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Key Points

•Mouse AML and T-ALL
develop from multiple
cells of origin: hemato-
poietic stem and
progenitor cells.

•Heterogeneous LSCs
are involved in the
expansion and mainte-
nance of leukemia.

The cell of origin, defined as the normal cell in which the transformation event first occurs, is

poorly identified in leukemia, despite its importance inunderstandingof leukemogenesis and

improving leukemia therapy. Although hematopoietic stem cells (HSCs) and hematopoietic

progenitor cells (HPCs) were used for leukemia models, whether their self-renewal and

differentiation potentials influence the initiation and development of leukemia is largely

unknown. In this study, the self-renewal and differentiation potentials in 2 distinct types of

HSCs (HSC1 [CD1501CD412CD342Lineage2Sca-11c-Kit1 cells] and HSC2 [CD1502CD412

CD342Lineage2Sca-11c-Kit1 cells]) and 3 distinct types of HPCs (HPC1 [CD1501CD411CD342

Lineage2Sca-11c-Kit1 cells], HPC2 [CD1501CD411CD341Lineage2Sca-11c-Kit1 cells], and

HPC3 [CD1502CD412CD341Lineage2Sca-11c-Kit1 cells]) were isolated from adult mouse

bone marrow, and examined by competitive repopulation assay. Then, cells from each

population were retrovirally transduced to initiate MLL-AF9 acute myelogenous leukemia

(AML) and the intracellular domain of NOTCH-1 T-cell acute lymphoblastic leukemia (T-ALL).

AML and T-ALL similarly developed from all HSC and HPC populations, suggesting multiple

cellular origins of leukemia. New leukemic stem cells (LSCs) were also identified in these

AML and T-ALL models. Notably, switching between immunophenotypical immature and

mature LSCs was observed, suggesting that heterogeneous LSCs play a role in the expansion

and maintenance of leukemia. Based on this mouse model study, we propose that acute

leukemia arises from multiple cells of origin independent of the self-renewal and

differentiation potentials in hematopoietic stem and progenitor cells and is amplified by

LSC switchover.

Introduction

Leukemia is a clonal malignancy resulting in abnormal hematopoiesis characterized by an accumulation
of immature blasts that fail to differentiate into functional blood cells. Leukemia develops through multiple
steps in progressive conversion from normal cells to leukemia cells.1-3

Clonal evolution in leukemia holds that the genetic and epigenetic changes occur over time in cells
derived from a single cell and that, if such changes confer selective advantage, some leukemia clones
outcompete others.4 Clonal evolution can lead to genetic heterogeneity, conferring phenotypic and
functional differences among the leukemia cells within a single patient.5-7 Recent studies have
supported complex and branched clonal evolution in the initiation, development, and relapse of
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human leukemia.4,8-10 However, it is unclear at which differentiation
stages leukemia clones arise, and how certain clones expand.

The term “cell of origin” is defined as the normal cell in which the
first transformation events occur.11 The cell of origin that received
the first oncogenic “hit” would progressively accumulate muta-
tions during the clonal evolution of leukemia. The cell of origin may
refer to “leukemia-initiating cells” or “target cells.” It is possible
that leukemia cells derived from different cells of origin, such as
hematopoietic stem cells (HSCs) and hematopoietic progenitor
cells (HPCs), may show considerable differences in proliferation
potential, differentiation degree, and therapy response.12-14 The
identification of these target cells may allow the earlier detection
of malignancy and prevention of disease progression.

Leukemic stem cells (LSCs) are capable of initiating and sustaining
leukemia growth after transplantation and are considered biologically
distinct cells within leukemia.15,16 LSCs may refer to “leukemia-
propagating cells.”11 LSCs likely play a role in relapse because the
leukemia clone with specific mutations at diagnosis recurrently
appears during relapse.17-19 In this regard, LSCs are an important
target in the treatment of leukemia.

The relationship between the cell of origin and LSCs has yet to be
elucidated. Considering the long latency in leukemia and technolog-
ical limitations, it is difficult to clarify the cell of origin in human
leukemia. This issue has been addressed by mouse studies using
leukemia models. MLL fusion proteins created by chromosomal
translocation are frequently associated with the development of
acute myelogenous leukemia (AML) and acute lymphoblastic
leukemia (ALL).20 Similar types of leukemia developed with the
cellular transduction of fusion oncogenes MLL-GAS7 and MLL-
ENL.21,22 Ectopic expression of the MLL-AF9 (MA9) fusion gene
has been used to induce AML in mice.23 Analysis of MA9 knock-in
mice showed that the transformation efficiency of Lin2Sca-11c-Kit1

(LSK) cells and common lymphoid progenitors (CLPs) was signif-
icantly greater than that of granulocyte/macrophage progenitors
(GMPs).14 In most of these studies,12,23-25 LSK cells were used as
the HSC population. However, LSK cells contain different types of
HSCs and HPCs.

