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NPM1 ablation induces HSC aging and
inflammation to develop myelodysplastic syndrome
exacerbated by p53 loss
Claudia Morganti1,2,3,*,† , Kyoko Ito1,2,3,†, Chie Yanase1,2,3, Amit Verma3,4,5, Julie Teruya-Feldstein6,7 &

Keisuke Ito1,2,3,5,**

Abstract

Myelodysplastic syndrome (MDS) is characterized by ineffective
hematopoiesis with morphologic dysplasia and a propensity to trans-
form into overt acute myeloid leukemia (AML). Our analysis of two
cohorts of 20 MDS and 49 AML with multi-lineage dysplasia patients
shows a reduction in Nucleophosmin 1 (NPM1) expression in 70% and
90% of cases, respectively. A mouse model of Npm1 conditional
knockout (cKO) in hematopoietic cells reveals that Npm1 loss causes
premature aging of hematopoietic stem cells (HSCs). Mitochondrial
activation in Npm1-deficient HSCs leads to aberrant activation of the
NLRP3 inflammasome, which correlates with a developing MDS-like
phenotype. Npm1 cKO mice exhibit shortened survival times, and
expansion of both the intra- and extra-medullary myeloid popula-
tions, while evoking a p53-dependent response. After transfer into a
p53 mutant background, the resulting Npm1/p53 double KO mice
develop fatal leukemia within 6 months. Our findings identify NPM1
as a regulator of HSC aging and inflammation and highlight the role
of p53 in MDS progression to leukemia.
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Introduction

Myelodysplastic syndrome (MDS) refers to a heterogeneous group

of closely related clonal hematopoietic disorders that are

characterized by ineffective production of blood cells and carry a

high risk of transformation to acute myeloid leukemia (AML; Tef-

feri & Vardiman, 2009). Despite extensive efforts to classify and

identify the key genetic events in this pathogenesis, MDS survival

rates have not dramatically improved, and most patients only

survive for 4–8 months after transformation to overt leukemia

(Lindsley et al, 2017). The pathophysiology of MDS involves

multiple factors, not the least of which is aging. The incidence of

MDS increases with advancing age, and the median age at diag-

nosis is of 65–70 years. However, whether age simply increases

the probability of acquiring mutations or whether the cellular

context itself contributes to pathogenesis remains an open ques-

tion. The establishment of a wider range of animal models has

greatly contributed to advancing our understanding of the charac-

teristics of MDS with poor outcomes.

Nucleophosmin1 (NPM1) is involved in multiple cellular

processes, including ribosome biogenesis and the maintenance of

genomic stability (Grisendi et al, 2006), and is directly implicated in

the development of hematopoietic malignancies. NPM1 is the most

frequently mutated gene in AML, accounting for ~60% of patients

with a normal karyotype and 35% of total cases (Falini et al, 2005).

Npm1+/� mice exhibit increased susceptibility to leukemogenesis

and have been shown to develop hematologic syndromes with

features of human MDS (Grisendi et al, 2005; Sportoletti et al, 2008;

Raval et al, 2012). NPM1 resides on chromosome 5q35 and is lost in

~10% of MDS arising from large 5q chromosome deletion, which is

observed particularly often in cases of therapy-related MDS and

MDS patients with a complex karyotype (Shepherd et al, 1991,

1992; Nagarajan, 1995; Heinrichs et al, 2009; La Starza et al, 2010;

Raval et al, 2012). However, the contributions of NPM1 to hemato-

poiesis and MDS pathogenesis remain largely unknown, because

Npm1 is essential to embryonic development and complete
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knockout of Npm1 in mice leads to embryonic lethality between

E11.5 and E12.5, along with both aberrant organogenesis and defec-

tive hematopoiesis (Grisendi et al, 2005).

To investigate NPM1’s function in adult hematopoiesis, we have

established conditional Npm1 knockout mutant mice (cKO) through

Vav1Cre-mediated inactivation of Npm1 in hematopoietic cells.

These Npm1 cKO mice exhibit premature aging phenotype associ-

ated with mitochondrial activation in hematopoietic stem cells

(HSCs) and a pro-inflammatory response. Npm1 cKO mice exhibit

shorter survival rates, myeloid population expansion, and defective

HSCs. Interestingly, when transferred into a p53 knockout back-

ground the resulting Npm1/p53 compound mutant mice develop

MDS-like hematological disorders, which transform into an aggres-

sive and lethal form of overt leukemia in a process that mimics the

progression of human MDS to leukemia.

Results

Establishment of conditional KO mice with inactivated Npm1 in
the hematopoietic system

Bone marrow (BM) samples were collected from 20 patients with

MDS and 49 patients with AML with multi-lineage dysplasia (MLD,

or MLD in AML) (Fig EV1A and B). NPM1 expression levels were

reduced in hematopoietic stem and progenitor cells (HSPCs) from

BM of patients compared to healthy volunteers (Fig 1A). Immuno-

histochemical analysis showed that BM samples from patients with

MDS and MLD in AML could be classified into two groups reflecting

normal and low NPM1 levels (Fig 1B). ~70% of MDS and ~90% of

MLD in AML patients exhibited low levels of NPM1 (Fig 1C).

Notably, NPM1 reduction was independent of Del (5q) and NPM1c+

mutations (Fig EV1C and D). These data led us to study the effect of

Npm1 loss on hematopoiesis.

To overcome the issue of embryonic lethality in Npm1�/� mice,

we first established a conditional Npm1-heterozygous mutant

(Npm1 cHet; Npm1F/+Vav1Cre+) mouse model through Vav1Cre-

mediated inactivation (Figs 1D and EV1E). The resulting Npm1 cHet

mice were then crossed with Npm1F/+Vav1Cre� mice to generate

Npm1-conditional knockout (Npm1 cKO; Npm1F/FVav1Cre+) mice.

Although Npm1�/� mice are known to succumb to embryonic

lethality at mid-gestation owing to defective primitive hematopoiesis

and severe anemia (Grisendi et al, 2005), these Npm1 cKO mice

were born in an expected Mendelian ratio (Fig 1E).

Since Vav1 is expressed between E11.5–E13.5 (Chen et al,

2009), Npm1F/+ mice were crossed with vascular endothelial

cadherin (VEC)-Cre+ mice to investigate whether Npm1 is vital in

earlier stages of embryonic development. VEC is expressed at E7.5

in the yolk sac mesoderm, at E8.5 in endothelial cells of the dorsal

aorta and heart, and at E15.5 in fetal liver blood cells (Fig 1F;

Chen et al, 2009). Breeding Npm1F/+VEC-Cre� with Npm1F/+VEC-

Cre+ mice revealed that Npm1F/FVEC-Cre+ mice had a disadvantage

in birth rate and were not born in the expected Mendelian ratio

(Fig 1G). These data confirmed that Npm1 plays a crucial role in

development at the earliest stages and that the loss of Npm1 at

E7.5 and particularly at E11.5 is compatible with life, allowing us

to obtain an in vivo model for the study of Npm1 loss in adult

hematopoiesis.

