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Fig. 4. Epigenetic modification of immature status-
related genes evaluated with bisulfite sequencing analysis
and chromatin immunoprecipitation in DLD-1. (A) From
the analysis of epigenetic status, bisulfite genomic se-
quencing analyses in the promoter regions of genes in-
ducing immature status, NANOG, revealed that they were
not methylated appreciably in iPC ceils {(clones 9431 and
9433), whereas the CpG dinucleotides of the regions were
methylated in parental cancer cells and PostiPC cells {(open
and closed circles indicate unmethylated and methylated,
respectively). (8) Chromatin immunoprecipitation with
trimethyl-K4 H3 antibody was used to analyze the histone
modification status in parental, iPC, and PostiPC cells. H3
lysine 4 was methylated in these regions for NANOG in iPC
cells compared to that in parental and PostiPC cells. H3 ly-
sine 4 was methylated in these regions for OCT3/4 in iPC
and PostiPC cells compared tothose in parental cells (results
were assessed in contrast to each input DNA). HDF and
transfected HDF (T-HDF) were analyzed for comparison. As
a control, respective sheared chromatin sample was used
for quantitative PCR. *, clones of iPC cells.

Assessment of Tumorigenic Properties. To determine tumorigenic
properties in vivo, PostiPC cells were transplanted s.c. at several
densities into dorsal flanks of NOD/SCID mice. Four weeks after
injection, we observed tumor formation (Fig. S34). There were
significant differences between PostiPC cells and parental cells
(P < 0.01, Wilcoxon rank test; Fig. S3B). These data demon-
strated the reduction of tumorigenesis via reprogramming proc-
ess; this finding may be applied to anticancer therapy.

Discussion

The role of CSCs was noted in acute myeloid leukemia (3). The
possible involvement of CSCs has since been shown in several
solid tumors (20-22). In solid tumors, these results suggest that
the CSC population, although it is likely a minority, is related to
treatment resistance and problems of relapse or metastasis (1, 2).
CSCs, through their self-renewal and drug-resistant capacities,
may share properties that are conducive to persistence and
proliferation, even after anticancer therapy. It is important to

understand their biological characteristics, as specific markers of
all CSCs have not yet been identified.

Recently, several reports have shown that tumor development
is associated with genetic and epigenetic changes of the genome,
and that epigenetic modifications play an important role in tumor
heterogeneity (23). Several experiments, such as nuclear trans-
plantation, ES cell fusion, and transfection with several tran-
scription factors, have demonstrated reprogramming of terminally
differentiated cells into pluripotent embryonic cells, which is
linked to the development of an organism by resetting the epi-
genetic modifications (4-9). In previous reports, the transcription
factor NANOG was required to maintain the pluripotency and
self-renewal of ES cells (13, 14).

According to genetic and epigenetic analyses in previous
reports, immature status related to promoter activation in defined
genes, such as NANOG, plays a very important role in the estab-
lishment of a pluripotent state (6-9, 13, 14). To prepare iPC cells,
we manufactured a specific tool that could detect the pluripotent
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Ll - L& Rl L Fig. 5. Expression of immature and differentiated
status-related genes in parental, iPC, and PostiPC
cells induced from DLD-1. (A) The expression of
B NANOG, REX1, OCT3/4, 50X2, KLF4, and ¢-MYC
r . markedly decreased in iPC cells. The expression of
- Lo Pl iPC P-ic £ P CDKN2A, DNMT3A, and DNMT3B increased in
8 " 3 ipC PostiPC cells compared to iPC cells. The mRNA copy
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AR ove - | expression. (B) (Left) Flow cytometry showed a shift
b e P M 110 10 10 of the CD24/CD44 population in parental, iPC, and
CD44 CD44 PostiPC cells. (Right) The CD44 population in Pos-
tiPC cells decreased compared with that of parental
cells. P, parental cells; P-iC, PostiPC cells.
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Fig. 6. In vitro methyl thiazolyl tetrazolium (MTT) analyses, proliferation and invasion assay. (A) The 5-FU MTT assay revealed significant differences in PostiPC
and DLD-1 parental cells (n = 11, P=0.003, Wilcoxon rank test). (B) Proliferation assays for ES-culture conditions showed differencesin growth of iPCcellsand DLD-1
parental cells (n =4, P=0.046, Wilcoxon rank test). (C) Proliferation assays in primary culture conditions showed nosignificant differences between DLD-1 parental
and PostiPC cells. (D) Invasion assay showed no significant differences between DLD-1 parental and PostiPC cells (relative ratio and parental cell average). (E and F)
Proliferation assays showed differences in ratio with control (with no treatment) under the differentiation-inducing treatment with vitamins A and D supple-
mentation (n =8, P=0.512 and 0.049, respectively, Wilcoxon rank test). (G and H) Invasion assays showed significant differences in the ratio with control (with no
treatment) cells under the differentiation-inducing treatment with vitamin A and D supplementation (n =6, P=0.013 and 0.003, respectively, Wilcoxon rank test).

P, parental cells; P-iC, PostiPC cells. *, P < 0.05.

state in living cells based on the results of previous studies. We
investigated NANOG expression in gastrointestinal cancer cell
lines, corresponding to human iPS cells and teratocarcinoma
NTERA-2, which had higher NANOG expression. The expression
could not be detected in PostiPC cells with this system. A low ef-
ficiency, as shown in iPS (6-9, 13, 14), suggests a possibility that
only a minority of tumor cell lines possesses specific potential to
obtain the property of iPC, or more likely that multiple mecha-
nisms are involved in full execution of reprogramming. We have to
consider a possibility that sphere-forming cells might be rare
among the original cancer cell populations.

