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Abstract: Oncogenic NRAS mutations are prevalent in human myeloid leukemia, especially in chronic myelomonocyt-
ic leukemia (CMML). NrasG12D mutation at its endogenous locus in murine hematopoietic stem cells (HSCs) leads
to CMML and acute T-cell lymphoblastic lymphoma/leukemia in a dose-dependent manner. Hyper-activated MAPK
and STAT5 pathways by oncogenic Nras contribute to the leukemogenesis in vivo. However, it is unclear whether
these conclusions remain true in a more human relevant model. Here, we evaluated the effects of NRASG12D on
human hematopoiesis and leukemogenesis in vitro and in vivo by ectopically expressing NRASG12D in human cord
blood stem/progenitor cells (hSPCs). NRASG12D expressing hSPCs preferentially differentiated into myelomono-
cytic lineage cells, demonstrated by forming more colony forming unit-macrophages than control hSPCs in cultures.
Transplantation of NRASG12D expressing hSPCs initiated myeloproliferative neoplasm in immune deficiency mice.
All the recipient mice died of myeloid tumor burdens in spleens and bone marrows and none developed lymphoid
leukemia. Phospho-flow analysis of CD34* CD38 hSPCs confirmed that NRASG12D hyper-activated MAPK, AKT and
STAT5 pathways. Our study provides the strong evidence that NRASG12D mutation mainly targets monocytic lineage
cells and leads to myelomonocytic proliferation in vivo in a highly human relevant context.
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Introduction However, it remains elusive whether NRASG12D
in human cord blood stem/progenitors (hSPCs)
NRAS, HRAS, and KRAS belong to the RAS fam- could initiate myeloid diseases in vivo.
ily, whose mutations occur in all human cancer
types [1]. Interestingly, NRAS mutations are

prevalent in myeloid leukemia, especially in

Nras mutation in murine hematopoietic stem/
progenitor cells (HSPCs) produces variable dis-

over 50% patients with myeloproliferative vari-
ant of chronic myelomonocytic leukemia (MP-
CMML) [2]. Oncogenic RAS mutations lead to
constitutive binding of GTP and thus hyperacti-
vate the downstream effectors [3]. Knocking
down of NRAS expression level in human cord
blood CD34" cells results in decreased colony
forming unit-macrophage (CFU-M) colonies in a
colony forming assay [4], while overexpression
of oncogenic NRAS mutants enhances mye-
lopoiesis and blocked erythropoiesis [5, 6].

ease phenotypes, including acute myeloid leu-
kemia (AML), CMML and acute T cell lympho-
blastic leukemia/lymphoma (TALL), depending
on its expression levels [7-10]. Using an ad-
vanced mouse model, we have systematically
investigated the effects and mechanisms of
endogenous NrasG12D mutation on hemato-
poiesis and leukemogenesis [8, 10, 11]. We
first observed that a single copy of NrasG12D
mutation confers growth advantage on hemato-
poietic stem cells (HSCs) and thus competitive-
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ly depletes wild type HSCs counterparts. We
also revealed that lower dose of NrasG12D sig-
naling predominantly leads to CMML disease,
while higher dose of NrasG12D efficiently initi-
ates TALL in BMT models [10]. Our mechanistic
studies provide the strong evidence that the
magnitude of MAPK signaling balances the
stemness of HSCs in mice. However, it is
unclear whether these phenotypes and signal-
ing mechanisms caused by NrasG12D muta-
tion in mouse blood system are conserved in
human counterpart.

It is unrealistic to obtain endogenous NRA-
SG12D mutation in human HSCs by direct gene
editing approach, due to the technical bottle-
necks to induce human HSCs from pluripotent
stem cells and the failure to maintain and prop-
agate human HSCs in long-term cultures. Re-
cently, several advanced immune deficiency
mouse strains have been used to stably engraft
human blood cells, including NOD/SCID and
NOD/SCID/ IL2Rg” mice [12, 13]. These strains
provide a great opportunity to test oncogene
functions in a more human relevant model.