NOTCH gene–activated mutation has been found in.50% of T-cell
ALL (T-ALL) patients.26 Overexpression of the intracellular domain
of NOTCH-1 (ICN-1) in mouse HPCs leads to T-ALL.27,28 In these
studies, whether highly purified HSCs or HPCs served as the cell of
origin in leukemia has never been examined.

Functional heterogeneity in HSCs and HPCs was recently
recognized.29-35 In this study, based on CD150 and CD41 expression,
CD342LSK cells were further divided into HSC1, HSC2, and
HPC1 populations. The HSC1 population is enriched in long-term
(LT; .6 months) HSCs; the HSC2 population is enriched in short-
term (ST; ,6 months) HSCs and the HPC1 population is enriched
in repopulating common myeloid progenitors (CMPs).36,37 Similarly,
CD341LSK cells were divided into HPC2 and HPC3 populations.
The HPC2 population is enriched in colony-forming units in the
spleen (Shanshan Zhang, unpublished data), whereas the HPC3
population is enriched in lymphoid-primed multipotent progenitors
(LMPPs).36 The aim of this study was to clarify the effect of different
cells of origin on the initiation and development of leukemia. To this
end, we examined highly purified HSCs and HPCs as target cells for
MA9 AML and ICN-1 T-ALL transformation.

We hypothesized that LT-HSCs, ST-HSCs, and different types
of HPCs have varying potentials in the initiation of leukemia.
MA9 and ICN-1 were retrovirally overexpressed in highly
purified HSC1, HSC2, HPC1, HPC2, and HPC3 cells, followed
by transplantation. We then examined whether different HSCs
and/or HPCs give rise to different types and degrees of leukemia.
Surprisingly, this study showed that the self-renewal and lineage
differentiation potentials in HSCs and HPCs did not affect
the outcome of leukemogenesis. Moreover, the identification
of new LSCs in AML and T-ALL models suggested that hetero-
geneous LSCs play a role in the development and maintenance of
leukemia.

Materials and methods

Mice

C57/BL6 (B6-Ly5.2) and B6.SJL-Ly5.1 (B6-Ly5.1) mice were
maintained at the specific pathogen-free animal facility of the
Institute of Hematology and Blood Diseases Hospital. Experimental
protocols were approved by the Institute of Hematology Animal
Care and Use Committee.

Retrovirus preparation

MSCV-MLL/AF9-PGK-PURO was generously provided by Chi Wai
So (King’s College London, London, United Kingdom).38 The
PGK-PURO segment was replaced by internal ribosome entry
site (IRES)–green fluorescent protein (GFP) to form the MSCV-
MLL/AF9-IRES-GFP construct. The retrovirus vector containing
the complementary DNA–encoding ICN-1 was kindly provided
by David Scadden (Harvard University, Boston, MA). Retroviral
supernatant was generated as previously described.38 Briefly,
HEK293T cells in a 10-cm dish were transfected with 12 mg of
pMSCV-IRES-MA9-GFP or 10 mg of pMSCV-IRES-ICN-1-GFP,
6 mg of p-Kat, and 5 mg of VSVG plasmid using Lipofectamine
2000 (Thermo Fisher Scientific, Waltham, MA). After 6 to 8 hours,
the medium was replaced with fresh growth medium (Dulbecco’s
modified Eagle medium plus 10% fetal bovine serum; Thermo
Fisher Scientific). After 24 to 48 hours, retroviral supernatant
was harvested and filtered through a 0.45-mm filter. Filtered virus
supernatant was concentrated 50-fold by centrifugation and
resuspended by Ham F12 medium (Thermo Fisher Scientific)
and then used for the transduction of purified cells.

HSC, HPC, GMP, and CLP isolation

Bone marrow (BM) cells were collected from femora, tibiae, and
iliac crests of female B6-Ly5.1 mice at an age of 7 to 10 weeks.
c-Kit1 cells were enriched by magnetic-activated cell sorting
(Miltenyi Biotec) and stained with antibodies purchased from
eBioscience and BD Biosciences. Cells were stained with the
lineage (Lin) cocktail consisting of biotinylated anti-B220 (RA3-
6B2), CD11b (M1/70), CD3 (145-2C11), CD4 (RM4-5), CD8
(53-6.7), Ter-119 (TER-119), and Gr-1 (RB6-8C5) antibodies.
Biotinylated antibodies were developed by allophycocyanin-Cy7
(APC-Cy7)-conjugated streptavidin. For the sorting of HSCs and
HPCs, cells were then stained with APC-conjugated anti–c-Kit
(2B8), phycoerythrin-Cy7 (PE-Cy7)-conjugated anti-Sca-1 (E13-
161.7), PE-conjugated anti-CD150 (mShad150; BioLegend),
fluorescein isothiocyanate (FITC)-conjugated anti-CD34 (RAM34),
and eFluro710-conjugated anti-CD41 (MWReg30) antibodies.
For the sorting of GMPs, cells were then stained with APC-conjugated
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anti–c-Kit, PE-Cy7–conjugated anti–Sca-1, FITC-conjugated
anti-CD34, and PE-conjugated anti-FcgRII/III (97) antibodies. For
the sorting of CLPs, cells were then stained with APC-conjugated
anti–c-Kit, PE-Cy7–conjugated anti–Sca-1, FITC-conjugated
anti-CD34, and PE-conjugated anti-CD127 (A7R34) antibodies.
Dead cells were excluded by 49,6-diamidino-2-phenylindole staining.
HSCs and HPCs were sorted on a FACSAria III with Diva software
(BD Biosciences) based on the following surface marker profiles
(Figure 1A): HSC1 (CD1501CD412CD342Lineage2Sca-11c-Kit1

