 and the
Ras/Raf/MAPK cascade are expected to provide novel
insights into the molecular mechanism of MLL-fusion-mediated
leukemogenesis.
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Abstract It is now conceivable that leukemogenesis
requires two types of mutations, class I and class II muta-
tions. We previously established a mouse bone marrow-
derived HF6, an IL-3-dependent cell line, that was
immortalized by a class II mutation MLL/SEPT6 and can be
fully transformed by class I mutations such as FLT3
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mutants. To understand the molecular mechanism of leu-
kemogenesis, particularly progression of myelodysplastic
syndrome (MDS) to acute leukemia, we made cDNA
libraries from the samples of patients and screened them by
expression-cloning to detect class I mutations that render
HF6 cells factor-independent. We identified RasGRP4, an
activator of Ras, as a candidate for class I mutation from
three of six patients (MDS/MPD = |, MDS-RA = 1,
MDS/AML = 2, CMMoL/AML = | and AML-M2 = 1).
To investigate the potential roles of RasGRP4 in leuke-
mogenesis, we tested its in vivo effect in a mouse bone
marrow transplantation (BMT) model. C57BL/6J mice
transplanted with RasGRP4-transduced primary bone mar-
row cells died of T cell leukemia, myeloid leukemia, or
myeloid leukemia with T cell leukemia. To further examine
if the combination of class I and class II mutations accel-
erated leukemic transformation, we performed a mouse
BMT model in which both AML1 mutant (S291fsX300)
and RasGRP4 were transduced into bone marrow cells. The
double transduction led to early onset of T cell leukemia but
not of AML in the transplanted mice when compared to
transduction of RasGRP4 alone. Thus, we have identified
RasGRP4 as a gene potentially involved in leukemogenesis
and suggest that RasGRP4 cooperates with AML1 muta-
tions in T cell leukemogenesis as a class I mutation.

Keywords RasGRP4 - AMLL1 - Class I mutation -
Leukemogenesis - cDNA library

1 Introduction

Various chromosome translocations and gene mutations

were known to participate in leukemogenesis. Recently, it
was recognized that multiple gene alterations are required
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for leukemogenesis; coexistence of chromosomal translo-
cations and gene mutations are frequently found in the
same patient. There are some frequent combinations
including c-Kit mutations and AMLI/ETO [1-6], ¢-Kit
mutations and inv(16) [1, 5~7], Ras mutations and AMLI1
point mutations [8, 9], FLT3-ITD and AMLI point muta-
tions [10, 11], FLT3 mutations and PML-RARa [12-16],
MLL rearrangement and FLT3-TKD [17], MLL rear-
rangement and Ras mutations [18], and FLT3-ITD and
NPM1 mutations [19]. Interestingly, on the other hand,
RAS and FLT3 mutations, which are detected in about 50%
of patients with de novo AML, are negatively associated
with each other [20, 21]. In mice models, while expression
of PML/RAR~ in transgenic mice caused a nonfatal mye-
loproliferative syndrome, transplantation of bone marrow
cells obtained from PML/RAR« transgenic mice retrovi-
rally transduced with FLT3-ITD resulted in development
of an APL-like disease in a short latency [22]. Two step
leukemogenesis was also suggested by an in vitro culture
system of human hematopoietic cells [23]. Based on these
findings, leukemia-related mutations are classified into two
groups, class I and class II mutations. Class I mutations
include activating mutations of tyrosine kinases and a small
GTPase Ras or inactivation of apoptosis-related molecule,
and these mutations induce cell proliferation or block
apoptosis. On the other hand, class IT mutations include
dominant negative mutations of transcription factors
involved in differentiation of hematopoietic cells, such as
AMLI1/ETO, PML/RARa, or constitutively activated
mutations of chromosome remodeling factors such as
MLL-related fusion genes [24]. Indeed, it has been repor-
ted that a combination of class I and II mutations such as
PML/RAR« plus FLT3-ITD [22], AMLI/ETO plus FLT3
mutation [25], AMLI/EVIL plus BCR/ABL [26], MLL/
SEPT6 plus FLT3 mutation [27], K-ras plus PML/RARz
[28] induced AML in a mouse BMT model, while either
class I or II mutation alone led to, myeloproliferative dis-
orders (MPD) or MDS like disease, not leukemia [22-28].

