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Somatic mutations in acute myeloid leukemia are acquired sequentially
and hierarchically. First, pre-leukemic mutations, such as t(8;21) that
encodes AML1-ETO, are acquired within the hematopoietic stem cell

(HSC)  compartment, while signaling pathway mutations, including KRAS
activating mutations, are late events acquired during transformation of
leukemic progenitor cells and are rarely detectable in HSC. This raises the
possibility that signaling pathway mutations are detrimental to clonal
expansion of pre-leukemic HSC. To address this hypothesis, we used con-
ditional genetics to introduce Aml1-ETO and K-RasG12D into murine
HSC, either individually or in combination. In the absence of activated Ras,
Aml1-ETO-expressing HSC conferred a competitive advantage. However,
activated K-Ras had a marked detrimental effect on Aml1-ETO-expressing
HSC, leading to loss of both phenotypic and functional HSC. Cell cycle
analysis revealed a loss of quiescence in HSC co-expressing Aml1-ETO and
K-RasG12D, accompanied by an enrichment in E2F and Myc target gene
expression and depletion of HSC self-renewal-associated gene expression.
These findings provide a mechanistic basis for the observed absence of
KRAS signaling mutations in the pre-malignant HSC compartment.

Introduction

Acute myeloid leukemia (AML) is a poor prognosis hematopoietic malignancy
caused by the uncontrolled proliferation of differentiation-arrested myeloid cells.1,2

Genome sequencing studies have comprehensively characterized the mutational
landscape of AML, identifying many somatically acquired recurrent driver muta-
tions.3 Whist AML is a genetically complex disease, a number of general principles
underlie the clonal evolution in AML. Genes mutated in AML can be classified into
distinct categories such as chromatin modifiers, transcription factor fusions, and
signal transduction genes,3 with most patients showing co-mutation of genes with-
in at least two of these functional groups. Genomic data from sequencing studies,
together with mechanistic studies using mouse models,4-6 support the concept that
certain classes of mutation frequently co-occur during leukemia development,
whereas mutations of the same functional group are often mutually exclusive.7 

Acute myeloid leukemia has long been recognized as a hierarchically organized,
stem cell-propagated disease.8 However, more recently, analysis of purified
hematopoietic stem cells (HSC) and progenitor populations from AML patients
have revealed that leukemia-initiating mutations, which include balanced translo-
cations and mutations in epigenetic regulators, are frequently acquired within the
HSC compartment as early events in disease evolution, generating so called “pre-
leukemic” stem cells.9-12 In particular, the t(8;21) translocation, which generates the
fusion protein AML1-ETO (also known as RUNX1-RUNX1T1 and AML1-MTG8)
occurs in approximately 7% of adult AML patients.13 Several lines of evidence sug-
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gest that AML1-ETO is acquired in pre-leukemic HSC.
First, AML1-ETO mRNA could still be detected in AML
patients who had been in clinical remission for up to 150
months.14 Secondly, AML1-ETO remains stable in patients
who relapse, while additional mutations were highly
dynamic with mutations both gained and lost at relapse.15
Finally, evidence from mouse models support the concept
that pre-leukemic mutations confer a competitive advan-
tage to cells within the phenotypic HSC compartment,
without causing transformation of downstream progeni-
tor cells.16,17 In particular, Aml1-ETO knock-in mice did not
develop leukemia, but Aml1-ETO-expressing cells had an
enhanced in vitro replating ability, indicating greater self-
renewal capacity.16 
In contrast, signaling transduction mutations of genes

such as FLT3, KIT or KRAS occur as late events that are
detected in the transformed leukemic progenitors but
rarely detected in the pre-leukemic HSC compartment.11,12
RAS mutations also frequently co-occur with t(8;21)
(NRAS = 12.9%, KRAS = 4.3%).15 In AML patients who
achieve remission, RAS mutations are unstable and often
lost at subsequent relapse, with gain of a novel signaling
transduction mutation (e.g. FLT3-ITD), while the initiating
translocation remains. This is consistent with RAS muta-
tions occurring as a late event during leukemic transforma-
tion.15 Finally, the KrasG12D/+;Mx1-Cretg/+mouse model devel-
ops a fatal myeloproliferative neoplasm (MPN); however,
these mice do not develop AML.18,19 Collectively, these
studies provide evidence that RAS mutations are second-
ary events in AML development and are not present with-
in pre-leukemic HSC. Mouse models in which activating
signaling pathway mutations were introduced into wild-
type (WT) HSC have revealed both cell-intrinsic and cell-
extrinsic effects on the HSC compartment, usually result-
ing in a depletion of HSC.20-24 However, the impact of sig-
naling transduction mutations on pre-leukemic HSC
remains unclear. This is of considerable importance for
understanding why signaling mutations are absent from
the pre-leukemic HSC compartment.
We hypothesized that the absence of signaling muta-