cells), HSC2 (CD1502CD412CD342Lineage2Sca-11c-Kit1

cells), HPC1 (CD1501CD411CD342Lineage2Sca-11c-Kit1 cells),
HPC2 (CD1501CD411CD341Lineage2Sca-11c-Kit1 cells), HPC3

(CD1502CD412CD341Lineage2Sca-11c-Kit1 cells). GMPs and
CLPs were gated as CD341FcgRII/III1Lineage2Sca-12c-Kit1 cells
and IL7-R1Lineage2Sca-1lowc-Kitlow cells, respectively.

HSC and HPC transplantation

The frequencies of HSC1, HSC2, HPC1, HPC2, and HPC3 cells
were about 0.001%, 0.004%, 0.0015%, 0.004%, and 0.04% in
BM, respectively. The corresponding numbers of these cells in 5 3
105 BM cells as competitor cells were ;5, 20, 7, 20, and 200. In
this study, 10 HSC1, 10 HSC2, 10 HPC1, 50 HPC2, and 250
HPC3 cells were mixed with 5 3 105 BM cells and injected into
mice irradiated at the dose of 9.5 Gy. Twenty microliters of
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Figure 1. Reconstitution potentials of HSC1, HSC2, HPC1, HPC2, and HPC3. (A) Flow cytometry sorting strategy for HSC and HPC populations. Lin2 cells were

separated into CD342 and CD341 fractions and then gated on c-Kit1Sca-11 cells, respectively. According to the expression levels of CD150 and CD41, CD342LSK cells

were separated into HSC1, HSC2, and HPC1, and CD341 LSK cells were separated into HPC2 and HPC3. (B) The percentage of donor cells in PB. Ten HSC1, 10 HSC2,

10 HPC1, 50 HPC2, and 250 HPC3 cells were mixed with 5 3 105 BM cells and injected into lethally irradiated recipient mice. The PB of recipient mice was analyzed at 1, 4,

6, and 12 months after transplantation (n 5 6 for each population; however, some mice died after transplantation).
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peripheral blood (PB) from recipient mice was collected via the
eye vein after anesthesia at 1, 4, 6, and 12months after transplantation.
ACS solution (Stem Cell Technologies, Vancouver, BC, Canada)
was used for red blood cell lysis. The frequencies of Ly5.11 donor-
derived myeloid cells (Mac-1/Gr-11), B cells (B2201), and T cells
(CD41 and CD81) in PB cells were determined by flow cytometry.

Detection of transduction efficiencies

Six hundred each of HSC1, HSC2, HPC1, HPC2, and HPC3
were prestimulated overnight with 50 ng/mL murine stem cell
factor (mSCF) and 50 ng/mL murine thrombopoietin (mTPO) in
SF-O3 medium (Sekisui Medical Co, Ltd, Tokyo, Japan) for
24 hours. MLL-AF9 or ICN-1–GFP-retroviral supernatant (4 mL)
supplemented with 4 ng/mL polybrene was added to cells. Cells were
incubated for 8 to 12 hours and the medium were changed to 10%
fetal bovine serum in a–minimal essential medium with 10 ng/mL
mSCF, 10 ng/mL mTPO, 10 ng/mL murine interleukin 3, and 1 IU/mL
human erythropoietin. Cells were cultured for an additional 7 days
and then collected for the analysis of GFP1 cells by flow cytometry.

Retroviral transduction and transplantation

Sorted cells were prestimulated overnight with 50 ng/mL mSCF and
50 ng/mL mTPO in SF-O3 medium for 24 hours. MA9 or ICN-
1–GFP–retroviral supernatant (10-15 mL) supplemented with
4 ng/mL polybrene was added to cells. Cells were incubated for
24 hours and total cells were injected into B6-Ly5.2 mice irradiated
at the dose of 9.5 Gy together with 5 3 105 BM cells.