Here, we report that ectopoic expression of
oncogenic NRASG12D in human cord blood
CD34* stem/progenitor cells (hSPCs) preferen-
tially enhances CFU-M formation and blocks
erythroid colony formation in vitro. These hS-
PCs successfully induce a lethal myelomono-
cytic proliferation in immune deficiency mice in
vivo. Single cell phospho-flow assay in CD34*
CD38 hSPCs indicates that NRASG12D consti-
tutively hyper-activates MAPK, AKT and STAT5
signaling pathways, which are conserved be-
tween human and mouse species.

Materials and methods

Cord blood acquisition and CD34* HSPCs en-
richment

Healthy newborns’ fresh umbilical cord blood
was obtained from Guangdong Cord Blood
Bank. Mononuclear cells were then isolated
using Ficoll-Hypaque (AXIS-SHIELD, 1114547).
After lysis of the residual red cells cells were
incubated with the human CD34 MicroBead Kit
(Miltenyi Biotec, 130-046-702) and enriched
for CD34* cells using magnetic beads separa-
tor (Miltenyi Biotec, 130-042-401). The purity
of CD34* cells was assessed using flow cytom-
etry with APC-conjugated anti- human CD34
antibody (eBioscience, 17-0349-42).
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Generation of NRAS mutation and preparation
of lentivirus

Wildtype NRAS cDNA was amplified from total
RNA extracted from U937 cell line (ATCC, CRL-
3253™) using specific forward and reverse
primers: forward-5' actctgcagaccatgactgagta-
caaactg 3’; reverse-5’ actgaattctacatc accaca-
catggc 3'. Subsequently the nucleotide G at
codon 12 was mutated into A using the synth-
etic long forward primer-5’ atgactgagtacaaac-
tggtggtggtiggagcagatggtgttgggaaaagegea 3.
Then the NRASG12D cDNA was cloned into the
MND-PGK-green fluorescent protein (GFP) len-
ti-viral vector [14], which facilitates ectopic
expression of genes in human white blood
cells.

Plasmids transfection of 293T cells (ATCC CRL-
3216) was performed using calcium phosphate
transfection method as described before [15].
Three packaging vectors (pLP1, pLP2, and pLP/
VSVG) were purchased from Biovector Science
Lab (01128569). 5.5x10° 293T cells were plat-
ed into each 10 cm plate in DMEM (Hyclone)
with 10% FBS (Natocor) one day before trans-
fection. 10 ug of NRASG12D or GFP lenti-vec-
tors and 15 ug pLP1, pLP2, and pLP/VSVG
packaging vector plasmids (1:1:1) were mixed
with calcium phosphate and added to each
293T dish. Twelve hours (hrs) after transfec-
tion, the cells were rinsed with PBS and ch-
anged with fresh medium. The NRASG12D and
GFP virus supernatants were collected 48 hrs
after transfection, and concentrated using
ultracentrifugation at 50000 g for 2 h at 4°C.
The virus titers were determined effectively
using U937 cell line (ATCC® CRL-1593.2™),

Cell culture and viral transduction

Human cord blood CD34* stem/progenitor cells
(1x108/ml) were pre-stimulated for ~16 hrs in
StemSpan (StemCell Technologies) culture me-
dium containing cytokines (100 ng/ml of SCF
and FIt3l, 20 ng/ml of IL-6). Virus transduction
was performed as before [16]. Briefly, the stim-
ulated cells were transferred into StemSpan
(StemCell Technologies, 09600) culture medi-
um with concentrated-viruses. The culture dish
was pre-coated with 10 ug/cm? human recom-
binant fibronectin (TakaRa, TL00A/B) and incu-
bated with concentrated virus before transduc-
tion. The cells were infected for 24 hrs at 37°C,
and then the medium was replaced with fresh
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StemSpan medium. The transduction efficiency
was measured using flow cytometry, and the
NRASG12D expression level was determined
using qRT-PCR.