To identify class 1T mutations from patients with
MDS/AML, MPD, or AML, we used retrovirus-mediated
expression cloning; cDNA libraries from patients’ samples
were constructed and retrovirally transfected into an IL-3-
dependent myeloid cell line, HF6, immortalized by a class
II mutation MLL/SEPT6 [27]. We searched for class I
mutations that abrogate IL-3 dependency of HF6 and we
identified RasGRP4 as a candidate gene from three dif-
ferent libraries (MDS/MPD = 1, MDS/AML = |, MDS-
RA = 1). In addition, FLT3-ITD was identified in a patient
with MDS/AML.

RasGRP4 belongs to a family of guanine nucleotide-
exchange factors (RasGRP1-4) that positively regulate Ras
and related small GTPases, and is mainly expressed in
myeloid cells and mast cells [29, 30]. RasGRP4 appears to
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act downstream of the tyrosine kinase receptor c-Kit/
CD117 [30]. RasGRP4 is located on 19q13.1 and altera-
tions of this site have been found in several cancers (the
“Cancer Chromosomes” at the NCI web site), and was
previously isolated by expression cloning from cytogenet-
ically normal AML patients using the focus-forming assay
of NIH3T3 cells [29]. In the present study, we isolated
RasGRP4 using expression cloning as a gene that fully
transforms IL-3-dependent HF6 cells, and investigated the
effect of RasGRP4 overexpression in a mouse BMT model
and implicated RasGRP4 in leukemogenesis.

2 Materials and methods
2.1 Cell lines and cell culture

A mouse pro-B line Ba/F3 was maintained in RPM11640/
10% fetal bovine serum (FBS) containing 1 ng/ml recom-
binant mouse IL-3 (obtained from R & D systems). HF6,
which had been established by introducing MLL/SEPT6 into
mouse bone marrow cells, was maintained in RPMI11640/
10% FBS containing 10 ng/ml mouse IL-3 as described [27].

2.2 Screening of cDNA libraries

Complementary cDNA libraries were generated from
patients leukemic or MDS cells (MDS/MPD = 1, MDS/
AML =2, CMMoL/AML =1, MDS-RA =1, AML-
M2 = 1) as described [31]. MDS or leukemic cells of these
patients did not harbor recurrent chromosomal transloca-
tions involving AML1 or MLL. One patient with AML-M2
did not display t(8;21). The point mutations of AML1 were
not screened. Recombinant retroviruses were generated by
transient transfection using an ecotropic packaging cell line
PLAT-E as described with minor modifications [32]. Bone
marrow or peripheral blood samples of patients were taken
under the experimental procedure approved by the ethical
committees of our institute (approve no. 20-9).

We introduced each ¢DNA library into two IL-3-
dependent cell lines Ba/F3 and HF6. After transduction
with the cDNA library, the transduced cells were seeded
into 96-well plates in the absence of IL-3, and factor
independent clones were isolated. To identify the cDNA
that confers factor independency on Ba/F3 or HF6, geno-
mic DNA of the factor independent clones were purified
and integrated cDNAs were isolated and sequenced.

2.3 Vector construction
cDNAs for human RasGRP4 were cloned from cDNA

libraries of MDS/MPD patients and normal volunteers
using PCR primers: 5-GGAGCTGAGCCCTACTCTTG-3'

@ Springer
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(forward), 5'-AGAGTCTGACGGCAGGACTC-3' (reverse).
We used pfu polymerase (Stratagene, La Jolla, CA) to
amplify the coding region of human RasGRP4. We sub-
cloned the PCR products into TOPO vector (Invitrogen,
San Diego, CA). Then, the EcoRI fragment carrying Ras-
GRP4 was inserted into the EcoRI sites of pMXs vector
[32]. RasGRP4 sequences derived from patients and nor-
mal volunteers were not identical to those in the data bases
as described in result section. We used an AML1 mutant,
$291£sX300, identified from case number 27 among MDS/
AML patients [33]. This mutant is hereafter referred to as
AML1-S291fs. The AML1-S291fs was inserted upstream
of the IRES-EGFP cassette of a retrovirus vector pMYs-IG
[32] to generate pMYs-AMLI1-S291fs-1G.