Npm1 loss leads to an aging phenotype and activation of
mitochondria in HSCs

Myelodysplastic syndrome occurs primarily in elderly patients, and

hematopoietic aging itself is a key factor in the pathophysiology of

the disease. We observed a decrease in Npm1 expression levels in

the bone marrow mononuclear cells (BM-MNCs) of young versus

old wild-type mice (Fig 2A).

When compared to those from healthy young individuals, HSCs

from both aged healthy individuals and MDS patients show similar

phenotypes, including levels of HSC expansion, myeloid-biased

HSCs, and decreased erythroid output (Morrison et al, 1996; Cham-

bers et al, 2007; Pang et al, 2013). 4-months-old Npm1 cKO mice

showed increased frequency of phenotypic HSCs (c-Kit+Sca-1+Lin�

(KSL) CD135�CD48�CD150+), which was also observed in 15-

months-old Npm1 cHet and in 2-years-old wild-type (WT) mice

(Figs 2B and EV2A). The increase in phenotypic HSCs in Npm1

cKO mice at 4 months was associated with decrease in cytoskeletal

polarity in HSCs, as detected by tubulin and CDC42 localization

(Fig 2C and D), a well-known marker of HSC aging (Florian et al,

2012). In vitro colony-replating assays revealed functional loss in

Npm1 cKO HSCs (Fig 2E). Npm1 cKO HSCs showed the same

phenotype as aged HSCs derived from 18/24-months-old mice

(Fig 2B–E). Notably, at the age of 15 months, HSCs from Npm1

cHet mice also showed reduced in vitro colony-replating ability

(Fig EV2B).

Since several studies proposed that mitochondria play a critical

role in aging process (Ito et al, 2006; Mohrin et al, 2015), we inves-

tigated the mitochondria morphology and physiology in Npm1 cKO

HSCs. Immunofluorescent analysis of mitochondrial features

showed overall aberrant mitochondrial activation in Npm1-deleted

HSCs, with increases in mitochondrial volume and number

(Fig 2F), mitochondrial membrane potential (Fig 2G), and mito-

chondrial reactive oxygen species (ROS) production (Fig 2H).

Interestingly, mitochondrial volume increased in KSL cells, but not

in more committed Lin� cells (Fig EV2C), while no differences

were detected in mitochondrial membrane potential (Fig EV2D) or

mitochondrial ROS production (Fig EV2E) in either KSL and Lin�

cells. Analysis of HSCs derived from 18/24-months-old mice con-

firmed that increased mitochondrial volume was linked to the

aging process (Fig 2F).

We then used a human MDS cell line model (MDS-L cells) to test

whether reduced NPM1 levels affect mitochondrial physiology in

human hematopoiesis. MDS-L cells were derived from the bone

marrow of an MDS patient with deletion of the 5q chromosome [del

(5q)] (Tohyama et al, 1994; Matsuoka et al, 2010; Kida et al, 2018).

We optimized the transfection of MDS-L cells with siNPM1 so that a

nearly complete reduction of NPM1 levels was obtained (Fig 2I). We

have confirmed that, as in the mitochondrial phenotypes found in

Npm1-deleted murine HSCs (Fig 2F–H), mitochondrial volume and

number (Fig 2J), mitochondrial membrane potential (Fig 2K), and

mitochondrial ROS production (Fig 2L) were all increased in human

MDS-L cells treated with siNPM1.

Collectively, these data suggest that NPM1 loss triggers aberrant

activation of mitochondria in HSCs which is linked to aging-like

phenotypes. The premature aging phenotypes observed in Npm1

cKO mice inspired us to use this in vivo model to further explore the

contribution of aging to MDS progression.
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Enhanced pro-inflammatory signaling contributes to aberrant
myeloid expansion in Npm1 cKO mice

Mitochondrial stress has recently been shown to promote aberrant

activation of the NLRP3 (NOD-, LRR- and pyrin domain-containing

protein 3) inflammasome, which subsequently triggers functional

decline of HSCs during aging (Luo et al, 2019). We have observed

increases of ~40% in Nlpr3 expression in BM-MNCs from Npm1

cKO mice compared to littermate control mice (Fig 3A). Assembly of

the NLRP3 inflammasome leads to caspase-1-dependent release of

pro-inflammatory cytokines such as IL-1b (Swanson et al, 2019). To

verify the inflammation status of the Npm1 cKO mice, serum samples

from the Npm1 cKO and control mice were assessed against a panel

of 13 cytokines produced by innate immune cells. We found an over-

all pro-inflammatory trend in Npm1 cKO mice, with significant

increases in levels of IL-1b, IL-6, IFNc, and IL-27 (Figs 3B and EV3A).

IL-1 accelerates the myeloid-bias differentiation process (Pietras

et al, 2016) that is typical of MDS patients. Bone marrow analysis of

Npm1 cKO mice revealed increased myeloid production, particularly

of CD11b+Gr1mid cells, which previous reports have associated with

oncogenic phenotypes17 (Fig 3C). Although no significant differences

were detected in the amount of myeloid progenitor-enriched cells (c-

Kit+Sca-1�Lin�) and common myeloid progenitor (Lin�Sca-1�c-
Kit+CD16/32lowCD34+, or CMP), the megakaryocyte-erythroid progenitor
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Figure 1. Npm1 conditional mutants in the hematopoietic system.

A NPM1 expression in CD34+Lin� cells from myelodysplastic syndrome (MDS) patients compared to healthy volunteers (n = 29). Data are shown as mean � SD.
Unpaired two-tailed t-test, ***P < 0.001.

B Representative staining of NPM1 protein levels in bone marrow samples of MDS or acute myeloid leukemia with multi-lineage dysplasia (MLD in AML). Insets show
representative staining in blasts [B] and in differentiated myeloid cells [e.g., neutrophil, M] with a high magnification. Scale bar, 50 lm.

C Percentages of patient samples with NPM1-low and NPM1-normal in healthy, MDS and MLD in AML groups.
D Schematic strategy of Npm1 conditional knockout. Excision of exons 1–6 from the Npm1 allele by Cre-recombinase produces an Npm1-knockout allele. Hypomorphic

allele (top), NEO-free allele (middle, Flox) and excised allele are shown. The genomic sequence is depicted as a black line, with black boxes representing exons 1–11.
Grey box, red triangles and arrows represent an Frt (blue)-flanked neomycin resistance cassette (NEO), the loxP site, and genotyping primers, respectively.

E Schema of mating strategy and numbers of viable pups at weaning bearing the 6 possible genotypes for Vav1-Cre. A Chi-square test determined any difference
between observed proportions and expected proportions.

