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Abstract

Mutations in the NPM1 gene (NPMc+) and in the FLT3 gene (FLT3-ITD) represent the most frequent co-occurring mutations 
in acute myeloid leukemia (AML), yet the cellular and molecular mechanisms of their co-operation remain largely unexplored. 
Using mouse models that faithfully recapitulate human AML, we investigated the impact of these oncogenes on pre-leuke-
mic and leukemic hematopoietic stem cells (HSC), both separately and in combination. While both NPMc+ and Flt3-ITD 
promote the proliferation of pre-leukemia HSC, only NPMc+ drives extended self-renewal by preventing the depletion of the 
quiescent HSC pool. Quiescent HSC have a dynamic equilibrium between dormant and active states, which respectively 
support self-renewal and regenerative hematopoiesis. Transcriptional profiling of these dormant and active states revealed 
that not only does NPMc+ stimulate the transition from dormancy to activity, but it also reinforces the dormant state, there-
by ensuring the replenishment of dormant HSC. Intriguingly, the co-expression of NPMc+ and Flt3-ITD engenders a novel 
phenotypic state within quiescent HSC, whereby dormancy and activity co-exist within a single cell. We posit that this 
unique state fuels the in vivo expansion of self-renewing HSC and facilitates the rapid selection of leukemia-initiating cells. 
Pharmacological inhibition of the dormancy-related TGFβ1 pathway effectively reduces the self-renewal capacity of leukemia 
stem cells and extends survival in our mouse models. Collectively, these findings demonstrate that enforcement of HSC 
dormancy is a critical determinant of unrestricted self-renewal during leukemogenesis and, as such, represents a compel-
ling target for the development of novel anti-leukemic therapies.

Introduction

Acute myeloid leukemia (AML) progression is driven by the 
accumulation of multiple genetic mutations (typically 2-6 
recurrent mutations). These mutations confer different 
adaptive phenotypes to the affected cells, leading to clonal 
evolution and to increasing disease severity.1 Mutations in the 
nucleophosmin gene (NPMc+) are the most frequent genetic 
alterations in AML (approx. 30%) and frequently co-occur with 
mutations in FLT3 (FLT3-ITD) and/or DNMT3A (DNMT3Amut) 
genes, suggesting co-operation among these mutations. This 
hypothesis is supported by studies using transgenic mice 
expressing double or triple mutant combinations.2-4

In patients, the prognosis for NPM1c+/FLT3-ITD double-mu-
tant AML remains poor, highlighting the urgent need for new 
therapeutic strategies. However, the individual contributions 
of NPMc+ and FLT3-ITD to AML development, as well the 
cellular and molecular mechanisms underlying their co-op-
eration, remain unclear. 
Clonal hematopoiesis (CHIP), characterized by somatic mu-
tations in the peripheral blood (PB) of healthy people,5 has 
provided insights into AML clonal evolution. In AML with 
CHIP carrying mutations of both NPM1 and DNMT3A, NPMc+ 
is never found in T lymphocytes. However, in approximately 
50% of cases, NPMc+ is present in myelo-lymphoid and/or 
granulocyte-monocyte progenitors.6 Consistently, expression 
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of NPMc+ in mouse myeloid progenitors, alone or with Dnmt-
3Amut, induces extended self-renewal and hematopoietic stem 
cell (HSC) reprogramming, establishing an HSC / progenitor 
pre-leukemic population that eventually evolves into overt 
leukemia.7 NPM1 mutations typically arise in de novo AML, 
often within the dominant leukemic clone alongside other 
sub-clonal mutations, such as FLT3-ITD,8,9  and persist at 
relapse in approximately 90% of patients,10 suggesting that 
they have a crucial role in establishing the fully transformed 
leukemia phenotype (AML-founding mutations). Although 
NPM1 mutated AML were  recognized as a distinct genetic 
entity in the revised World Health Organization classification, 
patients with NPMc+ exhibit heterogeneity in co-mutation 
patterns, prognosis, and treatment response.11 
Transcriptional profiling of a large cohort of NPMc+ AML 
identified two major subtypes:  committed or primitive. 
The committed subtype, associated with better survival, is 
enriched in DNMT3A mutations, while the primitive subtype, 
linked to worse survival, is enriched in FLT3-ITD mutations, 
stem / progenitor genes and stem / progenitor-like cells. 
Notably, NPMc+ has been observed in HSC-enriched CD34+  

cells,12 myeloid, monocytic, erythroid and megakaryocytic 
cells in the bone marrow (BM) of NPMc+ AML patients,13 
in the peripheral blood (PB) of pre-leukemic individuals,14 

and in the pre-leukemic HSC.15 These findings suggest that 
NPMc+ may target different cell compartments (progenitors 
or HSC) depending on the clonal development trajectories 
(CHIP or de novo AML) or the specific co-occurring mutations 
(DNMT3A or FLT3-ITD). Recent studies have explored how 
various AML-associated mutations influence the biology 
of hematopoietic cells during the pre-leukemic phase,16,17 

aiming to uncover underlying oncogenic mechanisms that 
could drive the development of new therapeutic strategies. 
Here we demonstrate that the role of NPMc+ in sustaining 
HSC quiescence through the modulation of dormant and 
active state of quiescent HSC is critical for the extended 
self-renewal in pre-leukemic HSC. We also describe the 
functional effects of NPMc+/FLT3-ITD co-operation during 
AML initiation and growth.

Methods

Mice and treatments
The conditional NPM1c+ 2 (NPMc+) and conditional Rosa26-EYGF18 
(YFP) strains were crossed to obtain NPM1c+/YFP and control 
YFP mice. YFP and/or NPMc+ expression in vitro was achieved 
treating BM mononuclear cells (BM-MNC) with recombinant 
TAT-CRE, as previously reported.2 
NPMc+/YFP and control YFP mice were crossed with CreERT 19 

(hereafter CRE) to obtain NPMc+/YFP/CRE or YFP/CRE control 
mice. Mice were intraperitoneally (i.p.) injected with 1 mg 
4-OH-tamoxifen (Sigma) daily for seven days to induce NPMc+ 
and/or YFP expression. YFP+ BM-MNC were FACS-sorted for 
the self-renewal assay (as described below).