In this study, the tumor-suppressor gene PI6(INK4A), which
acts against the self-renewal of ES cells (10, 12), was repressed in
iPC cells. Our analysis indicated that PI6(INK4A) expression
increased in PostiPC cells, which may relate to the notion that
PI16(INK4A) up-regulation is involved in the suppression of
transformed phenotypes and their sensitization to therapeutic
agents (24). The sequence study of PI6(INK44) promoter in-
dicated the demethylation in PostiPC cells from DLD-1 cells,
whereas the sequence of parental cells was methylated. This
study suggests that the reactivation of tumor suppressor genes by
reprogramming may play a role in increased chemosensitivity to
5-FU and the regression of cell proliferation and invasiveness
under differentiation-inducing conditions. The Rb/P16(INK4A)
tumor-suppressive pathway has been reported to be abrogated in
several tumors (24). It is necessary to investigate the specific
analysis in the pathways to assess the contribution of TSG.

Presumably, the suppression of tumors and their sensitization to
induced differentiation are the result of genetic and epigenetic
modifications. This result supports the possibility of new cancer
therapies via reprogramming approaches even in cancer cells that
should have corrupted genetic codes. In the present study, iPC cells

44 | www.pnas.org/cgi/doi/10.1073/pnas.0912407107

were induced from eight cancer cells, including cancers of color-
ectum, esophagus, stomach, pancreas, liver and bile ducts (Fig. S4).
Here, iPC was established from cancer cell lines. It is necessary to
demonstrate universality in primary tumors and to more efficiently
investigate the factors and population in relation to the induction of
iPC cells: points to be elucidated and developed include differences
of normal and tumor cells, individual responses, efficiency, and re-
agent delivery system. As novel therapeutic approaches, the heter-
ogeneity of reprogrammed cancer cells remains to be investigated.

Materials and Methods

Cell Lines and Culture, Twenty cell lines derived from human gastrointestinal
cancers included colorectal cancer {(Caco2, DLD-1, HCT116, HT-29, KM12SM,
LoVo, and SW480), esophageal cancer (TE-10), gastric cancer (MKNA45),
pancreatic cancer (BXPC-3, MIAPaCa-2, PANC-1, and PSN-1), hepatocellular
carcinoma (Hep3B, HepG2, HLE, HLF, HuH-7, and PLC), cholangiocellular
carcinoma (HUCCT-1), and teratocarcinoma (NTERA-2 clone D1). NTERA-2 was
provided by DS Pharma Biomedical (Osaka). These cell lines were maintained
in DMEM (Nakalai Tesque, Kyoto) containing 10% FBS at 37 °C under a 5%
humidified CO; atmosphere. HDF was purchased from Toyobo (CA106K05a;
Osaka) as a normal cell control and maintained with the Fibroblast Growth
Medium kit (CA116500; Toyobo). Plasmids were purchased from Addgene
(Cambridge, MA), Clontech (Palo Alto, CA), Cell Biolabs (San Diego), and
Open Biosystems (Huntsville, AL). The plasmids used in this study are sum-
marized in Table S1. These transfectants were grown in DMEM supple-
mented with 10% FBS and puromycin (2 pg/mL), and transferred to specific
culture conditions as described in the supporting information. All trans-
fectants with retrovirus were made with the ViraDuctin retrovirus trans-
duction kit (Cell Biolabs). Those with lentivirus were made with the Virapower
packaging mix (Invitrogen, Carlsbad, CA) or Arrest-In (Open Biosystems). In
brief, cancer cell lines were transfected with adequate plasmid at a concen-
tration of 4 pg/ul by using lipofectamine (Lipofectamine 2000; Invitrogen),
and incubated in glucose-free Opti-MEM (invitrogen). All experiments were
performed at 50-70% cell confluence and results were confirmed in at least
three independent experiments. All-in-one-type fluorescence microscopy

Miyoshi et al.
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(BZ-8000; Keyence, Osaka) with digital photographic capability was used to
visualize cells at several magnifications. The growth rates of the cultured
gastrointestinal cancer cell lines were measured by counting cells using Celi-
Tac (Nihon Koden, Tokyo). The optimization of retroviral transduction of
human cancer celi lines was performed as shown in supporting information.
Vectors used are shown in Table S1.

RNA Preparation and RT-PCR. Total RNA was prepared by using TRizol reagent
(Invitrogen). Reverse transcription was performed with SuperScriptilf (invi-
trogen). To confirm PCR amplification, 25-35 cycles of the PCR were performed
by using a PCR kit (Takara, Kyoto) on a Geneamp PCR system 9600 (PE Applied
Biosystems, Foster City, CA) with the following condition: 95 °Cfor 105, 60 °C
for 105, and 72 °C for 60 s. An 8-p! aliquot of each reaction mixture was size-
fractionated in a 1.5% agarose gel and visualized with ethidium bromide
staining. To confirm RNA quality, PCR amplification was performed for the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene using the specific
primers (Tables S2 and $3). For quantitative assessment, we evaluated the
gene expression by RT-PCR analysis. Quantitative real-time RT-PCR was per-
formed by using a LightCycler TagMan Master kit (Roche Diagnostics, Tokyo)
for ¢DNA amplification of target specific genes. The expression of mRNA
copies was normalized against GAPDH mRNA expression. The detailed con-
dition for Quantitative real-time RT-PCR assessment is shown in supporting
information. Primers used are shown in Tables 52 and $3.