CFU assay

Two days after virus transduction, the virus-
transduced cells were harvested, washed with
PBS, and suspended in DAPI solution. GFP*
cells were sorted using a FACS ARIA Il sorter
(BD Biosciences). One thousand sorted GFP+
cells were plated into each 35 mm culture dish
(StemCell Technologies, 27150) containing the
methylcellulose H4434 medium (StemCell Te-
chnologies). After 13 days in culture, all types
of colonies were counted, including CFU-G,
CFU-M, CFU-GM, BFU-E and CFU-mix. Repre-
sentative images were taken using a micro-
scope (Zeiss, Axio Vert. Al).

Transplantation

Eight to ten-week-old NOD/SCID/IL2Rg” mice
[13] were sublethally irradiated (1.5 Gy) using a
Biological Research Irradiator (RS 2000, Rad
Source). Four hours after irradiation, the mice
were anesthetized with avertin (400 mg/kg)
for transplantation process. 3x10° transduced
NRASG12D CD34* cells (~50% were GFP*) in
20-30 ul of PBS were injected intramedullary
into the irradiated mice. The mice were treated
with water containing neomycin for two weeks
to prevent infection. They were housed in the
SPF grade animal care facility at the Guangzhou
Institutes of Biomedicine and health (GIBH). All
experiments were conducted with the ethical
approval of the Animal Ethics Committee of
GIBH.

Engraftment analysis

Peripheral blood samples were collected and
processed as before [15]. At a moribund stage,
recipient mice were sacrificed for flow cytomet-
ric analysis and pathological evaluation. Human
white white blood cells were detected using
PE-cy7-conjugated antibody against human CD-
45 (eBioscience, 25-0459-42). Human myeloid
cells were detected by PE-conjugated antibody
against human CD33 (eBioscience, 12-0339-
42), B-lymphoid cells were detected by APC-
conjugated antibody against human CD19
(eBioscience, 17-0199-42). To detect T cells,
primary biotin-conjugated antibodies against
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human CD3/CD4/CD8 (eBioscience, 12-0037-
80/13-0048-80/13-0086-80) were used, fol-
lowed by secondary Percp-cy5.5-conjugated
straptavidin (eBioscience, 45-4317-82). All the
samples were analyzed using a Fortessa instru-
ment (BD Biosciences). FACS data were ana-
lyzed using Flowjo vx.0.7 software (FlowJo).

Histological analysis of spleen and liver

Spleens and livers were weighed using a scale.
Half of the tissues were fixed in 4% parafor-
maldehyde, then processed for histologic he-
matoxylin and eosin-staining (Pathology Lab,
GIBH). The remaining tissues were grinded into
single cell suspension for subsequent FACS
analysis.

Phos-flow assay

Forty-eight hours after the initiation of viral
transduction, NRASG12D and GFP control
transduced CD34* cells were harvested and
washed in PBS. Phos-flow analysis was per-
formed as described before [17]. Briefly, virus
transduced cells were immediately fixed with
paraformaldehyde at a final concentration of
2% (Electron Microscopy Sciences) for 10 min-
utes at 37°C. hSPCs were detected with
PE-conjugated antibody against human CD34
and PE-cy7-conjugated antibody against human
CD38. Phospho-ERK1/2 was detected by a pri-
mary antibody against p-ERK (Thr202/Tyr204;
Cell Signaling Technology), followed by APC-
conjugated donkey anti-rabbit F(ab’)2 fragment
(Jacksonlmmuno Research). p-STAT5 signaling
pathway was detected by Alexa 647 conjugated
primary antibody against phospho-STAT5 (Tyr
694; BD Biosciences). p-AKT was detected by a
primary antibody against p-AKT (Ser473; Cell
Signaling Technology), followed by APC-
conjugated donkey anti-rabbit F(ab’)2 frag-
ment. All the samples were analyzed using a
Fortessa (BD Biosciences) instrument. All the
data were analyzed using the Flowjo software.