NPMc+ mice were crossed with MxCre mice20 (hereafter re-
ferred to as Mx) and a mouse strain carrying the Flt3-ITD 
knocked-in mutation (Flt3+/ITD mice;21 hereafter referred to 
as Flt3-ITD) to generate Mx, NPMc+/Mx, Flt3-ITD/Mx,and 
NPMc+/ Flt3-ITD/Mx mice. To induce NPMc+ expression, 
animals were injected every other day for ten days with 
poly(I)-poly(C) (250 μg) (GE Healthcare). Mice were analyzed 
21 days post pIpC treatment. 150 mg/kg of 5-Fluorouracil 
(5-FU) was administered i.p. every seven days.
Acute myeloid leukemia-transplanted mice were ad-
ministered the TGFβR-I inhibitor LY_364947 (Selleckem) 
at 10 mg/kg every other day. For the proliferation assay, 
5-Bromodeoxy-uridine (BrdU, BD Bioscience) was admin-
istered i.p. (1 mg/mouse) twice every 6 hours (hr) and 
mice were analyzed 12 hr after the first injection. The 
BrdU Label-Retaining Cell assay (LRA) was performed as 
previously described.22

All mice were euthanized by inhalation of high concentrations 
of CO2. Eight- to 12-week-old mice were used throughout the 
study. All animals were inbred and animal procedures were 
performed in accordance with Italian Legislation (project 
identification: 825/202-PR and 1129/2015-PR). 

Purification of hematopoietic stem cells and flow 
cytometer analyses
Bone marrow-mononuclear cells were stained for FACS 
analysis with the following antibodies (purchased from 
Bioscence): CD11b (PE-CY7) M1/70 clone, Ly-6G (PE-CY7) 
RB6-8C5 clone, Ter-119 (PE-CY7) Ter-119 clone, CD3e (PE-
CY7) 145-2C11 clone, CD45R (PE-Cy7) RA3-6B2 clone, Ly-
6A/E (PerCP-CY5.5) D7 clone, cKit (APC-eFluor780) 2B8 
clone, FLK (PE) A2F10 clone, CD34 (FITC/biotinilated) RAM34 
clone, streptavidin (eFluor450), CD45.1 (PE/FITC/APC) A20 
clone, CD45.2 (PE/FITC/APC) 104 clone. 
For intracellular immune-staining, BM-MNC were fixed 
in Cytofix/CytopermTM buffer and stained with anti-Ki67 
(Alexafluor 647 conjugated, clone 16A8; Biolegend) and 
dye Hoechst 33342 (Sigma-Aldrich). For BrDU staining, 
cells were treated with DNAse (150 μg/mL) and then in-
cubated with an anti-BrdU antibody (APC BrdU Flow kit, 
BD; dilution 1:100 in 1x Perm/Wash buffer). 

Transplantation assays
In the competitive setting, 1x106 of CD45.2+ cells were mixed 
with 1x106 competitive wild-type CD45.1+ BM-MNC and intra-
venously (i.v.) injected into lethally irradiated CD45.1+ mice. 
Percentage of CD45.1+ and CD45.2+ was evaluated in the 
PB-MNC for up to four months. 
In limiting dilution experiments, different amounts of YFP or 
NPMc+/YFP cells were mixed with 500,000 CD45.1 BM cells 
and injected i.v. in lethally irradiated recipients. Engrafted 
mice had ≥0.1% of YFP+ cells in the PB four months post 
bone marrow transplantation (BMT). The frequency of LT-
HSC was calculated with ELDA software (http://bioinf.wehi.
edu.au/software/elda). 
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Immunofluorescence 
Bone marrow-mononuclear cells or FACS-sorted LKS cells 
were fixed and stained with the anti-NPMc+ antibody (rabbit 
polyclonal made in house) followed by secondary antibody 
(Alexa488 Fluor® or Alexa647 Fluor®), and counterstained 
with DAPI. For quantification, images were collected with 
an Olympus BX61 microscope controlled by image screening 
Scan^R software. The analysis was carried out by exploiting 
the A.M.I.CO. computational platform.23

Bioinformatic analyses 
A detailed description of the bioinformatic analyses is re-
ported in the Online Supplementary Methods.

Results

NPMc+ increases hematopoietic stem cell proliferation 
and self-renewal 
To investigate the effects of NPMc+ on HSC, we used trans-
genic mice carrying a conditional loxP-flanked allele of the 
NPMc+ human cDNA inserted in the Hprt  locus.2 To follow 
the expression of the NPMc+ transgene in vivo, NPMc+ mice 
were crossed with a syngeneic strain carrying a loxP-flanked 
Rosa26-EYGF allele18 (hereafter referred to as NPMc+/YFP 
and YFP, respectively). BM-MNC isolated from NPMc+/YFP or 
control YFP mice were treated in vitro with the recombinant 
TAT-CRE protein and FACS-sorted to separate YFP+ and YFP- 
subpopulations. Cells expressing NPMc+ were present only 
in the YFP+ population of NPMc+/YFP mice (Figure 1A, B). 
To examine their repopulating capacity, equal numbers 
(1x106) of YFP+ BM-MNC were co-transplanted into congenic 
(CD45.1+) mice along with CD45.1 BM-MNCs (1:1 ratio). At all 
time points, mice reconstituted with NPMc+/YFP cells showed 
significantly higher proportions of donor white blood cell 
(WBC) count (Figure 1C), demonstrating that NPMc+ confers 
higher BM repopulating potential. 
We then investigated cell composition and cell cycle prop-
erties of the BM LSK cell population (Lin-, Sca+, c-Kit+), 
composed of long-term HSC (LT-HSC; CD34- and FLK3-), 
short-term HSC (ST-HSC; CD34+  and FLK3-), and multi-potent 
progenitors (MPP; CD34+  and FLK3+). Mice were transplanted 
with NPMc+/YFP+ or YFP+ BM-MNC and, four months after 
BMT, they were injected with a short-pulse of BrdU prior to 
BM recovery and FACS analysis. The NPMc+/YFP+ BM cells 
showed a significant expansion, in terms of both numbers 
and percentages, of LSK, LT- and ST-HSC (Figure 1D, E, 
and F, left panel). Instead, MPP number was unchanged 
and their frequency decreased accordingly (Figure 1F, right 
panel). Consistently, the in vivo BrdU incorporation assay 
showed a marked increase in proliferating NPMc+/YFP LSK, 
LT-HSC and ST-HSC and, to a lesser extent, MPP (Online 
Supplementary Figure S1A). No differences were observed 
in the frequency of apoptotic cells (Online Supplementary 
Figure S1B). To compare our data with previous studies,24,25 