tions in the HSC may reflect a detrimental impact of such
mutations on pre-leukemic HSC. To address this question,
we used conditional mouse genetics to introduce Aml1-
ETO and K-RasG12D separately or in combination, both
expressed from their endogenous loci, into WT HSC, to
determine the effect of K-Ras activation on a well-defined
pre-leukemic HSC population. While Aml1-ETO expres-
sion enhanced the long-term repopulating ability of HSC,
expression of K-RasG12D in Aml1-ETO-expressing HSC
led to loss of quiescence and self-renewal-associated gene
expression, and was detrimental to their function. Such
functional impairment would limit clonal expansion of
pre-malignant HSC co-expressing AML1-ETO and activat-
ed RAS, providing a molecular and cellular basis for the
observed absence of activating RAS mutations in pre-
leukemic HSC.

Methods

Animals
All mouse lines were maintained on a C57Bl/6J genetic back-

ground. Conditional knock-in mice expressing Aml1-ETO
(Aml1ETO/+)16 and K-Ras (KrasG12D/+),25 either individually or com-
bined (Aml1ETO/+;KrasG12D/+), were crossed to the Mx1-Cre mouse

line.26 All mice were bred and maintained in accordance with UK
Home Office regulations. Experiments were conducted following
approval by the University of Oxford Animal Welfare and Ethical
Review Body (project license n. 30/3103).

Competitive transplantation
Competitive transplants were performed as previously

described.27 See Online Supplementary Appendix for further details. 
Serial transplantations were performed by co-transplanting

1.25x105 CD45.2 fetal liver (FL) cells with 5x106 CD45.1 WT bone
marrow (BM) competitor cells into lethally irradiated recipients
(2x500rads). Bulk secondary and tertiary transplants were per-
formed by transplanting 3x106 BM cells from primary and second-
ary recipients respectively into lethally irradiated recipients at
eight weeks post-poly(I:C) for secondary transplants or 12 weeks
post-transplantation for tertiary transplants. Tertiary transplanted
mice were analyzed 12 weeks post-transplantation. 

Flow cytometry and fluorescence-activated cell sorting
Details of antibodies and viability dyes are shown in Online

Supplementary Table S1. All antibodies were used at pre-deter-
mined optimal concentrations. Hematopoietic stem and progeni-
tor cells were analyzed as previously described.28 Cell acquisition
and analysis were performed on a BD LSRFortessa (BD
Biosciences, San Jose, CA, USA) using BD FACSDivaTM software
(BD Biosciences). Cell sorting was performed on a BD FACSAriaII
cell sorter (BD Biosciences). Cells used in cell sorting experiments
were c-Kit-enriched (MACS Miltenyi Biotec, Bergisch Gladbach,
Germany) and were stained with specific antibodies following ini-
tial Fc-block incubation. Gates were set using a combination of
fluorescence minus one controls and populations known to be
negative for the antigen.
For HSC cell cycle staining, BM cells were c-Kit-enriched and

stained following initial Fc-block incubation. Stained cells were
then fixed and permeabilized using BD cytofix/cytoperm fixation
and permeabilization solution (BD Biosciences). Cells were
stained with Ki-67 PE (BD Biosciences) overnight. Cells were then
stained with 4',6-diamidino-2-phenylindole (DAPI) (0.5 mg/mL)
(ThermoFisher Scientific, Waltham, MA, USA) for one hour
before analysis. 

In vitro serial replating assay
Serial replating was performed as previously described.5 Briefly,

100 CD45.2 Lineage–Sca1+cKit+ (LSK) BM cells were sorted from
mice transplanted with 2.5x105 FL cells and 1x106 CD45.1 WT BM
competitor cells eight weeks post-poly(I:C). Cells were seeded
into 1 mL of methylcellulose medium (Methocult, M3434, STEM-
CELL Technologies, Vancouver, BC, Canada) and incubated in
37°C, in 5% CO2, with ≥95% humidity. Colonies (≥30 cells) were
counted after eight days. Cells were re-suspended and re-plated at
1x104 cells per 1 mL of methylcellulose medium. Cells were then
counted and re-plated after 6-7days. 