Drugs and Antibodies. Antibodies used for immunocytology were against
Nanog, Ssea-3, Ssea-4, Tra-1-60, Tra-1-81, Tra-2-49, Tubb3, Gfap, Vim
(Chemicon International, Temecula, CA), and Krt19 (OriGene Technologies,
Rockville, MD). Differentiation to adipocytes was induced by specific sup-
plements (Adipogenic Supplement 390416; Invitrogen).

Bisulfite Sequencing. Genomic DNA was treated with Applied Biosystems
methySEQr Bisulfite Conversion kit (Applied Biosystems) according to the
manufacturer's recommendations. Treated DNA was purified with QlAquick
column (Qiagen, Valencia, CA). The human NANOG gene promoter regions
were amplified by PCR. The PCR products were subcloned with pCR2.1-TOPO.
Every clone of each sample was verified by sequencing with the T3 and T7 pri-
mers. The analysis used Sequencing Analysis Software v5.2 (Applied Biosystems).
Primer sequences used for PCR amplification are provided in Table $3.

Chromatin Immunoprecipitation Assay. Approximately 1 x 107 cells were cross-
linked with 1% formaldehyde for 10 min at room temperature and quenched by
adding glycine. The cell lysate was treated to share a chromatin-DNA complex
with an enzymatic shearing kit (Active Motif, Carisbad, CA). Immunoprecipitation
used Protein G magnetic beads (Active Motif)-linked anti-trimethy! lysine 4 his-
tone H3 antibody (Nippongene, Toyama, Japan), or a negative controf igG kit
(Active Motif). Eluates were used as templates for quantitative PCR. Each sheared
chromatin sample was used for quantitative PCR as a control. Primer sequences
used for PCR amplification are provided in Table S3.
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Flow Cytometry. Flow cytometry was performed on trypsin-dissociated
parental cells, iPC, and PostiPC cells by using antibodies for CD24 (8D Bio-
sciences, Sparks, MD) and CD44 (BD Biosciences). 7-AAD (eBioscience, San
Diego, CA) preincubation was used to exclude dead cells. To assess the ex-
pression of the reprogrammed cells, iPC cells were assessed in the isolated
colonies after the transfection of NANOG promoter-GFP clone. Cells were
analyzed by using a FACScan flow cytometer equipped with CellQuest
software (FACS caliber; BD Biosciences).

RA and VD3 Treatment. RA and VD3 were purchased from Sigma-Aldrich (St.
Louis). RA was dissolved in 99% ethanol as a 100 pM stock solution. The celis were
aliowed to settle for 48 h in DMEM supplemented with 100 nM RA. VD3 was
dissolved in 99% ethanol asa 10 M stock solution. The cells were allowed to settle
for 48 h in DMEM supplemented with 10 nM VD3. To assess the proliferation in
the presence of RA and VD3, the cells were grown in these media for another
48 h. Cell viability was determined with the Celi Counting kit incorporating
WST-8 (Dojindo Lab., Tokyo). WST-8 (10 uL) was added to 100 uL of the medium
containing each supplement above, and the absorbance was read at 450 nm by
using a microplate reader (Model 680XR; Bio-Rad Laboratories, Hercules). All
experiments were performed at 30-80% cell confluence, and the results were
confirmed in at least three independent experiments.

Ch itivity A t. To assess the sensitivity to 5-FU in vitro, cells at
different concentrations were evaluated with an MTT assay. 5-FU was pur-
chased from Kyowa Hakkou (Tokyo). The cells were allowed to settle for 96 h
in DMEM supplemented with several concentrations of 5-FU, and viability
was assessed.

Invasion Assays. Cell invasion was assessed with a CytoSelect Cell Invasion
Assay according to the manufacturer's protoco! (Cell Biolabs). Cells {1.0 x10%)
in DMEM were placed on 8.0-m-pore size membrane inserts in 96-well
plates, and DMEM with 10% FBS was placed in the bottom of the wells.
After 24 h, cells that did not invade were removed from the top side of the
membrane chamber, and the cells from the underside of the membrane
were completely dislodged by tilting the membrane chamber in Cell De-
tachment Solution (Cell Biolabs). Lysis Buffer/CyQuannt GR dye solution (Cell
Biolabs) was added to each well, and the fluorescence of the mixture was
read with a fluorescence plate reader at 480 nm/520 nm.

In Vivo Analysis. The tumorigenic properties were evaluated on trypsin-
dissociated cells with parental and PostiPC celis. We transplanted them
suspended in DMEM/Matrigel (BD Biosciences) s.c. into the dorsal flanks of
NOD/SCID mice (CREA, Tokyo) in several concentrations. Tumors were dis-
sected and measured 4 weeks after injection.

Statistical Analysis. For continuousvariables, theresults are expressed asmeans
+ SEs of the mean. The relationships among gene expressions or cell counts
were analyzed with x* and Wilcoxon rank tests. All tests were analyzed with
JMP software (SAS Institute, Cary, NC). Differences with P values <0.05 were
considered statistically significant.
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ABSTRACT

mdm2 and mdmx oncogenes play essential yet non-redundant roles in synergistic inactivation of the
tumor suppressor, p53. While Mdm2 inhibits p53 activity mainly by augmenting its ubiquitination,
the functional role of Mdmx on p53 ubiquitination remains obscure. In transfected H1299 cells,
Mdmx augmented Mdm2-mediated ubiquitination of p53. In in vitro ubiquitination assays, the
Mdmx/Mdm2 heteromeric complex, in comparison to the Mdm2 homomer, showed enhanced
ubiquitinase activity toward p53 and the reduced auto-ubiquitination of Mdma2. Alteration of the
substrate specificity via binding to Mdmx may contribute to efficient ubiquitination and inactiva-
tion of p53 by Mdm2.

