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IN VIVO MODELLING OF MYELOID HEMATOLOGICAL MALIGNANCIES 

WITH COMPLEX KARYOTYPES 

 

 

 

In acute myeloid leukemia (AML), TP53 mutations are associated with a subtype 

known as complex karyotype AML (CK-AML), which is defined by the presence of 3 

or more cytogenetic abnormalities and a dismal 5-year survival rate of less than 2% 

(Papaemmanuil et al., 2016b; Rucker et al., 2012). Functional studies in mice indicate 

that p53 inactivation in the hematopoietic compartment can produce chemoresistant 

malignancies with increased leukemia initiating potential, mirroring key features linked 

to TP53 mutations in AML patients (Chen et al., 2014; Zhao et al., 2010; Zuber et al., 

2009). However not all TP53 mutations are created equal, as some mutations have been 

termed gain-of-function (GOF) and have been shown to promote chemoresistance, 

invasiveness, and/or an epithelial-to-mesenchymal transition and other diverse 

mechanisms in solid tumors (Freed-Pastor et al., 2012; Olive et al., 2004; Weissmueller 

et al., 2014).   

Here, we identified a gain-of-function (GOF) p53 mutation that accelerates leukemia 

initiation beyond p53 loss and, surprisingly, is required for disease maintenance.  The 

p53R172H mutation (TP53R175H in humans) exhibits a neomorphic function by promoting 

aberrant self-renewal in leukemic cells, a phenotype that is present in hematopoietic 

stem and progenitor cells (HSPCs) even prior to their transformation. We identified the 

Forkhead box H1 transcription factor (Foxh1) as a critical mediator of mutant p53 
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function that binds to and regulates stem cell-associated genes and transcriptional 

programs. Our results describe a context where mutant p53 acts as a bona fide oncogene 

that contributes to the pathogenesis of CK-AML and suggests a common biological 

theme for TP53 gain-of-function in cancer. 

CK-AML is also characterized by recurring deletions of chromosomes 7 and 17 

(7/del(7q) and 17/del(17p)) which are associated with poor prognosis. However, the 

presence of functionally relevant tumor suppressors at these chromosomal sites is 

largely unexplored. Using RNAi we show that reduction in gene dosage of Ezh2 and 

Suz12, located on 7q36.1 and 17q11.2 respectively, cooperate with loss of p53 and 

Mll3, a previously shown tumor suppressive gene on chromosome 7q36.1, to promote 

leukemogenesis. Ezh2 and Suz12 suppression enhance self-renewal of HSPCs, and 

similarly to the human 7/del(7q) and 17/del(17p) AMLs, the derived leukemias are 

refractory to conventional chemotherapy. Hence, our mouse model suggests that Ezh2 

and Suz12 are putative tumor suppressive genes in p53-deficient AML and can 

contribute to leukemia without being mutated but rather lost via chromosomal 

aberrations.  

Altogether we have developed models of CK-AML in mice that were not available in 

the past. We propose to use these leukemias, which faithfully recapitulate the human 

disease, to better understand the complexity and molecular composition of AML as 

well as to use this as a preclinical platform for drug discovery.  
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INTRODUCTION 

Genetics, Treatment, and Classification of Acute Myeloid Leukemia 

 

Acute Myeloid Leukemia (AML) is a type of hematological malignancy that leads to 

the uncontrolled expansion of abnormally differentiated cells called blasts that infiltrate 

the bone marrow, peripheral blood and other organs of patients (Dohner et al., 2015). 

Despite the fact it has been more than two hundred years since the disease was first 

described by Peter Cullen as a disease that gave rise to “milky blood” (Cullen, 1811) 

the cure for patients over 60 years of age is still very low (5-15%) (Dohner et al., 2010).  

 

The gold standard for patients with AML is to undergo induction therapy with the goal 

of achieving complete remission (CR). Unfortunately, relapse because of minimal 

residual disease (MRD) is very common and will lead to discontinuation of the 

treatment. For this reason, treatment of AML begins with induction therapy, that upon 

a positive outcome is  then followed by a consolidation therapy in order to eliminate 

MRD and achieve long lasting remission. Induction therapy consists of the ‘7+3’ 

regimen, which combines 7 days of continuous infusion cytarabine with 3 days of 

anthracycline (De Kouchkovsky and Abdul-Hay, 2016). This is normally given to 

patients with an intermediate or favorable prognosis (Estey, 2014). Induction regimens 

use daunorubicin (60 or 90 mg/m2), or idarubicin (12 mg/m2) with similar responses 

(Estey, 2014; Gong et al., 2015; Li et al., 2015). Cytarabine is normally given at 100–

200 mg/m2 daily. Some studies have shown increased efficacy of cytarabine at higher 

doses, yet this is generally given to patients with refractory disease since at induction 

the therapeutic benefit is small and presents with increased toxicity (De Kouchkovsky 
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and Abdul-Hay, 2016). Other drugs such as combination of fludarabine, cytarabine, G-

CSF and idarubicin (FLAG-IDA), have also been used as alternative to standard 

induction regimens and lead to similar CR rates and OS overall but more patients 

achieve CR after a single course (Burnett et al., 2013).  

Despite the advances in treating AML, there is a lack of optimal treatment options for 

elderly patients (> 65 years old), which account for more than half of the patients with 

AML (Thein et al., 2013). These patients are also more likely to present a disease profile 

with an adverse cytogenetic-risk, lack of response to chemotherapy which often also 

leads to increased treatment-related toxicities. In 2012, a randomized trial of the 

hypomethylating agent decitabine compared to supportive care or low-dose cytarabine 

in elderly patients showed a significant improvement in OS (Kantarjian et al., 2012), 

yet similar studies have observed conflicting results (Dombret et al., 2015). The use of 

hypomethylating agents in older individuals is promising, but it fails to achieve durable 

responses especially in those patients with cytogenetic abnormalities and with mutations 

in TP53 discussed in more detailed below.  

Patients with AML used to be diagnosed and classified based on conventional 

morphologic and cytochemical features (Bennett et al., 1976). However, with the advent 

of high throughput sequencing we now recognize the enormous molecular heterogeneity 

of the disease in addition to the cytogenetic one that had been recognized many years 

prior (Dohner et al., 2010). Although these molecular markers are important because of 

their clinical relevance, they have also been insightful for the pathogenesis of the disease 
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and have led to the development of novel targeted therapies, albeit not to a satisfactory 

degree. 

In 2010, the European LeukemiaNet (ELN) developed a system that combined genetic 

abnormalities with cytogenetics and mutation analyses together with prognostic 

outcomes (Dohner et al., 2010). This system led to the creation of four genetic groups: 

favorable, intermediate-I, intermediate-II, and adverse (Dohner et al., 2010). For 

example, sole NPM1 mutations or CEBPA mutations are classified as favorable as well 

as patients that have t(8;21)(q22;q22) or RUNX1-RUNX1T1 related chromosomal 

aberrations. All other FLT3-ITD/NPM1 mutation combinations are considered to have 

intermediate-1 genetic risk (Rollig et al., 2011).  

The group with the adverse prognosis in AML is the group that exhibits more than three 

acquired chromosomal aberrations and it is called complex-karyotype AML (CK-AML) 

(Papaemmanuil et al., 2016b) (Table 1). These patients are almost exclusively 

characterized by mutations in the TP53 gene (Rucker et al., 2012), which when 

presented together with a complex-karyotype confer an even worse prognosis 

(Papaemmanuil et al., 2016b). 
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Table 1 Prognostic Groups in AML (Papaemmanuil et al., 2016a) 

Genomic Subgroup 

Frequency in 

the 

Stud Cohort 

(N = 1540) 

Most Frequently Mutated Genes* 

no. of patients (%) gene (%) 

AML with NPM1 mutation 

418 (27)  

418 (27) NPM1 (100), DNMT3A (54), FLT3ITD (39), 

NRAS (19), TET2 (16), PTPN11 (15) 

AML with mutated 

chromatin, RNA-splicing 

genes, or both† 275 (18)  

275 (18) RUNX1 (39), MLLPTD (25), SRSF2 (22), 

DNMT3A (20), ASXL1 (17), STAG2 (16), 

NRAS (16), TET2 (15), FLT3ITD (15) 

AML with TP53 mutations, 

chromosomal aneuploidy, or 

both‡ 

199 (13) Complex karyotype (68), −5/5q (47), −7/7q 

(44), TP53 (44), −17/17p (31), −12/12p (17), 

+8/8q (16) 

AML inv(16)(p13.1q22) or 

t(16;16)(p13.1;q22); 

CBFB–MYH11 

81 (5) inv(16) (100), NRAS (53), +8/8q (16), +22 

(16), KIT (15), FLT3TKD (15) 

AML with biallelic CEBPA 

mutations 

66 (4) CEBPA biallelic (100), NRAS (30), WT1 

(21), GATA2 (20) 

AML t(15;17)(q22;q12); 

PML–RARA 

60 (4) t(15;17) (100), FLT3ITD (35), WT1 (17) 

AML with t(8;21)(q22;q22); 

RUNX1–RUNX1T1 

60 (4) t(8;21) (100), KIT (38), −Y (33), −9q (18) 

AML with MLL fusion 

genes; t(x;11)(x;q23) 

44 (3) t(x;11q23) (100), NRAS (23) 

AML with inv(3)(q21q26.2) 

ort(3;3)(q21;q26.2);GATA2, 

MECOM(EVI1) 

20 (1) inv(3) (100), −7 (85), KRAS (30), NRAS 

(30), PTPN11 (30), ETV6 (15), PHF6 (15), 

SF3B1 (15) 

AML with IDH2R172 

mutations and no other 

class-defining lesions  

18 (1) IDH2R172 (100), DNMT3A (67), +8/8q (17) 

AML with t(6;9)(p23;q34); 

DEK–NUP214 

15 (1) t(6;9) (100), FLT3ITD (80), KRAS (20) 

AML with driver mutations 

but no detected class-

defining lesions 

166 (11) FLT3ITD (39), DNMT3A (16) 

 

AML with no detected 

driver mutations 

62 (4)  

AML meeting criteria for ≥2 

genomic subgroups 

56 (4)  

* Genes with a frequency of 15% or higher are shown in descending order of frequency. Key 

contributing genes in each class are shown in boldface type. 

† Classification in this subgroup requires one or more driver mutations in RUNX1, ASXL1, BCOR, 

STAG2, EZH2, SRSF2, SF3B1, U2AF1, ZRSR2, or MLLPTD. In the presence of other class-

defining lesions, namely, inv(16), t(15;17), t(8;21), t(6;9), MLL fusion genes, or complex karyotype 

or driver mutations in TP53, NPM1, or CEBPA biallelic, two or more chromatin spliceosome 

mutations are required. 

‡ Classification in this subgroup requires TP53 mutation, complex karyotype, or in the absence of 

other class-defining lesions, one or more of the following: −7/7q, −5/5q, −4/4q, −9q, −12/12p, 

−17/−17p, −18/18q, −20/20q, +11/11q, +13, +21, or +22.  

Multiple fusion partners for MLL were found, clinical implications depended on the specific partner. 
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Complex-Karyotype AML 
 

From studies analyzing the impact of cytogenetics on clinical outcome in AML it 

became obvious that certain chromosomal abnormalities were associated with this 

disease and predicted a poor survival. These abnormalities mostly affected in decreasing 

order of occurrence, chromosome arms 5q, 17p, 7q, 18q, 16q, 17q, 12p, 20q, 18p and 

3p, and also the less frequent chromosomal gains of 8q, 11q, 21q, 22q, 1p, 9p, and 13q 

(Mrozek, 2008). Overall, the molecular consequences of these recurrent chromosomal 

losses and gains of specific chromosomes in AML patients with complex karyotypes 

are poorly understood. However, some genes that reside on these regions have been 

identified as genes that might have a role in the disease. Beyond TP53 that has been 

long recognized as a TSG, other putative tumor suppressors such as α-catenin 

(CTNNA1) on 5q31 (Liu et al., 2007), NF1 on 17q11 (Rucker et al., 2006), SPRY4 on 

5q31.3 (Zhao et al., 2015), MLL3 (KMT2C) on 7q36.1 (Chen et al., 2014) and EGR1 on 

5q31.2 (Joslin et al., 2007) have been described to contribute to leukemogenesis when 

they are decreased in expression. 

The Lowe laboratory has used some of these genes in combination as a proxy to the 

chromosomal deletions that happen in patients and has shown that some of these genes 

are bona fide tumor suppressor genes. In the absence of p53 and Nf1, both Mll3 (Chen 

et al., 2014) and Spry4 (Zhao et al., 2015) down regulation by shRNAs cooperate in vivo 

(Figure 1A) and give rise to AML that exhibits complex karyotype unlike leukemias 

that are p53WT (Figure 1B).  
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Figure 1 Murine Complex Karyotype AML (CK-AML) model.  

(A) Schematic representation of generating murine CK-AML by co-transduction of 

cKIT+ p53Δ/Δ cells with shRNAs against Nf1 (GFP) and Mll3 or Spry4 (mCherry). 

The cells are transplanted in lethally irradiated mice and the disease that arises is 

double positive (DP) GFP+mCherry+ that infiltrates the spleen and the peripheral 

blood of the mice (Adapted from (Chen et al., 2014)). (B) Low-pass genome 

sequencing of MLL-AF9 driven murine leukemia (left) and p53 deficient murine 

leukemia (right).  