we analyzed our model using the SLAM markers (see On-
line Supplementary Figure S1C for the FACS gating strategy) 
and found the same numbers and a slightly decreased per-
centage of LSK/CD150+/CD48- HSC, as previously reported 
(Online Supplementary Figure S1D, upper panels). However, 
introducing the CD34 marker, which distinguishes HSC with 
long-term self-renewal (CD34- HSC) from early multipotent 
progenitors (CD34+ MPP1),22 showed increased numbers and 
frequency of CD34- HSC (Online Supplementary Figure S1D, 
lower panels), thus confirming the expansion of LT-HSC 
induced by NPMc+. 
We next sought to investigate in vivo self-renewal by mea-
suring numbers of donor-derived LT-HSC collected from 
recipient mice after transplantation of equal numbers of 
LT-HSC (see experimental scheme in Figure 2A). Unfortu-
nately, in vitro culturing of NPMc+/YFP BM-MNC with cyto-
kines modulates the expression of lineage markers on HSC,26 
thereby precluding FACS sorting of LT-HSC. Therefore, we 
crossed the NPMc+/YFP mice with the CMV-CreERT strain19 
to generate NPMc+/YFP/CRE and YFP/CRE (control) animals, 
enabling rapid in vivo induction of NPMc+ and YFP upon 
4-OH-tamoxifen administration. YFP+ BM-MNC were purified 
from NPMc+/YFP/CRE or YFP/CRE mice and injected into 
lethally irradiated syngeneic mice (BM inputs). Although 
before transplantation the numbers of donor LT-HSC were 
comparable in the NPMc+/YFP/CRE and YFP/CRE samples 
injected (P=0.15) (Figure 2B), animals transplanted with 
NPMc+/YFP/CRE cells showed a significantly higher number 
of LT-HSC at four months after transplantation (P=0.0003) 
(Figure 1B) and, accordingly, a significantly higher self-re-
newal quotient27 (P=0.01) (Figure 1C). To investigate whether 
expanded NPMc+ HSC preserve their repopulating abilities, 
we performed a limiting dilution transplantation experiment. 
The  NPMc+/YFP/CRE BM-MNC (collected 4 months after BMT) 
exhibited a significantly higher HSC frequency, evaluated 
as competitive repopulating units (CRU) by ELDA software 
analysis,28 as compared to YFP/CRE BM-MNC (Figure 1D). 
This functionally confirmed in vivo that NPMc+ expression 
increases HSC self-renewal and that the expanded pool of 
NPMc+ HSC is fully competent in repopulating mouse BM 
upon secondary transplantation.  

NPMc+-induced increase in proliferation does not reduce 
the pool of quiescent hematopoietic stem cells 
Recruitment of HSC into the cell cycle is associated with a 
reduction in quiescent HSC and progressive HSC exhaus-
tion. Therefore, we evaluated the effect of NPMc+ on LT-
HSC quiescence using combined analysis of DNA content 
and expression of the Ki67 proliferation-associated antigen 
(Figure 3A, left panel). We confirmed an increased fraction 
of cycling NPMc+ LT-HSC in the Ki67+ population (Ki67+/>2N; 
S/G2/M population) (Figure 3A, middle panel). Importantly, the 
percentage of quiescent LT-HSC (G0 cells) was maintained 
at control levels (Figure 3A, middle panel). However, as the 
total number of LT-HSC is expanded in NPMc+ BM (Figure 
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Figure 1. NPM1c+ expression promotes pre-leukemic hematopoietic stem cell expansion. (A) Western Blot analysis of NPMc+ ex-
pression in the YFP+ (Y+) and YFP- (Y-) fractions after FACS sorting of bone marrow-mononuclear cells (BM-MNC) isolated from 
NPMc+/YFP and YFP mice and treated in vitro with the TAT-CRE. Lysates from the OCI-AML3 NPMc+ cell line were used as positive 
control. Actin was used as a loading control. (B) (Left) Representative confocal images of anti-NPMc+ immunofluorescence anal-
yses performed on YFP+ cells sorted from NPMc+/YFP and YFP mice. Blue: DAPI; green: YFP; red: NPMc+ (original magnification 
x256, scale bar 10 μm). (Right) Percentage of NPMc+ cells within the YFP+ sorted population. (C) Competitive bone marrow trans-
plant (BMT, 1:1 ratio): percentage of CD45.2+ donor-derived YFP+ cells in the peripheral blood (PB) of transplanted mice at the 
indicated time points. N=3-5 mice per cohort, graph representative of one of 3 independent experiments (*P<0.05).  (D) Repre-
sentative FACS gating schemes for the analysis of different hematopoietic populations in the BM of YFP and NPMc+/YFP animals. 
(Left) Gating of the LSK (c-Kit+, Sca-1+, Lin-) population within lineage negative cells. (Right) Gating of long-term hematopoietic 
stem cells (LT-HSC) (Lin-, Sca-1+, cKit+, CD34-, FLK-), short-term HSC (ST-HSC) (Lin-, Sca1+, cKit+, CD34+, FLK-), and multi-potent 
progenitors (MPP) (Lin-, Sca1+, cKit+, CD34+, FLK+) within LKS cells. (E and F) Quantification of the subpopulation depicted in (D): 
numbers (per million of BM-MNC, left panels) and percentages (right panels) of LSK in the Lin- population (E, left panel) and LT-
HSC (E, right panel). ST-HSC (F, left panel) and MPP (F, right panel) in the LSK population, determined by FACS analyses in NPMc+/
YFP and YFP BM-MNC. N=3-5 mice per cohort; graph representative of one of 4 independent experiments (*P<0.05).
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E
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1F), the absolute number of G0 HSC was also proportionally 
expanded in the total BM-MNC count (Figure 3A, right panel). 
The BrdU-based pulse-chasing Labeling Retaining Assay22 