2.4 Expression of RasGRP4 in HF6

To confirm that the isolated RasGRP4 is responsible for
factor-independency of HF6, the cells were infected with
the retroviruses harboring pMXs-RasGRP4 derived from
patients, normal volunteers or an empty vector as a control,
and cultured in the absence of IL-3. To investigate the
activation of the Ras pathway in the HF6 cells expressing
RasGRP4, the transfected cells were lysed in lysis buffer,
and lysates were subject to western blot analysis as
described with minor modifications [34]. Monoclonal
mouse anti-phospho-p44/42 MAPK (Thr**%/Tyr*™) anti-
body (Sigma) was used for phosphorylated ERK1/2.

2.5 Bone marrow transplantation

Bone marrow mononuclear cells were isolated and cultured
as described [35]. The prestimulated cells were infected for
60 h with the retroviruses harboring pMXs-RasGRP4
derived from a patient with MDS/MPD, pMYs-AMLI1-
S291fs-IG or an empty vector as a control, using six well
dishes coated with RetroNectin (Takara Bio, Inc.) accord-
ing to the manufacturer’s recommendations. Then, 0.3—
1.2 x 10% of infected bone marrow cells (Ly-5.1) were
injected through tail vein into C57BL/6 (Ly-5.2) recipient
mice (8—12 weeks of age) which had been administered a
sublethal dose of 5.25 Gy total-body y-irradiation (135Cs).
Overall survival of the transplanted mice was analyzed
using the Kaplan-Meier-method. All animal studies were
approved by the Animal Care Committee of the Institute of
Medical Science, The University of Tokyo.

2.6 Analysis of the transplanted mice
Engraftment of bone marrow cells was confirmed by
measuring the percentage of Ly-5.1-positive and/or GFP

positive cells in peripheral blood obtained every
1-2 months after the transplant. After the morbid mice
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were euthanized, their tissue samples including peripheral
blood (PB), bone marrow (BM), spleen, liver, and kidney
were analyzed. Circulating blood cells were counted by
automatic blood cell counter KX-21 (Sysmex, Kobe,
Japan). Morphology of the peripheral blood cells was
evaluated by staining of air-dried smears with Hemacolor
(Merck). Tissues were fixed in 10% buffered formalin,
embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H & E). Cytospin preparations of bone
marrow and spleen cells were also stained with Hemacolor.
The percentage of blasts, myelocytes, neutrophils, mono-
cytes, lymphocytes, and erythroblasts was estimated by
examination of at least 200 cells. To assess whether the
leukemic cells were transplantable, 2 x 10°-1 x 106 total
BM cells including blasts were injected into the tail veins
of sublethally irradiated mice. A total of two or three
recipient mice were used for each serial transplantation.

2.7 Flow cytometric analysis

Peripheral blood or single-cell suspensions of bone marrow
and spleen were stained with the following phycoerythrin
(PE)-conjugated monoclonal antibodies: Ly-5.1, Gr-1,
CDl11b, B220, CD3, CD4, CD8, CD41, c-Kit, Sca-1,
CD34, and Ter-119. Then, flow cytometric analysis was
performed as described [35].