 

These two mouse models are currently the only CK-AML murine models and despite 

their caveats, one being the fluorescence on the hairpins that renders them immunogenic 

to some extent, they are still essential for understanding molecularly the pathogenesis 

cKit+

p53Δ/Δ
shNf1

shMll3 or Spry4

Irradiation 

& 

Transplantation

MLL-AF9 AML (p53 wt) MLL-AF9 leukemia (p53 WT) p53 deficient leukemia
1 2 3 4 5 6 7 8 9 10111213141516171819 X Y 1 2 3 4 5 6 7 8 9 101112131415 16171819 X Y

R
a
ti
o

0
.0

1
0
.0

5
0

.1
0

0
.5

0
1

.0
0

5
.0

0
1
0
.0

0

Genome Position Gb
0 0.5 1.0 1.5 2.0 2.5

R
a
ti
o

0
.0

1
0
.0

5
0
.1

0
0
.5

0
1
.0

0
5
.0

0
1
0
.0

0

Genome Position Gb
0 0.5 1.0 1.5 2.0 2.5

1N 2N

Sparse Whole Genome sequencing

A

B

Blood

Spleen

(GFP+mCherry+)



 7 

of this disease. Creating better tools and models in the lab would be essential in 

developing effective drugs for these patients.  

The tumor suppressor gene TP53 
 

The renowned developmental biologist Artavanis-Tsakonas of Harvard Medical School, 

once said: ‘There are two types of scientists; the ones that work on Notch and the other 

ones that don’t know they work on Notch yet’. He was referring to the highly conserved 

signaling pathway that controls a bewildering number of biological functions in 

animals. The same however could be said about p53. TP53 is by far the most studied 

gene in cancer biology not only because it controls a plethora of tumor suppressive 

functions but also because it is the most highly mutated gene in cancer.  

p53 is a sequence-specific transcription factor which contains two N-terminal 

transactivation domains, a proline rich domain, a central DNA binding domain, and a 

C-terminus that includes its nuclear localization signals and an oligomerization domain 

needed for transcriptional activity (Laptenko and Prives, 2006). The most well 

characterized functions of p53 include its ability to promote cell cycle arrest and 

apoptosis by transcriptional transactivation of genes such as p21 (CDKN1A) and Bax 

respectively (el-Deiry et al., 1994; Marzo et al., 1998) (Figure 2). Upon different types 

of stresses such as oncogene activation, p53 has also been shown to induce cellular 

senescence, which is considered to be a more stable cell cycle arrest program that 

involves the cell cycle inhibitor p16 (Serrano et al., 1997) (Figure 2). The quality or 

quantity of the stress is thought to dictate these differential responses, but this is still an 

active field of investigation. 
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The protein was initially discovered in 1979 as a 53 kD host protein bound to the large 

T antigen of the simian virus 40 (SV40) transformed cells (Lane and Crawford, 1979; 

Linzer and Levine, 1979). It was also observed that many tumors accumulated high 

levels of p53, something that is not observed in normal tissues, suggesting that p53 

might be an oncogene or have pro-oncogenic effects (Bartek et al., 1990b; DeLeo et al., 

1979; Rotter, 1983) (Figure 3A). This idea was reinforced when ectopic expression of 

Figure 2 The TP53 tumor suppressive pathway.  

Upon DNA damage that can be induced by different stimuli such as irradiation or 

oncogene activation, p53 gets stabilized and it can transcriptionally activate different 

targets that can lead to apoptosis (i.e. Bax), cell cycle arrest (i.e. p21) or senescence 

(i.e. Rb). 
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a p53 cDNA was shown to cooperate with oncogenic RAS to transform primary cells in 

culture (Eliyahu et al., 1984; Parada et al., 1984) (Figure 3B). Furthermore, 

overexpression of p53 was demonstrated to increase tumorigenicity in otherwise p53-

null cells (Wolf et al., 1984). And therefore, because of the erroneous utilization of a 

cancer cell line expressing a mutant form of p53, the gene was thought to be a proto 

oncogene for the first decade of its discovery (Freed-Pastor and Prives, 2012). 

Figure 3 Mutant p53 as an oncogene  

A. Expression of p53 in normal tissue of the breast (left) and in in situ Carcinoma 

(right) (Bartek et al., 1990a). B. Overexpression of p53 in rat embryonic fibroblasts 

lead to transformation in cooperation with Ha-ras and immortalizations of the cells 

when overexpressed alone 
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Subsequent work corrected the initial classification of p53 as an oncogene and showed 

that wild-type p53 suppresses growth and oncogenic transformation (Baker et al., 

1990a; Finlay et al., 1989) and, very importantly, inactivating mutations targeting both 

TP53 alleles are a very frequent event in human tumors (Baker et al., 1990b). Some of 

the strongest data to support the tumor suppressive functions of p53 were generated 

when the Trp53 knockout mice were shown to develop tumors with very high 

penetrance (Donehower et al., 1992). 

TP53 mutations occur in their majority on the DNA binding domain and the 

overwhelming majority of these are missense mutations (Figure 4). Some mutations 

occur in an extraordinary frequency and can vary to some extent from tissue to tissue 

(reviewed by (Kastenhuber and Lowe, 2017). These so-called “hotspot” mutations have 

been shown to exert a dominant-negative effect when they occur in cells with a wild-

type allele by inhibiting the canonical p53 functions such as cell cycle arrest and 

apoptosis (Willis et al., 2004). However, these mutations are more commonly presented 

in the absence of a wild-type allele (hemizygous mutations). The loss of the wild-type 

allele (LOH) has been shown to occur very frequently after chromosomal aberrations 

that lead to loss of 17p where TP53 resides (Tamada et al., 1994; Tomita et al., 2004).  

 

Figure 4 TP53 mutations in cancer patients.  
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Missense Mutations, Truncating Mutations: Nonsense, Nonstop, Frameshift deletion, 

Frameshift insertion, Splice site, Inframe Mutations: Inframe deletion, Inframe 

insertion, Other Mutations: All other types of mutations. MSK-IMPACT (Zehir et al., 

2017)) 

 

In the 1990s it was shown that some missense TP53 mutations have gain-of-function 

(GOF) properties. For example, patients with Li-Fraumeni syndrome that are 

predisposed to a hereditary cancer syndrome because of TP53 germline mutations,  they 

would develop tumors even nine years prior to patients that had loss of function (LOF) 

(i.e. truncating mutations) p53 mutations (Bougeard et al., 2008).  Experimentally 

several groups, including Arnold Levine’s group, showed that overexpressing murine 

or human mutant p53 proteins, in cells lacking endogenous p53 protein, increased 

tumorigenic potential in nude mice and enhanced plating efficiency in agar cell culture 

(Dittmer et al., 1993).  

Moreover, it was shown that only mice expressing a p53 mutant allele developed 

metastases in a model of rhabdomyosarcoma, in line with other models such as 

pancreatic ductal adenocarcinoma (Morton et al., 2010) and squamous cell carcinoma 

(Caulin et al., 2007) where the incidence of metastasis was much higher in the presence 

of the mutant protein compared to the tumors that did not express p53. Furthermore, 

mouse models engineered to express two of the most common hotspot mutations 

observed in human tumors (R172H and R270H corresponding to R175H and R273H in 
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patients) developed a higher incidence of carcinomas compared to p53 deficient mice 

(Olive et al., 2004).  

Mutant p53 has also been shown to cooperate with EGFR to enhance EMT in human 

esophageal cells and overcomes EGFR-mediated senescence (Ohashi et al., 2010). Not 

surprisingly and in addition to all other functions attributed to mutant p53 and its GOF 

effects, it can also augment cell proliferation, which has been shown both in vitro as 

well as in vivo (Duan et al., 2008) as well as induce chemoresistance (Do et al., 2012). 

Furthermore several groups have also shown that these mutant proteins rewire the 

metabolic output of tumor cells and therefore alter their adaptation and survival abilities 

(Freed-Pastor et al., 2012; Humpton et al., 2018) (Figure 5).  

 

Figure 5 Functions of mutant p53 

 

Metastasis 
Doyle et al., 2010, Lang et al., 2004,  

Morton et al., 2010, Olive et al., 2004 
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The molecular mechanisms that have been proposed for the GOF are various and 

include interaction of mutant p53 with other transcription factors such as ETS1/2, NF-

Y, and the p53 family members p63 and p73 (Di Agostino et al., 2006; Weissmueller et 

al., 2014; Zhu et al., 2015). While the precise nature of how p53 alters transcription 

remains open for debate, multiple lines of evidence indicate it can augment the 

metastatic potential of tumors.  

TP53 in stem cells and development  
 

Interestingly, mice with genetic loss of p53 develop normally despite the evidence for 

a role of p53 in the regulation of stem cells (Donehower et al., 1992). Currently there is 

little knowledge on how p53 is mediating these effects in stem cells and whether it is 

through its transcriptional function or through another activity.  

John Gurdon in the ‘70s tried to transplant nuclei from differentiated cells of a tadpole 

into the egg of Xenopus laevis, an experiment that failed many times until they passaged 

the nuclei through the egg and early embryo and only then they succeeded in producing 

a normal tadpole (Gurdon, 1973). As suggested in these early studies this 

preconditioning of the nuclei might have been an “epigenetic” priming that allowed the 

developmental program necessary for this process to occur. Based on those experiments 

and many that followed, including the legendary Yamanaka experiment in which mouse 

embryonic fibroblasts were infected to overexpress four transcription factors (Oct-4. 

Sox2, Klf-4 and c-Myc), we now know that “induced pluripotency” exists (Takahashi 

and Yamanaka, 2006). Since 2006, these induced pluripotent stem (iPS) cells have 
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become the subject of interest for a plethora of laboratories across the world because of 

their clinical potential in regenerative medicine.  

The role of p53 in iPS formation was examined and in 2009 five papers were published 

in Nature showing that loss of p53 enhances re-programming from 0.01% to 80% while 

expediting the process that normally takes 2 weeks to just 3 days (Banito et al., 2009; 

Hong et al., 2009; Kawamura et al., 2009; Marion et al., 2009; Utikal et al., 2009). Their 

findings had huge implications on the understanding of stem cell biology as it showed 

clearly the antagonistic relationship between stemness and tumor suppression. These 

papers suggested that the p53 pathway existed in stem cells to inhibit their formation 

from their differentiated counterparts and to ensure a unidirectional program during 

development. Interestingly GOF p53 mutants have been shown to enhance further the 

efficiency of the reprogramming process compared with p53 deficiency albeit leading 

to the formation of aggressive tumors and once again suggesting the differential roles 

of the hotspot mutants compared to the loss-of-function ones (Sarig et al., 2010). 

 

Even though this idea was new, it was in line with the tumor suppressive roles that p53 

was already known to have. p53 is not essential for survival, as loss of the gene does 

not cause embryonic lethality. However, this comes at a cost: both mice and humans 

with these genetic lesions are highly prone to developing tumors. Thus, the concept that 

p53 restricts self-renewal in stem cells is in line with the observation that stem and 

progenitor cells have many more programmed cell divisions and are largely long-lived, 

which makes them ideal candidates for transformation. These findings were supported 

by earlier studies showing that p53 was highly expressed in the early mouse embryo 
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(12-14 days old) but not at later stages during development (16 days old) (Sabapathy et 

al., 1997). Another example of p53’s role in stem cell biology is seen in the 

hematopoietic system. Hematopoietic stem and Progenitor cells (HSPCs) express the 

highest levels of p53 and as cells differentiate its expression declines with them (Pant 

et al., 2012) (Figure 6). In addition it was also shown that p53 is highly abundant in 

mESCs and its expression declines when the cells differentiate (Sabapathy et al., 1997). 

Importantly though, studies have shown that despite the fact that p53 is highly expressed 

in mESCs it is localized in the cytoplasm where it is thought to be inactive (Qin et al., 

2007). Similarly, in hESCs even though p53 seems to be in the nucleus, it exists in its 

inactive deacetylated form (Jain et al., 2012). This presents a paradox and raises the 

following question: how are these cells ensuring their genome integrity under stress 

conditions? Are they able to transiently induce p53 upon demand or is there an unknown 

player involved in these processes?  
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Figure 6 Expression of TP53 in human hematopoietic cells. 

Hematopoietic stem cells (HSC) and different types of progenitors (MPP: multipotent 

progenitors, CMP: Common myeloid progenitors, GMP: Granulocyte and Monocyte 

progenitors, MEP: megakaryocyte progenitors) express the highest level of TP53 

which is gradually declining with differentiation in the myeloid lineage. 

 

Hence, p53 seems to mediate the balance between genome stability and plasticity, which 

is pivotal in maintaining tissue homeostasis. In a somatic cell, p53 has a major role in 

translating stress signals into classic processes such as apoptosis, cell cycle arrest and 

senescence, but in stem cells an imbalance between genomic integrity and plasticity can 

have detrimental consequences. In this regard, increased senescence or apoptosis can 

result in a severe depletion of the functional stem cell reservoir leading to early aging. 

This dilemma emphasizes the important relationship between the quantity and quality 
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of stem cells and puts p53 at the epicenter ensuring a balance between maintaining an 

intact genome and allowing stem cell plasticity.  

The hematopoietic system has long served as a model system to understand the 

functions and properties of stem cells. In the last couple of years there has been a series 

of studies describing the presence of leukemia-related mutations in elderly individuals 

leading to clonal hematopoiesis (Genovese et al., 2015). Some of these mutations 

include DNMT3A, TET2, ASXL1 as well as TP53, all of which when mutated have been 

shown to enhance self-renewal and induce leukemia with or without other lesions 

(Abdel-Wahab et al., 2013; Moran-Crusio et al., 2011; Tadokoro et al., 2007; Zhao et 

al., 2010). With increasing age, stem cell function declines so it has been hypothesized 

that these mutations evolved to counteract this in the expense of enhanced risk of 

developing cancer. All of the genes mentioned above are epigenetic modifying enzymes 

and are thought to mediate enhanced self-renewal by altering the chromatin. Is it perhaps 

possible that p53 is controlling self-renewal by doing the same? Due to the fact that p53 

is phosphorylated, acetylated, methylated and ubiquitinylated – modifications also 

found on histones – it has been suggested by Arnold Levine and colleagues that p53 

may monitor the epigenetic changes that take place during reprogramming by these 

same post-translational alterations (Yi et al., 2012).  