(LRA) (Figure 3B, top panel) confirmed the expanded number 
of quiescent, label-retaining BrdU+ LT-HSC in the presence 
of NPMc+ expression (Figure 3B, bottom panel). Furthermore, 
mice reconstituted with NPMc+/YFP were significantly more 
resistant to 5-FU treatment than control YFP mice (Figure 
3C), demonstrating that quiescent NPMc+ HSC are function-
ally competent in supporting hematopoiesis.

Collectively, these data show that NPMc+ expression exerts a 
dual effect on LT-HSC: it induces proliferation and expansion 
and, simultaneously, maintains quiescence by preserving 
self-renewal potential.  

In NPMc+/ FLT3-ITD co-expressing hematopoietic stem 
cells, NPMc+ preserves quiescence and prevents 
exhaustion  
It has been shown that Flt3-ITD expressing LT-HSC hy-
per-proliferate, are reduced in number and exhibit impaired 

Figure 2. NPM1c+ expression promotes pre-leukemic hematopoietic stem cell self-renewal. (A) Self-Renewal assay and limiting 
number bone marrow transplantation (BMT) experimental scheme: YFP/CRE and NPMc+/CRE/YFP recombined bone marrow-mono-
nuclear cells (BM-MNC) have been FACS-analyzed, sorted, and transplanted in recipient mice. After four months (mth), the BM 
has been collected, FACS-analyzed, and re-transplanted in a limiting dilution assay. (B) Number of long-term hematopoietic stem 
cells (LT-HSC) in one million BM-MNC derived from 4-OH-tamoxifen (4-OHT)-treated NPMc+/YFP and YFP mice, before (Input) and 
4 mth after BMT. N=5 mice per cohort, graph representative of one of 2 independent experiments (*P<0.05). (C) Self-renewal 
quotient calculated as the ratio between the number of donor LT-HSC in the total BM of recipient mice at 4 mth post BMT, and 
the numbers of transplanted LT-HSC (*P<0.05). (D) Limiting BMT assay using different amounts of YFP+ FACS-sorted BM-MNC 
from NPM1c+/YFP or YFP mice (4 mth after the first BMT). Engrafted animals are defined as recipients with >0.1% donor-derived 
PB cells, 4 mth post BMT. The frequency of functional HSC (Competitive Repopulation Units, CRU) was calculated with the ELDA 
software. Mean±Standard Deviation values are shown. Unpaired Student t test has been applied and significant P values are re-
ported. d: days.
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self-renewal,29 suggesting progressive exhaustion of the 
HSC pool due to constitutive proliferative / differentiative 
signals delivered by Flt3-ITD. Flt3-ITD knock-in mice do 
not develop AML29,30 unless they are crossed with animals 
carrying a co-operative mutation, such as NPMc+. Therefore, 
we investigated whether co-expression of NPMc+ could 
rescue the defective Flt3-ITD HSC phenotype. To generate 
NPMc+/Flt3-ITD compound mice, we first crossed our NP-
Mc+ mice with MxCre mice,20 and then with a mouse strain 
carrying the Flt3-ITD knock-in mutation (Flt3+/ITD mice21). The 
resulting NPMc+/MxCre (hereafter referred to as NPMc+/Mx) 
and NPMc+/Flt3+/ITD/MxCre (hereafter referred to as NPMc+/
Flt3-ITD/Mx) mice were treated with pIpC to induce NPMc+ 
expression, while pIpC-treated Mx and Flt3-ITD/Mx animals 
served as controls.
Ten days after in vivo pIpC treatment, NPMc+ was expressed 
in most PB WBC (Online Supplementary Figure S2A, B) and 

LSK cells of both NPMc+/Mx and NPMc+/Flt3-ITD/Mx mice 
(Online Supplementary Figure S2C). As previously reported, 
NPMc+/Flt3-ITD/Mx mice developed a fully penetrant AML 
with a short latency (median, 69 days) (Online Supplementary 
Figure S2D). Numbers of HSC and early progenitors were 
measured three weeks after pIpC treatment. LT-HSC were 
increased in the NPMc+/Mx mice, significantly reduced in 
the Flt3-ITD/Mx, as previously reported,29 and, strikingly, 
were rescued by the expression of NPMc+ in the NPMc+/
Flt3-ITD/Mx mice (Figure 4A). Moreover, NPMc+/Flt3-ITD/
Mx mice showed significant expansion of ST-HSC, MPP and 
LSK numbers in the BM as compared to Flt3-ITD/Mx ani-
mals (Figure 4A). Ki67-negative LT-HSC were expanded in 
the NPMc+/Mx mice, dramatically reduced in the Flt3-ITD/
Mx mice, and re-expanded in the NPMc+/Flt3-ITD/Mx to 
an extent comparable to control Mx mice (P=0.09) (Fig-
ure 4B). Using a ‘shortened’ LRA protocol (see Figure 4C, 