F Schematic representation of Vec and Vav1 expression during embryogenesis.
G Schema of mating strategy and numbers of viable pups at weaning bearing the 6 possible genotypes for Vec-Cre. A Chi-square test determined any difference

between observed proportions and expected proportions.
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(Lin�Sca-1�c-Kit+CD16/32low/negCD34low/neg, or MEP) cells decreased,

while the granulocyte-macrophage progenitors (Lin�Sca-1�c-Kit+CD16/
32highCD34+, or GMP) cells increased in Npm1 cKO mice, leading to a

biased differentiation process (Figs 3D and EV3B). Likewise, the

number of hematopoietic stem and progenitor cells (HSPCs) (c-Kit+Sca-

1+Lin� fraction, or KSL) was not drastically affected (Fig EV3B), but

these cells’ ability to form M-colonies in vitro was substantially

increased compared to controls (Fig 3E).

Peripheral blood (PB) smears revealed the appearance of aniso-

cytosis, dysplastic myeloid cells, dysplastic erythroid cells, dysplas-

tic monocytes, and dysplastic neutrophils in 4-months old Npm1

cKO mice (Fig 3F). Although the myeloid population increased only

slightly in the spleen (Fig EV3C), Npm1 cKO mice clearly exhibited

splenomegaly (Fig 3G) with a significant increment in c-Kit positiv-

ity in the myeloid fraction (Fig 3H).

All these data suggest an alteration of physiological hematopoi-

esis, characterized by unbalanced differentiation, which shares

features with MDS.

p53 deletion in DKO mice triggers blast accumulation and
leukemic transformation

Npm1 cKO mice exhibited a median survival of 353 days, while the

loss of only one allele of Npm1 (Npm1F/+Vav1Cre+, or cHet) was

associated with life expectancy of ~1.5 years, suggesting that the

homozygous deletion of Npm1 in the hematopoietic system leads to

a more aggressive and/or rapid hematological malignancy (Fig 4A).

A hypocellular marrow was observed in Npm1 cKO mice as early as

4 months of age, which subsequently declined toward fatal bone

marrow failure (Figs 4B and EV4A).

◀ Figure 2. Npm1 loss causes an HSC aging phenotype.

A Npm1 expression levels (relative quantitation, RQ) in BM-MNCs of young (3–6 months old) and old (12–18 months old) wild type (WT) mice (n = 3 mice per group).
B Representative flow cytometry analysis of phenotypic HSCs [c-Kit+Sca-1+Lin� (KSL) CD135�CD48�CD150+] in the bone marrow of 4-months-old Ctrl (Npm1F/

FVav1Cre�), 4-months old Npm1 cKO (Npm1F/FVav1Cre+) and 2-years Old WT mice (left). Mean percentages of the indicated fraction are shown (right, n = 4–9 mice
per group).

C Representative distribution of Tubulin and CDC42 in Ctrl, 4-months old Npm1 cKO and 2-years old WT HSCs determined by IF. Scale bars, 5 lm.
D Quantification of percentage of cytoskeletal polarized HSCs (n = 79 cells in Ctrl, n = 120 cells in cKO, n = 82 cells in Old, from 4 Ctrl and Old mice and 3 cKO mice).
E In vitro colony replating ability of HSCs from Ctrl, 4-months old Npm1 cKO and 2-years old WT mice determined by limiting-dilution assay. Overall test for differences

in stem cell frequencies between any of the groups calculated by chi-square test, *P < 0.05, ***P < 0.001, ****P < 0.0001. The slope of the line is the log-active cell
fraction. The dashed lines give the 95% confidence interval.

F HSCs of Ctrl, 4-months old Npm1 cKO and 2-years old WT mice were sorted and stained for TOM20. Representative images (top) and quantification of mitochondrial
volume and number (bottom) in single cells (n = 58 cells in Ctrl, n = 70 cells in cKO and n = 23 cells in Old, from 3 mice per group), identified by volume rendering of
TOM20. Scale bars, 2 lm.

G Representative flow cytometry histogram (left) and quantification of TMRM median intensity (right, n = 3 mice per group) in HSCs from the indicated genotyped
mice.

H Representative flow cytometry histogram (left) and quantification of mitoSox median intensity (right, n = 4 mice per group) in HSC fraction.
I NPM1 expression levels (relative quantitation, RQ) in MDS-L cells transfected with siNPM1 or control (siCTRL) (n = 3 transfected MDS-L cultures).
J Representative images (top) and quantification of mitochondrial volume and number (bottom), identified by volume rendering of TOM20, in MDS-L cells transfected

with siNPM1 or control (siCTRL) (n = 58 cells per group, from 3 transfected MDS-L cultures). Scale bars, 2 lm.
K Representative flow cytometry histogram (left) and quantification (right, n = 3 transfected MDS-L cultures) of TMRM median intensity in MDS-L cells transfected with

siNPM1 or control.
L Representative flow cytometry histogram (left) and quantification (right, n = 3 transfected MDS-L cultures) of mitoSox median intensity in MDS-L cells transfected

with siNPM1 or control.

Data information: All data are shown as mean � SD. Panels A, and G–L, Unpaired two-tailed t-test: panels B, D and F, ANOVA test, compare to Ctrl, *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.

▸Figure 3. Inflammation and myeloid expansion in Npm1 cKO mice.

A Levels of Nlrp3 expression (relative quantitation, RQ) in Ctrl (Npm1F/FVav1Cre�) and cKO (Npm1F/FVav1Cre+) mice (4-months old, n = 4 mice per group).
B Quantification of IL-1b, Il-6, IFNc, and IL-27 inflammatory cytokines in serum from Ctrl and cKO mice (4-months old, n = 8–10 mice per group).
C Representative flow plot (top) and quantification (bottom) of myeloid fractions (CD11b+Gr1+) and myeloid fraction subpopulation related to malignancy

(CD11b+Gr1mid) in the bone marrow of Ctrl and cKO mice (n = 5–8 mice per group).
D Representative flow plot (top) and quantification (bottom) of myeloid progenitors: common myeloid progenitor (CMP), Lin�Sca1�c-Kit+CD16/32lowCD34+; granulocyte-

macrophage progenitor (GMP), Lin�Sca1�c-kit+CD16/32highCD34+; megakaryocyte-erythroid progenitor (MEP), Lin�Sca-1�c-Kit+CD16/32low/negCD34low/neg in the bone
marrow of Ctrl and cKO mice (n = 4 mice per group).

E In vitro colony-forming capacity of progenitor cells. Sorted KSL cells were cultured in semisolid medium. Counting and classification of colonies were performed in
independent littermate pairs (n = 3 mice per group). GEMM, Colony-forming unit-granulocyte, erythroid, macrophage, and megakaryocyte; GM, Colony-forming unit-
granulocyte and macrophage; M, Colony-forming unit-macrophage; E, Burst-forming unit-erythroid.