Analysis of recipient mice

PB was sampled from recipient mice every 2 weeks. Donor cells
were detected with GFP expression. Mac-1 and Gr-1 were used as
myeloid lineage markers. CD3, CD4, and CD8 were used as T-cell
makers. B220 was used as B-cell maker. When the frequency
of GFP1 cells was .60% in PB upon flow cytometric analysis (BD
FACSCanto II) and the mice showed symptoms of sickness, mice
were euthanized under anesthesia and the BM and spleen were
analyzed. BM and spleen cells were stained with APC-conjugated
anti–c-Kit, PE-Cy7–conjugated anti–Sca-1, PE-conjugated anti-
CD150, BV421-conjugated anti-CD34, eFluro710-conjugated
anti-CD41, biotinylated Lin cocktail antibodies. The biotinylated
Lin antibodies were developed with APC-Cy7–conjugated strepta-
vidin and analyzed on a BD FACSAria III. CD11b and CD3/4/8
antibodies were excluded from the lineages cocktail for the analysis
of MA9 and ICN-1 mice, respectively. A biotinylated anti–interleukin
7 receptor (IL-7R) antibody was also included in the lineage cocktail
for the analysis of MA9 mice. Flow cytometry data were analyzed
using FlowJo software (TreeStar).

Serial transplantation

Cells were sorted from selected populations in the BM of primary
leukemic mice and injected into sublethally irradiated (4.75 Gy)
mice to observe the development of leukemia. When the secondary
recipient mice showed symptoms of illness, the micewere euthanized
for the diagnosis of leukemia and the indicated populations were
sorted again for tertiary transplantation.

Statistical analysis

Data are presented as the mean plus or minus standard deviation.
GraphPad Prism 5.0 and SPSS 17.0 software was used for all
statistical analyses. An unpaired Student t test and analysis

of variance were used to generate P values for most data sets
(*P , .05; **P , .005; ***P , .001; NS, not significant).

Results

Highly purified HSC and HPC populations showed

distinct self-renewal and differentiation potentials

Figure 1A shows the gating strategy of HSC1, HSC2, HPC1,
HPC2, and HPC3 cells. Briefly, CD342LSK cells were fractioned
into HSC1 (CD1501CD412), HSC2 (CD1502CD412), and
HPC1 (CD1501CD411) cells. CD341LSK cells were fractioned
into HPC2 (CD1501CD411) and HPC3 (CD1502CD412) cells.
The comparison with the gating strategy of the Trumpp group39

in supplemental Figure 1A-B showed that our HSC1 and HPC1
overlapped with their HSC. Our HPC2 overlapped with their MPP1
and MPP2. Our HPC3 overlapped with their MPP3 and MPP4. Our
HSC2 did not overlap with their populations. To validate their
reconstitution potentials in vivo, 10 HSC1, 10 HSC2, 10 HPC1,
50 HPC2, and 250 HPC3 cells were sorted, mixed with 5 3 105

BM cells, and transplanted into lethally irradiated mice. The
percentages of donor-derived cells and lineage contribution by
these 5 populations at 1, 4, 6, and 12 months after trans-
plantation are shown in Figure 1B. HSC1 showed long-term
reconstitution, the levels of which continuously increased: the
mean percentages of reconstitution levels were 5.2%, 9.1%,
15.4%, and 18.0% at 1, 4, 6, and 12 months, respectively. As
shown in supplemental Figure 2, the myeloid lineage was the major
component of the reconstitution: the mean percentages of myeloid
cells in total donor cells were 59%, 71%, 54%, and 60% at 1, 4, 6,
and 12 months, respectively. Similarly, HSC2 cells showed long-
term reconstitution: the mean percentages of reconstitution levels
were 10.8%, 23.7%, 33.6%, and 26.7% at 1, 4, 6, and 12 months,
respectively. In contrast to HSC1 cells, lymphoid-biased reconsti-
tution gradually increased: the mean percentages of lymphoid cells
in the total donor cells were 22%, 40%, 83%, and 57% at 1, 4, 6,
and 12 months, respectively.

HPC1, HPC2, and HPC3 cells showed very low levels of
reconstitution: the mean percentages of reconstitution at 12 months
after transplantation were 2.9%, 0.58%, and 0.98%, respectively.
Taken together, long-term self-renewal and multiple lineage differen-
tiation potentials of HPC1, HPC2, and HPC3were significantly lower
than HSC1 and HSC2 cells. Myeloid differentiation was preferred
by HSC1 cells, whereas lymphoid differentiation was preferred by
HSC2 cells.

HSCs and HPCs with distinct potentials similarly gave

rise to AML by overexpression of the MA9 fusion gene

To compare the transduction efficiencies of 5 populations, 600 each of
HSC1, HSC2, HPC1, HPC2, and HPC3 cells were transduced
by MA9 retrovirus, respectively. The transduction efficiencies of
5 populations were evaluated 7 days after in vitro culture because
it was difficult to detect GFP1 cells in a small number of cells
immediately after transduction. The transduction efficiencies of
MA9 in each population were ,5% and there was no significant
difference among the 5 populations (supplemental Figure 3A).