2.8 RT-PCR

To confirm expression of human RasGRP4, total RNA was
extracted from BM cells of transplanted mice using Trizol
(Invitrogen, California, USA) and ¢cDNA was prepared
with the Superscript II RT kit (Invitrogen, California, USA)
and RT-PCR was performed using a 2720 Thermal cycler
(Applied Biosystems, Tokyo, Japan). The c¢DNA was
amplified using AmpliTaq Gold (Applied Biosystems by
Roche Molecular Systems, Inc., New Jersey. USA). The
reaction was subject to one cycle at 95°C for 5 min, 30
cycles of PCR at 95°C for 30 s, 55°C for 30 s, and 72°C for
30 s. All samples were independently analyzed at least
three times. The following primer pairs were used: 5'-
ACTGGCTGATGCGACACCC-3 (forward) and 5'-GA-
GATGGCACTGTGACACAG-3' (reverse) for human
RasGRP4, 5-ACCACAGTCCATGCCATCAC-3' (for-
ward) and 5'-TCCACCACCCTGTTGCTGTA -3’ (reverse)
for GAPDH.

2.9 Quantitative RT-PCR

To examine expression levels of human RasGRP4 in
patients, quantitative RT-PCR was performed. Quantitative
RT-PCR was performed using a LightCycler Workflow
System (Roche Diagnostics, Mannheim, Germany).
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Complementary DNAs derived from bone marrow cells of
leukemia or MDS patients as well as normal bone marrow
cells were amplified using a SYBR Premix EX Taq (TA-
KARA). The reaction was subject to one cycle at 95°C for
30 s, 45 cycles of PCR at 95°C for 5 s, 55°C for 10 s, and
72°C for 10 s. All samples were independently analyzed at
least three times. The primer pairs for human RasGRP4 and
GAPDH were the same as described above. The samples
from the patients were obtained under written consents
which had been approved by the local ethical committee of
each institute or hospital.

2.10 Bubble PCR

Genomic DNA was extracted from BM or spleen cells of
transplanted mice and digested with EcoRI, and then the
fragments were used for Bubble PCR to identify the inte-
gration sites of the retroviruses as described [35]. We
confirmed inverse repeat sequence “GGGGGTCTTTCA”
as a marker of junction between genomic DNA and ret-
rovirus sequence.

3 Results

3.1 RasGRP4 induces factor-independent growth
of HF6

In the screening of ¢cDNA libraries, some wells gave rise to
cell growth in the absence of 1L-3 from HF6 but not from
BaF3 cells. The factor-independent clones were isolated
and the cDNAs integrated in the genome DNA were
sequenced using PCR. FLT3-ITD was identified in one
MDS/AML patient. In addition, RasGRP4 was identified
from three different libraries (MDS/MPD = 1, MDS/
AML = 1, and MDS-RA = 1). We introduced the isolated
RasGRP4 into HF6 to confirm that RasGRP4 was respon-
sible for autonomous growth of HF6 cells (Fig. 1a). In the
sequence of RasGRP4 derived from the MDS/MPD, MDS/
AML and MDS-RA patients, we found several different
amino acids that compared with the sequences in two
databases GenBank (accession number AF448437) and
GenBank (accession number AY048119) (Table 1).
Therefore, we introduced RasGRP4 derived from a patient
and two Japanese normal volunteers (normal 1 and 2 in
Table 1) into HF6 cells to examine if RasGRP4 from
normal volunteers also gives rise to factor-independency.
As a result, RasGRP4 from normal volunteers also induced
factor-independent growth of HF6, indicating that over-
expression of RasGRP4 by itself induced transformation of
the cells, independent of some mutations in the amino acid
sequence of RasGRP4. While several gene alterations were
observed in the samples of patients, we focused on E468K
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because this change was observed only in a patient with
MDS/MPD but not in the sequence derived from the two
databases and two normal volunteers (Table 1). However,
we did not find any functional importance of the alteration
at codon 468 that changes a glutamic acid to a lysine.
Moreover, SNPs of this gene are not correlated with lym-
phoma and leukemia (Y. Nakamura, unpublished results).