RNA-sequencing
Fifty cells per biological replicate were sorted into 4 mL of lysis

buffer containing; 0.2% Triton X-100 (Sigma-Aldrich, St Louis,
MO, US), 2.5 mM OligodT (Biomers, Ulm, Germany), 2.5 mM
dNTPs (ThermoFisher Scientific), RNase Inhibitor 20 U (Takara
Bio USA Inc., Mountain View, CA, USA) and ERCC spike-in
1:4x106 (ThermoFisher Scientific). For details on cDNA synthesis,
library preparation and data analysis see Online Supplementary
Appendix.

Statistical analysis
Unless otherwise indicated, statistical significance of differences
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between samples was determined using an analysis of variance
(ANOVA) for multiple comparisons following Tukey’s multiple
comparisons test. 

Results

Aml1-ETO ameliorates key features of the 
myeloproliferative neoplasm phenotype caused 
by K-RasG12D
To study the effect of combining Aml1-ETO with

mutant K-Ras, whilst avoiding the previously described
spontaneous recombination in primary KrasG12D/+;Mx1-
Cretg/+ mice,19,20 we generated E14.5 FL cells with the neces-
sary genotypes: Aml1ETO/+;Mx1-Cretg/+ (AM genotype);
KrasG12D/+;Mx1-Cretg/+ (KM genotype);
Aml1ETO/+;KrasG12D/+;Mx1-Cretg/+ (AKM genotype); and Mx1-
Cretg/+ controls (CON genotype); all CD45.2 allotype. FL
cells were used as these have been previously shown to
have either no or minor spontaneous recombination using
Mx1-Cre.29 To create a scenario where competitive advan-
tage and disadvantage of mutant HSC could be observed,
mice were generated where the hematopoietic system
was partially repopulated by experimental cells and par-

tially by WT competitor cells (CD45.1 allotype). This was
done by competitively transplanting 2.5x105 FL cells
(CD45.2) and 1x106 WT BM competitor cells (CD45.1)
into lethally irradiated CD45.1 recipients, as previously
described.27 Recombination was induced four weeks post-
transplantation by subcutaneous injection of poly(I:C),
with all groups of mice treated, including controls. Long-
term monitoring of primary transplanted mice was not
possible as both KM and AKM developed a T-cell
leukemia (data not shown), as previously reported for KM.20
Therefore, the hematopoietic phenotype was analyzed
eight weeks post-poly(I:C) before T-cell leukemia devel-
opment occurred (Figure 1A).
AM-transplanted recipients displayed mild leukopenia

compared to CON-transplanted mice (Figure 1B), due to a
decrease in B  and T cells in the peripheral blood (PB)
(Online Supplementary Figure S1A and B), whereas no differ-
ence in hemoglobin levels, BM cellularity, Mac1+Gr1lo
myeloid cells in the PB or spleen, or spleen weight was
observed (Figure 1C-H). However, AM showed a 27%
decrease in platelet count compared to CON (Figure 1I).
These results suggest Aml1-ETO affects B  and T cell, as
well as platelet development, in line with known func-
tions of AML1 (also known as RUNX1).30,31 
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Figure 1. Aml1-ETO ameliorates the key features of the myeloproliferative
neoplasm phenotype caused by K-RasG12D. (A) Schematic representation
of in vivo competitive transplant experiment. (B-I) Analysis of recipients of
Mx1-Cretg/+ controls; CON (n=13), Aml1ETO/+;Mx1-Cretg/+; AM (n=14),
KrasG12D/+;Mx1-Cretg/+; KM (n=12) and Aml1ETO/+;KrasG12D/+;Mx1-Cretg/+; AKM
fetal liver (FL) (n=14) for (B) peripheral blood (PB) white blood cell (WBC)
count. (C) PB hemoglobin levels. (D) Bone marrow (BM) cellularity per tibia
and femur. (E and F) CD45.2 Mac1+Gr1lo myeloid cells as absolute number
in the PB (E) and spleen (F). (G) Representative FACS plots of Mac1+Gr1+

and Mac1+Gr1lo myeloid cells as a percentage of
LiveCD19–CD4–CD8a–NK1.1–CD45.2+ cells across all experiments in the
PB. (H) Spleen weight. (I) Platelet count. Results were generated in three
independent experiments. The results were analyzed using multiple com-
parison ANOVA and are presented as mean±Standard Deviation. *P<0.05;
**P<0.01; ***P<0.001; ****P<0.0001. 
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In line with previous reports,18,19 expression of K-
RasG12D (KM genotype) caused a myeloproliferative
phenotype, consisting of leukocytosis, anemia, increased
BM cellularity, increase in the Mac1+Gr1lo myeloid cells in
the PB and spleen, splenomegaly, and thrombocytopenia
(Figure 1B-I and Online Supplementary Table S2). 
Strikingly, co-expression of Aml1-ETO and K-RasG12D