Figure 3. NPM1c+ expression pre-
serves hematopoietic stem cell qui-
escence. (A) (Left) Representative 
plots showing the FACS gating strat-
egy for the cell cycle analysis of 
long-term HSC (LT-HSC), based on 
Hoechst/Ki67 double staining. (Mid-
dle) Percentage of LT-HSC in the 
different cell-cycle phases deter-
mined by FACS analyses. N=4 ani-
mal/group (*P<0.05). (Right) Num-
bers (per million of bone 
marrow-mononuclear cells, BM-
MNC) of quiescent (G0) LT-HSC in 
the same animal cohorts. (B) (Top) 
Schematic representation of the 
experimental approach to quantitate 
BrdU+ label retaining cells (LRC). 
(Bottom) Numbers of 5-Bromode-
oxy-uridine (BrdU)+ LR LT-HSC per 
million of BM-MNC detected at the 
end of the chase period. N=4 ani-
mals/group, graph representative of 
one of 2 independent experiments 
(*P<0.05). (C) Kaplan-Meyer surviv-
al curve of YFP and NPMc+/YFP mice 
weekly treated with 5-fluorouracil 
(5-FU; N=8 animals per cohort, 
graph representative of one of 2 
independent experiments). Report-
ed P value was calculated with the 
log rank test. mth: months.
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top panel for experimental design), we further observed 
a significantly decreased number of quiescent/slowly 
replicating BrdU+ LT-HSC in the Flt3-ITD/Mx sample (Fig-
ure 4C, bottom left panel), consistent with the reported 
ability of Flt3-ITD to increase HSC proliferation.29 Notably, 
co-expression of NPMc+ restored the number of BrdU+ 
LT-HSC to control levels (Figure 4C, bottom left panel). 
When considering the percentage of BrdU+ cells within the 

LT-HSC compartment, we again observed no variation in 
NPMc+/Mx mice (Figure 4B, top panel) and a significant 
decrease in Flt3-ITD/Mx mice that was rescued by NPMc+ 
co-expression (Figure 4C, bottom right and middle panels 
as representative results). 
These data demonstrate that NPMc+ co-expression preserves 
quiescence and numbers of Flt3-ITD HSC, thus preventing 
their functional exhaustion.

Figure 4. NPMc+ expression re-
stores numbers of total and qui-
escent long-term hematopoiet-
ic stem cells in Flt3-ITD mice. 
(A) Numbers of hematopoietic 
stem cells (HSC) / progenitors 
per million / bone marrow-mono-
nuclear cells (BM-MNC) in Mx, 
NPMc+/Mx, Flt3-ITD/Mx and NP-
Mc+/Flt3-ITD/Mx mice. Pool of 3 
independent experiments 
(*P<0.05). (B) Cell cycle analysis 
by Hoechst/Ki67 staining: num-
bers per million of BM-MNC of 
quiescent (G0_2N/Ki67-) long-
term HSC (LT-HSC). N=12 animal 
per cohort; pool of 4 independent 
experiments. (C) (Top) Experi-
mental scheme of the 5-Bro-
modeoxy-uridine (BrdU) 
pulse-chasing retaining assay. 
(Middle) Gating strategy for the 
analyses of the BrdU retaining 
LT-HSC after 16 days of chasing. 
(Bottom) Numbers per million of 
BM-MNC (left) and percentages 
within the HSC compartment 
(right) of BrdU+ LT-HSC in NPMc+/
Mx (N=5), Flt3-ITD/Mx (N=5), NP-
Mc+/Flt3-ITD/Mx (N=6), and con-
trol Mx-CRE (N=5) mice (*P<0.05).
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NPMc+ enforces the quiescence transcriptional program 
in Flt3-ITD hematopoietic stem cells 
We then investigated if the biological effects of NPMc+ on 
HSC quiescence correlate with the activation of specific 
transcriptional programs. Gene expression analyses (by 
Affymetrix GeneChip) of NPMc+/YFP+ versus YFP+ LT-HSC 
showed upregulation of HoxA genes (Figure 5A), which are 
critical NPMc+ targets and a hallmark of NPMc+ AML. Gene 
Set Enrichment Analysis (GSEA) of differentially expressed 
genes (DEG) (Online Supplementary Table S1A) showed en-

richment in NPMc+ LT-HSC of transcriptional programs spe-
cific to HSC (Online Supplementary Figure S3A, B), NPMc+ 
or rMLL AML (Online Supplementary Figure S3C-E), and LSC 
(Online Supplementary Figure S3F). Most notably, we also 
found significant enrichment of genes up-regulated in qui-
escent HSC31 (Figure 5B) and upregulation of genes involved 
in HSC self-renewal maintenance through the enforcement 
of quiescence (e.g., Mpl, Cdkn1a, Tgfb1, Egr1 and Angpt1)32 
(Figure 5C). 
Gene Set Enrichment Analysis of DEG in Flt3-ITD/Mx versus 

Figure 5. NPM1c+ expression enforces a quiescence transcriptional program. (A and C) Gene-expression analyses of FACS-sorted 
YFP (Y) and NPMc+/YFP (NY) long-term hematopoietic stem cells (LT-HSC). N=4 animals per pool, 3 independent experiments. The 
heatmaps show the Z-scores of normalized expression values of each triplicate for homeobox genes (A) and genes involved in HSC 
quiescence maintenance (C); clustering using Euclidean distance and average linkage. (B and D) Gene set enrichment analysis for 
HSC quiescence- and proliferative-signatures in NPMc+ versus control (B), Flt3-ITD/Mx versus Mx, and NPMc+/Flt3-ITD/Mx versus 
Flt3-ITD/Mx (D) LT-HSC. Normalized enrichment score, P value (P), and false discovery rate (q) are indicated. (E and F) As in (A) and 
(C), for homeobox genes (E) and quiescence genes (F). Each column represents the average value of 2 independent experiments for 
Flt3-ITD/Mx; Mx and NPMc+/Flt3-ITD/Mx samples.
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Mx LT-HSC control animals (Online Supplementary Table S1B) 
showed depletion of quiescence genes and enrichment of 
proliferation genes in the Flt3-ITD/Mx HSC, both rescued 
by NPMc+ co-expression (Figure 5D). Similarly, HSC/LSC ex-
pression signatures were down-regulated by Flt3-ITD and 
rescued by NPMc+ (Online Supplementary Figure S3G, H). At 
single gene level, several of the self-renewal / quiescence 
genes up-regulated by NPMc+ in LT-HSC were markedly 
down-regulated by Flt3-ITD and rescued by NPMc+ (e.g., 
Hoxa5, Hoxa10, Hoxa6, Cdkn1a, Egr1, Smad3, Tgfbr2), while 
others, though not affected by Flt3-ITD, were up-regulated 
in the double mutant LT-HSC (e.g., Hoxa7, Cited2, Cdkn1b, 
Tgfb1) (Figure 5E, F). In conclusion, NPMc+ enforces its tran-
scriptional program in Flt3-ITD/Mx LT-HSC by restoring the 
expression of critical HSC quiescence genes.