Structured summary:

MINT-7219995: P53 (uniprotkb:P04637) physically interacts {Mi:0914) with Ubiquitin {(uniprotkb:
P62988) by anti bait coimmunoprecipitation (M1:0006)

MINT-7220023: Ubiquitin (uniprotkb:P62988) physically interacts (MI:0914) with P53 (uniprotkb:
P04637) by pull down (MI1:0096)

© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

The p53 tumor suppressor protein plays a central role in pre-
venting tumorigenesis. p53 functions as a sequence-specific tran-
scriptional factor [1,2], and activated p53 exerts its function as a
tumor suppressor by inducing numerous target genes {3-6]. In
most cancer cells, its activity is lost via alteration of its gene or
via other cellular events that inactivate p53 [7-9].

Mdm?2 and Mdmx function as two major players in the suppres-
sion of p53 activity [10]. Accumulating reports indicate that the
major function of Mdm2 in suppressing p53 is attributed to
Mdm2-dependent p53 ubiquitination, which triggers proteasomal
degradation or nuclear export of p53 {11}, although it has been re-
ported that Mdm?2 inactivates p53 by other mechanisms [12-15].
Mdm?2 possesses a RING finger domain, a protein-protein interac-
tion motif that is found in many eukaryotic proteins and often pos-
sesses E3 ubiquitin ligase activity [16]. Indeed, Mdm2 functions as

* Corresponding author.
E-mail address: hnakagam@ncc.go.jp (H. Nakagama).
! Present address: Cancer Science Institute of Singapore, National University of
Singapore, Singapore 117456, Singapore.

an E3 ubiquitin ligase, and the RING domain of Mdm2 is essential
for its ubiquitin ligase activity toward p53 and Mdm?2 itself [17-
19].

Mdmx shares an extensive structural homology with Mdm2,
and forms a heterodimer complex with Mdm2 through their RING
finger domains {20,21], yet Mdmx in itself lacks the robust activity
of an E3 ubiquitin ligase [22]. Thus, both genetic and biochemical
evidence indicates that Mdmx and Mdm2 perform distinct yet
co-operative functions in p53 inactivation.

Recent reports suggest that Mdmx may inactivate p53 by aug-
menting Mdm2-mediated ubiquitination of p53 [23-25]. However,
precise mechanism by which Mdmx stimulates p53 ubiquitination
by Mdm?2 is not yet known.

In this paper, we demonstrated that wild-type Mdmx is capable
of enhancing Mdm2-mediated p53 ubiquitination in vivo. Further,
the in vitro study using purified Mdm2 or the Mdm2/Mdmx
complex revealed that, when complexed with Mdmx, the extent
of p53 ubiquitination by Mdm?2 was enhanced while poly-ubiquiti-
nation of Mdm2 was significantly decreased. We propose that the
effect of Mdmx on the preference of the substrate of the Mdm?2
ubiquitin ligase plays an important role in effective ubiquitination
of p53.

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. Al rights reserved.
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2. Materials and methods
2.1. DNA transfection

In DNA transfection experiments using H1299 cells, 2 pg of DNA
and 4pul of Lipofectamine 2000 reagent (Invitrogen) were
introduced per 2.0 x 10° cells according to manufacturer’s proto-
col. Cells were then incubated for 20 h before harvesting.

2.2. In vivo ubiquitination assay

For detection of p53 conjugated with endogenous ubiquitin,
in vivo ubiquitination assays were performed as previously de-
scribed [26] with some modifications. Transfected H1299 cells
were lysed in SDS lysis buffer (50 mM Tris, pH 7.5, 100 mM Nacl,
1% SDS) supplemented with 1 mM DTT and protease inhibitor
cocktail (PI} [27], boiled for 10 min, and diluted with x4 volumes
of dilution buffer (50 mM Tris, pH 7.5, 100 mM Nacl, 1.25% Triton
X-100) supplemented with DTT and PI. After sonication of the ly-
sates, p53 was immunoprecipitated with anti-p53 antibody (DO-
1). Subsequently the immunoprecipitates were washed three times
with 200-NP buffer {27], and analyzed by Western blotting with
DO-1 and anti-ubiquitin antibody (FK2, MBL).

For detection of p53 conjugated with transfected (His)s-ubiqui-
tin, transfected H1299 cells were lysed in urea lysis buffer
(100 mM NaH2PO4, 10 mM Tris-HCl, pH 8.0, 500 mM NaCl, 10%
glycerol, 0.1% Triton X-100, 10 mM imidazole) supplemented with
10 mM B-mercaptoethanol, PI, 5 mM lodoacetamide, and 1 mg/ml
NEM. Proteins conjugated with His-tagged ubiquitin were purified
as described before [28], and analyzed by Western blot analysis.

2.3. Protein expression and purification

Flag-tagged Human Mdm2 (Flag-Mdm?2) or Human Mdmx RNA
was transcribed from the corresponding ¢cDNA using the Wheat
Germ Expression Kit {(Cell Free Science, Japan). Subsequently, the
Flag-Mdm2 RNA alone or in combination with an excess amount
of the Mdmx RNA was used for in vitro translation with wheat
germ lysate (Cell Free Science) according to the manufacturer’s

western:

instructions. Flag-Mdm2 or the Flag-Mdm2/Mdmx complex was
then purified on agarose conjugated with anti-Flag antibody.