did not result in a more aggressive disease, but ameliorat-
ed key features of the phenotype associated with K-
RasG12D expression, including restoration of white blood
cell (WBC) count and hemoglobin levels (Figure 1B and C),
reduction in the Mac1+Gr1lo myeloid cells in the PB and
spleen, and reduced spleen weight (Figures 1E-H). Platelet
count was, however, further reduced compared to CON
(Figure 1I) and mice still showed an increase in BM cellu-
larity (Figure 1D).  
Myelo-erythroid progenitors were analyzed by flow

cytometry (Figure 2 and  Online Supplementary Figure S2).
We found both Aml1-ETO (2-fold, P=0.0093) and K-
RasG12D (8-fold, P<0.0001) expression decreased the
number of megakaryocyte progenitors (MkP), and when

co-expressed resulted in a further reduction (15-fold,
P<0.0001) in the BM compared to CON (Figure 2A). This
paralleled the decrease in platelet counts found in the PB
(Figure 1I). Aml1-ETO also increased in the number of
MkP in the spleen compared to CON (2-fold, P=0.005)
(Figure 2B). BM colony forming unit – erythrocytes (CFU-
E) were not affected in any genotypes compared to con-
trols (Figure 2C). However, K-RasG12D caused an
increase in CFU-E in the spleen compared to CON (36-
fold increase, P=0.0004) (Figure 2D), indicating stress ery-
thropoiesis, which was reversed in AKM mice. BM pre-
granulocyte/macrophage progenitors (pre-GM) were
unperturbed in all three genotypes compared to CON
(Figure 2E). However, K-RasG12D expression caused an
increase in pre-GM in the spleen compared to CON (9-
fold increase, P<0.0001) (Figure 2F). The increase in pre-
GM was reversed when K-RasG12D was co-expressed
with Aml1-ETO (3-fold decrease, P<0.0001) (Figure 2F).
There was no difference in BM lymphoid-primed multi-
potent progenitor (LMPP) across all genotypes; however,
there was an increase in the number of spleen LMPP in
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Figure 2. Aml1-ETO reverses some of the
myelo-erythroid progenitor cell phenotypes
caused by K-RasG12D. (A, C, E) Absolute
number of CD45.2 megakaryocyte progeni-
tor (MkP) (A), CFU-E (C) and Pre-GM (E) in
the bone marrow (BM) from recipients of
CON (n=12), AM (n=14), KM (n=12) and
AKM FL (n=14). Results were generated in
three independent experiments. (B, D, F)
Absolute numbers of CD45.2 MkP (B),
colony forming unit-erythrocyte (CFU-E) (D)
and pre-granulocyte-monocyte (Pre-GM). (F)
in the spleen from recipients of CON (n=8),
AM (n=10), KM (n=8) and AKM FL (n=10).
Results were generated in two independent
experiments. The results were analyzed
using multiple comparison ANOVA and are
presented as the mean±Standard
Deviation. *P<0.05; **P<0.01;
***P<0.001; ****P<0.0001. 
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KM mice compared to CON, likely reflecting increased
mobilization associated with myeloproliferation. The
increase in LMPP was reversed in AKM mice (Online
Supplementary Figure S3). Together, these data demonstrate
that when Aml1-ETO is co-expressed with K-RasG12D
the myeloproliferative phenotype caused by K-RasG12D
is ameliorated rather than enhanced.

K-RasG12D reverses the hematopoietic stem cell
expansion associated with Aml1-ETO 
As the co-expression of Aml1-ETO and K-RasG12D

was insufficient to induce acute leukemic transformation,
this provided an ideal model to study the impact of these
mutations on pre-leukemic HSC. Here, expression of the
mutations from their endogenous loci (rather than
through viral transduction) is crucial in order to ensure
faithful expression level of the mutations within the
hematopoietic hierarchy, including the HSC compart-
ment. We reasoned that the myeloproliferative phenotype
may have been ameliorated when Aml1-ETO and K-
RasG12D were co-expressed due to loss of disease propa-
gating HSC. We therefore analyzed LSKCD150+Flt3– phe-
notypic HSC eight weeks post-poly(I:C). The SLAM
marker CD48 was not used as it was previously reported
that CD48 expression is dysregulated in Aml1 deficient
HSC.32  
We observed an expansion of HSC expressing Aml1-