F Representative peripheral blood (PB) smears. Insets show the differentiated granulocytes (a, b) in control mice, and anisocytosis (c), dysplastic myeloid cells (d–g) in
Npm1 cKO mice (Npm1F/FVav1Cre+). Npm1 cKO mice show dysplastic erythroid cells (polychromatophilic, blue arrowhead; schistocyte, blue-outlined arrowhead; tear
drop, Howell-Jolly bodies, black arrowhead; black-outlined arrowhead), dysplastic monocytes (black arrow), and dysplastic neutrophils (d–f). Scale bars, 10 lm.

G Representative pictures (right) and weights (left, n = 6–8 mice per group) of spleens of 4-months old Ctrl and Npm1 cKO mice.
H c-Kit positivity in myeloid fraction in the spleen (n = 5 mice per group).

Data information: All data are shown as mean � SD. Unpaired two-tailed t-test, ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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As previously reported (Grisendi et al, 2006), Npm1 loss evokes a

p53 response. When Npm1 is lost, levels of p53 protein and its down-

stream target, p21, both increased (Fig 4C and D). We confirmed that

levels of p53 and p21 similarly increased in human MDS-L cells

treated with siNPM1 for 48 h (Fig EV4B and C). To better understand

the link between Npm1 and p53, we have established Npm1/p53

compound mutant (Double Knockout or DKO; Npm1F/Fp53�/-

�Vav1Cre+) mice. All possible genotyped mice were born in expected

Mendelian ratio (Fig EV4D), grew normally until weaning, and were

followed until natural death (Figs 4A and EV4E). As expected, p53

loss (p53 KO) caused shorter survival rates, with mice dying within

1 year, while Double Het (Npm1F/+p53+/�Vav1Cre+) mice exhibited

survival rates similar to Npm1 cKO mice. Interestingly, as early as 2–

3 months of age, DKO mice began to display signs of distress such as

lethargy and ruffling of fur, and most of them died within 6 months

(Median survival: 110 days) (Fig 4A). Notably, the majority (> 90%)

of DKO mice died of myeloid, but not lymphoid, leukemia.

At 2 months of age, DKO mice were already exhibiting increased

WBC counts with moderate anemia and lower platelet counts in the PB

(Figs 4E left and EV4F). Flow cytometry analysis revealed an enhanced
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biased myeloproliferative phenotypes in the PB of DKO mice; the posi-

tivity for CD11b and Gr1 was drastically increased (Figs 4E right and

EV4G), while B220 positivity was reduced (Fig EV4H).

PB smear specimens showed that 2-months old DKO mice suf-

fered from multi-lineage dysplastic features found in human MDS

(Goasguen & Bennett, 1992; Komrokji et al, 2010; Wang, 2011;
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Giagounidis & Haase, 2013). Dysplasia in monocytic lineages were

predominant, and blast infiltration (Fig 4F, insert c) begun in the

PB. Defective erythroid maturation (i.e., Howell-Jolly bodies, aniso-

cytosis, polychromasia, and poikilocytosis), and dysplastic platelets

(i.e., giant platelets) and neutrophils were also noted (Fig 4F).

DKO mice exhibited a 6-fold increase in splenomegaly on average

compared to their littermate controls (Fig 4G). This change in

spleen size was attributed to myeloid infiltration, with an increase

in CD11b positivity, increase in c-Kit positivity in the myeloid frac-

tion, and a decrease in B220 positivity (Figs 4H and EV5A), as well

as a disruption in the splenic architecture and infiltration of myeloid

blasts (Fig 4I).

We next assessed the BM in order to characterize further the

hematological disorders in Npm1/p53 compound mutant mice.

Much as in the PB, the monocyte-enriched fraction increased, partic-

ularly the CD11b+Gr1mid myeloid cell subset (Figs 4J left and EV5B),

which was associated with c-Kit positivity (Fig 4J right). The

skewed myeloid/lymphoid ratio observed in compound mutants

was also found at the progenitor stage: the myeloid progenitor-

enriched fractions (c-Kit+Sca-1�Lin� cells) increased (Fig 4K left),

while the lymphoid progenitors (Lin� CD127+c-KitmidSca-1+,

common lymphoid progenitor, or CLP) decreased (Fig EV5C). CMP

cells slightly decreased, while in DKO mice, GMP cells increased at

the expense of MEP cells (Figs 4K right and EV5D). CFU assays

were conducted to assess the potential for proliferation and

hematopoietic differentiation. HSPCs from DKO mice exhibited

enhanced colony-forming capacity (~1.5 times), with the ratio of

macrophage colonies increasing while the differentiation capacity

toward the erythroid lineage was impaired (Fig EV5E and F).

The malignant nature of myeloid expanding cells was assessed

by in vivo transplantation assays. BM-MNCs from controls, Npm1

cKO, p53 KO, and DKO mice were transplanted into irradiated recip-

ient mice with competitor BM-MNCs (Fig 5A). The myeloid malig-

nancies in Npm1/p53 compound mutants were readily

transplantable, with all recipient mice transplanted with DKO donor

marrow cells initiating lethal forms of myeloid disorders within one

month (Fig 5B). On the other hand, recipient mice transplanted with

Npm1 cKO donor marrow cells died after 8–12 weeks, with a signifi-

cant higher survival rate than those transplanted with DKO donor

cells (Fig 5B). The hematological phenotypes in recipient mice were

similar to those observed in older primary Npm1 and Npm1/p53

compound mutant mice (e.g., 4–6 months old), since reconstitution

stress further accelerated disease progression. The BM analysis of

lethargic/dead recipient mice with Npm1 cKO donor showed BM

failure, characterized by the drastic decrease of BM-MNCs due to

the expansion of progenitor cells (c-Kit+Sca-1�Lin�) and the

decrease in KSL and HSC pools (Fig 5C and D). After DKO donor

transplantation, monocyte-enriched CD11b+Gr1mid cells drastically

increased in recipient mice and were associated with dysplasia and

myeloid blasts (Fig 5E and F), suggesting leukemic transformation.

The escape from p53-dependent pathways protects from bone
marrow failure, but leads to exacerbation of MDS

Our two mouse models showed different paths of disease progres-

sion: bone marrow failure and AML transformation in Npm1 cKO

and DKO, respectively. We subsequently analyzed several aspects of

these models to elucidate the mechanisms of their divergent

progression.

No differences were detected between Npm1 cKO and DKO in

HSC fraction expansion (Fig 6A), mitochondria volume (Fig 6B) or

cytoskeletal polarization (Fig 6C), suggesting that Npm1 loss causes

the aging phenotype in a p53-independent way.

Although hematopoiesis in p53 het or KO mice appears to

proceed normally (Lotem & Sachs, 1993), numerous studies have

identified key roles for p53 in the proliferation, differentiation, and

apoptosis of hematopoietic cells (Asai et al, 2011). The upregulation

of p53 in Npm1 cKO mice triggered entrance into the senescence

phase, marked by activation of b-galactosidase enzymes (Fig 6D)

and an increase in apoptotic cell numbers, as detected by Annexin V

staining (Fig 6E). These impairments in senescence and apoptosis

processes were not found in the DKO mice and may explain the

peculiar hypocellularity in the marrow observed in Npm1 cKO mice

as early as 4 months of age, which subsequently declines toward

fatal bone marrow failure (Fig 4C).