2.4. In vitro ubiquitination assay

In vitro ubiquitination assays were performed as previously de-
scribed with some modifications [29]. Approximately 100 ng of
Flag-Mdm2 or the Flag-Mdm2/Mdmx complex were mixed with
the following purified components; 8 ng of GST-p53, 10 ng of E1
(Boston Biochem), 80 ng of E2 (UbcH5b, Boston Biochem), 3 pg of
His-ubiquitin (Calbiochem), or methylated ubiquitin (Boston Bio-
chem). In experiments shown in Fig. 4D, '**I-ubiquitin (Perkin-El-
mer) was included in the reaction mixture. These components
were incubated in a reaction buffer (40 mM Tris-HCl, pH 7.5,
5 mM MgCl,;, 10 mM NaCl) in the presence of 2 mM Mg-ATP at
37 °C for the indicated times, After the reactions were terminated
by adding SDS sample buffer, ubiquitinated proteins were separated
in SDS-PAGE gels and detected by Western blot analyses or
autoradiography.

3. Results

3.1. Wild-type Mdmx was capable of enhancing p53 ubiquitination in
the presence of Mdm2 in vivo

Recently, we demonstrated that the non-phosphorylatable, ac-
tive form of Mdmx augments p53 ubiquitination mediated by
wild-type Mdm2 in transfected H1299 cells [30]. In order to deter-
mine whether wild-type Mdmx cooperates with Mdm2 to induce
ubiquitination of p53 as well, wild-type Mdmx (Mdmx-wt) or
the non-phosphorylated form of Mdmx (Mdmx-3A) was transfec-
ted together with Mdm?2 into H1299 cells, and conjugation of
p53 with endogenous ubiquitin was examined by Western blot
analyses (Fig. 1). As expected from previous observation [30],
Mdmx-3A, which is resistant to Mdm2-mediated ubiquitination
and degradation, was expressed at higher levels than wild-type
Mdmx (Fig. 1, lanes 2 and 3). p53 ubiquitination induced by
Mdm2 was enhanced in the presence of co-transfected wild-type
Mdmx (Fig. 1, lanes 5 and 8), indicating that wild-type Mdmx is
capable of stimulating Mdm2-mediated ubiquitination of p53,

o-p53 a-ubiquitin

Flag-Mdmx = Wt 3A -
myc-Mdm2 + <+ <+

wt 34 = wt 3A

+ + + + + +

Total lysate
1 2 3

ublquitinated p53

IP: anti-p53

4 § 6 7 8 9

Fig. 1. Mdmx cooperates with Mdm?2 to induce p53 ubiquitination. HA-p53 (0.15 mg) and either 0.4 mg of the control vector, wild-type Flag-Mdmx, or the Flag-Mdmx-3A
mutant were transfected into H1299 celis in the presence of 0.2 mg of Myc-Mdm2. The total amount of transfected DNA was adjusted to 2 pg with pBluescript plasmid
(Stratagene). Twenty hours after transfection, lysates prepared under denaturing conditions were used for immunoprecipitaiton with anti-p53 (DO-1) antibody. The
immunoprecipitates were then used for Western blot analyses with DO-1 (left panel, and right bottom pane! for low exposure) and with anti-ubiquitin antibody (right panel),
Amounts of immunoprecipitates used for Western were normalized such that an equal amount of non-ubiquitinated p53 was loaded in each lane.
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although the extent of the stimulation is less than that induced by
the non-phosphorylatable mutant (Fig. 1, lanes 6 and 9).

3.2. Mutation at the C-terminal ubiquitinated lysines largely abolished
p53 ubiguitination by Mdmx

1t has been documented that Mdm?2 ubiquitinates p53 at the six
C-terminal lysines, the integrity of which are required for its nucle-
ar export [31,32]. We created a mutant p53 in which all six lysines
at the C-terminal domain (Fig. S1) were substituted by arginine
(p53-K6R), and introduced wild-type p53 or the K6R mutant into
H1299 cells together with Mdm?2 in the presence or absence of
Mdmx-3A. Examination of p53 ubiquitination in vivo revealed that
the K6R mutation eliminates a majority of p53 ubiquitination en-
hanced by Mdmx (Fig. $2), indicating the six lysines were major
sites for Mdmx-dependent ubiquitination.

3.3. Association of Mdmx with Mdm2 augments the ability of Mdm2 to
ubiquitinate p53 and inhibits poly-ubiquitination of Mdm2 in vitro

In order to determine whether Mdmx enhances Mdm2-depen-
dent ubiquitination of p53 via direct association with Mdmz2, we
next performed in vitro ubiquitination assays using purified re-
combinant proteins of Mdm2 or an Mdm2/Mdmx complex (see

Section 2). Silver staining of the purified proteins indicated that
the co-purified Mdmx formed a complex with Mdm2 at approxi-
mately a 1:1 molar ratio (Fig. 2A, right panel).