To assess the RasGRP4-mediated Ras activation, we
examined phosphorylation of ERK1/2 using HF6-cells-
transduced RasGRP4. Stimulation with IL-3 induced much
stronger phosphorylation of ERK1/2 in the HF6 cells
expressing RasGRP4 when compared with parent HF6
cells (Fig. 1b, lanes 6-8). Although we did not observe
enhanced phosphorylation of ERK1/2 in the cells over-
expressing RasGRP4 without IL-3 (Fig. 1b, lane 5), we
assume that non-detectable enhancement of ERK1/2 was

a
1.00E+14
1.00E412 -
1.00E+10 4
1.00E+08 - —i— HF6 (+IL-3)
~h— HF6-H-Ras-G12V
11008406 --®--HF6-RasGRP4
1.00E+04 ——e--HF6-GFP
1.00E+02 4~
N
1.00E+00 T ¥ e BN i
012345686 7 8 91011 days
b HF6 HF6
(Mock) (RasGRP4)
0 3 15 30 0 3 15 30 (min)
p-ERKI172 & -
ERK1/2

Fig. 1 RasGRP4 conferred factor independency on HF6. a HF6 cells
expressing the H-Ras-G12V, RasGRP4 and GFP vector were
deprived of TIL-3, and cells were counted by trypan blue exclusion.
The parental HF6 cells in the presence of IL-3 (10 ng/mL) were
counted as same. b Stimulation with IL-3 induced strong phosphor-
ylation of ERK1/2 in the HF6 cells expressing RasGRP4.
Phosphorylation of ERK1/2 (pERK1/2) was examined in HF6 cells
transfected with RasGRP4 or empty by western blot analysis using
anti-phospho-p44/42 MAPK (Thr?2/Tyr*™) Ab. Loading amount was
estimated by re-probing immunoblots with Abs specific for ERK1/2.
The transfected HF6 cells were washed with PBS twice and cultured
in RPMI1640/10% FBS without 1L-3 for 4 h. Then, some of cells
were collected and lysed (lanes 1 and 5). The remained cells were
stimulated with TL-3 (100 ng/mL) for the indicated period and
collected and lysed (lanes 2-4, and 6-8)
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Table 1 Polymorphism of RasGRP4

Position of amino acid AF448437 AY048119

Patient 1
(MDS/MPD)

Patient 3
(MDS-RA)

Patient 2
(MDS/AML)

Normal 1 Normal 2

18

120
261
468
541
671

ronme o A
o omwmOor
U RAFO A

T

CnmR o
-l -l
CmomR o
C<mmo

enough to induce factor-independent growth of HF6. Only
weak activation of the signaling molecule, even non-
detectable in biochemical experiments, sometimes induces
autonomous cell growth.

3.2 RasGRP4 induced myeloid leukemia
and T cell leukemia in mice

We further examined if overexpression of RasGRP4
induced leukemia in a mouse BMT model. We confirmed
expression of human RasGRP4 in BM cells of transplanted
mice by RT-PCR (Fig. 2a). Transduction of RasGRP4
(E468K) induced myeloid and/or T cell leukemia with
various phenotypes, and the transplanted mice died within
2-8 months after the transplantation (Fig. 2b). For exam-
ple, a mouse (ID 402) died of T cell leukemia with
thymoma (weight of thymus was 1,416 mg) and hepato-
splenomegaly on day 252 after the transplantation.
Leukemic cells showed a CD4- and CD8-double-positive
phenotype (Fig. 3). One other mouse developed a similar
disease (ID 401). Unfortunately, this mouse died on day
224 before we found out. Therefore, we could only confirm
hepatosplenomegaly and a giant thymoma after the death.
Two mice (ID 407 and 408) died of AML with hepato-
splenomegaly on days 47 and 66 after the transplantation.
Severe leukocytosis, anemia and thrombocytopenia were
observed in a mouse (ID 408), but severe pancytopenia was
observed in the other mouse (ID 407). Leukemic cells of
the mouse (ID 408) in bone marrow and thymus uniformly
expressed Grl, CD11b, and B220 on their surfaces (Fig. 3).
Four of the transplanted mice (ID 403, 404, 405 and 406)
developed both myeloid and T cell leukemia with hepa-
tosplenomegaly, and in some cases, thymoma (ID 404, 405
and 406). In the mouse ID 404, both myeloid and T cell
leukemia cells were observed in the bone marrow, while
peripheral blood was occupied with myeloid leukemia and
thymus was occupied with T cell leukemia (Figs. 3, 4). In
summary, two mice died of AML after a short latency
(days 47 and 66), two mice died of T cell leukemia after a
long latency (days 224 and 252), and four mice died of
AML and T cell leukemia (days 76, 83, 129, and 248). The
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Fig. 2 Co-transduction of RasGRP4 and AML1-5291fs led to early
onset of leukemia. a Expression of retrovirally introduced RasGRP4
in BM cells. Total RNA from BM cells of transplanted mice were
extracted, and the derived cDNAs were subjected to RT-PCR. Mice
IDs were shown on the top of the panel. ID 402’ is a second recipient
of ID 402. Controls are AML1-S291fs (ID 52), empty vector (ID
202), and normal mouse (Nor). b Kaplan-Meier analysis for the
survival of mice transplanted with RasGRP4, AMLI-S291fs, and
double-transduced BM cells. Average survival of RasGRP4 alone
(139.8 days) was not significantly different when compared with
double transduced mice (101.5 days) (P = 0.223, log rank test).
Average survival of the double transduced mice (101.5 days) was
significantly shorter than that of AMLI-S291fs-transduced mice
(263.6 days) (P = 0.00003, log rank test). RasGRP4 (n = 8), AMLI-
S291fs  (n = 10), RasGRP4 + AMLI-S291fs (n = 11), mock
(n = 16) transduced bone marrow cells were transplanted to mice