DKO mice showed an overall increasing trend in inflammation.

Nlrp3 expression was significantly upregulated (Fig 6F) and IL-1b
production drastically increased in the serum of DKO mice

◀ Figure 4. Npm1/p53 double KO mice develop a myeloid dysplastic syndrome-like disease.

A Survival curves of Ctrl (Npm1F/FVav1Cre�), cKO (Npm1F/FVav1Cre+), p53 KO (Npm1F/Fp53�/�Vav1Cre�) and DKO (Npm1F/Fp53�/�Vav1Cre+) mice. Overall survival of the
indicated mice was examined by plotting Kaplan-Meier survival curves. Log-rank test was used to generate P values, ***P < 0.001.

B Amount of total bone marrow mononuclear cells (BM-MNCs) in Ctrl, 4-months old Npm1 cKO mice and moribund Npm1 cKO (cKO†) (n = 3–5 mice per group).
C Npm1 and p53 protein levels in KSL cells of Ctrl (Npm1F/FVav1Cre�), and cKO (Npm1F/FVav1Cre+) mice.
D p21 expression levels in BM-MNCs of Ctrl and Npm1 cKO mice (4-months old, n = 4 mice per group).
E White blood cell (WBC) count (left) and myeloid fraction (CD11b+Gr-1+, right) in PB (n = 3–8 mice per group).
F Representative PB smears of DKO mice. Insets show anisocytosis (a), poikilocytosis (b) and dysplastic myeloid cell (c). DKO mice show dysplastic erythroid cells

(polychromatophilic, blue arrowhead), Howell-Jolly bodies, (black arrowhead in insert a), dysplastic monocytes (black arrow, and i–v), dysplastic neutrophils (vi), a
pseudo-Pelger-Huet anomaly (ii), and dysplastic platelets (giant platelet, iv and vii). Scale bars, 10 lm.

G Pictures of spleens (top) and spleen weight quantification (bottom, n = 3–5).
H Percentages of myeloid fraction (CD11b+Gr1+), c-Kit positivity, and B220 positivity in spleen samples (n = 3–5).
I Representative H&E staining of sections of the spleen of 2-months old DKO mice with myeloid disorders. Arrowheads (right) indicate the infiltrating myeloid blasts.

Scale bars, 250 lm (left) and 10 lm (right), respectively.
J Myeloid subtype (CD11b+Gr1mid), and c-Kit positivity inside myeloid fraction in BM (n = 3–5).
K c-Kit+Sca1�Lin� (KL Sca1�) and granulocyte-macrophage progenitor (GMP) in the BM (n = 3–4).

Data information: All data are shown as mean � SD. Panel D, unpaired two-tailed t-test: Panels B, E, G, H, J, K, ANOVA test, compare to Ctrl, ns P > 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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(Fig 6G). Interestingly, we observed increased levels of new cytoki-

nes, such as IL-23 (Fig 6H). This led us to hypothesize that different

inflammatory pathways could be recruited in the DKO model.

Finally, p53 status was analyzed in both the MDS and AML

patient’ cohorts. Wild-type TP53 protein is normally undetectable

by immunohistochemistry (IHC) due to its short half-life, and there-

fore, as expected, TP53 was undetectable or rarely detectable in

samples from either healthy volunteers or a significant portion of

MDS patients. In contrast, as mutated TP53 can accumulate within

the nucleus due to its prolonged half-life, the detection of TP53

protein by IHC suggests that an underlying mutation is present in

the TP53 gene. This has proved to be the case in specific subsets of

MDS samples, and we have confirmed that > 70% of AML patients

with MLD exhibit altered levels of TP53 (Fig 6I). Collectively, the

data regarding the status of NPM1 and TP53 show that, while 70%

of MDS patients exhibit only low NPM1 expression, abnormal TP53

expression is frequently observed during disease progression toward

overt leukemia.

Collectively, our data suggest that p53 serves as a guardian during

stress conditions, and the inactivation of Npm1 leads to enhanced p53

levels and apoptosis, which prevent further deterioration in hemato-

poiesis and leukemia development, but lead to bone marrow failure.
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Figure 5. In vivo transplantability of the disease.

A 1.0 × 106 bone marrow mononuclear cells (BM-MNCs) from controls (Npm1F/FVav1Cre�), Npm1 cKO (Npm1F/FVav1Cre+), p53 KO (Npm1F/Fp53�/�Vav1Cre�) and DKO
(Npm1F/Fp53�/�Vav1Cre+) mice were transplanted into irradiated recipient mice with 4.0 × 105 competitor (C57/BL6 Ly5.1) BM-MNCs.

B Survival curves of recipient mice are shown (n = 9–10 mice per group). Log-rank test was used to generate P values, ****P < 0.0001.
C Quantification of total BM-MNCs in Ctrl mice and lethargic/dead Npm1 cKO mice (n = 4 mice per group).
D Representative flow cytometry analysis and quantification of KL Sca1�, KSL cells and HSCs (KSL CD150+CD48�) in lethargic/dead Npm1 cKO mice (n = 3 mice per

group).
E, F Percentages of CD11b+ and B220+ in PB (E), and c-Kit positivity in myeloid fraction in PB (F left) and BM (F right) of p53 KO and lethargic/dead DKO mice (n = 8–9

mice per group).

Data information: All data are shown as mean � SD. Unpaired two-tailed t-test, ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Discussion

NPM1 deregulation is a common event in various malignancies

(Lopez et al, 2020), and NPM1 frame-shift mutations, known as

NPM1c+ to indicate the cytoplasmic localization of NPM1, are found

in one third of AML patients (Falini et al, 2005; Naoe et al, 2006).

Although NPM1c+ expression is always heterozygous, NPM1 forms

heterodimers with wild-type NPM1 in a dominant-negative manner,
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which leads to retention in the cytoplasm (Falini et al, 2005). This

raises a hotly contested question: does NPM1 mutation maintain

AML through gain of function in the cytoplasm, or through reduced

NPM1 dosage in the nucleus (Heath et al, 2017)?

Our analysis of two cohorts of bone marrow from patients with

myeloid malignancies has shown that NPM1 expression is reduced in

MDS patients (Fig 1A), and NPM1 protein levels are low in these

patients’ samples (Fig 1C). NPM1 haploinsufficiency has been observed

in MDS syndromes with large 5q chromosome deletion (Berger et al,

2006), suggesting that this may confer a proliferative advantage in the

myeloid lineage (Di Matteo et al, 2016). To evaluate this hypothesis, we

generated a mouse model with conditional knockout in the hematopoi-

etic compartment for the study of Npm1 deletion in vivo.

Npm1 is essential for embryonic development, and its knockout

has resulted in embryonic lethality between E11.5 and E12.5

(Grisendi et al, 2005). In this study, we utilized a new mouse line to

inactivate Npm1 through Vav1Cre mediation. Surprisingly our

Npm1 cKO pups were born in an expected Mendelian ratio (Fig 1E).