In order to determine the effect of the association with Mdmx
on the activity of E3 ubiquitin ligase of Mdm2, homomeric
Mdm2 or the Mdmx/Mdm2 complex was incubated with E1, E2
(UbcH5b), GST-p53, and ubiquitin, and time-course analyses of
the ubiquitination of p53 and auto-ubiquitination of Mdm2 were
simultaneously performed. The complex formation of Mdm2 with
Mdmx-3A or with wild-type Mdmx resulted in an increase of p53
ubiquitination (Fig. 2B and C). In contrast, the Mdmx/Mdm2 com-
plex showed a marked decrease in poly-ubiquitinated forms of
Mdm2 in comparison to homomeric Mdm?2 (Fig. 2B and C), indicat-
ing that the association with Mdmx-3A augments Mdm2-depen-
dent p53 ubiquitination while it inhibits poly-ubiquitination of
Mdmz2.

3.4. Mdmx inhibits ubiquitination of the Mdm2-containing enzymatic
complex

In order to confirm that Mdmx inhibits auto-ubiquitination of
Mdmz2, in vitro ubiquitination assays of the Mdm2 homomer or
the Mdm2/Mdmx complex were performed in the presence of

A B
fmdm2 4 4 4 FMdm2 4 4+ 4 E3 complex Mdm2/Mdm2  Mdmx/Mdm2
Mdmx - 3A wt Mdmx - 3A wt
5 k (kD)
* 175_
5| - ——— = F-Mdm2
o, lom et | 4= Mdmx Mdm2
62
substrates
p53
83 I
L — P ’
Mdmx - = 3A wt - = 38 Wt - = 3A Wt 0 15 30 60 90 0 15 30 €0 50 {min)
Mdm?2 - -
" ++ + +++
(kD} (kD) (kD)
A i
ws | . ﬁ g s

175

substrate p53 Mdm2 Mdmx

Fig. 2. Association of Mdmx with Mdm2 augments the activity of Mdm2 to ubiquitinate p53 and inhibits auto-ubiquitination of Mdmz2 in vitro. (A) Purification of Mdm?2 and
the Mdm2/Mdmx complex. Flag-tagged Mdm?2 was translated alone, or co-transtated with Mdmx-3A or wild-type Mdmx in wheat germ lysates, as described in Section 2.The
purified proteins were separated by10% SDS-PAGE, and detected by silver staining (right panel), or by Western blotting analyses with anti-Flag antibody (M2) or anti-Mdmx
antibody (D-19) (left panel). (B) In vitro ubiquitination assays were performed with purified Mdm2 or Mdmx-3A/Mdm2. Ubiquitination reactions were terminated at the
indicated times, and the extent of p53 ubiquitination and Mdm?2 auto-ubiquitination was evaluated by Western blot analyses with anti-Flag antibedy or anti-p53 antibody.
The position of non-ubiquitinated substrates is designated by arrows. {C) In vitro ubiquitination assays were performed as described in (B), and the ubiquitination reactions
were terminated after 30 min. Ubiquitination of Mdmx, p53, and Mdm2 was evaluated by Western biot analyses.
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Fig. 3. Invitro ubiquitination reaction was performed as described in Fig. 2C, except that ***I-labeled ubiquitin was included in the reaction. (left panel) Ubiquitinated Mdm2
or Mdm2/Mdmx was separated by 10% SDS-PAGE, and detected by autoradiography. Note that the ladder represents a mixture of ubiqutination of Mdm?2 and Mdmx in lanes
7-12 (left panel). Levels of the ubiquitination were quantified and relative levels of ubiquitination were plotted (right panel).

125L-labeled ubiquitin. Quantification of ubiquitin attached to the
enzymatic complexes demonstrated that the auto-ubiquitination
of the Mdm2 was indeed hindered by the complex formation with
either wild-type Mdmx or Mdmx-3A (Fig. 3). Thus, the complex
formation of Mdm2 with Mdmx affects the preference for the sub-
strate of the Mdm2 ubiquitin ligase.

3.5. Mdmx stimulates Mdm2-dependent mono-ubiquitination of p53

It has been documented that poly-ubiquitination of p53 induces
its degradation, while its mono-ubiquitnation stimulates nuclear
export of p53 [33]. Because Mdmx does not significantly contribute
to p53 degradation [34], we attempted to determine whether
Mdmx stimulates mono-ubiquitination of p53 rather than its
poly-ubiquitination. Mdm2 and p53 were introduced into H1299
cells together with His-Ub-K7R, (His)s-tagged mutant ubiquitin

o-Flag

o-myc

o-p53
{non-ubiquitinated)

a~p53
{mono-ubiquitinated)

Flag-Mdmx
myc-Mdm2

His-Ub K7R

Fig. 4. Mdmx-3A or the control vector was transfected into H1299 cells together
with Myc-Mdm2, HA-p53 and the indicated (His)s-tagged ubiquitin K7R mutant.
Twenty hours after transfection, cells were lysed with a buffer containing 6 M urea,
and norrnalized lysates that contain equal amounts of non-ubiquitinated p53 were
used to purify His-tagged ubiquitin on Ni-NTA agarose (QIAGEN). Ubiquitinated p53
was detected by Western blot analysis with anti-p53 antibody (DO-1).

which is not capable of forming a ladder of poly-ubiquitination
due to arginine substitution in all seven lysine residues [29]. Sub-
sequently, His-Ub-K7R was purified from lysates that were pre-
pared from transfected cells, and p53 conjugated with His-Ub-
7KR was detected by Western blot analyses with anti-p53 anti-
body. The introduction of wild-type Mdmx augmented mono-
ubiquitination of p53 (Fig. 4, lane 2), and the Mdmx-3A mutation
further enhanced the p53 mono-ubiquitination (Fig. 4, lane 3).