When a differentiated cell acquires epigenetic changes that confer aberrant self-renewal 

(i.e. formation of a cancer stem cell), p53 might be involved in recognizing these 

epigenetic changes in a cell as stress signals and prevent them from happening, which 

is in absolute accordance with its tumor suppressive nature. We are only beginning to 

understand the role of p53 in stem cells and the underlying mechanisms are even less 
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clear. It is of particular interest to understand how p53 hotspot mutations that arise so 

frequently in patients perturb this tumor suppressive function that normally inhibits the 

formation of genomic alterations but also maintains the ability of stem cells to properly 

self-renew. Loss of either of these functions is detrimental to life, hence understanding 

how this is mediated is of paramount importance.  

 

Epigenetic Modifiers in cancer 
 

It has been long appreciated that epigenetic dysregulation is common in cancer and 

various studies have shown that genes controlling epigenetic processes are mutated in 

different types of cancer.   

Epigenetics historically referred to heritable processes that regulate gene expression 

without leading to changes in the sequence of the DNA. In recent years the field of 

epigenetics has focused on studying – but not limited – to DNA cytosine methylation 

and hydroxymethylation as well as histone methylation, acetylation, ubiquitylation and 

phosphorylation. Unlike the irreversible changes that occur from mutations on the DNA, 

an altered epigenetic state is thought to be amenable to change and thus it has been 

proposed to be a potential therapeutic target (Goldberg et al., 2007).  

Emerging sequencing studies from patients with AML identified recurring mutations in 

genes that are epigenetic modifiers (Cancer Genome Atlas Research et al., 2013), which 

when modelled in mice significantly contributed to hematopoietic transformation 

(Woods and Levine, 2015). These data suggest that these somatic alterations in 

epigenetic regulators contribute to leukemia initiation and support what it had already 



 19 

been suggested by the finding of recurrent translocations involving histone lysine 

acetyltransferases like lysine acetyltransferase 6A (KAT6A/CREBBP) and the very 

common mixed-lineage leukemia (MLL) translocations. 

In AML the most common mutations in epigenetic modifiers involve DNA 

methyltransferase 3A (DNMT3A), tet methylcytosine dioxyge-nase 2 (TET2), isocitrate 

dehydrogenase 1 and 2 (IDH1/2), additional sex combs-like 1 (ASXL1) and in the 

enhancer of zeste homologue 2 (EZH2), which beyond their biological significance have 

clinical and future therapeutic relevance in myeloid malignancies (Shih et al., 2012) 

(Patel et al., 2012).  

 

Figure 7 Illustration of the organization of genomic DNA and how mutations in 

epigenetic modifiers can affect this.  
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Tumors exhibit mutations in (i) DNA methyltransferase/demethylases (DNMT3a and 

TET2), which can alter cytosine methylation on DNA. In addition, mutated enzymes 

can generate oncometabolites that block the activity of other enzymes, such as 2-

hydroxyglutarate production blocking TET2 activity in IDH1/2-mutated tumors. ; (ii) 

histone tail modifiers (HMT: histone methyl-transferase, HDM: histone demethylase, 

HDAC: histone deacetylase, HAT: histone acetyl-transferase), which can modify 

histone tails to insert or remove methyl and acetyl groups; and (iii) the SWI/SNF 

complex, which can alter the position of nucleosomes along the DNA  

 

One chromatin modifying complex whose subunits are targeted by mutations in 

different tumor types is the PRC2 complex.  The Polycomb group (PcG) proteins repress 

transcription and regulate cell identity to maintain tissue homeostasis. There are two 

distinct PRC complexes, PRC1 and PRC2, with a third PcG complex identified in 

Drosophila melanogaster (Margueron and Reinberg, 2011). These complexes initiate 

and maintain transcriptional silencing through specific post-translational histone 

modifications. The PRC2 complex consists of four core members: EZH1 or EZH2, the 

embryonic ectoderm development (EED), the suppressor of zeste 12 homologue 

(SUZ12) and RBAP48 (also known as RBBP4) (Margueron and Reinberg, 2011) 

(Figure 8).  

The PcG member that has been most studied in cancer is EZH2, which has the catalytic 

activity to deposit methyl groups onto histone 3 at lysine 27 (H3K27) (Vire et al., 2006). 

EZH1 has similar enzymatic activity, and it has been proposed that they have some 
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redundant roles but also distinct ones that become more apparent when one enzyme is 

compensating for the absence of the other (Shen et al., 2008). Interestingly, the 

overexpression of wild-type EZH2 is commonly observed in various epithelial 

malignancies, and somatic, heterozygous activating mutations of EZH2 that affect 

residue Y641 have been identified in germinal-center diffuse large-B-cell (DLBC) 

lymphomas where these mutations lead to increased di- and tri-methylation of H3K27 

(Sneeringer et al., 2010).  

EZH2 mutations have also been reported in myeloid diseases such as MDS, chronic 

myelomonocytic leukemia (CMML), and primary myelofibrosis (PMF) but are rare in 

other chronic or acute myeloid malignancies (Ernst et al., 2010; Nikoloski et al., 2010).  

 

Figure 8 The PRC2 complex.  
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The complex consists of several members that include the proteins EZH1 and EZH2 

that have the catalytic activity to catalyze H3K27me3. Other proteins such as EED, 

SUZ12, JARID2, RbAp48/48, AEBP2 and PCL have an important auxiliary role that 

helps mediate the repressive histone mark at enhancers and promoters that is 

associated with decreased transcription. 

 

Efforts trying to understand the role of the PRC2 complex in hematological 

malignancies utilized mouse models with conditional deletion of Ezh2 in the 

hematopoietic compartment of mice that resulted in defects in B-cells without overt 

effects in stem or progenitor functions (Su et al., 2003). Whereas Eed+/− mice develop 

severe, lethal myeloid and lymphoid proliferation (Lessard et al., 1999). Despite the fact 

that other mutations in PRC2 components are less frequent than EZH2 they do occur in 

myeloid malignancies with 1.4% of patients with MDS/MPN exhibiting SUZ12 

mutations and less than 1% having EED deletions or mutations (Brecqueville et al., 

2011; Score et al., 2012). Mutations in PRC2 components do not seem to be mutually 

exclusive at least in patients with T cell acute lymphoblastic leukemia (T-ALL), in 

which mutations in PRC2 components are more frequent than in myeloid malignancies 

(Zhang et al., 2012). This suggests that perhaps these mutations go beyond inactivating 

the complex and some of these proteins might have functions not yet understood that 

contribute to these diseases.  

Interestingly both at the single nucleotide variant and copy-number level it appears that 

PRC2 alterations are loss-of-function and frequently heterozygous, suggesting that 

these genes might be haploinsufficient tumor suppressors involved in the pathogenesis 



 23 

of myeloid malignancies. Recent work demonstrated that EZH1/2 also pose a 

dependency in myeloid leukemias evident from the prolonged survival that was 

achieved in mice treated with a selective inhibitor against these proteins (Xu et al., 

2015). This work, as well as an shRNA screen that identified Eed and Suz12 (Shi et al., 

2013) as dependencies in a murine model of AML, suggest that components of the 

PRC2 complex may serve both as oncogenes and tumor suppressor genes in the myeloid 

compartment.  

Despite the possible complex biology that EZH2 mutations might have in myeloid 

malignancies, it has been apparent that these mutations confer an adverse outcome in 

MDS and PMF but also might be contributing to the poor outcome associated with loss 

of chromosome 7q where EZH2 is located (Guglielmelli et al., 2011; Le Beau et al., 

1996). In what way EZH2 mutations contribute to poor patient survival is still not well 

understood and needs to be studied further as remarkably these mutations do not 

increase the risk of transformation to AML from MDS (Sashida et al., 2014) and are 

rare in de novo AML.  

Understanding the functions of PRC2 components in vivo would be important to 

elucidate how many of these genes that reside within the segmental deletions occurring 

in CK-AML contribute to the pathogenesis of the disease and will perhaps show that 

even partial impairment of these members is sufficient. 

 

I joined the Lowe lab with an initial interest in understanding more this type of leukemia 

with dismal prognosis and wanted to study whether mutant p53, which had been linked 

primarily to metastasis, might have a gain of function effect in the hematopoietic 
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compartment. In addition, as several chromatin modifying factors that reside in 

segmental deletions in CK-AML genetically co-occurred with p53 and have been 

extensively linked to other types of leukemia we decided in collaboration with Katerina 

Hatzi to study their role in this disease.  
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CHAPTER I: A gain-of-function p53 mutant oncogene 

promotes cell fate plasticity and myeloid leukemia through 

the pluripotency factor Foxh1 
 

ABSTRACT 

 

Mutations in the TP53 tumor suppressor gene are common in many cancer types, 

including the acute myeloid leukemia (AML) subtype known as complex karyotype 

(CK) AML.  Here, we identify a gain-of-function (GOF) p53 mutation that accelerates 

CK-AML initiation beyond p53 loss and, surprisingly, is required for disease 

maintenance.  The p53R172H mutation (TP53R175H in humans) exhibits a neomorphic 

function by promoting aberrant self-renewal in leukemic cells, a phenotype that is 

present in hematopoietic stem and progenitor cells (HSPCs) even prior to their 

transformation. We identify the Forkhead box H1 transcription factor (Foxh1) as a 

critical mediator of mutant p53 function that binds to and regulates stem cell-associated 

genes and transcriptional programs. Our results identify a context where mutant p53 

acts as a bona fide oncogene that contributes to the pathogenesis of CK-AML and 

suggests a common biological theme for TP53 gain-of-function in cancer. 

SIGNIFICANCE 

  

Our study demonstrates how a gain-of-function p53 mutant can hijack an embryonic 

transcription factor to promote aberrant self-renewal. In this context mutant p53 

functions as an oncogene to both initiate and sustain myeloid leukemia and suggests a 

potential convergent activity of mutant p53 across cancer types. 
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INTRODUCTION  

 

TP53 mutations occur in the majority of human cancers and are often associated with 

poor outcomes (Kandoth et al., 2013; Olivier et al., 2010). TP53 encodes a sequence-

specific transcription factor (Kern et al, 1991) that is normally maintained at low levels 

through strict post-translational control (Laptenko and Prives, 2006). In response to 

DNA damage, activated oncogenes, or other forms of cellular stress, p53 is stabilized 

and promotes cell cycle arrest, apoptosis, senescence, or other anti-proliferative 

programs depending on cellular context (Kastan et al., 1991; Kastenhuber and Lowe, 

2017; Lowe et al., 1993; Serrano et al., 1997). Most TP53 mutations occur in the DNA 

binding domain and disrupt its transcriptional activity, thereby preventing these stress 

responses and enabling aberrant proliferation and survival of mutated cells (Bouaoun et 

al., 2016).  

 

Cancer-associated mutations typically inactivate p53 through a two-hit mechanism, 

whereby one allele acquires a missense mutation and the other undergoes “loss-of-

heterozygosity” (LOH) via chromosomal deletion (Kastenhuber and Lowe, 2017). 

Missense TP53 mutations encode proteins that have attenuated capacity to transactivate 

wild-type target genes, despite being frequently stabilized owing to reduced interaction 

with negative regulators (Prives and Hall, 1999). These mutant proteins can instill 

neomorphic gain-of-function (GOF) activities that contribute to cancer phenotypes 

beyond p53 loss (Muller and Vousden, 2014). At the organismal level, mice harboring 

certain germline missense mutations in Trp53 (hereafter referred to as p53) develop an 

altered tumor spectrum compared to p53 null mice, including a larger fraction of 
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epithelial cancers with increased metastatic potential (Olive et al., 2004; Weissmueller 

et al., 2014). At the cellular level, some GOF p53 mutants promote chemoresistance, 

invasiveness, and/or an epithelial-to-mesenchymal transition through diverse 

mechanisms (Freed-Pastor et al., 2012; Olive et al., 2004; Weissmueller et al., 2014).  

Another neomorphic function of mutant p53 involves its ability to facilitate the 

formation of induced pluripotent stem cells (iPSCs) more so than p53 loss (Sarig et al., 

2010; Yi et al., 2012), though the extent to which this GOF activity is relevant to cancer 

is poorly understood.  

 

In contrast to their high prevalence in most solid tumors, TP53 mutations occur in 

around 10% of blood cancers though, when they occur, are associated with poor 

prognosis (Papaemmanuil et al., 2016b; Rucker et al., 2012). In acute myeloid leukemia 

(AML), TP53 mutations are associated with a subtype known as complex karyotype 

AML (CK-AML), which is defined by the presence of 3 or more cytogenetic 

abnormalities and a dismal 5-year survival rate of less than 2% (Papaemmanuil et al., 

2016b; Rucker et al., 2012). Functional studies in mice indicate that p53 inactivation in 

the hematopoietic compartment can produce chemoresistant malignancies with 

increased leukemia initiating potential, mirroring key features linked to TP53 mutations 

in AML patients (Chen et al., 2014; Zhao et al., 2010; Zuber et al., 2009). Still, whether 

and how TP53 missense mutations confer GOF activities to p53 in AML is not known. 

 

In this study, we set out to test whether mutant p53 has GOF activity in AML and, if so, 

to determine the underlying mechanisms behind this effect. We chose to study p53R172H 
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(R175H in humans), a mutant form of p53 that has been shown to confer GOF activity 

in solid tumors and is the most common allele in AML patients (Elli Papaemmanuil, 

personal communication). Several complementary in vitro and in vivo systems were 

used to compare the biological features of wild-type, p53 null, or p53 mutant alleles, 

leading us to identify a neomorphic function of mutant p53 in hematopoietic stem and 

progenitor cells that exerts its effect by enhancing cellular self-renewal beyond that 

produced by p53 inactivation. We also identify a novel mediator of mutant p53 function, 

Foxh1, which contributes to the aberrant self-renewal phenotype. As such, suppression 

of either mutant p53 or Foxh1 ablates this stemness capacity by triggering 

differentiation. These observations illustrate how mutant p53 can acquire a pro-

oncogenic activity that magnifies loss of its tumor suppressive functions and creates a 

previously unappreciated molecular dependency in AML.  