NPMc+ supports both dormant and active states of 
quiescent hematopoietic stem cells, and the 
simultaneous expression of dormant and active 
transcriptional programs in the Flt3-ITD hematopoietic 
stem cells 
Quiescent HSC comprise two phenotypically distinct sub-pop-
ulations: i) dormant HSC (dHSC), which divide infrequently 
and possess the highest self-renewal potential; and ii) ac-
tive HSC (aHSC) which, although quiescent, are poised to 
divide and support homeostatic hemopoiesis.22 Notably, HSC 
can dynamically switch between the two phenotypic states 
through a series of transient intermediate cell states.33 We 
sought to investigate whether NPMc+ and Flt3-ITD alter ho-
meostasis of quiescent HSC, interfering with the equilibrium 
between active quiescent and active dormant HSC.
Pooled scRNAseq data from our four samples (10,519 cells 
from Mx, NPMc+/Mx, Flt3-ITD/Mx and NPMc+/Flt3-ITD/Mx; 
see Online Supplementary Methods, Online Supplementary 
Table S2 and Online Supplementary Figure S4A-C for UMAP 
representation and numbers) were ordered along a pseu-
do-temporal trajectory using the MolO dHSC gene signature 
as reference33,34 (Figure 6A, left panel). Consistently, plotting 
normalized mean expression (NME) of the MolO signature 
in the trajectory (Figure 6A, right panel), as well as another 
dHSC-specific signature (Do28) (Online Supplementary Table 
S3A and Online Supplementary Figure S4D), revealed a grad-
ual decrease from left to right. Conversely, aHSC-specific 
(Act152), G1-to-S progression or DNA replication signatures 
showed a progressive increase (Online Supplementary Table 
S3A and Online Supplementary Figure S4D). 
To compare patterns of dHSC/aHSC distribution, we divided 
cells along the pseudo-time trajectory in three consecutive 
groups (Groups 1-3 from left to right; see density plot in 
Online Supplementary Figure S4E), with Group 1 enriched for 
dHSC, Group 3 enriched for aHSC, and Group 2 comprising 
cells transitioning between the two states. We identified 
dormant and active genes differentially expressed among the 
different groups and samples (Online Supplementary Table 
S3B) and plotted their NME values along the pseudo-time 