In order to determine whether Mdmx stimulates Mdm2-depen-
dent mono-ubiquitination of p53 in vitro as well as in vivo, meth-
ylated ubiquitin was used instead of wild-type ubiquitin in in vitro
ubiquitination assays. Indeed, the Mdmx/Mdm2 complex showed a
stronger activity for p53 mono-ubiquitination than the homomeric
Mdm?2 (Fig. $3). Thus, the formation of a complex with Mdmx aug-
ments the activity of Mdm2 to mono-ubiquitinate p53.

4. Discussion

In this report, we demonstrated that wild-type Mdmx as well as
its non-phosphorylatable mutant cooperates with Mdm2 to stimu-
late ubiquitination of p53 both in vivo and in vitro. In agreement
with our observation, it was reported that Mdmx enhances the
activity of Mdm2 as a ubiquitin ligase in vitro [35]. Mdmx comple-
ments the catalytic function of mutant Mdm2 proteins that are
deficient in the enzymatic activity as a ubiquitin ligase [23-25]
and Mdmx/Mdm2 hetero-RING complexes exhibit a greater E3 li-
gase activity than homomeric Mdm2 {36]. Such effects of Mdmx
on Mdm2 should enhance Mdm2-dependent ubiquitination of
p53, consistent with the role of Mdmx as an inhibitor of p53.

It was previously reported that Mdmx augments not only auto-
ubiquitination of Mdm2 but also the ubiquitin ligase activity of
Mdm2 toward p53 {35] in in vitro assays. However, auto-ubiquiti-
nation of the Mdm2 ubiquitin ligase negatively affects its activity
because poly-ubiquitinated Mdm?2 is targeted for proteasome-
mediated degradation. Therefore, enhanced ubiquitinase activity
of Mdm?2 by Mdmx may not be translated into efficient stimulation
of p53 ubiquitination if the association of Mdmx to Mdm2 simul-
taneously leads to stimulation of self-destruction of Mdm2. Our
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observation that Mdmx inhibits poly-ubiquitination of Mdmz2
while it stimulates p53 ubiquitination may attribute to a mecha-
nism by which Mdmx stimulates Mdm2-dependent p53 ubiquiti-
nation without enhanced destruction of Mdm?2, thus providing
the molecular basis of how Mdmx cooperates with Mdmz2 to inhi-
bit p53 activity.

Recently Linke et al. reported the crystal structure of the hetero-
dimer of Mdmx/Mdm2 RING domain, and proposed a model that
favors transfer of ubiquitin to Mdmx that does not interact with
E2 [37]. This can explain why Mdm?2 is not extensively ubiquitinat-
ed in the Mdmx/Mdm2 heteromeric complex, thus providing
mechanistic basis for reduced ubiquitination of Mdm2 in the
Mdmx/Mdm2 complex (Fig. 2). It is noteworthy that, in in vitro
ubiquitination assays, the levels of Mdm2 ubiquitination in the
homomeric Mdm2 are higher than combined levels of ubiquitina-
tion of Mdm2 and Mdmx in the heteromeric complex (Fig. 3).
Therefore, it is likely that Mdmx is relatively resistant to ubiquiti-
nation by bound Mdm?2, unless Mdmx undergoes specific modifi-
cation such as phosphorylation {27].

It is not clear at this moment how Mdmx stimulates Mdm2-
mediated ubiquitination of p53. Mdm?2 bound to Mdmx may posi-
tion its catalytic domain more closer to the C-terminal domain of
p53 than homomeric Mdm2, resulting in enhanced p53 ubiquitina-
tion. Alternatively, Mdm2 or Mdmx may compete with p53 as a
substrate for Mdm2, and relative resistance of Mdmx against ubig-
uitination by bound Mdm?2 may translate into facilitated p53 ubig-
uitination. Presumably, these two possibilities are not mutually
exclusive, and combined effects of Mdmx on Mdm2-mediated
ubiquitination may serve to stimulate ubiquitination and inactiva-
tion of p53.
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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 Il 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 T 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 =1, MDS-RA =1,
MDS/AML = 2, CMMoL/AML = 1 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/6] 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 - AML1 - 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 AMLI1/ETO [1-6], c-Kit
mutations and inv(16) {1, 5-7], Ras mutations and AML1
point mutations {8, 9}, FLT3-ITD and AML1 point muta-
tions {10, 11], FLT3 mutations and PML-RAR«x [12-16],
MLL rearrangement and FLT3-TKD [17], MLL rear-
rangement and Ras mutations [18], and FLT3-ITD and
NPMI 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/RARu 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 II mutations include
dominant negative mutations of transcription factors
involved in differentiation of hematopoietic cells, such as
AMLI/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], AML1/ETO plus FLT3
mutation [25], AMLI/EVI1 plus BCR/ABL [26], MLL/
SEPT6 plus FLT3 mutation [27], K-ras plus PML/RAR«
[28] induced AML in a mouse BMT model, while either
class I or IT mutation alone led to, myeloproliferative dis-
orders (MPD) or MDS like disease, not leukemia [22-28].