To determine the limiting cell dose for transformation, different
numbers of cells (33, 66, 100, 200, 600, and more) from HSC1,
HSC2, HPC1, HPC2, and HPC3 populations were transduced with
MA9 retrovirus and transplanted along with 5 3 105 total BM cells
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into lethally irradiated mice. The estimated frequencies of trans-
formation (95% confidence interval) for HSC1, HSC2, HPC1,
HPC2, and HPC3 were 1 in 519 (1 in 289-931), 1 in 497 (1 in 252-
980), 1 in 306 (1 in 176-533), 1 in 470 (1 in 271-815), and 1 in 510
(1 in 280-928), respectively (supplemental Table 1). The estimated
frequencies of the transformation were not significantly different
among the 5 populations. Based on these results, the cell dose
of 600 cells was chosen for further analysis. To examine more
differentiated cells, GMPs and CLPs were transduced by MA9
retrovirus. AML developed from GMPs but not from CLPs
(supplemental Table 2).

A total of 600 each of HSC1 and HSC2 and HPC1, HPC2, and
HPC3 cells were transduced by MA9 retrovirus and transplanted
along with 5 3 105 total BM cells into lethally irradiated mice
(supplemental Figure 3C). GFP1 cells were first detected in the PB

of recipients 4 weeks after transplantation. As shown in Figure 2A,
the percentages of GFP1 cells slowly increased in the PB of HSC1,
HSC2, HPC1, HPC2, and HPC3 recipients. After the percentage
of GFP1 cells reached 20%, the number dramatically increased,
and the mice presented symptoms of illness. The majority of GFP1

cells in the PB from all 5 groups of mice were positive for Mac-1 but
negative for B220 and CD3, indicating that these GFP1 cells
belonged to the myeloid lineage (supplemental Figure 4A).
Giemsa staining of PB cells showed morphologically imma-
ture cells (supplemental Figure 4B). The spleen weights from all 5
groups of mice were significantly greater than those from normal
mice. There was no significant difference in spleen weight among
the 5 groups (supplemental Figure 4C). From these data, we gave
the diagnosis of AML when the percentage of GFP1 cells was
.20% of the PB cells. The median survival time was 87, 76, 66, 69,
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Figure 2. Transplantation with MA9-transduced HSCs and HPCs. (A) Percentages of GFP1 cells in the PB of mice after transplantation (n 5 9-15). (B) Survival curves

of mice transplanted with each cell population. Leukemic mice from 3 independent experiments were summarized (n 5 7-14 per group). The log-rank test was used to

compare the percentages of survival.
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and 66 days, respectively, for mice transplanted with HSC1, HSC2
and HPC1, HPC2, and HPC3 cells. There was no statistically
significant difference in survival time (Figure 2B).

New LSC populations were found in MA9 AML

Surface markers have been used to isolate LSCs in mouse models
and human patients.40,41 For example, Lin2Sca-12c-Kit1CD341/2

FcgRII/III1GFP1 cells (L-GMP) were shown to be enriched in LSCs
in the mouse model and CD1231CD341CD382 cells were
shown to be enriched in LSCs in AML patients.23,42 Although the
surface markers may change after transformation, LSCs seemed
phenotypically similar to normal counterparts at least to some
extent. As shown in supplemental Figure 5, L-GMP cells were
detected in the BM of mice transplanted with MA9-transduced
cells from 5 populations. We also attempted to detect LSCs
upstream of L-GMP.

The HSC/HPC markers were used to identify new LSCs. As shown
in Figure 3, GFP1 leukemic cells were first gated and then lineage
marker-positive cells were excluded. Cells were separated into CD342

and CD341 cells. LSK cells were detected in both populations. These
CD342LSK and CD341LSK cells were negative for CD150 and
CD41. Thus, they appeared to be phenotypically similar to normal
HSC2 andHPC3 cells. Themajority of these CD342 andCD341 LSK
cells expressed Mac-1 as an AML marker. These cells were detected
in the BM of mice transplanted with transduced cells from all 5
populations. We named them leukemic CD342LSK (L-CD342LSK)
and leukemic CD341LSK (L-CD341LSK) cells.

To determine whether these cells were LSCs, 700 each of
L-CD342LSK and L-CD341LSK cells were isolated from mice with
AML from all 5 populations (primary AML mice) and transplanted
into sublethally irradiated mice. L-GMP cells from primary
AML mice were used as a positive control. Supplemental Table 3
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Figure 3. New LSC detection in MA9 mice. HSC markers were used to detect leukemic HSC/HPC cells in the BM of MA9 mice. GFP1 cells were first gated.
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shows the results of secondary transplantation. AML developed again
at efficiencies ranging from 75% to 100% (secondary AML mice).
These results confirmed that L-CD342LSK and L-CD341LSK cells
were LSCs, which appeared to be phenotypically heterogeneous.