details of individual mice are shown in Table 2 and Fig. 5.
To assess whether the leukemic cells were transplantable,
2 x 10°-1 x 10° total BM cells including blasts were
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Fig. 3 RasGRP4 induced T cell
leukemia and myeloid leukemia
in the BMT model. The dor

RasGRP4 (ID: 402)
{death at day 252)

RasGRP4 (ID: 408)
(death at day 66)

RasGRP4 (ID: 404)
(death at day 129)

plots show Ly5.1, Gr-1, CDl11b,
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or CD8 expression detected by u—— ol y @ b
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injected into recipient mice. We confirmed that both T cell
leukemia and myeloid leukemia cells were serially trans-
plantable although the phenotypes slightly changed after
the serial transplantation (Supplemental Fig. 1).

3.3 Different integration sites were identified
from T cell or myeloid leukemia cells derived
from an individual mouse

To examine if the T cell and myeloid leukemia cells
were derived from different clones or the same clone, we
identified the integration sites in genomic DNA samples
of thymus, peripheral blood or bone marrow cells. As
shown in Table 3, different integration sites were iden-
tified from T cell and myeloid leukemia cells derived
from an individual mouse, suggesting that T cell and
myeloid leukemic cells were derived from different
clones.

113

The integration near the Samsnl gene was found twice
in ID 405 and ID 406. These mice were transplanted on the
same day. The integration site was identical among these
leukemic cells indicating that leukemic cells of the two
cases were derived from a single hematopoietic progenitor.
This result suggests that the integration induced expansion
of the transduced stem cells during the 3-day-culture period
before the transplantation. Indeed, the mice with the inte-
gration at Samsnl site developed AML with the same
phenotype (CD11b positive) and similar latencies (83 and
76 days). On the other hand, different T lineage clones
grew up in thymus and developed thymoma.

3.4 RasGRP4 cooperates with an AML1 mutant
in leukemogenesis

RasGRP4 appears to function downstream of the tyrosine
kinase receptor ¢-Kit/CD117 [30]. High expression of c-kit
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Fig. 4 RasGRP4 induced both
of T cell leukemia and myeloid
leukemia in the same mouse.
Giemsa-stained cells derived
from a bone marrow, b thymus,
and ¢ peripheral blood obtained
from mouse ID 404.
Macroscopic findings of

d spleen, e liver, f thymus from
mice ID 404; left g spleen,

h liver, i thymus from normal

mice; right are shown. Images
(a, b, ¢) were obtained with a
BHS! microscope and DP12
camera (Olympus, Tokyo,
Japan); objective lens, UPlanFl
(Olympus); x 1,000