To identify class I 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 = 1, 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

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 RPMI1640/
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 RPMI1640/
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 c¢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
c¢DNAs for human RasGRP4 were cloned from cDNA

libraries of MDS/MPD patients and normal volunteers
using PCR primers: 5-GGAGCTGAGCCCTACTCTTG-3'
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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,
$2911sX300, identified from case number 27 among MDS/
AML patients [33]. This mutant is hereafter referred to as
AML1-S291fs. The AMLI1-S291fs was inserted upstream
of the IRES-EGFP cassette of a retrovirus vector pMYs-IG
[32] to generate pMYs-AML1-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 10° 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 cDNA 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 IL-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 AYO048119) (Table ).
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

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
1.00E+12
1.00E+10
1.00E+08 —#— HF6 (+1L-3)
—&— HF6-H-Ras-G12V
1.00E+06 1 --8--HF6-RasGRP4
1.00E+04 -~¢--HF6-GFP
1.00E402
1.00E400+—
012346678 91011 days
b HF6 HF6
(Mock) (RasGRP4)
0 3 15 30 0 3 15 30 (min)
p-ERK1/2
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 IL-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?%%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 IL-3 for 4 h. Then, some of cells
were collected and lysed (lanes I and 5). The remained cells were
stimulated with IL-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 Patient 2 Patient 3 Normal 1 Normal 2
(MDS/MPD) (MDS/AML) (MDS-RA)

18 T T T 1 T T I

120 Q L Q Q Q Q Q

261 R C R R R R R

468 E E K E E E E

541 H H H H H H Y

671 L P P L L L L

enough to induce factor-independent growth of HF6. Only a

weak activation of the signaling molecule, even non- RasiRM

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-S291fs 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, AML1-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 AMLI1-S291fs-transduced mice
(263.6 days) (P = 0.00003, log rank test). RasGRP4 (n = 8), AMLI1-
S291fs (n = 10), RasGRP4 + AMLI1-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

RasGRP4 (ID: 402)

RasGRP4 (ID: 408) RasGRP4 (ID: 404)
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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.

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
BHS51 microscope and DP12
camera (Olympus, Tokyo,
Japan); objective lens, UPlanFl
(Olympus); x1,000

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 AMLI1-S8291fs, one of
the AML1 mutants, induced rapid leukemic transformation
in a BMT model. As a result, co-transduction of RasGRP4
and AML1-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 + AML1 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 + AML1 mutant (average 96 days,
n = 2) and RasGRP4 alone (average 56.5 days, n = 2)
transplanted mice.

@ Springer

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, CMMoL) 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

ID: 403 ( BM)

ID: 402( BM)

leukemic cells induced by
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 (BM)

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

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

ID: 404 (BM)

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

ID: 404 (Thymus)

CDA4(+), CD8(+), c-Kit(+)

Table 3 Retroviral integration sites in the transplanted mice

Gri(+), CD11b(+), B220(+)

CD41(+), c-Kit(+)

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

CD11b(+)

CD11b(+)

ID: 405 (Thymus) ID: 406 (Thymus)

CD4(+), CD8(+) CDA4(+), CDS(+)

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 s 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-SEPT®, 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

@ Springer

bone marrow-derived cell lines immortalized by class I
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-S291fs

ID: 513 ID: 503
(death at day 130)  (death at day 96)

BM = Thymus BM  Thymus

Ly5.1

Gr1

CD11b

B220

CD3

CD41

c-Kit

CD4

cDs8

GFP

Fig. 6 RasGRP4 and AML1-S291fs induced T cell leukemia in the
BMT model. The dot plots show LyS.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 AML1 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. Intriguingly, while Ras-
GRP4 induced c-Kit+/CD3—-/CD44+/CD8+ T cell
leukemia, combination of RasGRP4 and AML1-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 AMLI1 tran-
scription. In the clinical cases, AMLI1-LAF4 [37] and
AMLI1-FGA7 [38] were associated with T-ALL, although
most of AMLI1 translocations are associated with myeloid
leukemia. Because AML1 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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Reuther et al. previously isolated RasGRP4 by focus-
forming assay of NIH3T3 cells from a patient with AML.
This AML-derived RasGRP4 contained a point mutation
at codon 620 that changes glutamic acid to lysine at the
carboxyl terminus of the protein [29]. However, they
found no significant difference in the ability of the AML-
derived point mutated RasGRP4 (E620K) or wild-type
RasGRP4 (GenBank™ accession number AF448437) in
activation of Ras proteins. In our study, we found a gene
alteration that induces an amino acid substitution from
glutamic acid to lysine at 468 position of RasGRP4 in a
patient with MDS/MPD. However, we did not detect a
functional difference between RasGRP4 harboring an
E468K substitution and RasGRP4 derived from normal
volunteers in the ability to abrogate IL-3-dependency of
HF6 cells. Moreover, SNPs of this gene are not correlated
with lymphoma and leukemia (Y. Nakamura, unpublished
results). These results indicate that the sequence differ-
ence simply represents a polymorphism or a neutral
mutation and has no significant meaning in inducing
leukemia. At present, it is not clear whether the sequence
alterations in RasGRP4 gene are derived from germ line
or somatic mutations.

We found overexpression of RasGRP4 in a patient with
T-ALL but it is difficult to conclude the association of
RasGRP4 with T-ALL. We also found overexpression of
RasGRP4 in some patients with AML-M1, MDS-RAEB,
MDS-RA, and CMMoL. The current results suggest that
RasGRP4 plays important roles in leukemogenesis in some
patients. A clinical study using a large number of patients’
samples is required to fully understand the association of
RasGRP4 with leukemogenesis.

In summary, we identified RasGRP4 as a candidate gene
of class I mutations by our expression cloning strategy
based on retrovirus-mediated gene transfer [31, 32, 39].
Although we did not find significant mutations in RasGRP4
derived from patients, overexpression of RasGRP4 confers
factor independency on an IL-3 dependent cell line and
induced T cell leukemia and myeloid leukemia in a mouse
BMT model. Our results indicate possible involvement of
RasGRP4 in leukemogenesis.
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