RESULTS 

p53R172H accelerates the onset of hematological malignancies beyond effects of p53 

deficiency. 

 

We first compared the ability of a mutant or null p53 allele to promote leukemogenesis 

in a well-defined genetic model. Because of its previously defined GOF activity in other 

settings, we used a conditional mutant p53 allele harboring a R172H mutation 

downstream of a “lox-stop-lox” cassette (LSL-p53R172H) (Olive et al., 2004), which 

corresponds to TP53R175H, one of the most frequent mutations in clinical cases of AML 

(Papaemmanuil et al., 2016b). Mouse cohorts were produced to harbor one p53R172H 

allele and a p53 floxed allele (p53LSL-R172H/F), or were homozygous for the floxed p53 

allele (p53F/F), such that all hematopoietic cells would become p53R172H/Δ and p53Δ/Δ, 
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respectively, in the presence of the hematopoietic-specific Vav1-cre transgene (Ogilvy 

et al., 1998). While both the p53R172H/Δ and p53Δ/Δ cohorts eventually succumbed to 

disease with full penetrance, mice harboring the p53R172H allele became moribund 

significantly faster (Figure 1A). As commonly observed in p53-/- mice (Donehower et 

al., 1995), most animals developed thymic lymphoma, although some had leukemias 

and rarely a mixed disease (leukemia and lymphoma) (Figure 1B).  

 

The above observations are consistent with those previously obtained using mice 

harboring a humanized p53R248Q allele expressed in the whole body of mice, which also 

develop T cell lymphoma faster than p53 null mice (Hanel et al., 2013).  However, 

neither model addresses the biology of mutant p53 action in the clinically-relevant 

context of AML, likely due to the high penetrance of lymphomas that arise in the mouse. 

Therefore, to bias the model against T cell lymphoma development, we transplanted 

bone marrow cells from Mx1-Cre;p53R172H/F and Mx1-Cre;p53F/F mice into 

thymectomized recipients. Three weeks post-transplantation, intraperitoneal injection 

of PolyI:C was used to activate the interferon-inducible Mx1-Cre, triggering the 

recombination of floxed alleles in transplanted cells (Kuhn et al., 1995). Of note, the 

use of the inducible Mx1-Cre recombinase enabled transplantation of functionally wild 

type whole bone marrow (WBM) cells, avoiding biases in engraftment efficiency that 

might occur upon p53 alteration. As in the autochthonous model, p53R172H/Δ mice 

succumbed to disease faster than their p53-null counterparts (Figure 1C), though, in this 

instance, the disease was immunophenotypically and histologically characterized as 

AML based on the expression of Cd11b and Gr1 on the surface of infiltrating leukemic 
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cells (Figure 1D, E). Thus, p53R172H gives rise to an aggressive leukemia that 

significantly shortens overall survival as compared to the disease arising from p53 

deficient bone marrow cells, providing functional evidence that a p53 mutant allele can 

contribute to AML beyond effects of p53 loss.  

 

Figure 1. p53R172H Leads to Accelerated Onset of Hematological Malignancies. (A) 

Kaplan-Meier survival curves of native mice with p53Δ/Δ and p53R172H/Δ hematopoietic 

cells recombined using Vav1-Cre. (B) Spectrum of hematological malignancies arising 

in p53Δ/Δ (n=15) and p53R172H/Δ (n=11 native mice. (C) Kaplan-Meier survival curves of 

thymectomized mice transplanted with p53f/f, p53f/f;Mx1-Cre and p53R172H/F;Mx1-Cre 

bone marrow (BM) (D) Expression of CD11b and Gr1 in the peripheral blood of 

moribund mice from (C)  (E) Representative H&E image of mice with acute myeloid 

leukemia arising after transplant in thymectomized recipients. ** p <0.005, **** p 

<0.0001, Log-rank (Mantel-Cox) test. 
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Figure S1.  Mutant p53 is necessary to sustain leukemic cells in vitro and in vivo. 

Related to figure 2. (A) Percentage of BFP+ cells 48hrs post-infection as assessed 

by FACS in the three cell lines. (B) Genome-wide CRISPR screen was used to 

visualize the proliferation of 14 human AML cell lines with different TP53 status after 

the use of a gRNA against TP53 (gRPA3 and gBrd4 were used as positive controls) 

(Wang et al., 2017) (C) Sanger sequencing results confirming the presence of the 

R175H TP53 mutation in KY821 cells. (D) Schematic representation of transplanting 

p53R172H/Δ sh.Ren or sh.p53 doxycyclin-inducible containing cells in CD45.1 mice. 

(E) Western-Blotting confirming knock-down of TP53 in p53R172H/Δ sh.p53 cells in 
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vitro upon doxycyclin addition to the medium of the cells. (F) Western-Blotting for 

TP53 (BM). 

Sustained expression of mutant p53 is required for the maintenance of p53R172H 

leukemic cells 

 

We next examined whether the p53R172H mutant protein was required for survival of p53 

mutant leukemic cells. We utilized previously characterized p53Δ/Δ or p53R172H/Δ and 

p53R172H/11B3 CK-AML murine cell lines that were created by co-transduction of short 

hairpin RNAs (shRNAs) targeting Nf1 (GFP-labeled) and Mll3 (mCherry-labeled), 

hereafter referred to as PNM (Chen et al., 2014; Liu et al., 2016). These cell lines were 

generated to reflect the most common genetic configurations found in patients, 

including p53 loss alone (p53Δ/Δ), p53R172H over a focal p53 deletion (p53R172H/Δ) or 

p53R172H over a larger genomic deletion that encompasses p53 (p53R172H/11B3) (Liu et al., 

2016). Control shRNAs against Renilla luciferase (shRen) or p53 (sh.p53) were co-

expressed with a blue fluorescent protein (BFP) reporter (Figure S1A) (Zuber et al., 

2011a). The percentage of BFP+ cells was monitored over time as a measurement of 

fitness under the two shRNA-containing conditions.  

 

We observed a significant reduction in the relative number of sh.p53 BFP+ cells 

compared to sh.Ren BFP+ cells over time (Figure 2A light blue and dark blue lines), 

indicating negative selection against cells in which the mutant protein is depleted. By 

contrast, sh.p53 had no effect on p53Δ/Δ AML cells, ruling out potential off target effects 

of the p53 shRNA (Figure 2A black line). p53 depletion in cells harboring p53R172H 

promoted differentiation and triggered apoptosis as assessed by flow cytometry for 
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CD11b and Annexin V, respectively (Figure 2B,C). Thus, AML cells expressing 

p53R172H acquire a molecular dependency on mutant p53 that contributes to a 

differentiation block that sustains leukemogenesis.  

 

To determine whether human AML can also depend on sustained expression of mutant 

p53, we first examined publicly available CRISPR/Cas9 genome-wide screening data 

(Wang et al., 2017). In these studies, sgRNAs were introduced into human AML lines 

expressing Cas9 followed by assessment of their enrichment or depletion over time 

using next generation sequencing. Interestingly, sgRNAs targeting p53 were invariably 

enriched in AML lines harboring wild-type TP53 but depleted to varying degrees in 

those expressing mutant TP53 genes (e.g. R248Q – another hotspot TP53 mutation), 

suggesting that a subset of the latter group might depend on sustained expression of the 

mutant protein for their proliferation and/or survival (Figure S1B).  

 

None of the AML cell lines used in the aforementioned CRISPR/Cas9 screen harbored 

an R175H mutation (corresponding to the mutation we studied in mice). However, we 

identified a human AML cell line (KY821) that harbored this mutation in the absence 

of a WT p53 allele (Figure S1C) and used it to functionally test the requirement for this 

mutant form of TP53 in vitro and in vivo.  Cells were transduced with a validated shRNA 

targeting human p53 (sh.TP53) (Brummelkamp et al., 2002) or empty vector control 

(Ctrl) and examined for their ability to form colonies in methylcellulose culture in vitro 

or give rise to leukemia upon transplantation into sub-lethally irradiated NOD-scid IL-

2R-/- (NSG) immune-deficient mice. Similar to observations from murine AML, 
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suppression of mutant TP53 in KY821 cells significantly reduced their colony-forming 

ability (Figure 2D,E) and led to the up-regulation of the myeloid differentiation marker 

CD16 (Figure 2F), again suggesting that this p53 mutant contributes to a differentiation 

block.  

 

To test whether TP53R175H mutant cells transduced with sh.TP53 exhibited reduced 

fitness in vivo, we analyzed peripheral blood for the presence of human CD45-positive 

leukocytes in recipient mice 5 weeks post-transplantation. Remarkably, this analysis 

revealed a significant reduction of cells containing sh.TP53 versus control cells (Figure 

2G), confirming the suppressive effect of mutant p53 knock-down in p53 mutant-

expressing human leukemias. In addition, knockdown of mutant p53 significantly 

increased the survival of transplanted mice compared to controls (Figure 2H). At the 

time of death, the resulting leukemias invariably selected against expression of the p53-

targeting shRNA and restored the expression of mutant p53, consistent with our 

observations from murine models (Figure 2I and S1D-F). Therefore, KY821 cells 

require mutant p53 protein to sustain leukemia. Collectively, these results reveal an 

oncogenic function for mutant p53 in murine and human AML.  

 



 36 

 

Figure 2. Depletion of mutant p53 impairs the growth of p53 mutant leukemias.  

(A) The ratio of sh.p53 BFP+ cells compared to sh.Ren BFP+ cells over time in 

leukemic lines. (B) CD11b expression in the shRNA BFP+ containing cells (n = 3) 

and (C) Annexin V shown by FACS 7 days after infection. Data presented as 

mean ± s.e.m (D) Relative expression of TP53 7 days post infection with pRS sh.TP53 

in human KY821 cells.  (E) CFU in human AML cells with sh.Ren or sh.TP53. Data 

presented as mean ± s.e.m (n = 3) (F) hCD16 expression by FACS in pRS Ctrl or pRS 
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TP53 cells from growing in CFU assay (G) Percentage of hCD45 in the peripheral 

blood of mice 5 weeks post transplant in shCntr and shCntr moribund mice (black), 

shTP53 (blue) and shTP53 moribund mice (orange). Data are represented as mean 

 ± s.e.m  (n=5 and n=5)  (H) Kaplan-Meier curve from NSG mice transplanted with 

equal numbers of KY821 cells transduced with wither shCntr or shTP53 (n=5 and 

n=5). (I) Western blot for human TP53 in cells before injection and in sorted hCD45 

cells from the peripheral blood of 3 independent moribund shTP53 mice.  *p <0.05, 

**p <0.005 ***p <0.0005. B. Kruskal-Wallis 1-way ANOVA. C, D, F, J,  unpaired 

t-test.  
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Figure S2. Immunophenotyping 7-week old p53WT/WT, p53Δ/Δ and p53R172H/Δ mice. 

Related to figure 4. (A) FACS gating strategy for mouse HSPCs. Percentage of 

different types of cells in the BM of 7-week old p53WT/WT, p53Δ/Δ,  and p53R172H/Δ mice 

(B) Myeloid Progenitors (MP), (C) Lineage- cKIT+ Sca-1+ (LSK), (D) Multipotent 

Progenitors 3 (MPP3), (E) Multipotent Progenitors 2 (MPP2),  (F) Short-term 

hematopoietic stem cells (ST-HSC), (G) Long-term hematopoietic stem cells (LT-

HSC),  (H) Common Myeloid Progenitors (CMP),  (I) Megakaryocyte-Erythrocyte 

Progenitors (MEP),  (J) Granulocyte and Monocyte Progenitors (GMP), (K) 

Common Lymphoid Progenitors (CLP), (L) Total number of colony-forming units 

(CFU) generated by p53Δ/Δ HSPCs containing sh.Ren or sh.p53. Data are 

representative of three experiments. Error bars correspond to mean  ±  s.e.m (n=3)  * 

p <0.05, ** p <0.005, *** p <0.0005. 

 

p53R172H-derived leukemia is associated with stem cell transcriptional signatures. 

 

Most studies suggest that the GOF activities of mutant p53 proteins arise from their 

ability to alter transcription in a manner that is distinct from effects due to p53 loss 

(Weisz et al., 2007). Therefore, to examine how mutant p53 altered the transcriptome 

of CK-AML cells, we performed gene expression profiling of PNM p53-null and p53-

mutant leukemias via RNA sequencing (RNA-seq) and identified 252 significantly 

differentially expressed genes (Figure 3A and Table S1). A systematic and unbiased 

analysis of the data using gene ontology (GO) pathway analysis revealed Tgf-β and stem 

cell pathways to be positively correlated with the top upregulated genes in our p53R172H 

murine leukemias (Figure 3B). Notably, these same signatures were enriched in the 
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transcriptional profiles of leukemias obtained from CK-AML patients – the AML 

subtype in which missense TP53 mutations most commonly occur – compared to other 

leukemia subtypes or normal hematopoietic cells (www.bloodspot.eu) (Bagger et al., 

2019) (Figure 3C). Beyond general stem cell signatures, gene set enrichment analysis 

indicated that p53 mutant AML was enriched for genes linked to hematopoietic stem 

cells (HSC) and long term-HSCs (LT-HSCs) (Pietras et al., 2015) (Figure 3D). 

Therefore, both murine and human mutant p53-expressing (but not p53-deficient) 

leukemias converge on similar transcriptional pathways, some of which are linked to 

stemness and inhibition of myeloid differentiation. 
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Figure 3. Gene expression profile of p53R172H/Δ leukemias. 