YRGB e {2

oo

has been found in 60-80% of AML [36] and higher
expression is observed in 81.3% of patients with t(8;21)
when compared with the patients with other leukemias [2].
Niimi et al. [9] reported that MDS/AML arising from
AMLI/RUNX1 mutations frequently involves receptor
tyrosine kinase (RTK)-RAS signaling pathway activation.
We have recently demonstrated that bone marrow cells
transduced with AML1 mutants induced MDS-like symp-
toms after a long latency [35]. Therefore, we also tested if
the combination of RasGRP4 and AML1-8291fs, one of
the AML1 mutants, induced rapid leukemic transformation
in a BMT model. As a result, co-transduction of RasGRP4
and AMLI1-S291fs led to early death in the transplanted
mice (average 101.5 days, n = 11) than the expression of
RasGRP4 alone (average 139.8 days, n = 8) (Fig. 2b). We
diagnosed the double-transfected disease mice as T cell
leukemia because of enlarged thymus, hepatosplenomeg-
aly, and expansion of blast expressing CD3, CD4, and CD8
in bone marrow, peripheral blood, and thymus (Fig. 6). The
onset of T cell leukemia was significantly earlier in the
RasGRP4 + AMLI1 mutant (average 102.7 days, n = 9)
than RasGRP4 alone (average 238 days, n = 2). On the
other hand, onset of AML was not significantly changed
between RasGRP4 + AMLI1 mutant (average 96 days,
n = 2) and RasGRP4 alone (average 56.5 days, n = 2)
transplanted mice.
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3.5 RasGRP4 was overexpressed in some patients
with hematological malignancies

We examined expression levels of RasGRP4 in patients
with myeloid or T lineage hematological malignancies. As
shown in Fig. 7, cells from some patients (T-ALL, AML-
M1, MDS-RAEB, MDS-RA, CMMolL) overexpressed
RasGRP4.

4 Discussions

We identified RasGRP4 from patients’ cDNA libraries as a
gene that renders IL-3-dependent HF6 cells factor inde-
pendent when expressed at high levels via retrovirus-
mediated gene transfer. Although we did not find any gain-
of-function mutation of RasGRP4 in three patients from
whom we identified cDNA for RasGRP4, and we detected
high expression of RasGARP4 in only one out of the three
patients, it is possible that overexpression or activating
mutations are found in patients with malignant diseases
including leukemia and MDS. Thus, RasGRP4 is a candi-
date gene for class I mutations. In addition to RasGRP4, we
also identified FLT3-ITD from a patient with MDS/AML,
thus showing the feasibility of our functional cloning
strategy. The HF6 cells were immortalized by expression
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Fig. 5§ Morphology of
leukemic cells induced by

ID: 403 ( BM) (BM)

RasGRP4. Giemsa staining
photos of the leukemic cells are
shown. Mice IDs were shown at
top of the panel. Surface
expression proteins were shown
at bottom of the panel. Images
were obtained with a BH51
microscope and DP12 camera
(Olympus, Tokyo, Japan),

ID: 408

F

objective lens, UPlanFl
(Olympus); magnification,
x 1,000

CD4(+),CD8(+), c-Kit(+)

ID: 404 (BM)

CDA41(+), c-Kit(+) Gri(+), CD11b(+), B220(+)

ID: 405 (BM) ID: 406 (BM)

BM

Gri(+), CD11b(+) &
CD4(+), CD8(+), c-Kit(+)

ID: 404 {Thymus)

=

XTI

CD11b(+)

(Thymus)

ID: 405 (Thymus)

ID: 406

CD4(+), CD8(+), c-Kit(+)

Table 3 Retroviral integration sites in the transplanted mice

CD4(+), CD8(+) CD(+), CD8(+)