In other research, Npm1�/� embryos appeared pale as early as E9.5

(Grisendi et al, 2005) due to impairment of the blood supply from

the yolk sac, suggesting that the critical period of Npm1 expression

may be earlier than E11.5, perhaps during the development of the

intra-arterial clusters or endothelium. In support of this hypothesis,

VEC-mediated inactivation of Npm1 revealed that Npm1 in

hematopoietic cells affects early-stage embryonic development,

causing a decrease in the born ratio of mice with Npm1 loss

(Fig 1G). However, regardless of the precise mechanisms involved,

Vav1Cre-mediated inactivation of Npm1 in the hematopoietic system

has allowed us to explore its contributions to adult hematopoiesis.

Npm1 cKO mice offer a unique opportunity to explore key

aspects of MDS. Perhaps first among these is aging, which repre-

sents the greatest risk factor for developing MDS. Mice harboring

heterozygous loss of Npm1 (Npm1+/�) showed a mild MDS-like

phenotype characterized by dyserythropoiesis and dysplastic

megakaryocytes with macrocytic anemia, along with increased

susceptibility to hematologic malignancies with age, but without

significant cytopenias or alterations in lineage commitment

(Grisendi et al, 2005; Sportoletti et al, 2008). We found that Npm1

cKO mice exhibit significantly shorter survival rates compared to

Npm1 cHet mice (Fig 4A). The median survival of Npm1 cKO mice

was 353 days, but as early as 4 months, they developed MDS-like

hematopoietic defects characterized by the appearance of dysplastic

cells in PB smears (Fig 3F). The most peculiar feature of our Npm1

cKO model was its phenotype in the HSC fraction (Fig 2B–H). Here,

we showed that homozygous Npm1 deletion in the hematopoietic

compartment caused the expansion of a non-functional HSC pool

characterized by increased frequency in CD150 positivity (Fig 2B),

reduced cytoskeletal polarity (Fig 2C and D), limited in vitro colony

replating capacity (Fig 2E), and altered mitochondria (Fig 2F–H),

well-known markers of HSC aging (Morganti & Ito, 2021). These

data support the idea that homozygous loss of Npm1 causes prema-

ture aging, which makes the Npm1 cKO a better model for the

study of MDS development and progression.

We observed that Npm1 loss caused mitochondrial alteration/ac-

tivation in both murine HSCs and the MDS-L cell line, which is a

human model of MDS (Fig 2F–L). Interestingly, our team has shown

that the oncogenic mutant form of Npm1 (Npm1c) also impairs

mitochondrial function (Wu et al, 2021). Although a deeper investi-

gation is needed to discover the molecular mechanisms by which

Npm1 affects mitochondrial physiology, these data suggest for the

first time that Npm1 is a regulator of mitochondrial fitness.

Mitochondrial homeostasis is crucial to control stem cell during the

aging process. Mitochondrial metabolic control and ROS production

regulated by SIRT3 can regulated HSC self-renewal at old stage (Brown

et al, 2013). Another Sirtuin, SIRT7, has shown to be reduced in aged

HSCs. SIRT7 mediates the mitochondrial unfolded protein response

(mtUPR) pathway to alleviate mitochondrial stress, which deregulation

is a contributing factor for HSC aging (Mohrin et al, 2015).

Mitochondrial stress can initiate aberrant activation of the NLRP3

inflammasome in HSCs, mediating their functional decline and

impairing their regenerative capacity (Luo et al, 2019). In line with

this hypothesis, we have confirmed that levels of both Nlrp3 and its

downstream target IL-1b increased in Npm1 cKO mice (Fig 3A and B).

The related overall boost in inflammation was linked on one hand

with myeloid-biased differentiation; indeed, HSCs exposed to acute IL-

1b appear to exhibit Myd88-dependent proliferation and myeloid dif-

ferentiation through activation of the transcription factor PU.1 (Pietras

et al, 2016). On the other hand, inflammation is also related to aging,

◀ Figure 6. Escape from p53 dependent pathway triggered by Npm1 loss leads to exacerbation of MDS.

A Mean percentages of phenotypic HSCs [c-Kit+Sca-1+Lin� (KSL) CD135�CD48�CD150+] in the bone marrow (BM) of 4-months old controls (Npm1F/FVav1Cre�), Npm1
cKO (Npm1F/FVav1Cre+), p53 KO (Npm1F/Fp53�/�Vav1Cre�) and DKO (Npm1F/Fp53�/�Vav1Cre+), (n = 8 mice per group).

B Quantification of mitochondrial volume, identified by volume rendering of TOM20, in sorted HSC (n = 83 cells in Ctrl, n = 70 cells in cKO, n = 41 cells in p53 KO
and n = 43 cells in DKO, from 3 mice per group).

C Percentage of cytoskeletal polarized HSCs (n = 47 cells in Ctrl, n = 46 cells in cKO, n = 30 cells in p53 KO and n = 102 cells in DKO, from 4 mice per group).
D Representative flow plot (left) and quantification (right) of b-galactosidase enzyme activity (b-gal) staining in KSL fraction (n = 4 mice per group).
E Representative flow histograms (left) and quantification (right) of Annexin V positive cells in KSL fraction (n = 5 mice per group).
F Levels of Nlrp3 expression (relative quantitation, RQ) in BM-MNCs (4 months old, n = 6–16 mice per group).
G, H Quantification of IL-1b (G) and IL-23 (H) in serum (n = 4–12 mice per group).
I NPM1 and P53 status in bone marrow samples of healthy volunteers, myelodysplastic syndrome (MDS), and acute myeloid leukemia (AML) with multi-lineage

dysplasia (MLD) patients.
J Schematic model of working hypothesis. Npm1 loss causes (1) the premature aging of HSCs and (2) the activation of their mitochondria. This leads to (3) the

activation of the inflammasome complex and the consequent (4) aberrant myeloid expansion. The progression of disease (5) is p53-depended. In the Npm1 cKO
mouse model (gray), Npm1 loss increases p53 levels that trigger apoptosis and senescence, leading to bone marrow failure. Functional loss of p53 (red, Double KO)
escapes these mechanisms, feeding a positive-feedback loop between inflammation and myeloid expansion, which results in blast accumulation and leukemic
transformation.

Data information: All data are shown as mean � SD. ANOVA test, compare each column with every column. ns or unnoted P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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and IL-1, IL-6, and TNF levels have been found to increase two- to

four-fold in old mice serum (Caiado et al, 2021). Inflammatory status

in turn is associated with hematological malignancies, as chronic

inflammatory diseases associated with activated innate immune

signaling pathways often precede MDS (Trowbridge & Starczynowski,

2021). Whether inflammation is a cause and/or a consequence of

these established malignancies remains to be determined; however

growing evidence has highlighted the importance of inflammatory

signaling in regulating MDS progression (Sallman & List, 2019).