(A) Volcano plot from RNA-seq comparing p53R172H/Δ leukemias to p53Δ/Δ showing 

p53 as the most highly expressed gene between the two groups. (B) Gene ontology 

analysis of pathways associated with genes up-regulated in p53R172H/Δ leukemias. (C) 

Expression of Gene Ontology-associated pathways in human AML samples and 

normal human hematopoietic cells (www.bloodspot.eu). (D) Gene Set Enrichment 

Analysis (GSEA) comparing gene expression between p53R172H/Δ leukemias to p53Δ/Δ 
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and other known signatures related to stem cells and hematopoietic stem cells. Two-

tailed t-test  * p <0.05, ** p  <0.005, *** p <0.0005. HSC: Hematopoietic stem cell, 

MPP: Multipotential progenitors, CMP: Common myeloid progenitor cell, GMP: 

Granulocyte monocyte progenitors, MEP: Megakaryocyte-erythroid progenitor cell, 

early_PM: Early Promyelocyte, late_PM: Late Promyelocyte, MY: Myelocyte, MM: 

Metamyelocytes, BC: Band cell, PMN: Polymorphonuclear cells, Mono: Monocytes. 
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Figure S3. Mutant p53 increases self-renewal in vitro and vivo. Related to Figure 

4. (A) Number of colonies from p53WT/WT, p53Δ/Δ, p53R172H/WT,  Tet2Δ/Δ and p53R172H/Δ 
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HSPCs.  (B) Cytospins from p53WT/WT, p53Δ/Δ and p53R172H/Δ cells growing in CFUs at 

P3. (C) FACS analysis of cKIT, SCA-1, CD34, GR1 and CD11b expression in cells 

from CFUs. (D) Cytospins from P3 of p53R172H/Δ and Tet2Δ/Δ cells growing in CFUs. 

(E) CD45.2 in the PB relative to time 0 (T0) as assessed by FACS, (F) Percentage of 

CD45.2 in the PB of mice, (G) Percentage of CD45.2 in the BM of mice. From 

secondary competitive transplant four months post-transplant (H) Percentage of 

LSKs, (I) Absolute number of LSKs, (J) Percentage of LT-HSCs, (K) Absolute 

number of LT-HSCs. Data are representative of three experiments. Error bars 

correspond to mean  ±  s.e.m (n=3)  * pvalue <0.05, ** pvalue <0.005, *** pvalue 

<0.0005. 

 

p53R172H enhances self-renewal in hematopoietic cells in vitro and in vivo 

 

AML arises from alterations (e.g. mutations) that promote proliferation or enhance the 

self-renewal of myeloid progenitor cells (Nowak et al., 2009; Passegue et al., 2003). To 

directly examine the functional consequences of mutant p53 expression in the normal 

hematopoietic compartment, we isolated adult whole bone marrow (WBM) cells from 

p53WT/WT, p53Δ/Δ and p53R172H/Δ mice and performed limiting dilution cultures in 

methylcellulose medium followed by serial replating. Under these cytokine-rich culture 

conditions, wild-type cells lose their replating capacity after three sequential passages 

(Nakahata and Ogawa, 1982). As previously described (Liu et al., 2009), loss of p53 

modestly increased the replating capacity of hematopoietic cells as compared to those 

expressing wild-type p53 (Figure 4A). In stark contrast, hematopoietic cells expressing 
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p53R172H/Δ not only replated more frequently than p53Δ/Δ and WT controls, but also could 

replate indefinitely (Figure 4A).  

This enhanced capability could not be explained by differences in the pre-existing 

frequency of stem and progenitor cells in the bone marrow, since immunophenotyping 

of 7 week-old mice (the time of bone marrow collection) did not show an increase in 

any type of stem or progenitor cell (Figure S2A-K). This increase in self-renewal was 

observed in p53R172H/Δ but not p53R172H/WT cells, suggesting that loss of the residual WT 

allele is a prerequisite for this GOF effect (Figure S3A). Furthermore, p53R172H/Δ cells 

exhibited higher nuclear to cytoplasmic ratio when compared to p53Δ/Δ and WT cells at 

the same passage (P3) (Figure S3B) and expressed the highest levels of CD34 (Figure 

S3C), an important marker of long-term repopulation of HSCs (Matsuoka et al., 2001). 

The replating phenotype produced by mutant p53 was similar to that produced by 

disruption of Tet2, a well-characterized leukemia tumor suppressor gene whose loss 

promotes enhanced self-renewal (Figure S3C) (Challen et al., 2011; Moran-Crusio et 

al., 2011). Nevertheless, the p53R172H/Δ cells were different than Tet2Δ/Δ cells at the 

immunophenotypic and morphological levels (Figure S3C, D), suggesting subtle 

differences between how these alterations act.  

 

To further explore the relationship between mutant p53 and self-renewal potential, we 

isolated cKit+ bone marrow cells from the p53R172H/Δ mice and transduced them with 

viral vectors co-expressing an shRNA targeting mutant p53 (sh.p53) or a Renilla control 

(sh.Ren). These vectors encoded puromycin resistance, allowing us to select and 

maintain pure shRNA-expressing cells in culture. This isogenic comparison validated 
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our previous observation: p53 knockdown in p53 mutant cells halted replating capacity 

after the fourth passage (comparable to p53Δ/Δ WBM), whereas sh.Ren cells (which 

retain expression of mutant p53) were able to replate indefinitely (Figure 4B and 4C). 

We confirmed that the normalization of self-renewal potential by sh.p53 was not due to 

an off target effect of RNAi, as the same shRNA had no effect on the fitness of p53Δ/Δ 

hematopoietic cells (Figure S2L).  

 

Consistent with these findings, competitive transplantation studies using p53WT/WT, 

p53Δ/Δ and p53R172H/Δ BM (Figure 4D) demonstrated that p53R172H/Δ cells outcompeted 

wild-type cells to a greater extent than p53Δ/Δ cells (Figure S3E-G), a phenotype that 

was further exacerbated in secondary transplants (Figure 4E). Analysis of peripheral 

blood (Figure 4F) and BM (Figure 4G) demonstrated that p53R172H/Δ cells were 

significantly enriched with respect to p53WT cells. Furthermore, within the BM of 

p53R172H/Δ mice, HSCs were expanded in relative and absolute number compared to 

p53Δ/Δ mice (Figure S3H-K). All downstream progenitors, including 

megakaryocyte/erythroid progenitors (MEPs), granulocyte/macrophage progenitors 

(GMPs) and common myeloid progenitors (CMPs), were significantly increased in 

p53R172H/Δ mice (Figure 4H-J).  

 

For further validation, we examined the consequences of inhibiting mutant p53 in 

normal mouse HSCs. For these experiments, we used the bone marrow of p53R172H/Δ 

mice to isolate lineage negative (Lin-)/Sca-1+/cKit+ cells (LSKs), a cell population 

capable of maintaining long-term hematopoiesis in mice (Seita and Weissman, 2010). 
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To suppress p53, these cells were infected with retroviruses encoding an shRNA 

(targeting mutant p53 or Renilla control) linked to blue fluorescent protein (BFP) 

(Figure 4K). Equal numbers of either sh.Ren or sh.p53 cells were mixed with non 

shRNA expressing p53R172H BFP- cells and transplanted into CD45.1 lethally irradiated 

mice in an in vivo competition format. The fraction of BFP+ cells in the peripheral blood 

was monitored for four months. p53R172H/Δ BM cells transduced with the p53 shRNA 

were progressively depleted from peripheral blood, becoming nearly undetectable by 

the end of the experiment (Figure 4L).  

 

Analysis of bone marrow at the final time point revealed that fewer cells expressing 

sh.p53 remained as compared with those expressing control sh.Ren (Figure 4M). 

Moreover, the proportion of LSKs within the sh.p53 population was lower than in the 

control sh.Ren population (Figure 4N). Altogether, these observations establish a role 

for p53R172H in promoting aberrant self-renewal in adult hematopoietic cells in a manner 

that renders these cells dependent on its action for their maintenance in a pre-malignant 

setting. Hence, phenotypes linked to p53 mutant GOF can emerge in the hematopoietic 

system prior to neoplastic transformation.  
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Figure 4. p53R172H induces aberrant self-renewal in vitro and in vivo. 

(A) Total number of colony-forming units (CFU) generated by p53WT (black), p53Δ/Δ 

(red) and p53R172H/Δ (blue) cells. Data are representative from four independent 

experiments. Error bars correspond to mean  ±  s.e.m (n=3). (B) Total number of 

colony-forming units (CFU) generated by p53R172H/Δ cKIT+ cells containing sh.Ren 

or sh.p53. Data are representative from three independent experiments. Error bars 

correspond to mean  ±  s.e.m (n=3).  (C) Western-blotting for TP53 and B-ACTIN at 

passage 4 (P4). (D) Schematic representation of the competitive transplantation 
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protocol. (E) Percentage of CD45.2 cells during the secondary competitive transplant 

in the PB of mice monitored monthly by bleeding (n=5 per group). (F) Percentage of 

CD45.2 cells in the PB four months after transplant (n=4-7). (G) Percentage of 

CD45.2 cells in the BM four months after transplant (n=4-7), (H) Percentage of 

Megakaryocyte Erythrocyte Progenitors (MEP), (I) Granulocyte Monocyte 

Progenitors (GMP) and (J) Common Myeloid Progenitors (CMP) in the BM of mice 

four months after transplant (n=4-7). (K) Schematic representation of the transplant 

layout. LSKs were sorted from p53R172H/Δ mice and were infected with an sh.Ren or 

sh.p53 conjugated to BFP fluorescence. Two days after infection equal numbers of 

cells were transplanted in lethally irradiated CD45.1 mice. (L) BFP fluorescence over 

time as assessed by monthly bleeds in recipient mice (n=5). (M) Percentage of BFP+ 

cells in the BM of mice with sh.Ren or sh.p53 four months after transplant (n=3-5). 

(N) Percentage of BFP+ LSKs in the BM of mice with sh.Ren or sh.p53 four months 

after transplant (n=3-5). B, C, and D. Two-tailed t-test  * p <0.05, ** p  <0.005, *** 

p <0.0005. Error bars correspond to mean  ±  s.e.m.   
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Figure S4. Foxh1 expression in mouse cells. Related to Figure 5. (A) Foxh1 

expression in different types of mouse cells 

(http://ds.biogps.org/?dataset=GSE10246&gene=14106) (B) Foxh1 expression in 

normal mouse hematopoietic cells (bloodspot – Mouse Normal RNA-seq) 
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(http://servers.binf.ku.dk/bloodspot/?gene=Foxh1&dataset=mouse_nl_rna_seq). (C) 

Names for each abbreviation and immunophenotyping used per cell type.  

 

Foxh1 is required for mutant p53 induced self-renewal in both normal and 

leukemic cells.  

 

To explore the mechanism by which mutant p53 enhances cellular self-renewal, we 

surveyed the genes that were expressed at higher levels in p53R172H/Δ leukemias 

compared to p53Δ/Δ leukemias. One of the most significantly up-regulated genes in our 

analysis was forkhead box H1 (Foxh1) (Supplementary Table 1), which encodes a key 

transcription factor that is known to mediate Nodal/Tgf-β signaling during 

embryogenesis but is not expressed at appreciable levels in the adult hematopoietic 

compartment or any other mouse tissue (Figure S4A and S4B-C). Like mutant p53 

(Muller and Vousden, 2013), Foxh1 has been linked to EMT (Attisano et al., 2001; Chiu 

et al., 2014) and can facilitate the reprogramming of fibroblasts into induced pluripotent 

stem cells (iPSCs) (Takahashi et al., 2014). Furthermore, many of the top upregulated 

genes in p53R172H/Δ leukemias were known Foxh1 targets (Charney et al., 2017) (Figure 

5A). Taken together, these observations led us to hypothesize that Foxh1 might be a key 

mediator of the p53R172H GOF activity in leukemia.  

 

In agreement, analysis of publicly available expression data from normal human 

hematopoietic cells and different leukemia subtypes revealed that FOXH1 expression 

was significantly higher in all AMLs (particularly in CK-AML patients, the majority of 

which harbor TP53 mutations) compared to any type of normal cell (Figure 5B and 

http://servers.binf.ku.dk/bloodspot/?gene=Foxh1&dataset=mouse_nl_rna_seq
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S5A-B). In addition, like mutant TP53, FOXH1 upregulation correlated with poor 

survival in AML patients (Cerami et al., 2012; Gao et al., 2013) (Figure 5C). Consistent 

with the RNA-seq results, Foxh1 expression was also higher in p53R172H/Δ hematopoietic 

stem and progenitor cells (HSPCs) compared to p53Δ/Δ cells growing in colonies (Figure 

5D), and knockdown of mutant p53 reduced Foxh1 levels in murine HSPCs (Figure 5E) 

as well as murine and human leukemic cells (Figures 5F and 5G, respectively). Thus, 

mutant p53 expression leads to higher levels of Foxh1 in both normal and leukemic cells 

from mouse and human leukemias. 

 

 

Figure 5. Identification of Foxh1 as a p53 mutant mediator. 

(A) GSEA comparing the expression of genes associated with genomic regions 

occupied by Foxh1 when compared to the genes differentially expressed in p53R172H 
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and p53Δ/Δ leukemias. (B) Microarray data showing the expression of FoxH1 across 

normal human hematopoietic cells and different types of leukemias. (C) Overall 

Survival in patients with AML that have FoxH1 mRNA upregulation or genetic 

amplification compared to patients without (cbioportal –TCGA). (D) Western-

blotting for FOXH1 in HSPCs from p53R172H and p53Δ/Δ cells at Passage 4. (E) 

Western-Blotting for TP53 and FOXH1 in p53R172H HSPCs transduced with sh.Ren 

or sh.p53. (F) Western-Blotting for TP53 and FOXH1 in two independent p53R172H 

murine leukemic cells transduced with sh.Ren or sh.p53. (G) Western-Blotting for 

TP53 and FOXH1 in p53R175H human leukemic cells transduced with sh.Ren or 

sh.TP53. * p <0.05, ** p  <0.005, *** p  <0.0005. Hematopoietic stem cell, MPP: 

Multipotential progenitors, CMP: Common myeloid progenitor cell, GMP: 

Granulocyte monocyte progenitors, MEP: Megakaryocyte-erythroid progenitor cell, 

early_PM: Early Promyelocyte, late_PM: Late Promyelocyte, MY: Myelocyte, MM: 

Metamyelocytes, BC: Band cell, PMN: Polymorphonuclear cells, Mono: Monocytes. 
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Figure S5. FOXH1 expression in human leukemias. Related to Figure 5. (A) 

FOXH1 expression in different types of human leukemias and normal cells. (B) List 
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of names for each abbreviation used in figures derived from bloodspot 

(http://servers.binf.ku.dk/bloodspot/?gene=FOXH1&dataset=all_mile). 