Results

Ectopic expression of NRASG12D in human
cord blood CD34* hSPCs via lentiviral trans-
duction

In mice, expression of endogenous oncogenic

Nras (NrasG12D/+) in hematopoietic cells le-
ads to expansion of myeloid progenitors, and
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Figure 1. Ectopic expression of NRASG12D in CD34* human cord blood SPCs. A. Schematic diagram of experimen-
tal strategy. We overexpressed NRASG12D in the cord blood CD34* progenitors using lentiviral transduction, and
evaluated its effects in vitro (CFU assay) and in vivo (transplantation). B. Schematic picture of lentiviral constructs.
The promoter region is shown in black. C. Sequencing of NRASG12D mutation using forward primer. Arrow indicates
the mutation of nucleotide G to A at the codon 12. D. Transduction efficiency of cord blood CD34* cells after 48
hours incubation with viruses. E. Confirmation of ectopic expression f NrasG12D at the mRNA level. Total RNA was
extracted from CD34* hSPCs transduced with NRASG12D or GFP control viruses. Data are shown as mean + SD (**,
P<0.001). Triplicates from one representative experiment are shown.

CMML-like phenotypes [8]. To study whether
the oncogenic NRASG12D has the same effects
on hSPCs, we overexpressed NRASG12D in
human cord blood CD34* hSPCs using a lentivi-
ral transduction approach (Figure 1A). We
inserted NRASG12D into a lentiviral vector,
which is optimized for overexpressing genes in
human CD34* cord blood cells [14] (Figure 1B).
Further sequencing of the viral construct con-
firmed the mutation of nucleotide G to A at the
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codon 12 of NRAS cDNA (Figure 1C). To ensure
the viral titers for experimental reproducibility,
the MOI of each batch of packaged viruses was
measured using U937 cell line. To control the
viability of human cord blood CD34* cells, only
fresh cord blood samples were used. Two days
after the initiation of NRASG12D and GFP viral
transduction with an MOI of 20, flow cytometric
analysis showed that the transduction efficien-
cy was nearly 50% (Figure 1D), which is an ideal
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efficiency to achieve ~50% GFP* cells and
~50% GFP- cells as an internal control. To con-
firm the overexpression of NRASG12D, total
RNA was extracted from two samples trans-
duced with NRASG12D and GFP control virus-
es. Quantitative RT-PCR assay using primers
flanking the NRASG12D cDNA verified the effi-
cient expression of NRASG12D in the cord
blood CD34" progenitors (Figure 1E). Thus, we
successfully overexpressed NRASG12D in
hSPCs using a lentiviral system.

NRASG12D overexpression increases CFU-M
colony formation and blocks BFU-E colony for-
mation

We first investigated the effect of NRASG12D
mutation on hSPCs using a colony-forming
assay. One thousand sorted GFP* hSPCs from
either NRASG12D or GFP control virus trans-
duced cells were plated in methylcellulose
H4434 medium. After two weeks incubation, all
types of colonies were counted under micro-
scope (Figure 2A). As expected, CD34" blood
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Figure 2. Overexpression of NRASG12D in CD34* hSPCs enhances CFU-M formation and inhibits BFU-E formation.
CD34* hSPCs were infected with NRASG12D and GFP viruses. Two days after viral transduction, 1000 GFP* cells
were sorted and plated in semisolid medium. (A) Colonies were numerated after 13 days in culture (n=3). *P<0.05,
**P<0.01 and ***P<0.001. (B, C) Representative images of different CFU subtypes from cells transduced with
NRASG12D (B) or GFP control viruses (C).