trajectory of each sample (Figure 6B and C for dormant and 
active genes, respectively). We then established NME cut-
off values for dormant and active genes, above which cells 
were classified as dHSC and aHSC, respectively (Figure 6B-a, 
C-a). Cells below both cut-off values were considered to be 
transiting between the two phenotypic states (trHSC). We 
applied the same thresholds to all four samples (Figure 6B, 
C, panels b, c, and d) and, for each sample, we calculated 
the numbers and frequencies of dHSC, aHSC and trHSC  
(detailed in Online Supplementary Table S3C), as well as 
the mean average expression of dormant and active gene 
signatures (Figure 6D, E).
NPMc+/Mx LT-HSC exhibited increased numbers of aHSC 
(35.4% vs. 15.1% in control cells) and a shift of the pseudo-time 
trajectory toward its right end, as evidenced by the expansion 
of Group 3 aHSC (30% vs. 9.3% in control cells) (Figure 6B, 
C and Online Supplementary Table S3C). This accelerated 
transition toward aHSC correlates with increased expression 
of active genes (Figure 6E), yet it was not accompanied by 
the depletion of Group 1 dHSC (20.2% vs. 18.4% in control 
cells) (Online Supplementary Table S3C), and correlated with 
higher expression of dormant genes (Figure 6D). 
The trajectory of Flt3-ITD/Mx HSC was characterized by a 
marked relocation of dHSC from Group 1 to Group 2 (24.2% vs. 
11.5% in control cells) in the absence of significant variations 
in the total number of dHSC (32.4% vs. 30.1% in control cells).  
aHSC were moderately expanded (19.6% vs. 15% in control 
cells) and showed a mild upregulation of active genes (Figure 
6E). Thus, Flt3-ITD induces irreversible commitment of dHSC 
towards a more active state, which may result in reduced 
self-renewal and progressive exhaustion, as observed in vivo.   
The NPMc+/Flt3-ITD/Mx pseudo-time trajectory showed 
pronounced accumulation of HSC in Group 2 (80.1% vs. 
56% in control cells) (Online Supplementary Table S3C), 
accompanied by a strong depletion of Group 1 dHSC (1.1% 
vs. 18.4% in control cells) and increased numbers of both 
aHSC (49.4% vs. 15.1% in control cells) and dHSC (58.3% vs. 
30.1% in control cells). Virtually all dHSC (>90%) and most 
aHSC (approx. 80%) were localized in Group 2, suggesting 
an overlap of the two phenotypic states at single cell level. 
Indeed, while in Mx, NPMc+/Mx and Flt3-ITD/Mx samples 
the dormant and active states were mutually exclusive, 
NPMc+/Flt3-ITD/Mx HSC showed a high percentage of cells 
displaying, at single cell level, both dormant and active 
states (daHSC; 32% vs. 0.4% in control cells, mainly located 
in Group 2) (Online Supplementary Table S3C). The HSC with 
this ‘new’, intermediate phenotypic state were character-
ized by increased expression of both dormant and active 
genes, as compared to control LT-HSC (Figure 6D, E) and, 
remarkably, higher expression of dormant genes also when 
compared to dHSC in the same sample (Figure 6D). These 
data demonstrate that the NPMc+ and Flt3-ITD co-operation 
results in the integration of their pathogenic signals within a 
new HSC phenotypic state that can, in principle, proliferate 
without losing its self-renewal potential.
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Figure 6. NPMc+ expression promotes hematopoietic stem cell dormancy. (A) (Left) Pseudo-time trajectory of pooled scRNA seq 
data (Mx, NPMc+/Mx, Flt3-ITD/Mx, NPMc+/Flt3-ITD/Mx) depicting the transition from the dormant to the active state of long-term 
hematopoietic stem cells (LT-HSC); pseudo-time progression is represented by the color-code dark (dormant) to light (active) 
blue. (Right) Color-coded normalized mean expression (NME) of the MoLO gene-signature along the pseudo-time trajectory. High 
MoLO expression (light blue) defined dormant state while low MoLO expression (dark blue) defined the active state. (B and C) 
Scatter plots of NME values of dormant (B) and active (C) genes by pseudo-time in the four samples (sig_Do and sig_Act gene-
lists; Online Supplementary Table S2B). Colored lines are polynomial fit of data and depict the trend of the NME of each signature 
in each sample. (B-a and C-a) Horizontal dotted line defines the 99th percentile of the NME distribution of Mx cells in Groups 3 
and 1, respectively. Cells above the thresholds are dormant HSC (dHSC) (B) or active HSC (aHSC) (C) and are framed by semi-trans-
parent colored squares, based on group definition. (D and E) Combination of violin and overlaid box plots represent the NME 
distributions of: sig_Do genes (D) or sig_Act genes (E) in the dHSC or aHSC, respectively, of all samples (only for the NPMc+/Flt3-
ITD/Mx sample dHSC, aHSC and daHSC are depicted separately). Statistical significance was tested with one-tailed Wilcoxon rank 
sum test (*P<0.05; **P<10-4; ***P<10-10).
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In NPMc+/Flt3-ITD acute myeloid leukemia, 
pharmacological inhibition of the dormancy-related 
TGFββ pathway reduces leukemia stem cell self-renewal 
To investigate the functional role of dormancy in self-re-
newal regulation of leukemia stem cells (LSC), we focused 
on TGFβ1, a known promoter of cellular dormancy,35 and 
an actionable gene up-regulated in WT and Flt3-ITD/Mx 
LT-HSC by the expression of NPMc+. Consistently, TGFβ 
signaling is activated in these cells (Figure 7A, B). We 
examined the effect of TGFβ1 inhibition on self-renewal 
of LSC by assessing the repopulating potential of murine 
NPMc+/Flt3-ITD leukemic cells following in vivo treatment 
with the TGFβR-I inhibitor LY364947 (see Figure 7C for 
experimental design). Engraftment levels at 10-15 days 
post transplantation were comparable between animals 
transplanted with inhibitor-treated and untreated blasts. 
However, from 30 days post transplantation onwards, 
mice injected with LY364947-treated blasts showed a 
progressive decline in PB blast counts (Figure 7D), ulti-
mately leading to improved mouse survival (P<0.01) (see 
Figure 7E and Online Supplementary Figure S5B and C 
for an independent NPMc+/Flt3-ITD AML experiment). 
Importantly, LY364947 treatment also significantly pro-
longed survival in mice with established NPMc+/Flt3-ITD 
leukemia (Online Supplementary Figure S5A). Analysis of 
a published scRNAseq dataset of 16 AML patients with 
defined genotypes,36 in which the authors have distin-
guished LSC-enriched (HSC-like) and progenitor-like 
(prog-like) blast subpopulations,37 revealed higher TGFβ1 
expression in the HSC-like population as compared to 
the prog-like population across all 16 samples (Figure 7F, 
left panel). This difference was observed in both NPMc+ 
(middle panel) and NPM-wild-type (right panel) samples.
To explore the clinical relevance of these findings, we 
assessed the impact of TGFβ1 expression on overall sur-
vival (OS) and cumulative incidence of relapse (CIR) in 
200 AML patients from The Cancer Genome Atlas (TCGA) 
cohort. The optimal TGFβ1 expression cutoff for predicting 
OS was determined by ROC analyses using clinical and 
RNAseq data from 173 AML samples (Online Supplemen-
tary Figure S5D). Patients with high TGFβ1 expression 
(N=52) showed significantly shorter OS (P<0.0001) and 
higher CIR (P<0.007) as compared to patients with low 
TGFβ1 expression (N=121) (Figure 7G). Crucially, Cox mul-
tiple-regression analyses demonstrated that high TGFβ1 
expression is an independent predictor of both OS and 
CIR, even when accounting for well-established prognos-
tic factors, including age, WBC counts, and risk classes 
(Hazard Ratio 1.88, 95% CI: 1.27-2.80, P=0.002) (Online 
Supplementary Table S4A, B). 
Gene set enrichment analysis of differentially expressed 
genes between TGFβ1-high versus TGFβ1-low AML samples 
(Online Supplementary Table S5) showed enrichment of 
TGFβ (Online Supplementary Figure S5E), NPMc+ leukemia 
(Online Supplementary Figure S5F), and dormancy (MolO 

and Do28) (Online Supplementary Figure S5G) transcrip-
tional programs in the TGFβ1-high group. Conversely, no 
enrichment was observed for the aHSC gene signature 
Act166 (Online Supplementary Figure S5G). Analysis of 
high/low TGFβ1 expression across different cytogenetic 
and molecular types of AML suggested a trend toward 
an association between high TGFβ1 expression and NPM1 
mutations (Online Supplementary Table S4C). However, 
high TGFβ1 expression was also observed in other mo-
lecular types, including AML with complex karyotypes, 
recurrent translocations, or FLT3 mutations, indicating 
that increased TGFβ signaling and enhanced dormancy 
programs may be a general characteristic of poor prog-
nosis AML. 