 

Foxh1 is a critical effector of p53R172H via its ability to bind and regulate stem cell 

genes 

Since Foxh1 is a transcription factor and its role in cells of hematopoietic origin is not 

known, we performed chromatin immunoprecipitation with an anti-Foxh1 antibody 

followed by high-throughput sequencing (ChIP-Seq) in order to identify the genome-

wide Foxh1 binding sites in p53 mutant murine leukemic cells (Figure 6A). Sites bound 

by Foxh1 correlated with the presence of canonical Foxh1 binding motifs (p<1e-1915) 

as well as with other Tgf-β mediators (Lee et al., 2000; Spittau and Krieglstein, 2012) 

(Figure 6B). GO pathway analysis indicated that genes associated with Foxh1 peaks are 

involved in BMP and Tgf-β signaling pathways, as well as myeloid leukemia (Figure 

6C). 

 

To investigate how many of the genes bound by Foxh1 are dynamically regulated, we 

suppressed Foxh1 and compared the downregulated genes (green circle) to those 

physically bound by Foxh1 (orange circle) (Figure 6D). Consistent with a molecular 

relationship between mutant p53 and Foxh1 expression, there was a significant overlap 

between the genes that were decreased upon knockdown of mutant p53 (blue circle) or 

Foxh1 (green circle), with over 50% of genes showing evidence of co-regulation (Fisher 

Exact Test p-value < 2.2e-16). Gene set enrichment analysis (GSEA) confirmed that 

genes that were downregulated upon Foxh1 knockdown significantly overlapped with 

those downregulated upon mutant p53 knockdown (NES=-14.5, FDR=0) (Figure 6E). 

http://servers.binf.ku.dk/bloodspot/?gene=FOXH1&dataset=all_mile
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In line with these results, many of the transcriptional signatures related to hematopoietic 

stem cells and leukemia (previously shown to be up-regulated in p53R172H/Δ cells) were 

conversely enriched upon suppression of either Foxh1 (Figure 6E) or p53 (Figure S6A). 

As examples two genes involved in leukemia and hematopoietic cell differentiation, 

Runx2 (Kuo et al., 2009) and Mef2c (Schuler et al., 2008) are both bound by Foxh1 and 

their expression is reduced by either Foxh1 or p53 knockdown (Figure 6F). Hence, our 

data show that mutant p53 induces Foxh1, which can directly bind to and control genes 

linked to the differentiation status and self-renewal properties of AML. 

 

To confirm that these Foxh1-dependent transcripts were also observed in human AML, 

we derived a transcriptional signature composed of differentially up-regulated genes in 

p53R172H/Δ versus p53Δ/Δ murine leukemias and compared it to expression data from 

different karyotypes of human AML as well as normal hematopoietic cells (Bagger et 

al., 2019). We observed a significant up-regulation of p53R172H/Δ murine leukemia-

derived transcriptional signature in CK-AML patients (dark red) compared to all other 

leukemia types (light red) or normal hematopoietic cells (black) (Figure 6G), suggesting 

our model transcriptionally resembles CK-AML harboring TP53 mutations. A similar 

increase in Foxh1-dependent transcripts (sh.Foxh1 vs sh.Ren) was also observed in CK-

AML patients (Figure 6H). These results reveal a FOXH1 signature in human AML 

harboring TP53 mutations, further supporting the existence of a functional mutant p53-

Foxh1 axis in this disease. 
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Figure 6. Foxh1 directly binds genes involved in leukemia and stem cell 

properties. 
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(A) Pie charts depicting the genome-wide distribution of Foxh1 binding in murine 

leukemic cells. (B) Motif enrichment analysis for the Foxh1 bound genomic regions 

in leukemic cells. (C) Gene ontology analysis of genes bound by Foxh1 in murine 

leukemic cells (D) Venn Diagram depicting the overlap between the genes down 

regulated upon p53 KD (blue circle, Foxh1 KD (green circle) and Foxh1 ChIP (orange 

circle). (E) GSEA from transcriptional profile of cells upon Foxh1 KD. (F) Gene 

tracks for Foxh1 ChIP-seq at the Runx2 and Mef2c loci together with RNA-seq tracks 

from either sh.Ren (Red), sh. Foxh1 (green) or sh.p53 (blue). (G) Mean log2 

expression of transcriptional signature composed of significantly up-regulated genes 

in p53R172H/Δ versus p53Δ/Δ murine leukemias across AML and normal cells, as well as 

(H) same comparison for genes downregulated following Foxh1 KD. Student’s t-test 

between CK- AML and other AML types: * p <0.05, ** p <0.005, *** p  <0.0005, 

**** p <0.00005..  

 

 

Figure S6. Elimination of mutant p53 in p53R172H/Δ leukemic cells leads to 

differentiation. Related to Figure 6. (A) GSEA analysis from RNA-seq data in 

p53R172H/Δ cells where mutant p53 was depleted with an shRNA. 



 59 

 

Foxh1 is necessary and sufficient for the enhanced self-renewal phenotype 

produced by mutant p53. 

 

To further explore the links between mutant p53, Foxh1, and aberrant self-renewal, we 

knocked-down mutant p53 or Foxh1 in p53R172H/Δ HSPCs and performed CFU and 

immunophenotyping assays. Knockdown of Foxh1 ablated the replating capacity of 

these cells (Figure 7A), phenocopying in large part the effects observed upon mutant 

p53 knockdown. Furthermore, similar to mutant p53 ablation, Foxh1 suppression leads 

to the downregulation of the stem cell factor receptor cKit and the stem cell antigen 1 

(Sca-1) in p53R172H/Δ HSPCs (but not in p53 deficient cells), which is functionally 

accompanied by coarsening of chromatin and nuclear segmentation, morphological 

changes indicative of differentiation (Figure 7B and Figure S7A and S7B). Conversely, 

over-expression of Foxh1 in both p53WT/WT and p53Δ/Δ HSPCs endowed these cells with 

increased colony forming ability (Figure 7C) and also led to the up-regulation of cKit 

and Sca-1 along with concomitant down-regulation of Gr1/Cd11b (Figure 7D and 

Figure S7C). Analogous results were also observed in leukemia cells, where suppression 

of either mutant p53 or Foxh1 in two p53 mutant AML lines reduced cKit expression 

(Figure S8A-D) and led to cellular differentiation determined by morphological criteria 

(Figure S8E and S8F) and transcriptional profiling (Figure S8G). Finally, to determine 

whether Foxh1 could phenocopy mutant p53 effects, we performed an epistasis 

experiment using p53R172H/Δ HSPCs where mutant p53 was suppressed and cells were 

co-transduced to overexpress either a Foxh1 cDNA or control vector and examined for 

self-renewal capacity in serial replating assays. Enforced Foxh1 expression partially 
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reversed the loss of replating potential produced by suppressing mutant p53 (Figure 7E), 

suggesting that Foxh1 functions downstream of mutant p53 to enforce aberrant self-

renewal. Collectively, these data demonstrate that Foxh1 is necessary and sufficient to 

support an aberrant self-renewal phenotype in both pre-malignant and malignant p53 

mutant cells.  

 



 61 

Figure 7. Foxh1 is necessary and sufficient for the enhanced self-renewal 

phenotype produced by mutant p53. (A) Total number of colony-forming units 

(CFU) generated by p53R172H/Δ HSPCs containing sh.p53 (blue), sh.Ren (black), 

shFoxH1.1072 (1) (plum), shFoxH1.1116 (2) (maroon). Data are representative of 

three experiments. Error bars correspond to mean ±s.e.m (n=3). Lower panels: 

Western-blotting intensities for FOXH1 for the different conditions. (B) cKit+ and 

Sca-1+ expression analyzed by FACS in sh.Ren, sh.p53 and sh.FoxH1 containing 

HSPCs from p53WT, p53Δ/Δ and p53R172H/Δ mice. Data are representative of three 

experiments. (C) Total number of colony-forming units (CFU) generated by p53Δ/Δ 

and p53WT HSPCs containing pLVX Control (black) or pLVX Foxh1 cDNA (grey). 

Data are representative of three experiments. Error bars correspond to mean ±s.e.m 

(n=3). Lower panel: Western-blotting for FOXH1 for the different conditions. (D) 

Percentage of cKit+Sca-1+ HSPCs analyzed by FACS in p53Δ/Δ and p53WT cells 

containing pLVX Control or pLVX Foxh1 cDNA. Data are representative of three 

experiments. Error bars correspond to mean ±s.e.m (n=3). (E) Total number of 

colony-forming units (CFU) generated by p53R172H/Δ HSPCs containing 

sh.Ren+pLVX Control (black), sh.Ren+pLVX Foxh1 cDNA (grey), sh.p53+ LVX 

Control (light blue), sh.p53+pLVX Foxh1 cDNA (dark blue). Data are representative 

of three experiments. Error bars correspond to 

mean± s.e.m(n=3)*p<0.05,**p<0.005,***p <0.0005 
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Figure S7. Foxh1 loss in p53R172H/Δ HSPCs leads to differentiation. Related to 

Figure 7. (A) Cytospins from cells growing in CFU from p53WT/WT, p53Δ/Δ, and 

p53R172H/Δ cKIT+ cells with either an sh.Ren, sh.p53 or sh.Foxh1. (B) Percentage of 

cKIT and Sca-1 expression in sh.p53 p53R172H/Δ cKIT+ cells as assessed by FACS. 

(C) Percentage of Gr1 and Cd11b+ expression in p53WT/WT and p53Δ/Δ cKIT+ cells 

with pLVX control or pLVX Foxh1 cDNA overexpression. Data are representative 

of three experiments. Error bars correspond to mean  ±  s.e.m (n=3)  * p <0.05, ** 

p <0.005, *** p <0.0005. 

 

 

DISCUSSION 

 

While mutations in the TP53 tumor suppressor gene ablate its anti-proliferative 

functions, some mutant p53 alleles also appear to produce “gain-of-function” 

phenotypes that display more profound phenotypes than those produced by complete 

p53 loss. Nonetheless, studies investigating the basis for these effects have failed to 
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coalesce around a common biological or molecular mechanism and, indeed, a recent 

comprehensive analysis of DNA sequence and functional genomics data suggested that 

the primary selective pressure for the appearance of p53 mutation in cancer arises from 

their purely inactivating and/or dominant-negative effects (Giacomelli et al., 2018).  

Here we studied the action of the most common p53 mutant allele in the initiation and 

maintenance of acute myeloid leukemia, a well characterized liquid tumor where p53 

loss is linked to aggressive and chemoresistant disease and one in which the potential 

GOF effects of mutant p53 have not been previously examined. We show that this p53 

mutant accelerates leukemia onset and, strikingly, is required for leukemia maintenance, 

such that suppression of mutant p53 eliminates leukemia initiating potential.  

 

The biological basis of AML involves the emergence of leukemic blasts that have 

acquired mutations that drive increased proliferation of stem and progenitor cells, block 

their maturation, and promote their aberrant self-renewal (Kelly and Gilliland, 2002; 

Takahashi, 2011). In our models, the murine p53R172H mutant contributes to the latter 

activity, such that its elimination in leukemic cells releases the differentiation block. 

Similar results are observed with human AML cells harboring the equivalent R175H 

allele and likely explain the apparent requirement of certain other leukemia cells to 

additional mutant p53 alleles (e.g. R248Q; see Figure S1B – (Wang et al., 2017)). 

Taking advantage of well-validated assays of self-renewal in the hematopoietic system, 

we show that p53R172H acts in non-transformed hematopoietic cells to promote self-

renewal to a substantially greater degree than does p53 loss, and that suppression of 

mutant p53 reverses these effects. Thus, in AML, mutant p53 can produce phenotypes 



 64 

analogous to bone fide oncogenes, such as the MLL-AF9 fusion oncoprotein, which also 

contributes to leukemia by enforcing aberrant self-renewal and exerts a continuous 

dependency for disease maintenance (Armstrong et al., 2002; Somervaille and Cleary, 

2006; Zuber et al., 2011b).    

 

While most TP53 mutations disrupt its DNA binding capabilities, the resulting proteins 

are frequently stable and retain an intact transcriptional activation domain (Laptenko 

and Prives, 2006; Weisz et al., 2007). Some studies suggest that mutant p53 can be 

recruited to chromatin to induce gene expression via interaction with other 

transcriptional regulators, such as NF-Y and ETS2 (Di Agostino et al., 2006; Do et al., 

2012; Weisz et al., 2007; Zhu et al., 2015). Others studies support a model where mutant 

p53 proteins can directly bind to and perturb the function of other transcription factors, 

including p63, p73, and SREBP (Di Agostino et al., 2006; Do et al., 2012; Freed-Pastor 

et al., 2012; Weissmueller et al., 2014; Zhu et al., 2015).  In the AML system studied 

herein, mutant p53 increases the expression of the Foxh1 transcription factor, leading to 

its significant upregulation compared to p53Δ/Δ leukemias. Functional studies revealed 

that p53R172H is necessary and sufficient to induce Foxh1 which, in turn, binds stem cell-

associated genes and contributes to enhanced self-renewal. The precise details of how 

mutant p53 induces Foxh1 remain to be determined and, to date, we have been unable 

to detect a robust ChIP signal for mutant p53 on DNA or validate an interaction with 

other p53 family members. Nevertheless, the importance of this molecular axis is 

supported by the conserved ability of mutant p53 to increase Foxh1 expression cross 



 65 

species and by the significant upregulation Foxh1 expression in CK-AML, a leukemia 

subtype characterized by a high frequency of TP53 mutations.  