To examine the relationship among each of L-CD342LSK, L-CD341

LSK, and L-GMP cells, serial transplantation was performed. Seven
hundred each of L-CD342LSK, L-CD341LSK, and L-GMP cells
were sorted from primary AML mice (HSC1:MA9) and transplanted
into sublethally irradiated mice. As shown in supplemental Table 4, all
recipient mice developed AML again (secondary AML mice). Notably,
L-CD342LSK cells generated not only L-CD342LSK cells but also
L-CD341LSK and L-GMP cells after secondary transplantation
(Figure 4A; supplemental Table 4). Similarly, L-CD341LSK cells
generated not only L-CD341LSK cells but also L-CD342LSK and
L-GMP cells after secondary transplantation (Figure 4B; supple-
mental Table 4). Moreover, L-GMP cells generated not only L-GMP
cells but also L-CD342LSK and L-CD341LSK cells after second-
ary transplantation (Figure 4C; supplemental Table 4).

L-CD342LSK, L-CD341LSK, and L-GMP cells from secondary AML
mice were transplanted into sublethally irradiated mice. As shown
in supplemental Table 4, all recipient mice developed AML again
(tertiary AML mice). All of these data suggested the phenotypic

switching among L-CD342LSK, L-CD341LSK, L-GMP cells after
transplantation.

HSCs and HPCs with distinct potentials similarly gave

rise to T-ALL by overexpression of the ICN-1 gene

To compare the transduction efficiencies of 5 populations, 600
each of HSC1, HSC2, HPC1, HPC2, and HPC3 cells were
transduced by ICN-1 retrovirus, respectively. The transduction
efficiencies of 5 populations were detected 7 days after in vitro
culture. The transduction efficiency of HPC1 cells was greater
than those of HSC2, HPC2, and HPC3 cells (P , .05). The
transduction efficiency of HPC2 cells was significantly greater
than those of HSC2 and HPC3 cells (P , .001 and P , .01;
supplemental Figure 3B).

To determine the limiting cell dose for transformation, different
numbers of cells (33, 66, 100, 200, 600, and more) from HSC1,
HSC2, HPC1, HPC2, and HPC3 populations were transduced with
ICN-1 retrovirus and then transplanted along with 5 3 105 total
BM cells into lethally irradiated mice. The estimated frequencies of
transformation (95% confidence interval) for HSC1, HSC2, HPC1,
HPC2, and HPC3 were 1 in 463 (1 in 268-798), 1 in 562 (1 in 314-
1007), 1 in 297 (1 in 174-507), 1 in 370 (1 in 186-735), and 1 in
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969 (1 in 437-2146), respectively (supplemental Table 5). No
leukemia developed from ICN-1–transduced GMPs or CLPs
(supplemental Table 6). To be consistent with the MA9 AML model,
the cell dose of 600 cells was chosen for further analysis.

Six hundred each ofHSC1, HSC2,HPC1,HPC2, andHPC3 cells were
transduced by ICN-1 retrovirus and transplanted alongwith 53105 total
BM cells into lethally irradiated mice (supplemental Figure 3C). GFP1

cells were first detected in the PB of recipients 4 weeks after
transplantation. As shown in Figure 5A, the percentages of GFP1 cells
slowly increased in the PB of HSC1 and HSC2 and HPC1, HPC2, and
HPC3 recipients. Once reaching 20%, the percentages of GFP1 cells
dramatically increased in the PB from each group and the mice
presented symptoms of illness. Themajority ofGFP1cells in the PB from
all 5 groups of mice were positive for CD4 and CD8 but negative for
B220 and Mac-1/Gr-1, indicating that these GFP1 cells belonged
to the T-cell lineage (supplemental Figure 6A). Giemsa staining of
PB cells also showed morphologically immature cells (supplemental

Figure 6B). The spleen weights from all 5 groups of mice were
significantly greater than that of normal mice. There was no significant
difference in spleen weight among the 5 groups (supplemental
Figure 6C). From these data, the diagnosis of T-ALL was given when
the percentage of GFP1 cells was .20% of the PB. The median
survival time was 90, 71, 66, 62, and 68 days, respectively, for mice
transplanted with HSC1, HSC2 and HPC1, HPC2, and HPC3 cells.
HPC2-derived T-ALL showed the shortest survival time compared
with the other groups (P , .001; Figure 5B).

New LSC populations were found in ICN-1 T-ALL

The concept and phenotypic markers of LSCs in T-ALL mouse
models have been poorly defined.43 We tried to identify LSCs in the
ICN-1 T-ALL model. HSC and HPC markers were used to identify
LSCs from T-ALL mice. As shown in Figure 6, GFP1 leukemia cells
were first gated on Lin2 cells, and then, Sca-11 and c-Kit1 cells
were gated (LSK cells). The majority of GFP1LSK cells expressed
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the T-cell lineage marker, CD3. Next, these LSK cells in mice with
T-ALL from the 5 populations were sorted and transplanted into
sublethally irradiated mice to determine whether they were LSCs.
Supplemental Table 7 shows that LSK cells initiated T-ALL again
after transplantation. These LSK cells thus appeared to be LSCs in
ICN-1 T-ALL. We named them leukemic LSK (L-LSK) cells.