CFU-Mix 5x

cells transduced with GFP control viruses gen-
erated all types of normal colonies, including
burst forming units-erythroid (BFU-Es) and col-
ony forming unit-mix (CFU-Mix) (Figure 2C).
Interestingly, cells transduced with NRASG12D
viruses formed significantly more colony form-
ing unit-macrophage (CFU-M) colonies than
cells transduced with GFP control (P<0.05).
Moreover, the size of the CFU-Ms was much
larger (Figure 2B), indicating that the CD34*
hSPCs expressing NRASG12D tend to differen-
tiate into myelomonocytic lineage cells. Mean-
while, the BFU-E colonies disappeared in the
NRASG12D culture, demonstrating that enfor-
ced expression of NRASG12D in CD34* hSPCs
inhibited erythropoiesis.

NRASG12D expression enhances myelopoiesis
and initiates a lethal myelomonocytic prolifera-
tion in immune deficiency mice

To further investigate the physiological effects

of oncogenic NRASG12D in vivo, we performed
a bone marrow transplantation (BMT) assay.

Am J Transl Res 2015;7(10):1963-1973
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Figure 3. NRASG12D-expressing CD34* hSPCs show bias of myelopoiesis in vivo. Sublethally irradiated (1.5 Gy)
immunodeficient mice were transplanted with 3x105 total CD34* cord blood cells infected with NRASG12D or GFP
control viruses. The transduction efficiencies were adjusted to ~50%. Samples were collected from NRASG12D
moribund recipients. Debris and dead cells (DAPI positive) were excluded from analysis. A. Engraftment analysis of
hematopoietic lineages in peripheral blood of recipients six weeks after transplantation. B. Flow cytometric analysis
of human white blood cells in bone marrow and spleens from a representative moribund mouse. Markers used:
B-lymphoid cells, CD19*; myeloid cells, CD33*; and T-lymphoid cells, CD3/4/8*. C. Statistical analysis of GFP* and
GFP human myeloid (CD33") cells in peripheral blood of transplanted recipeints. D. Statistical analysis of GFP* and
GFP-human myeloid (CD33*) cells in BM and spleens of transplanted NSI mice (n=3, *, P<0.05).

We transplanted 3x10° hSPCs either trans- into sublethally irradiated immunodeficient NSI
duced with NRASG12D viruses or GFP controls mice via intrafemoral injection [13]. We bled
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Figure 4. NRASG12D initiates myelomonocytic proliferation in NSI mice. Sublethally irradiated (1.5 Gy) immuno-
deficient mice were transplanted with 3x10° total CD34* cord blood cells infected with NRASG12D or GFP control
viruses. The transduction efficiencies were adjusted to ~50%. Samples were collected from NRASG12D moribund
recipients. A. Splenomegaly from a representative recipient transplanted with NRASG12D or GFP control trans-
duced CD34* cord blood cells (left). Results are presented as averages of spleen weights or liver weights + SD
(Right). (n=3, **P<0.01) B. Representative histologic hematoxylin and eosin stained sections from spleen and liver.
C. Kaplan-Meier comparative survival curves of transplanted mice. Cumulative survival was plotted against days
after transplantation. NRASG12D group, n=8; control group, n=4.
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Figure 5. Hyper-activation of AKT, MAPK and STAT5 pathways in NRASG12D-overexpressing CD34* hSPCs. CD34*
enriched cord blood cells were transduced with GFP and NRASG12D viruses. Two days after viral transduction, cells
were immediately fixed, permeablized and analyzed using flow cytometry. A. NRASG12D expressing hSPCs were
gated as GFP* CD34* CD38" cells. B. Representative plots of phosphorylated AKT, ERK1/2 and STAT5. Levels of
phosphorylated AKT, ERK1/2 and STAT5 were shown from cells expressing GFP control and NRASG12D. C. Statisti-
cal analysis of the levels of phosphorylated AKT, ERK1/2 and STAT5. Median intensities of p-AKT, p-ERK1/2 and
p-STAT5 were analyzed from individual samples. For each experiment, CD34* hSPCs samples were isolated from
the same donor to reduce variability. Data from one representative experiment with three replicates were shown as
mean + SD. *P<0.05, and **P<0.01.
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the mice from the retro-obital vein and ana-
lyzed human hematopoietic lineages in periph-
eral blood six weeks post transplantation using
flow cytometric analysis. As expected, we inde-
ed observed that hSPCs expressing NRASG12D
generated higher percentage of myeloid lin-
eage cells (CD33") in peripheral blood com-
pared with control (P<0.05) (Figure 3A, 3C),
which was consistent with our results from in
vitro colony assay. Since 7 weeks after trans-
plantation, recipient mice with hSPCs express-
ing NRASG12D began to die (Figure 4C). In
order to find out the cause of death, we sacri-
ficed some moribund mice and performed
autopsy, flow cytometric analysis and hematox-
ylin and eosin (H&E) staining of tissue sections.
We found that the spleens of the moribund
mice were enlarged (Figure 4A). On average,
the spleen weights from moribund mice were
2-fold heavier than those from control mice
(P<0.01) (Figure 4A). H&E staining of spleen
and liver sections indicated that both splenic
and the hepatic parenchyma were infiltrated
with myelomonocytic cells (Figure 4B). Further
flow analysis confirmed the overburden of
human myeloid cells (CD33*) in bone marrows
and spleens of the moribund mice (Figure 3B,
3D). Taken together, oncogenic NRASG12D
expression in human CD34* blood cells pro-
motes a lethal myelomonocytic proliferation in
vivo.