 

Foxh1 is expressed in embryonic stem cells and during early embryonic development.  

There, it is induced by the TGF-β family member Nodal (Brennan et al., 2001) and acts 

to promote an epithelial to mesenchymal transition that takes place during gastrulation 

(Attisano et al., 2001; Yamamoto et al., 2001). Foxh1 is not normally expressed in the 

adult hematopoietic system and, as such, mutant p53 appears to hijack Foxh1-driven 

programs to promote leukemia by enforcing the expression of genes normally involved 

in promoting stemness and cell plasticity during hematopoiesis. Like the p53R172H allele, 

p53-deficiency – as produced by two homozygous null p53 alleles – can also accelerate 

AML development by promoting aberrant self-renewal and enhancing leukemia 

initiating potential (Zhao et al., 2010). However, the aberrant program produced by the 

p53 null state is not as potent as that produced by p53R172H and does not depend on 

elevated levels of Foxh1. Presumably, this distinct rewiring of self-renewal programs 

explains why cells differentiate and lose leukemia initiating capacity upon mutant p53 

elimination to produce a p53 null state, the latter event being known to promote 

leukemogenesis if present as an initiating event. Thus, in this context, mutant p53 GOF 

produces a more profound phenotype than p53 loss while concomitantly creating unique 

molecular dependencies.  

 

Our results may also have relevance to the pathogenesis of human AML. Specifically, 

beyond the GOF effect of p53R172H in leukemogenesis, this work reveals that mutant 
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p53 can exert its phenotypes even prior to leukemia onset, leading to the continuous 

self-renewal of HSPCs in vitro and in vivo. Most previous GOF studies of mutant p53 

have been in the context of established cancer and, to our knowledge, this is the first 

study to reveal that a GOF activity can produce molecular dependencies prior to 

neoplastic transformation. The effect is such that elimination of the mutant protein in 

pre-malignant cells promotes differentiation, impairs colony-forming ability, and 

reduces competitive fitness during long-term hematopoiesis in vivo. While TP53 

mutations are considered a later event during the progression of many solid tumors 

(Vogelstein et al., 2013), they are present as “truncal” mutations with a high variant 

allele frequency in human AML such that we identified 35 AML cases with the R175H 

mutation and a median variant allele frequency (VAF) of 36% that showed evidence of 

clonal or sub-clonal presentation. (Wong et al., 2015). Indeed, TP53 mutations are often 

observed in clonal hematopoiesis (CH), a phenomenon where stem cells harboring 

leukemia-associated mutations expand in the peripheral blood of individuals in more 

than 0.02 VAF without an overt disease (Abelson et al., 2018; Steensma et al., 2015; 

Xie et al., 2014). We identified 9 cases of CH that harbored TP53 R175H mutations 

with a high VAF that ranged from 2-9%. Strikingly, 3 out of 9 cases (~33%) only 

harbored a single mutation - TP53 R175H - strongly suggesting that this is an early 

event. Of the remaining 6 cases, 2 individuals harbored clonal TP53 R175H mutations 

while the remaining 4 contained sub-clonal mutations. Furthermore, individuals 

presenting with clonal hematopoiesis involving a TP53 mutation have the highest risk 

for progressing to AML (Abelson et al., 2018). Taken together, these observations 

strongly suggest that TP53R175H mutation is an early, “first-hit” event in the pathogenesis 
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of human AML. 

 

Our data predict that some cancers might depend on continuous expression of mutant 

TP53 and are consistent with studies on the p53R248Q mutant protein in mouse models 

of lymphoma, colon cancer, and others (Alexandrova et al., 2015; Schulz-Heddergott et 

al., 2018). Nevertheless, it seems unlikely that all mutant TP53 alleles have GOF 

activity, and even those that do may impinge on distinct molecular mechanisms 

depending on context. For example, while p53R172H can display GOF effects by 

promoting invasion and metastasis in a pancreas cancer model, it is not required for the 

sustained proliferation of pancreatic cancer cells, at least in vitro (Weissmueller et al., 

2014).  Moreover, a recent report analyzing broad functional genomic datasets 

concluded that mutant TP53 was generally dispensable for the proliferation of human 

cell lines in culture (Giacomelli et al., 2018).  However, this study only assessed the 

effects of gene disruption on proliferation under in vitro conditions and did not examine 

signals associated with allele specificity or cellular context that are highly prevalent in 

the biology of p53 (Kastenhuber and Lowe, 2017), whereas studies in vivo have 

confirmed a greater advantage of some of the hotspot mutations (Kotler et al., 2018). 

Indeed, our functional experiments show a requirement for p53R175H in the leukemia 

initiating potential of a human AML line, which could have been missed by performing 

a different type of analysis. Additionally, upon detailed inspection of publicly available 

CRISPR screening data, we note that some TP53 mutant lines appear to depend on 

mutant TP53 for their survival (Figure S1B) (Wang et al., 2017). Dissecting the 

underlying mechanism of this context specificity will be important to determine when 
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and where mutant p53 proteins and their associated molecular programs may represent 

therapeutic targets.   

 

Still, despite the perplexing range of molecular and biological mechanisms that have 

been attributed to GOF p53 mutations, our studies reveal convergent features between 

mutant p53 GOF action in solid and liquid tumors, as well as in experimental models of 

induced pluripotency (Takahashi et al., 2014). In solid tumors, the best characterized 

phenotype associated with TP53 GOF mutations involves their ability to drive invasion 

and metastasis (Lang et al., 2004; Morton et al., 2010; Olive et al., 2004; Schulz-

Heddergott et al., 2018; Weissmueller et al., 2014), which is often associated with an 

EMT and cellular plasticity that enables the acquisition of a more stem cell like state. 

Consistent with this, the transcriptional profiles of p53 mutant tumors are enriched for 

gene signatures expressed in embryonic stem cells (Ben-Porath et al., 2008; Mizuno et 

al., 2010; Shibue and Weinberg, 2017). In AML, p53R172H promotes self-renewal, as 

well as a transcriptional landscape enriched for gene signatures linked to stemness and, 

intriguingly, EMT. One such gene is Foxh1, which is known to promote EMT during 

embryonic development, yet we demonstrate here that it can drive aberrant self-renewal 

in AML. Remarkably, these same players contribute to the generation of iPS cells by 

the Yamanaka factors: p53R172H enhances iPS cell formation beyond p53 loss (Yi et al., 

2012) and Foxh1 cooperates with p53-deficiency to achieve a similar effect (Takahashi 

et al., 2014). Collectively, these observations point to a convergent action of p53 GOF 

on cellular plasticity and stemness, which can influence distinct cancer processes 

depending on context.  
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METHODS 

 

Animal models 

All mouse experiments were approved by the Institutional Animal Care and Use 

Committee at Memorial-Sloan Kettering Cancer Center. p53LSLR172H and p53LoxP mice 

were described previously (Olive et al., 2004). C57BL/6 (B6.SJL-Ptprca Pepcb/BoyJ 

(CD45.1) mice, thymectomized mice, Vav1Cre and Mx1Cre mice were purchased from 

Jackson Laboratory and bred in a mouse facility at MSKCC.  

 

Primary cell culture 

Total bone marrow cells from p53R172H/F;Vav1Cre, p53F/F;Vav1Cre and p53F/F (WT) 

mice (6-8 weeks) or purified bone marrow cKit+ cells were transduced as described 

below with sh.Ren or sh.p53 retrovirus and plated in methylcellulose medium 

(Methocult M3434, Stem Cell Technologies). Cells were seeded at 10,000 total bone 

marrow cells or 4,000 purified cKit+ cells per replicate. Colony forming units were 

enumerated using a Zeiss Axio Observer microscope, and cells were re-plated (4,000 

cells/replicate) every 7–10 days. Primary mouse PMN leukemias derived from 

p53R172H/F;Vav1Cre and p53F/F;Vav1Cre mice were cultured in 1:1 DMEM to IMDM 

with 10% FBS (Gibco), 100 U/mL penicillin, 100 μg/ml streptomycin, 50 μM 2-

mercaptoethanol and recombinant mouse SCF (50 ng/ml), IL3 (10 ng/ml) and IL6 (10 

ng/ml) at 37°C in 5% CO2. Puro (puromycin) and Dox (doxycycline) were used at a 

final concentration of 1 μg/ml for all cell culture assays.  
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Cell lines 

The human leukemia line KY821 (JCRB cell bank) was grown in RPMI 1640 and 20% 

FBS (Gibco). KL922 (p53Δ/Δ), KL973 (p53R172H/11Β3) and KL974 (p53R172H/Δ) primary 

mouse cell lines (Chen et al., 2014; Liu et al., 2016) were cultured with RPMI, 10% 

FBS (Gibco) and recombinant mouse SCF (50 ng/ml), IL3 (10 ng/ml) and IL6 (10 

ng/ml). PlatinumE (Morita et al., 2000) cells were a gift from Craig Thomson’s lab and 

HEK293T were purchased from ATCC (CRL-3216) and were used for retroviral 

production while maintained in DMEM with 10% FBS. Media were supplemented with 

100 U/mL penicillin, 100 μg/ml streptomycin and cultures were incubated at 37°C, 5% 

CO2. All cells were tested negative for mycoplasma (MP0025-1KT) and were not 

maintained for longer than 10 passages in culture. For cell line authentication we 

confirmed TP53 expression by WB and Sanger sequencing confirmed the specific 

mutation.   

 

Xenotransplantation 

Experiments were carried out in accordance with institutional guidelines approved by 

MSKCC. Immune-deficient NSG mice (6-10 weeks-old) mice were bred under 

pathogen-free conditions. and were sub-lethally irradiated (200-250 cGy) 3-24 hours 

before transplantation. KY821 cells were injected by tail-vain injection.  CBC analysis 

was performed on peripheral blood collected from submandibular bleeding using a 

Drew Hemavet Analyzer (Veterinary Diagnostics).  

 

Histology and microscopy 
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Tissues were dissected from mice for fixation overnight in 10% formalin (Fisher). 

Bones were decalcified per manufacturer’s instructions (IDEXX BioResearch), and 

fixed tissues were dehydrated and embedded in paraffin for sectioning. Paraffin sections 

(5 μm) were prepared and stained with hematoxylin and eosin (H&E) (Leica Autostainer 

XL).  

 

Flow cytometry 

Single cell suspensions were prepared from bone marrow, spleen or peripheral blood. 

Red blood cells were lysed with ammonium-chloride-potassium (ACK) buffer, and the 

remaining cells were resuspended in PBS with 3% FBS. Non-specific antibody binding 

was blocked by incubation with 20 μg/ml Rat IgG (Sigma-Aldrich) for 15 min, and cells 

were then incubated with the indicated primary antibodies for 30 min on ice. Stained 

cells were quantified using a Fortessa analyzer (BD Biosciences) or isolated with a 

FACSAria II (BD Biosciences). FlowJo software (TreeStar) was used to generate flow 

cytometry plots. More details on FACS antibodies found in Table S2. 

 

Bone marrow competitive transplantation 

Femurs and tibiae were isolated from donor p53F/F (WT), p53F/F;Mx1Cre or 

p53R172H/F;Mx1Cre (CD45.2), as well as WT (CD45.1) mice. Bones were flushed with 

PBS and the single-cell suspension was centrifuged (5 min, 0.5g, 4 °C) and treated with 

red cell ACK lysis buffer, as described above. Total nucleated bone marrow cells were 

re-suspended in PBS, passed through a 40 μM cell strainer and counted. Donor cells (1 

× 106 per genotype, per mouse) were mixed 1:1 with support bone marrow cells (CD 
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45.1), and transplanted via retro-orbital injection into lethally irradiated (950 Rad) 

CD45.1 recipient mice. Chimerism was monitored by flow cytometry (anti-CD45.1 and 

anti-CD45.2, BD Bioscience) of peripheral blood at 4-week intervals post-transplant 

three weeks after last pIpC injection and for 16 weeks at which time mice were 

sacrificed and chimerism was assessed in other hematopoietic compartments (bone 

marrow).  

 

Retroviral transduction 

Hematopoietic stem and progenitor cells were isolated by sorting Lin−cKit+Sca1+ cells 

or enriched using an autoMACS Pro separator (Miltenyi Biotec) using CD117 magnetic 

microbeads (Miltenyi Biotech, 130-091-224), then cultured in the presence of 50 ng/ml 

SCF, 10 ng/ml IL-3, and 10 ng/ml IL-6, and infected with concentrated supernatants of 

LMNe-sh.Ren/sh.p53-BFP or MLPe sh.Ren/sh.p53/sh.FoxH1 retrovirus after 24 and 48 

h (more details about the shRNAs in Table S2). Transduction efficiency was determined 

by reporter fluorescence at 48 h, and 5,000 sorted cells were injected into CD45.1 mice 

as described above. 

 

Cell viability and DNA synthesis  

Apoptosis assays were performed by staining with Annexin V (BD Pharmingen) 

according to the manufacturer’s instructions, in combination with DAPI. For cell cycle 

studies, BrdU (BD Pharmingen) was used per manufacturer’s instructions and stained 

with 2 μg/ml DAPI prior to flow cytometric analysis. 
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Quantitative RNA expression assays 

Total RNA was extracted from cells using the RNeasy Plus Mini Kit (Qiagen). RNA 

quantity and quality were determined using an Agilent 2100 Bioanalyzer. RNA-seq 

libraries were prepared from total RNA by polyA selection using oligo-dT beads (Life 

Technologies) according to the manufacturer’s instructions. The resulting poly-A+ 

RNA served as input for library construction using standard Illumina protocols.  

Sequencing was performed on an Illumina HiSeq 2500 sequencer using 50 bp pair-end 

reads. For mRNA quantification, total RNA was used for cDNA synthesis (Agilent). 

Real-time PCR reactions were carried out using SYBR Green Master Mix (QuantaBio) 

and a Via7 (AB Applied biosystems). 