Discussion

Our results showed that HSC1, HSC2, HPC1, HPC2, and HPC3
cells, with discrete self-renewal and differentiation potentials, in-
duced similar types of leukemia by transformation with MA9 or
ICN-1. Transplantation of HSC1 cells showed that these cells
were enriched in myeloid-biased LT-HSCs (Figure 1; supplemental
Figure 2), consistent with previous work.36,44 Transplantation of
HSC2 cells showed that these cells were lymphoid-biased LT-HSCs.
A previous study suggested that the HSC2 population is enriched in
lymphoid-biased ST-HSCs.36 In this study, the HSC1 andHSC2 gates
might have been too close to one another. CD150med cells in which
some LT-HSCs were present might have been included in the HSC2
population.31 Nevertheless, HSC1 and HSC2 cells, as well as HPC1,
HPC2, and HPC3 cells, all gave rise to AML and T-ALL. In these
leukemia models, once transduced with oncogenes, both HSCs
and HPCs served as the cell of origin. In this process, the self-
renewal and lineage differentiation potentials of HSCs and HPCs
seemed to be unessential, supporting data from MA9 knock-in mice.14

It was reported that CMPs but not GMPs could be transformed by
MN1 because the expression of MEIS1/HOX genes is required for
MN1 AML.45 Seemingly, the cell of origin depends on oncogenes.
However, we assumed that if CMPs can initiate AML, all cells upstream
of CMPs with myeloid differentiation potentials such as HSCs and
MPPs should be able to initiate AML.

Retroviral transduction, knock-in mouse, and conditional transgenic
mouse strategies have been used for AML models with theMA9 fusion
gene.14,23,46 In general, the expression level of oncogenes is higher in
the retroviral system than in the knock-in system because of greater
promoter activity and multiple copies of oncogenes in the retroviral
system. The transgenic mouse system is perhaps between these
2 systems. A high copy number of oncogenes has been reported in
some leukemia patients.47 The situation in the retroviral system may
mimic such leukemia cases. The gene dose has some effects on the
transformation efficiency.14 The knock-in strategy is better than the other
2 systems to compare the transformation of different cell types because
the copy number of oncogenes should be equal among different
cell types. The onset of oncogene expression is controllable in the
retroviral and conditional transgenic systems. The latency is shortest in
the retroviral system whereas it is longest in the knock-in system. The
transgenic mouse system is perhaps between these 2 systems. It is
possible that additional gene mutations are required for a long latency
leukemia model. In the retroviral system, the expression of oncogenes is
specific to targeted blood cells whereas in the knock-in system, it is not.
In addition, the retroviral system is time and money saving, compared
with the other 2 systems. Likewise, each system has advantages and
technical limitations. Using the retroviral system, we could compare 2
leukemia models. Our focus was whether or not particular types of cells
can initiate leukemia. However, the inducible knock-in mouse, if it were
available, would be ideal to study the cell of origin with transformation
efficiency taken into consideration.

Regarding the transduction and transformation efficiencies for the
development of MA9 AML, there was no significant difference
among 5 populations (supplemental Figure 3A; supplemental
Table 1). These data suggested that the AML development
potentials were compared among the 5 populations without bias.
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Figure 6. New LSC detection in ICN-1 mice. HSC markers were used to detect leukemic HSC/HPC cells in the BM of ICN-1 mice. GFP1Lin2IL7-R2CD341/2c-Kit1

Sca-11 (L-LSK) cells were detected in all ICN-1 leukemic mice derived from 5 different populations (HSC1 [A], HSC2 [B], HPC1 [C], HPC2 [D], and HPC3 [E]).
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Mice with AML from all 5 populations similarly died (Figure 2B),
indicating no significant effect on the progression and aggressive-
ness of leukemia regardless of the cell of origin. In contrast, in the
ICN-1 T-ALL model, the frequency of transformed cells in HPC1 was
significantly greater than that in HPC3 (supplemental Table 5). To
some extent, this resulted from the higher transduction efficiency of
HPC1 than that of HPC3 (supplemental Figure 3C). However, the
significantly higher transduction efficiency of HPC1 than that of HSC2
and HPC2, and higher transduction efficiency of HPC2 than that of
HSC2 and HPC3 did not contribute to the frequencies of transformed
cells among these groups. The transduction efficiency was estimated
7 days after culture whereas the transformation efficiency was estimated
several months after transplantation. The effect of oncogenes on the
proliferation was involved in both efficiencies. Thus, the transduction
efficiencies in vitro may not always influence the transformed
efficiencies in vivo. Mice with T-ALL from HPC2 cells died earlier
than those from the other populations (Figure 4B). We speculate
that the cell of origin may have some effect on the progression and
aggressiveness of leukemia. Genes particularly expressed in the
HPC2 population may have cooperatively worked with ICN-1 in the
proliferation of T-ALL cells. Further studies are required to identify
the specific genes expressed in HPC2 and other populations and to
address the underlying mechanisms.