ETO compared to CON (5-fold increase, P<0.0001) (Figure
3A and B). There was no significant difference in HSC
number expressing K-RasG12D compared to CON.
However, when K-RasG12D was co-expressed with
Aml1-ETO the HSC expansion caused by Aml1-ETO was
reversed (3-fold decrease, P<0.0001) (Figure 3A and B). 
To determine if K-RasG12D is detrimental to the func-

tion of Aml1-ETO-expressing HSC we performed serial
transplantations. In secondary recipients, Aml1-ETO-
expressing cells showed an increase in myeloid reconstitu-
tion over time and a 10-fold increase in phenotypic HSC
number compared to CON (Figure 3C and D), indicating a
competitive advantage, possibly due to an enhanced self-
renewal capacity. In contrast, secondary transplant with
K-RasG12D-expressing cells, or in combination with
Aml1-ETO, showed markedly decreased myeloid recon-
stitution and HSC number (Figure 3C and D). The lack of
engraftment following bulk BM transplantation from
AKM mice also supports the concept that AKM progenitor
cells (which would be included in bulk BM transplants) do
not acquire aberrant self-renewal capacity. Furthermore,
Aml1-ETO-expressing LSK cells showed increased replat-
ing potential in vitro (Figure 3E), in keeping with previous
reports.16 In contrast, the additional expression of K-
RasG12D abrogated this enhanced replating potential
(Figure 3E). Collectively, these results support the concept
that Aml1-ETO expression is associated with increased
self-renewal of HSC. But in the additional presence of K-
RasG12D, HSC are at a competitive disadvantage, consis-
tent with functional impairment of AKM HSC.

K-RasG12D expression induces loss of quiescence in
Aml1-ETO-expressing hematopoietic stem cells
To gain molecular insight into the functional impair-

ment of HSC expressing K-RasG12D, we carried out RNA
sequencing of AM, KM, AKM and CON CD45.2
LSKCD150+Flt3– cells from competitively transplanted
recipients eight weeks post-poly(I:C) (n=5 replicates per

genotype). Gene set enrichment analysis (GSEA) revealed
a marked enrichment in E2F, Myc, and G2M checkpoint
associated gene expression in AKM compared to AM,
likely indicating higher levels of cell cycle activity. In keep-
ing with the observed functional impairment of HSC
(Figure 4A-C). Cell cycle activation was confirmed by
flow cytometry, showing a 4-fold decrease in quiescent
(G0) AKM, compared to AM, HSC (Figure 4D and E). This
was accompanied by loss of HSC self-renewal-associated
gene expression and an acquisition of gene expression
associated with granulocyte-macrophage progenitors
(GMP) that lack Gata1 expression that give rise to neu-
trophils and monocytes (Figure 4F-H).33 This is consistent
with phenotypic HSC from AKM mice showing transcrip-
tional signatures of myeloid progenitor cells rather than
HSC.
To identify genes that may be involved in the loss of

quiescence and HSC function, we performed differential
gene expression analysis. Aml1-ETO expression caused an
up-regulation of 52 genes and down-regulation of 36
genes in phenotypic HSC compared to CON (Figure 5A-
C). Among the down-regulated genes were Gja1 and
Gzmb (Figure 5D and E). K-RasG12D caused more exten-
sive disruption of gene expression, with up-regulation of
389 genes and down-regulation of 526 genes compared to
CON (Figure 5A and B). Among the up-regulated genes
were MAPK pathway genes such as Etv4 and Ccnd1
(Figure 5F and G). Genes that were down-regulated by
KRAS activation were down-regulated in KM versus CON
and AKM versus CON HSC (Online Supplementary Figure
S4A and B), in keeping with activation of this signaling
pathway by activated K-RasG12D in both Aml1-ETO
positive and negative cells.34
Hematopoietic stem cells co-expressing Aml1-ETO and