NRASG12D hyper-activates AKT, MAPK and
STAT5 pathways in CD34* hSPCs

To investigate the signaling mechanisms under-
lying NRASG12D overexpression induced ab-
errant myelopoiesis, we performed single cell
phospho-flow analysis of the canonical MAPK,
AKT and STAT5 signaling pathways in hSPCs,
which are the effector pathways of Ras sig-
naling in murine cells [3]. We overexpressed
NRASG12D in CD34* hSPCs, and detected
these signaling pathways two days after viral
transduction. To prevent dephosphorylation,
we immediately fixed the cells without starva-
tion. We specifically analyzed the RAS signaling
pathways in CD34* CD38 hSPCs expressing
NRASG12D (Figure 5A). Compared with GFP
control, the levels of phosphorylated ERK1/2,
AKT and STAT5 were much higher in NRASG12D
expressing hSPCs (Figure 5B). Statistical analy-
sis showed that the median intensities of p-AKT
(P<0.01), p-ERK1/2 (P<0.05) and p-STATS
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(P<0.01) were significantly higher in NRASG12D
transduced hSPCs than those of GFP control
(Figure 5C), indicating that the MAPK, AKT and
STATS pathways were hyper-activated by NRA-
SG12D overexpression.

Discussion

Using an advanced murine model, we previous-
ly investigated the physiological phenotypes
and leukemogenic mechanisms induced by
endogenous oncogenic NrasG12D mutation.
We reported that endogenous NrasG12D muta-
tion initiates CMML and TALL in a dose-depen-
dent manner [8, 10, 11]. However, it remains
elusive whether these observations are con-
served in human blood system. Currently, tech-
nical issues make it impossible to introduce
NRASG12D mutation at the endogenous locus
in human HSCs, as these cells failed to be
derived from human pluripotent stem cells.
Isolation of primary hematopoietic progenitors
from patients with NRASG12D mutations is an
alternative cell source to study the effects of
oncogenic NRASG12D. However, patients were
usually diagnosed at advanced disease stages
when multiple abnormalities already accumu-
lated (such as secondary mutations, epigenetic
modifications, as well as disruptions of bone
marrow niche). Therefore, the heterogeneity
and complexity of blood samples from patients
with NRASG12D mutations make it difficult to
address the specific effects of NRASG12D on
hematopoiesis and leukemogenesis in a more
human relevant context. Ectopic expression of
oncogenic Nras in murine HSPCs successfully
produced CMML- and AML-like diseases in a
BMT model [7]. Thus we turned to choose ecto-
pic expression of NRASG12D in cord blood
CD34" hSPCs, and evaluated the phenotypes in
in vitro CFU and in vivo hematopoietic reconsti-
tution assays using immunodeficient mice. We
indeed observed that overexpressing NRA-
SG12D in CD34* hSPCs promoted myelopoie-
sis and blocked erythropoiesis in vitro. When
transplanted into immune deficiency mice,
NRASG12D expressing cells predominantly
produced myeloid lineage cells, and caused the
death of all recipients with myeloid diseases in
bone marrows and spleens. Signaling analysis
indicated that NRASG12D expression hyper-
activated MAPK, AKT and STAT5 pathways in