LSCswith specific biological andmolecular properties play a role in the
pathogenesis, resistance, and relapse of leukemia, and LSCs could be
a good target for a treatment strategy.12,46,48 The existence of LSCs in
AML has been well documented,49-51 but their existence in T-ALL is
debatable and challenging. In this study, L-CD342LSK and L-CD341

LSK cells were identified as LSCs in the MA9 AML model and L-LSK
cells in the ICN-1 T-ALL model. L-LSK (L-CD342LSK and L-CD341

LSK) cells were more significant in MA9 AML than in ICN-1 T-ALL,
presumably because the LSK fraction contains more myeloid pro-
genitor cells than lymphoid progenitor cells in normal BM. LSCs may
use their cellular function to expand their pool. L-GMP cells were
previously identified as LSCs and have been well characterized in the
MA9 AML model.23 CD31c-kit1 LSCs in T-ALL from PTEN knockout
mice and CD3low LSCs in T-ALL from p18 knockout mice have been

reported.52,53 All of these results suggest that LSCs are heteroge-
neous in mouse leukemia models, which is consistent with a previous
leukemia study in humans.54

In the MA9 AML model, myeloid differentiation was suggested to be
required for leukemia because L-GMP were not generated in the
absence of Cebpa, and cytokine-induced myeloid differentiation
restored the generation of L-GMP.55 It is likely that Cebpa is highly
expressed downstream in all 5 populations and is required for the
generation and maintenance of LSCs in MA9 AML. In human T-ALL,
the driver event often involves chromosomal translocation of the
T-cell receptor gene, suggesting that LSCs in T-ALL are generated
from committed T-cell precursors.56 It is possible that T-cell receptor
is highly expressed downstream of all 5 populations and is required
for the generation and maintenance of LSCs in ICN-1 T-ALL.

LMPP-like and GMP-like LSCs, in hierarchical order, were detected
in human CD341 AML,40 and only LMPP-like LSCs can give rise to
GMP-like LSCs but not vice versa. In our model, however, L-CD342

LSK, L-CD341LSK, and L-GMP cells switched over among them. In
particular, L-GMP cells reverted to generate upstream L-CD341/2

LSK cells. Sorted L-GMP were unlikely to have been contaminated
with rare cell types like L-CD341/2LSK cells. These data rather
suggested the phenotypical plasticity in LSCs. We may not be able
to rely on immunophenotypical markers of LSCs when they are
targeted for treatment. The analysis of gene expression and
chromatin landscapes in different LSCs may provide more useful
information on a new therapeutic strategy for leukemia.13,57

Clonal hematopoiesis of indeterminate potential (CHIP) was recently
described according to sequencing data and has provided new
insights into the development of hematopoietic malignancies.18,58,59

CHIP is considered as the early genetic lesions that take place in
preleukemic cells.60 CHIP can exist for a long time before the onset of
malignancy. After multiple steps of mutations and their accumulation,
CHIP may finally transform to the cell of origin of leukemia. However,
CHIP may not always contribute to the cell of origin of leukemia.

Finally, we propose the cell of origin and LSC-switching model
(Figure 7). In this model, acute leukemia has multiple cells of origin

LSC1

HSC1

HPC1

HPC2

HPC3

HSC2

LSC2

Initiation Maintenance

Heterogenous LSCsMultiple cells of origin

MA9 or ICN-1

A B
Figure 7. The cell of origin and LSC-switching model. (A)

Multiple cells, such as HSC1, HSC2, HPC1, HPC2, and HPC3

cells, serve as the cell of origin. After leukemia is initiated, the

leukemia pool is expanded and maintained through back-and-

forth switching among (B) heterogeneous LSCs (for instance,

LSC1 and LSC2). +++Transduced cells by MA9 or ICN-1

virus.
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that initiate leukemia. LSCs are phenotypically and functionally
heterogeneous. For instance, if there are 2 types of LSCs
(LSC1 and LSC2), these LSCs can go back and forth to expand
and maintain their pool of LSCs. LSCs haven been originally
defined as functional cells. We could separate LSCs according
to the phenotypic markers, but we should not rely too much on
their surface makers for their targeted therapy. To develop new
strategies for leukemia therapy, the heterogeneous nature of
the cell of origin and LSCs should be taken into account. The
identification of multiple cells of origin may facilitate early precision
prevention for hematopoietic malignancies.60 We may also know
whether or not and to what extent normal stem and progenitor
cells remain in leukemia patients. For instance, if stem cells were
not the cell of origin, we may be able to rescue normal stem cells
after therapy.
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