K-RasG12D showed up-regulation of 319 genes and
down-regulation of 482 genes compared to CON (Figure
5A and B). Many of the up- and down-regulated genes in
AKM HSC overlapped with KM HSC (Figure 5A and B),
indicating that KRAS confers some of the same transcrip-
tional changes in both Aml1-ETO positive and negative
HSC. This was confirmed in a principal component analy-
sis (PCA) and hierarchical clustering of the HSC from all
four genotypes which demonstrated that AKM HSC clus-
tered closely with KM HSC indicating that K-RasG12D is
driving the separation in gene expression in AKM HSC
from CON and AM HSC (Online Supplementary Figure
S4C-F). However, the majority of these genes were only
dysregulated in the presence of both mutations (Figure 5A
and B), indicating that the two mutations together collab-
orated to induce a distinct pattern of gene expression that
only partially overlapped with K-RasG12D or Aml1-ETO
regulated genes (Figure 5A-C). Gja1 and Gzmb were up-
regulated in HSC co-expressing Aml1-ETO and K-
RasG12D when compared to Aml1-ETO (Figure 5C-E). 
Gene set enrichment analysis showed an enrichment of

oxidative phosphorylation and loss of genes associated
with hypoxia in AKM HSC compared to AM (Figure 5H
and I and Online Supplementary Table S3). Interestingly,
GzmB causes reactive oxygen species (ROS) produc-
tion,35,36 which can lead to apoptosis and cell death of HSC,
suggesting GzmB expression may lead to increased levels
of ROS and apoptosis in AKM HSC. Genes associated
with the p53 pathway were also down-regulated in AKM
HSC compared to AM (Figure 5J). Loss of Gja1 has been
shown to increase p53 levels;37 therefore, increased
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expression of Gja1 in AKM HSC may lead to loss of p53.
Analysis of biological GO terms showed a number of
metabolic processes up-regulated in AKM versus AM HSC
(Online Supplementary Table S4) indicating metabolic dys-
regulation could also be involved in loss of quiescence in
AKM HSC.38
Finally, in order to determine relevance of the

genes/pathways described for human AML1-ETO, we
studied genes that are up-regulated in human HSC trans-
duced with AML1-ETO.39 There was an enrichment of
these genes in AM HSC compared to AKM, suggest a cor-
relation between human and mouse AML1-ETO target
genes (Figure 5K). 
Collectively, these results demonstrate that K-RasG12D

is detrimental to HSC harboring Aml1-ETO, causing a loss

of functional HSC, associated with down-regulation of
HSC-associated gene expression and loss of quiescence. 

Discussion

We have here tested the hypothesis that the observed
absence of mutations in signaling pathway genes, such as
KRAS, in pre-leukemic HSC from AML patients11,12 is due to
such mutations being detrimental not only to normal HSC,
but also to pre-leukemic HSC. While Aml1-ETO improved
the repopulating capacity of HSC, K-RasG12D had a
markedly detrimental effect on Aml1-ETO-expressing pre-
leukemic HSC, leading to their eventual depletion, likely
due to loss of quiescence and HSC-associated gene expres-
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Figure 3. Hematopoietic stem cell (HSC) expansion caused by Aml1-ETO is reversed by K-RasG12D. (A) Absolute number of CD45.2 HSC in the bone marrow (BM)
from recipients of CON (n=11), AM (n=14), KM (n=13) and AKM fetal liver (FL) cells (n=14). Results were generated in three independent experiments; (B)
Representative FACS plots showing gating used to quantify HSC as a percentage of the BM mononuclear cells across all experiments. (C) Percentage reconstitution
of total CD45.2 cells, CD45.2 myeloid (LiveCD19–CD4–CD8a–NK1.1–), CD45.2 B cells (LiveNK1.1-Mac1-CD19+) and CD45.2 T cell (LiveNK1.1–Mac1–CD4+CD8a+) com-
partments in primary, secondary and tertiary transplantations. (D) Absolute number of CD45.2 HSC in secondary recipients of CON (n=9 recipient mice in 2 inde-
pendent experiments), AM (n=10 recipient mice in 3 independent experiments), KM (n=4 recipient mice in 2 independent experiments), and AKM FL cells (n=7 recip-
ient mice in 2 independent experiments). (E) Replating efficiency of CD45.2 LSK BM cells. Average number of colonies is shown for 5-6 biological replicates per geno-
type in two independent experiments. The results were analyzed using multiple comparison ANOVA. The results are presented as the mean±Standard Error of Mean.
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 
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sion. The loss of disease-propagating HSC also likely under-
lies the amelioration of the K-RasG12D-induced myelopro-
liferative phenotype when the mutations were combined. 
Signaling mutations are thought to have a negative cell-

intrinsic impact on HSC as enhanced proliferation tends to
reduce competitiveness and self-renewal potential.
Previous studies have shown N-RasG12D increases cell
division and reduces the self-renewal in a subset of HSC.
However, this negative impact is counteracted as N-
RasG12D also increases the self-renewal potential and
reduces division in another subset of HSC. This bimodal