Myeloid-biased differentiation (Fig 3C–F) was not the only pheno-

type observed, and Npm1 cKO mice exhibited significant hypocellu-

larity in the bone marrow (Fig 4B). As previously reported (Grisendi

et al, 2005), Npm1 loss evokes a p53 response, and we have con-

firmed that Npm1 cKO and NPM1-silenced MDS-L cells express higher

levels of p53 and p21, which are associated with increased apoptosis,

and senescence in hematopoietic progenitor cells, as well as conse-

quent lethargic bone marrow failure (Fig 6D and E). The inflamma-

tory cytokines enhanced in Npm1 cKO mice (Fig 3B) can contribute

to HSC exhaustion, as shown in previous reports that interferons

(IFNs) can induce p53-dependent apoptosis and/or cell-cycle arrest

(Pietras et al, 2014), and that IL-1 can promote differentiation (Pietras

et al, 2016). Among the cytokines enhanced in Npm1 cKO mice, IL-6

is of particularly high interest, since the elevated expression of IL-6 in

MDS is directly linked to dysregulation of innate immune pathways.

Loss of the 5q genes miR-145 and miR-146a results in TRAF6-

mediated overexpression of IL-6 in HSPCs, which in turn leads to

peripheral blood cytopenias and a highly penetrant bone marrow fail-

ure (Starczynowski & Karsan, 2010; Varney et al, 2017).

To evaluate the contribution of p53 to disease progression, we

decided to generate a double KO (Npm1F/Fp53�/�Vav1Cre+) model

(Fig EV4D). When p53 was deleted, we observed severe accumulations

of the myeloid fraction in peripheral blood (Fig 4E), spleen (Fig 4H), and

bone marrow (Fig 4J) at 2 months, and a reduction of overall survival to

110 days (Fig 4A). The increased levels of p53 and p21 observed in

Npm1 cKO indicate a cell cycle block/senescence and/or apoptotic regu-

lation, which not only leads to defective control of HSC numbers but also

suppresses aberrant myeloid progenitor cells to prevent disease progres-

sion, which was lost in our DKO mouse model (Fig 6J).

Npm1 loss generates an environment characterized by premature

aging and aberrant inflammation, which predispose mice to AML

progression when p53 is lost. The observations that low levels of

NPM1 in MDS patients are associated with normal levels of p53,

while in AML patients p53 is aberrantly expressed, support our

hypothesis that Npm1 loss generates an MDS-like phenotype which

can progress to AML when p53 function is lost.

Thanks to the insights gleaned from these Npm1 cKO and double

KO mouse models, further studies, such as a detailed transcriptomic

analysis, will be needed to reveal the molecular mechanisms

through which inactivation of NPM1 and p53, together with aging

and inflammation, are able to drive MDS and leukemia.

Materials and Methods

Patient samples

Bone marrow samples from 29 and 20 patients (Fig EV1A and B,

respectively) with MDS, 49 patients with AML with multi-lineage

dysplasia (Fig EV1B) and healthy volunteers (29 and 41 samples for

Fig EV1A and B, respectively) were collected between 1994 and

2010. All cases were clinically diagnosed as MDS or MLD in AML

based on established criteria. Use of tissue samples was approved

with an Institutional Review Board waiver and by the Human Tissue

Utilization Committee.

Mice

Npm1F/F mice were kindly received from Dr. Pier Paolo Pandolfi

and were crossed with Vav1Cre transgenic mice (Jackson Labora-

tory) or VE-Cadherin-Cre transgenic mice (Jackson Laboratory). The

conditional knockout allele was designed with the same strategy as

the Npm1 total-body knockout mice, where critical exons (exon 1–

6) were franked by two loxP sites (details are available in Fig 1D).

Conditional deletion of these exons of the floxed Npm1 allele in

hematopoietic cells was detected by PCR (Fig EV1D). Trp53 knock-

out mice and C57BL/6 mice congenic for the CD45 locus (B6-

CD45.1) were purchased from The Jackson Laboratory. All mice

were maintained on a C57BL/6 background and housed in microiso-

lator cages in a pathogen-free animal facility. All procedures were

approved by the Albert Einstein College of Medicine Animal Care

and Use Committee.

Cell line and siRNA knockdown

MDS-L were cultured in RPMI-1640 medium, 10% Fetal Bovine Serum

(FBS), 1% Penicillin-Streptomycin, 14 µM Beta-Mercaptoethanol

(Sigma) and 20 ng/ml human recombinant IL-3 (StemCell Technolo-

gies). Mycoplasma contamination test was negative. AmaxaTM Nucleo-

fectorTM II (Lonza), X-001 program and AmaxaTM Cell Line

NucleofectorTM Kit T (Lonza) were used for the transfection following

the manufacturer’s instructions. Predesigned silencer targeting NPM1

(siNPM1) and silencer negative control (siCTRL) were obtained from

Thermo Fisher Scientific (catalog number AM16708 and AM 4611,

respectively) and used at 2 lM concentration for 48 h.

Real-time RT–qPCR

Total RNA was extracted using the RNeasy Plus Mini kit (Qiagen),

then reverse transcribed to cDNA with SuperScript III reverse tran-

scription (Invitrogen) according to the manufacturer’s instructions.

mRNA expression levels were analyzed using TaqMan probes (Life

technologies), PCR Master Mix (Thermo Fisher Scientific) and a

QuantStudio 6 Real-Time PCR System.

Flow cytometry and cell sorting

Peripheral blood, spleen cells, and bone marrow mononuclear cells

(BM-MNCs) were isolated as previously described (Ito et al, 2016).

After isolation, BM-MNCs were incubated with the following mix of

monoclonal antibodies against lineage: Ly6G/Ly6C (Gr1)-biotin

(108404) from Biolegend; CD11b-biotin (BDB553309), CD19-biotin

(BDB553784), CD45R/B220-biotin (BDB553086), CD4-biotin

(BDB553782), NK-1.1-biotin (BDB553163), and TER-119-biotin

(BDB553672) from Fisher Scientific; CD135 (Flt3)-biotin (13-1351-

82) from Ebioscience; CD127-biotin (13-1271-85), CD3e-biotin (13-

0031-85), CD8a-biotin (13-0081-85), Mouse IgM-biotin (13-5790-85)
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from Life Technologies, and then resuspended in 2% FBS-PBS for

30 min in ice. Lineage antibody staining was followed by incuba-

tion with antibody mix for the following HSPC markers: CD117 (c-

Kit)-APC/CY7 (105826), CD150 (SLAM)-PerCp/Cy5.5 (115922),

CD48-Pacific Blue (103418) from Biolegend; CD48-APC (17-0481-

82), Ly-6A/E (Sca-1)-PE/Cy7 (25-5981-81), Streptavidin-APC (17-

4317-82) or Streptavidin-Pacific Blue (48-4317-82) from Ebio-

science; resuspended in 2% FBS-PBS for 30 min in ice. All antibod-

ies were used at a 1:100 dilution. Samples were acquired on a LSR

II flow cytometer (Becton Dickinson), and then, data were

analyzed using FlowJo 10 (Becton Dickinson). For cell sorting, the

BM-MNCs were prepared as aforementioned, in addition cells were

incubate with Anti-Biotin MicroBeads (10 µl beads per BM,

Mylteni Biotech) for 10 min at room temperature, then flow

through MACS LS column (Mylteni Biotech) for lineage depletion.