Discussion

We investigated cell cycle and self-renewal properties 
of pre-leukemic and LSC expressing NPMc+ and/or Flt3-
ITD, the most frequent co-occurring mutations in AML 
patients. Our findings demonstrate that NPMc+ expression 
exerts both transcriptional and functional effects on the 
HSC compartment. HSC expressing NPMc+ were increased 
in numbers, displayed higher BM repopulating potential, 
and increased in vivo self-renewal ability. This strongly 
supports the notion that NPMc+ confers a pre-leukemic 
phenotype in HSC, consistent with previous observations 
in de novo AML, where NPM1 mutations are frequently 
associated with a stem-like phenotype11 and can be found 
in the residual pre-leukemic HSC.15 Therefore, NPMc+ 
might be critical for establishing a pre-leukemic state, by 
imposing aberrant self-renewal in either myeloid progen-
itors or HSC, depending on the specific AML development 
trajectory and associated co-mutations. Recognizing the 
specific contribution of NPMc+ in AML development could 
have significant implications for patient prognostication 
and treatment as previously demonstrated, in preclinical 
and clinical models, for the r-MLL AML.38 

We demonstrated that NPMc+ promotes HSC self-re-
newal by enforcing a quiescence program. Furthermore, 
NPMc+ imposes its transcriptional program on Flt3-ITD 
HSC, restoring the quiescent HSC pool and rescuing the 
hyper-proliferative phenotype of Flt3-ITD HSC. These 
findings support a model wherein oncogene-induced 
chronic hyperproliferation impairs HSC self-renewal un-
less accompanied by signals that increase quiescence 
(such as those provided by NPMc+ in our model). This 
concurrent increase in quiescence allows these mutations 
to be selected and to express their oncogenic potential.  
We further investigated the integration and co-operation 
of oncogenic signals from NPMc+ and Flt3-ITD in HSC by 
analyzing their respective impacts on the dormant versus 
active states of quiescent HSC. To our knowledge, this is 
the first study that investigates whether and how gene 
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Figure 7. Pharmacological inhibition of the TGFββ pathway affects NPMc+/Flt3-ITD leukemic stem cell maintenance. (A and B) Gene 
set enrichment analysis enrichment plots for the TGFβ signature41 in NPMc+/YFP long-term-hematopoietic stem cells (LT-HSC) versus 
YFP LT-HSC (A) or Flt3-ITD/Mx versus Mx LT-HSC and NPMc+/Flt3-ITD/Mx versus Flt3-ITD/Mx LT-HSC (B). Normalized enrichment score 
(NES), P value by log rank test, and false discovery rate (q) are indicated. (C) Experimental scheme: mice transplanted with a NPMc+/
Flt3-ITD acute myeloid leukemia (AML) blasts were treated with LY364947 or vehicle every other day for 16 days. At the end of the 
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mutations involved in myeloid malignancies disrupt this 
equilibrium. We demonstrated that NPMc+ both stimulates 
the transition from dormant to active HSC states, and 
promotes the re-entering of active HSC into dormancy 
by enforcing the dormancy transcriptional program. This 
dual action replenishes the dHSC pool and prevents 
self-renewal exhaustion. In contrast, Flt3-ITD induces an 
irreversible commitment of dHSC toward a more active 
state. This effect of Flt3-ITD, in co-operation with the 
enforced dormant and active states induced by NPMc+, 
creates a new, intermediate phenotypic status where 
dormant and active states co-exist within individual cells 
(daHSC). We propose that this novel state allows dormant/
active NPMc+/Flt3-ITD HSC to proliferate indefinitely and 
to accumulate further genetic alterations, facilitating the 
rapid selection of leukemia-initiating stem cells. This 
strong NPMc+/Flt3-ITD co-operation at transcriptional 
level is underpinned by extensive, genome-wide epigen-
etic rewiring, as reported.16 
Finally, we demonstrated that pharmacological inhibition 
of a dormancy-related pathway significantly reduces 
LSC self-renewal in the context of the fully established 
leukemic phenotype. Specifically, targeting TGFβ1, a dor-
mancy-related gene up-regulated by NPMc+, significantly 
reduced the repopulating activity of transplanted NPMc+/
Flt3-ITD murine AML and prolonged mouse survival. This 
suggests that dormancy-related signals are essential for 
LSC extended self-renewal and leukemia progression, 
raising the possibility that targeting these pathways could 
prevent the emergence of drug-resistant cells during 
primary treatment or the expansion of minimal residual 
disease after therapy. Notably, we found that high TGFβ1 
expression is an independent predictor of OS and relapse 
incidence in AML patients across various molecular sub-
types, including those without NPMc+ mutation, suggesting 
that enforced HSC dormancy may be a common feature of 
AML with poor prognosis and could be induced by other 
AML-associated mutations, as previously observed for 
the AML-associated mutation NRASG12D.39 
In conclusion, our data suggest that increased TGFβ1 
expression and enforced dormancy are general charac-
teristics of poor prognosis AML. While our study mainly 
utilizes preclinical models and the results collected 

with patient data are preliminary, further investigation, 
both in preclinical and clinical contexts, is warranted to 
determine whether TGFβ1 expression may be a valuable 
therapeutic marker.40 Future studies should also explore 
how TGFβ1 inhibition, in combination with established 
therapies (e.g., FLT3 inhibitors, alternative chemotherapy 
regimens, or immune-based therapies) might represent a 
new therapeutic option for patients with limited response 
to treatment or those ineligible for induction therapy.
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treatment 500,000 blasts were purified and re-transplanted in secondary recipient mice. (D) Percentage of control or LY364947-treat-
ed blasts (CD45.2+) in the peripheral blast (PB) of transplanted (CD45.1+) mice. N=5 animals per group. (E) Kaplan-Meier survival curve 
of mice transplanted with LY364947-treated or control blasts. N=5 animals per group. (F) Combination of violin and overlaid box plots 
representing the distributions of TGFb1 expression in scRNAseq data set for HSC-like or progenitor-like blasts coming from human 
AML samples. (Left) All samples (N=16) have been considered regardless of the genotype. (Center) Only the samples carrying the NPM 
mutation have been considered (N=5). (Right) Only samples with NPMwt (N=11) have been considered. Statistical significance was 
tested with two-sided Wilcoxon test; Confidence Interval 0.95. (G) Overall survival (left) and cumulative incidence of relapse (right) 
of The Cancer Genome Atlas AML patients based on the expression of TGFb1 (normalized RSEM, high≥=0.532, low<0.532). BMT: bone 
marrow transplant; WBC: white blood cell count.
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