Mice ID  Sample Chr. Nearest gene Gene ID Distance to Location  Forward or RTCGD hits
number gene (start or end) reverse orientation
404 Thymus 10 Ber 110279  Disrupt CDS Intron 8 F 0
404 PB 15 Trio 223435  Disrupt CDS Intron 9 F 3
405 Thymus 14 LOC100042147 100042147 12,962 bp 3 R 0
405 BM 16 Samsnl 67742 95,998 bp 5 R 2
406 Thymus 18 LOC100042131 100042131  Disrupt CDS Exon 2 F 0
406 BM 16 Samsnl 67742 95,998 bp 5 R 2

of MLL-SEPTS6, and can be transformed by oncogenic Ras
and Ras-related signals (manuscript in preparation).
Therefore, HF6 is a suitable cell line for identification of
Ras mutations as well as mutations of Ras-related signaling
molecules. On the other hand, Ba/F3 cells can be trans-
formed by STATS activation. In addition to these two cell
lines, we have developed several other IL-3-dependent
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bone marrow-derived cell lines immortalized by class II
mutations or related molecules (unpublished results).
Because these IL-3-dependent cell lines have different
signaling profiles, they would be applicable for identifica-
tion of mutations in a variety of signaling molecules,
providing a versatile system for functional cloning of
oncogenic mutations.
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RasGRP4 + AML1-8291fs
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(death at day 130)
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(death at day 96)
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Fig. 6 RasGRP4 and AML1-S291fs induced T cell leukemia in the
BMT model. The dot plots show Ly5.1, Gr-1, CD11b, B220, CD3,
CD41, c-kit, CD4, or CD8 expression detected by corresponding PE-
conjugated mAb

Overexpression of RasGRP4-induced T cell leukemia
and/or myeloid leukemia in a mouse BMT model. We
found that four of eight mice developed both types of
leukemia and two mice died of AML after a short
latency, while others died of T cell leukemia after a long
latency when transplanted with RasGRP4 alone. At
present, it is not clear what determines the different
phenotypes of leukemia induced by RasGRP4. Although
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- Fig. 7 RasGRP4 was overexpressed in a patient with T-ALL and

some patients with myeloid malignancies. Expression levels of
RasGRP4 in bone marrow cells derived from patients with hemato-
logical malignancies were evaluated by quantitative RT-PCR. Gray
bar patients with hematological malignancies, black bar patients used
for cDNA library and identified RasGRP4, white bar normal. RNAs
from normal bone marrow cells served as a control (RNA level of
normal BM2 = 1)

the retrovirus integration site should modify the outcome,
so far we did not find any integration that could explain
the differing phenotypes of leukemia. Alternatively, it
is also possible that types of progenitors transduced
with RasGRP4 determine the different phenotypes of
leukemia.

Co-transduction of RasGRP4 and AML1-S291fs led to
early onset of T cell leukemia as compared with the
transduction of RasGRP4 alone. Putting together with
clinical reports [2, 9, 36] and our results, we can suggest
the significant association of Ras signaling pathway and
function of AMLI1 mutation in leukemogenesis. While
AMLI1 mutations are frequently associated with myeloid
leukemia in human patients, they seemed to shorten the
latency of T cell leukemia induced by forced expression of
RasGRP4 in mouse BMT model. Intrigningly, while Ras-
GRP4 induced c-Kit+/CD3—/CD4+/CD8+ T cell
leukemia, combination of RasGRP4 and AMLI1-S291fs
developed more mature T cell leukemia (c-Kit—/CD3+/
CD8+/CD4~ or CD4+). The reason for this difference is
elusive at present. Although we need more cases of BMT
mice for confirmation of this difference, AML1-S291fs
may also play some roles to induce T cell differentiation in
addition to its overall dominant effects on AML1 tran-
scription. In the clinical cases, AMLI-LAF4 [37] and
AML1-FGA7 [38] were associated with T-ALL, although
most of AMLI1 translocations are associated with myeloid
leukemia. Because AMLI is important for transcription of
TCR and silencing of CD4, it is possible that AMLI-
S291fs inhibited the normal ontogeny of T cells, thus
accelerating leukemogenic process caused by RasGRP4 in
a mice BMT model as a class II mutation that disturbs T
cell ontogeny.
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