Cells were sorted directly into StemSPAN SFEM through a BD

FACS ARIA II (Becton Dickinson). When % of another population

is determined, no significant difference in the frequencies of the

parent populations in BM-MNCs was confirmed, as otherwise

described.

Immunofluorenscence

Sorted cells were resuspended in 50 ll of StemSPAN (StemCell

Technologies) supplemented with 50 ng/ml SCF (Peprotech) and

50 ng/ml TPO (Peprotech) then seeded on Lab-TekTM II Chamber

Slide (Thermo Fisher Scientific) coated with Retronectin (Clone-

tech). Samples were then immunostained as described previously

(Bonora et al, 2018). Rabbit polyclonal anti-TOM20 (FL-145,

Santa Cruz, dilution 1:100), anti-aTubulin (Invitrogen, MA1-

80017), and anti-CDC42 (Invitrogen, PA1092X) were used for the

detection. Z-stack were acquired on a Leica SP5 equipped with

63X oil immersion lens (NA 1.4), pinhole set at 1 airy unit with

voxel size 80/200 nm on XY/Z. Stacks were deconvolved using

the Richardson-Lucy algorithm (Sage et al, 2017) using measured

PSF. Representative image renderings were obtained by Imaris 7

(Bitplane).

Immunohistochemistry

Mouse tissue sections were stained with hematoxylin and eosin

for histopathologic examination. Pictures of the stained tissue

sections were obtained using an Olympus BX41 microscope and a

DP20 camera (Olympus). NPM1 and P53 protein staining was

performed using the anti-NPM1 antibody (Sigma or Dako) and

anti-P53 antibody (Dako). At least 100 cells from 10 fields and 2

separated sections in each sample were counted to assess protein

levels.

Peripheral blood smear and count

The collected peripheral blood was smeared for May-Gr€unwald-

Giemsa staining (Sigma).

Briefly, the samples were stained in May-Gr€unwald solution for

5 min, washed in PBS for 90 s, stained in Giemsa solution for

15 min, finally washed in running tap water and let them dry. For

WBC, RBC, Plt, and Hgb count an automated blood count The

ADVIA� 120 Hematology system (SIEMENS) was used.

In vitro colony formation assay

Colony formation assays were performed using MethoCult (Stem

Cell Technologies, Vancouver, BC, Canada) according to manu-

facturer’s instructions. Briefly, 1500 KSL were plated per well.

After 7 days the number and the nature of the colonies were esti-

mated.

In vitro limiting dilution assay

Long-term culture assay was performed sorting 8, 4, 2, and 1 HSC

(KSL CD135�CD150+CD48�) in single well StemSPAN SFEM (Stem-

Cell Technologies) supplemented with 50 ng/ml SCF (Peprotech),

and 50 ng/ml TPO (Peprotec) for 6 weeks. Half medium was

replaced once a week. Frequencies of cells with colony forming

capacity after long-term in vitro culture were calculated using ELDA,

extreme limiting dilution analysis (Hu & Smyth, 2009). In each

experiment, 24 replicates of each dilution were performed, and L-

CalcTM Software (StemCell technologies) was used to investigate

the difference between the two conditions.

Bone marrow transplantation

To determine the in vivo transplantability of the disease, 1.0 × 106

bone marrow mononuclear cells (BM-MNCs) from primary

(CD45.2) moribund/deceased Npm1 cKO, Npm1/p53 compound

mutant (DKO) mice or littermate controls (Ctrl and p53 KO) were

transplanted into irradiated recipient mice (CD45.1) with 4.0 × 105

competitor BM-MNCs (CD45.1). The transplanted mice were

followed until sign of lethargy/dead and the BM of moribund/de-

ceased transplanted mice were then analyzed.

Cytokine quantification in serum

Peripheral blood was collected from the submandibular vein of

anesthetized mice. After 2 h at RT, the blood samples were centri-

fuged at 3,000 rpm for 5 min in order to obtain the serum fraction.

The serum was transferred in a new 1.5 ml tube and used for the

cytokine quantification with LEGENDplexTM Mouse Inflammation

Panel (Biolegend).

Following the manufacture’s instruction, the concentration of IL-

1a, IL-1b, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-b,
IFN-c, TNF-a, and GM-CSF were determined by interpolation from

the calibration curve.

Mitochondrial membrane potential and superoxide production
by flow cytometry

For mitochondrial membrane potential, freshly isolated BM stained

for surface markers were incubated with 5 nM TMRM diluted in

StemSPAN SFEM (StemCell Technologies) supplemented with

50 ng/ml SCF (Peprotech), 50 ng/ml TPO (Peprotec) and 50 lM
Verapamil as described in (Morganti et al, 2019). TMRM was incu-

bated 60 min at 37°C. For mitochondrial superoxide, freshly isolated

BM stained for surface markers were incubated with 1 lM Mito-

SOXTM (Thermo Fisher) diluted in phosphate-buffered saline (PBS)

supplemented with 50 lM Verapamil. MitoSOXTM was incubated

30 min at 37°C, then washed. Samples were acquired on a LSR II
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flow cytometer (Becton Dickinson), then data analyzed using

FlowJo 10 (Becton Dickinson).

Apoptosis and senescence assay by flow cytometry

Freshly isolated BM stained for surface markers were stained with

Annexin V apoptosis detection Kit (Biolegend) for apoptosis, and

CellEvent Senescence Green Flow Cytometry Assay (Life Technolo-

gies) for detection of b-galactosidase activity according to the manu-

facturer’s instructions. Samples were acquired on a LSR II flow

cytometer (Becton Dickinson), and then, data were analyzed using

FlowJo 10 (Becton Dickinson).

Statistical analysis

The sample size was chosen by the expected effect size in the indi-

vidual experiments, and no statistical methods were used to ensure

adequate power to detect a pre-specified effect size. The animals

were randomly assigned to the individual experimental groups and

the animal studies were performed under blinding condition.

Statistical analysis was performed using GraphPad Prism software.

All values are expressed as the mean � SD, unless otherwise spec-

ified in the figure legends. Unpaired two-tailed Student’s t-tests,

one-way ANOVA with Bonferroni correction, or nonparametric

tests were performed, depending on the hypotheses tested, as

explained in the figure legends. Results equal to or above a 95%

confidence interval (P value ≤ 0.05) were considered statistically

significant. The log-rank test was used to compare mouse survival

curves.

Data availability

No large primary datasets have been generated and deposited.

Expanded View for this article is available online.
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