effect allows NRasG12D-expressing HSC to outcompete
WT HSC, in contrast to our observations with K-
RasG12D.23 Recently, signaling mutations have also been
shown to have a negative cell-extrinsic impact on HSC by
disrupting HSC-supporting BM stromal cells and increas-
ing inflammation-associated gene expression.24 Sabnis et
al. have shown that K-RasG12D expression cell-intrinsi-
cally drives HSC into cycle and reduces HSC frequency;
however, long-term fitness of K-RasG12D-expressing
HSC was not analyzed due to lethality caused by K-
RasG12D-induced myeloproliferation.20 
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Figure 4. Hematopoietic stem cells (HSC) co-expressing Aml1-ETO and K-RasG12D are characterized by loss of quiescence and HSC-associated gene expression.
(A-C) Bulk CD45.2 LSKCD150+Flt3- cells were subjected to RNA sequencing (5-6 biological replicates per genotype in two independent experiments). Gene set enrich-
ment analysis (GSEA) of AKM versus AM HSC for E2F targets (A), Myc targets (B), and genes associated with G2M checkpoint (C). (D) Representative FACS plots
showing cell cycle analysis of CD45.2 LSKCD150+Flt3- phenotypic HSC from the bone marrow (BM) of recipients of CON (n=6 recipient mice in 2 independent exper-
iments), AM (n=9 recipient mice in 3 independent experiments), KM (n=4 recipient mice in 2 independent experiments), and AKM FL (n=6 recipient mice in 3 inde-
pendent experiments). (E) Percentage of BM CD45.2 LSKCD150+Flt3- cells at each cell cycle stage. The results were analyzed using multiple comparison ANOVA.
The results are presented as mean±Standard Deviation.  *P<0.05; **P<0.01; ***P<0.001. (F-H) GSEA analysis of AKM versus AM HSC for HSC gene signature (F),
genes up-regulated in granulocyte-monocyte progenitor (GMP) that lack Gata1 expression compared to HSC (G), and genes down-regulated in GMP that lack Gata1
expression compared to HSC (H). NES: normalized enrichment score; FDR: false discovery rate. 
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Experimental approaches investigating collaboration
between Aml1-ETO and activated Ras have mainly used
retroviral expression of oncogenes, showing that such
mutations collaborate to cause an acute leukemia.40,41
However, retroviral transduction can lead to expression at
non-physiological levels as well as ectopic expression
within the cellular hierarchy.4 This method, therefore,
may not accurately address the effect of the mutant pro-
teins on HSC function or the ability of mutations
expressed at relevant levels to induce transformation of
progenitor cells. Consistent with this, in our model sys-
tem, knock-in of Am1-ETO and K-RasG12D was insuffi-

cient to cause transformation of myeloid progenitors.
Other approaches using conditional knock-in mutations
or gene knock-out to study the collaboration between
pre-leukemic mutations, such as the bi-allelic Cebpa
mutations, Tet2 and Dnmt3a knock-out, in combination
with the signaling mutation Flt3-ITD have resulted in
leukemic transformation.4-6 However, Flt3 is not
expressed at detectable levels in repopulating mouse
HSC.42 Therefore, such modeling cannot measure the
intrinsic effect of a signaling mutation on pre-leukemic
HSC, whereas cell-extrinsic effects of FLT3-ITDwould be
likely to play a role.24 Indeed, in order to study pre-
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Figure 5. RNA sequencing reveals distinct molecular signatures of hematopoietic stem cells (HSC) co-expressing Aml1-ETO and K-RasG12D. (A and B) Venn-dia-
gram of significantly up-regulated (A) and down-regulated genes (B) in HSC identified by RNA sequencing. (C) Heatmap depicting the read per kilobase of transcript
per million (RPKM) values of the top 30 significantly up-regulated and down-regulated genes in AKM HSC versus AM [false discovery rate (FDR) < 0.05]. (D-G) RPKM
of selected genes identified from RNA sequencing, Gja1 (D), Gzmb (E), Etv4 (F), and Ccnd1 (G). RPKM and FDR were generated using edgeR package. The results
are presented as mean±Standard Deviation.  *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.  (H-K) Gene set enrichment analysis (GSEA) of AKM versus AM
HSC for oxidative phosphorylation (H), hypoxia (I), p53 pathway (J), and genes up-regulated in human HSC transduced with AML1-ETO (K). NES: normalized enrich-
ment score.
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leukemic HSC, it is preferable that the model used retains
a relatively unperturbed hematopoietic hierarchy without
overt leukemia or other malignancy. In addition, the use
of “knock-in” models of oncogenes that are expressed
from their own promoter at their original loci is impor-
tant to retain faithful expression patterns within the
hematopoietic hierarchy. Both these conditions are ful-
filled by the Aml1ETO/+;KrasG12D/+;Mx1-Cretg/+ model used
here.
The results from this study differs to other models that

demonstrate that Ras mutations collaborate with pre-
leukemic mutations to develop an AML, such as Dnmt3a-