CD34* CD38 hSPCs, which was consistent with
the observations in murine models [8, 10].

Am J Transl Res 2015;7(10):1963-1973



NRASG12D mutation leads to myelomonocytic proliferation

Thus, targeting these conserved pathways is a
rational approach for intervention therapy of
leukemia patients with NRASG12D mutations.

NRASG12D specifically promoted CFU-M for-
mation in cultures, demonstrated by higher
counts and enlarged sizes of CFU-M colonies.
Our result is consistent with the previous report
that ectopic expression of oncogenic NrasG12D
in mouse bone marrow preferentially led to
monocytic leukemia in a BMT model [7]. The
potential artificial effects due to the variable
virus titers and viral integration sites were
excluded by multiple independent experiments
using several cord blood samples from differ-
ent donors. Our finding that NRASG12D caused
pathologic effects mainly in monocytic lineage
cells might explain why NRAS mutations are
prevalent in CMML patients [18]. We also
observed that overexpressing NRASG12D dis-
turbed formation of BFU-Es, which was consis-
tent with earlier studies using human CD34*
blood cells [6]. However, our previous studies
using mouse models demonstrated that endog-
enous NrasG12D mutation alone fails to inhibit
erythropoiesis [8, 10, 11]. This is likely to be
caused by drastic differences of expression lev-
els of oncogenic Nras. This possibility is sup-
ported by a previous support that overexpres-
sion of oncogenic Nras in mouse fetal liver ery-
throid progenitors blocks their terminal differ-
entiation [19]. Nevertheless, CMML-like mice
do develop monocytosis and anemia simulta-
neously, which highly correlate to CMML pa-
tients.

We transplanted NRASG12D viruses trans-
duced CD34* cells into sublethally irradiated
immune deficiency mice [13]. All the mice died
of myelomonocytic proliferation with a short
latency. In our previous research in murine BMT
models, endogenous oncogenic NrasG12D ini-
tiates CMML disease with a very long latency,
while biallelic mutations of endogenous Nras-
G12D initiated T cell leukemia with a short
latency [10]. In our transplantation model, we
never observed T cell leukemia, which was con-
sistent with the clinical observation that NRAS
mutations are rare in human T cell leukemia
[20]. It is possible that the murine thymic niche
fails to mimic human counterpart and thus sup-
pressed the development of lymphoid malig-
nancy. According to our previous reports, the
doses of oncogenic Nras mutation play an
important role in developing different types of

1972

leukemia [10, 21]. Since human NRAS muta-
tions occur at its endogenous locus in human
patients, ectopic expression using exogenous
promoters might not mimic the true effects of
endogenous mutations of NRAS. Once human
HSCs could be successfully derived from PSCs,
or large-scale expansion of human HSCs is
made possible, human HSCs with endogenous
NRASG12D mutation will be available by gene
editing. Transplanting these HSCs into immuno-
deficient mice will better mimic the physiologi-
cal effects of oncogenic NRASG12D.
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