/-;KrasG12D/+ and CbfbMYH11/+;NrasG12D/+, where both models
develop a more aggressive disease when combined.43,44
Both models lead to transformation of myeloid progeni-
tors, in contrast to the lack of transformation seen in
AKM mice, even after serial transplantation. Both 
Dnmt3a-/-;KrasG12D/+ and CbfbMYH11/+;NrasG12D/+ models do,
however, result in a loss of LT-HSC which is consistent
with our results. The lack of transformation of myeloid
progenitors in AKM mice gave us a unique opportunity to
study pre-leukemic stem cells functionally in the absence
of progenitor cell transformation as seen in the other
models.
RNA sequencing revealed genes that may underlie the

observed HSC phenotype of AM and AKM mice. Gzmb is
a serine protease that has recently been reported to be
important in HSC function.35 Knock-out of Gzmb confers
enhanced self-renewal to HSC in a cell-intrinsic manner.

Gzmb deficient mice also had a better survival rate after
administering 5-FU.35 Gja1 encodes gap junction channel
protein connexin 43 found on HSC. Gja1 deficient HSC
were shown to be more quiescent after 5-FU treatment.
Gja1 deficient HSC also developed an accumulation of
ROS.37 ROS levels in HSC have been shown to play an
important role in hematopoietic reconstitution;45 however,
oxidative phosphorylation gene expression was not
enriched in AM HSC versus CON suggesting down-regu-
lation of Gja1 in AM HSC did not lead to an increase in
ROS. GJA1 has lower expression on CD34+ BM cells from
AML patients with AML1-ETO compared to WT CD34+
BM cells.46 Down-regulation of GZMB and Gja1 have also
both been identified in human and murine leukemic stem
cells, respectively.47-49 Together, down-regulation of GZMB
and GJA1 may contribute to the AML1-ETO-associated
competitive advantage of HSC that we observed, and
could potentially be important for pre-leukemic HSC per-
sistence after chemotherapy. Importantly, expression of
both Gzmb and Gja1 were increased in the presence of K-
RasG12D, indicating that re-expression of these genes
may have contributed to the loss of HSC function and
self-renewal. However, as we identified disruption of mul-
tiple genes and pathways in AKM HSC, it seems likely
that the underlying mechanistic basis for loss of functional
Aml1-ETO expressing HSC associated with K-RasG12D is
complex, and is unlikely to be attributable to one single
target gene and more likely to involve an interplay of
many genes and pathways.
Mutations are acquired in a stepwise manner in AML,

and the consequence of the type and order of the muta-
tions acquired will make the HSC more or less likely to
facilitate subsequent evolution to leukemia.50 Our find-
ings help to provide a cellular and molecular basis for the
observed patterns of clonal evolution during AML devel-
opment. HSC that acquire Aml1-ETO gain a competitive
advantage, leading to an expansion in HSC number,
increasing the pool of cells available to acquire additional
mutation that could eventually promote leukemia devel-
opment. HSC that acquire a Kras mutation, either alone
or in combination with Aml1-ETO, are depleted. A
potential limitation of our study is that the mutations are
introduced simultaneously rather than sequentially. New
model systems that allow knock-in mutations to be intro-
duced sequentially, and potentially also in specific cellular
compartments, warrant further investigation (Figure 6). 
In summary, our findings help to explain why signaling

mutations such as KRAS are not observed within pre-
leukemic HSC in AML patients and usually occur as a late
event in leukemogenesis. The distinct molecular signa-
tures associated with pre-leukemic mutations in HSC
suggest that approaches to target leukemic versus pre-
leukemic stem cell expansion are likely to be different.
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Figure 6. Schematic summarizing the effect of K-RasG12D on pre-leukemic
hematopoietic stem cells (HSC). HSC that acquire Aml1-ETO gain a competitive
advantage, leading to an expansion in HSC number. Acquisition of K-RasG12D
and Aml1-ETO concurrently leads to HSC depletion. It remains to be determined
whether sequential acquisition of Aml1-ETO followed-by K-RasG12D might sup-
port development of leukemia. As this was not tested in the current study, this
is depicted as a dotted arrow. 
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