 

RNA sequencing analysis 

RNA-Seq library construction and sequencing were performed at the integrated 

genomics operation (IGO) Core at MSKCC. Poly-A selection was performed. For 

sequencing, approximately 30 million 50bp paired-end reads were acquired per replicate 

condition. Resulting RNA-Seq data was analyzed by removing adaptor sequences using 

Trimmomatic (Bolger et al., 2014). RNA-Seq reads were then aligned to GRCh37.75 

(hg19) with STAR (Dobin et al., 2013) and genome-wide transcript counting was 

performed by HTSeq (Anders et al., 2015) to generate a matrix of fragments per kilobase 

of exon per million fragments mapped (RPKM). Gene expressions of RNA-Seq data 

were managed by hierarchical clustering based on one minus Pearson correlation test 

using Morpheus (https://software.broadinstitute.org/morpheus/). All results from the 

RNA-Seq experiments can be found under GSE125097. 
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Gene set enrichment analysis 

Gene set enrichment analysis was performed using gene set as permutation type, 1,000 

permutations and log2 ratio of classes, or with gene set and Signal2Noise as metrics for 

ranking genes. Gene sets used in this study were identified from the Molecular 

Signatures Database (MSigDB Curated v4.0). Gene pathways and functions were 

assessed using Ingenuity Pathway Analysis (Qiagen Bioinformatics). 

 

Expression of gene signatures in human AML and normal cells. 

Visualization of gene signatures derived from transcriptional data as Log2 expression 

values for different karyotypes of AML patients described previously in GSE42519 

(Rapin et al., 2014). For normal hematopoietic cells values were averaged over all genes 

in each signature and visualized by using Sinaplot. Student’s t-test was performed using 

the R programming language (https://www.R-project.org/). 

 

 

Quantification and Statistical Analysis 

All p-values were calculated using unpaired two-tailed Student’s t test with Graphpad 

Prism software, unless otherwise described in the methods or figure legends. No specific 

randomization or blinding protocol was used for these analyses. Statistically significant 

differences are indicated with asterisks in figures with the accompanying p-values in 

the legend. Error bars in figures indicate standard deviation (SD) or standard error of 

the mean (SEM) for the number of replicates, as indicated in the figure legend.  

https://www.r-project.org/
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Plasmids and viral production  

All vectors were derived from the Murine Stem Cell Virus (MSCV, Clontech) retroviral 

vector backbone. miRE-based shRNAs were designed and cloned as previously 

described (Zuber et al., 2011a) into the LT3GEPIR (TRE3G-GFP-miRE-PGK-PuroR-

IRES-rtTA3) vector (Fellmann et al., 2013). The mouse Foxh1 cDNA was cloned in a 

pVXL-hygromycin-mFoxh1 vector (provided by Yilong Zou, Massagué lab, MSKCC). 

All constructs were verified by sequencing. Lentiviruses were produced by co-

transfection of 293T cells with 10 ug LT3GEPIR construct and helper vectors (3.75 ug 

psPAX2 and 1.25 ugVSV-G). For retroviral infection PlatinumE cells were plated in 15 

cm diameter dishes each transfected with 54 ug of MSCV vectors and 2.7ug of VSV-G 

and 8.1ug of pCl-eco. Transfection of packaging cells was performed using HBS and 

CaCl2 or Mirus transfection reagent (MIR 2304). Viral supernatants were passed 

through a 0.45 um filter (Millipore) and concentrated with Centrifugal Filter units 

(Millipore) to obtain high virus titer. Concentrated virus was supplemented with 8 ug/ml 

of polybrene (Sigma) before adding to target cells.  

 

Immunoblotting. For protein lysates, cells were incubated with RIPA buffer 

supplemented with protease inhibitors (Protease inhibitor tablets, Roche) for 30 min and 

cleared by centrifugation (15 min 14.000 rpms 4C). Protein was quantified using the 

DC protein assay (BioRad). The following antibodies were used for immunoblotting: β-

ACTIN (ac-15, Sigma), mTP53 (CM5, Leica microsystems), hTP53 (DO-1, Santa 

Cruz), mFoxh1 (Abcam 49133) and hFOXH1 (Abcam 102590).  
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Chromatin immunoprecipitation (ChIP). Chromatin immunoprecipitation was 

performed as previously described (Banito et al., 2018). Briefly, KL974 (p53R172H/Δ ) 

cells were fixed with 1% formaldehyde for 15 min, and the cross-linking reaction was 

stopped by adding 125mM glycine. Cells were washed twice with cold PBS and lysed 

in buffer (150 mM NaCl, 1%v/v Nonidet P-40, 0.5% w/v deoxycholate, 0.1% w/v SDS, 

50 mM Tris pH8, 5m M EDTA) supplemented with protease inhibitors. Cell lysates 

were sonicated using a Covaris E220 Sonicator to generate fragments less than 400 bp. 

Sonicated lysates were centrifuged, and incubated overnight at 4oC with specific 

antibodies (Foxh1 Abcam 49133;). Immunocomplexes were recovered by incubation 

with 30 ul protein A/G magnetic beads (Thermofisher) for 2h at 4oC. Beads were 

sequentially washed twice with RIPA buffer, increasing stringency ChIP wash buffers 

(150 mM NaCl, 250 mM NaCl, 250 mM LiCl) and finally TE buffer. Immunocomplexes 

were eluted using elution buffer (1% SDS, 100mM NaHCO3), and cross-linking was 

reverted by addition of 300 mM NaCl and incubation at 65oC overnight. DNA was 

purified using a PCR purification kit (Qiagen). Input chromatin was used for estimation 

of relative enrichment. The results for the ChIP-seq experiments can be found under 

GSE125097. 

 

 

ChIP-Seq Library Preparation, Illumina Data Analysis and Peak Detection. ChIP-Seq 

libraries were prepared at the Center for Epigenetic Research (MSKCC) using the 

NEBNext® ChIP-Seq Library Prep Master Mix Set for Illumina® (New England 
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BioLabs) following the manufacture’s instructions.  Reads were trimmed for quality and 

Illumina adapter sequences using ‘trim_galore’ before aligning to mouse assembly mm9 

with bowtie2 using the default parameters. Aligned reads with the same start site and 

orientation were removed using the Picard tool MarkDuplicates 

(http://broadinstitute.github.io/picard/). Density profiles were created by extending each 

read to the average library fragment size and then computing density using the 

BEDTools suite (http://bedtools.readthedocs.io). Enriched regions were discovered 

using MACS2 and scored against matched input libraries (fold change > 2 and p-value 

< 0.005). Dynamic regions between two conditions were discovered using a similar 

method, with the second ChIP library replacing input. Peaks were then filtered against 

genomic ‘blacklisted’ regions 

(http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/mm9-

mouse/mm9blacklist.bed.gz) and those within 500 bp were merged. All genome 

browser tracks and read density tables were normalized to a sequencing depth of ten 

million mapped reads. Dynamic peaks were annotated using linear genomic distance 

and motif signatures were obtained using the ‘de novo’ approach with Homer v4.5 

(http://homer.ucsd.edu/). 
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CHAPTER II: Functional contribution of members of the 

PRC2 complex in Complex Karyotype Acute Myeloid 

Leukemia 

 

SUMMARY 

 

Recurring deletions of chromosomes 7 and 17 (7/del(7q) and 17/del(17p)) occur in 

myelodysplastic syndromes and acute myeloid leukemia (AML) and are associated with 

poor prognosis. However, the presence of functionally relevant tumor suppressors at 

these sites is largely unexplored. Using RNAi we show that reduction in gene dosage of 

Ezh2 and Suz12, located on 7q36.1 and 17q11.2 respectively, cooperate with loss of p53 

and Mll3, a previously shown tumor suppressive gene on chromosome 7q36.1 to 

promote leukemogenesis. Ezh2 and Suz12 suppression enhance self-renewal of HSPCs 

and similarly to the human 7/del(7q) and 17/del(17p) AMLs, the derived leukemias are 

refractory to conventional chemotherapy. Hence, our mouse model suggests that Ezh2 

and Suz12 are putative tumor suppressive genes in p53-deficient AML and can 

contribute to leukemia without being mutated but rather lost via chromosomal 

aberrations.  

 

 

INTRODUCTION 

 

Acute myeloid leukemia (AML) is a heterogenous disease in terms of its clinical and 

genetic presentation. It is thought to be caused by mutations that can increase the 

proliferative capacity of the cells but also impair their  ability to respond to 
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differentiation signals (Kelly and Gilliland, 2002). With the advent of next-generation 

sequencing, genomic studies revealed a number of genes that are recurrently mutated in 

different AML subtypes, which not only led to greater understanding of the disease but 

has also allowed for new drug target discovery (Patel et al., 2012).  

However, some subsets of AML harbor large chromosomal deletions that beyond the 

impact they have on the prognosis of patients their biological and molecular significance 

is very poorly understood. For example, monosomy 7 or large deletions of 7q (7/del(7q)) 

are found in patients with myelodysplastic syndrome (MDS) as well as in patients with 

AML, and often co-occur with monosomy on 5/del(5q) and/or del(17p) in the subtype 

of patients classified as complex karyotype AML (CK-AML) (Mrozek, 2008). These 

cytogenetic characteristics are also found in patients with therapy-related myeloid 

neoplasms arising after treatment with alkylating agents for a different malignancy 

(Qian et al., 2010). More than any other type of AML, these types of myeloid disorders 

are chemoresistant and leave these patients with very few treatment options (Dohner et 

al., 2010). 

TP53 which is a well-established tumor suppressor gene (TSG), resides on chromosome 

17p which is the most commonly deleted chromosomal region in human cancers 

(Beroukhim et al., 2010). It has also been shown recently that a TP53 mutation 

(p53R172H) has GOF effects and can mediate enhanced self-renewal, supporting a new 

role for at least some of these mutations that are the most common genetic event in 

complex-karyotype and therapy-related AML (Loizou et al., 2019). In addition to TP53 

other putative tumor suppressors have been proposed for CK-AML at other 

chromosomal regions that include α-catenin (CTNNA1) on 5q31 (Liu et al., 2007), NF1 
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on 17q11 (Rucker et al., 2006), SPRY4 on 5q31.3 (Zhao et al., 2015), MLL3 (KMT2C) 

on 7q36.1 (Chen et al., 2014) and EGR1 on 5q31.2 (Joslin et al., 2007).  

Despite the fact that AML is a disease driven by epigenetic dysregulation (Ntziachristos 

et al., 2013), the contribution of these chromosomal abnormalities in inactivating 

epigenetic modifiers is largely unknown with the exception of histone methyl-

transferase MLL3 that was shown to act as a functionally relevant tumor suppressor 

within 7q (Chen et al., 2014).   

The PRC2 complex which deposits repressive marks on histones has been described to 

be a target of mutations in different tumor types (Conway et al., 2015). More 

specifically, two members of the PRC2 complex, EZH2 that has the catalytic activity to 

mediate H3K27 methylation, and SUZ12 that is part of the core complex, have been 

shown to be mutated in leukemia (Conway et al., 2015). We reasoned that loss of EZH2, 

which is located on chromosome 7q36.1 and SUZ12 that resides on chromosome 

17q11.2 can contribute to leukemogenesis by acquired chromosomal breaks. Here we 

employed RNAi technology that allows for intermediate gene dosage, and showed that 

downregulation of these genes contributes to leukemia by enhancing the self-renewal 

properties of HSPCs and also leads to increased chemoresistance of leukemic cells.  

RESULTS 

 

Analysis of Co-occurring Alterations in Human Myeloid Neoplasms 

 

We reasoned that there is a possibility for more tumor suppressor genes to exist on these 

frequent chromosomal aberrations and inside the minimally deleted regions (MDRs) 

that encompass other functional AML tumor suppressors such as MLL3 and NF1 (Chen 
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et al., 2014). We observed that EZH2 and SUZ12 encoding for key components of PRC2 

complexes, were located proximal to MLL3 and NF1 on chromosomes 7 and 17 

respectively (Figure 9A). Analysis of the AML TCGA dataset (Cancer Genome Atlas 

Research et al., 2013) showed that in the vast majority of AML cases both EZH2 and 

SUZ12 were concomitantly deleted along with the neighboring MLL3 and NF1 genes  

(Figure 9B). Notably, these aberrations frequently co-occurred with inactivation or 

deletion of TP53 (Figure 9B). Based on these data and given the known interplay of 

Polycomp  (PRC2) and trithorax (MLL3) complexes in development and cancer (Piunti 

and Shilatifard, 2016), we speculated that PRC2-deficiency might cooperate with p53 

inactivation and MLL3 loss in myeloid leukemogenesis. Notably, NF1 and TP53 

alterations were the most significantly co-occurring genetic events in PRC2-deficient 

(EZH2 or SUZ12 loss) AML patients (Figure 9C) and were associated with a significant 

decrease in overall survival either alone (dark blue line) or in combination with TP53 

alterations (red line) (Figure 9D). 
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Figure 9 Co-deleted genes in AML  
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(A) Schematic representation of chromosomes depicting the minimally deleted 

regions that encompass NF1 and SUZ12 on chromosome 17 and MLL3 and EZH2 on 

chromosome 7. (B) Oncoprint showing the mutually inclusivity of MLL3 with EZH2 

and SUZ12 with NF1 all of which can occur with TP53 mutations. (C) Volcano plot 

of the significantly occurring (red) and mutually exclusive genes (blue) in PRC2-

deficient AML. (D) Overall Survival curve of patients with AML that are TP53-

mutant (light blue), PRC2-mutant (dark blue) or exhibit both alterations (red) or 

neither (grey). P value calculated by log-rank test is indicated. (cBioPortal, TCGA). 

 

PRC2 Suppression Cooperates with Other Lesions to Drive Leukemogenesis  

 

To study the effect of PRC2 suppression during leukemogenesis, we used a 

transplantation-based mouse modeling approach that has been used to study the 

effects of genes in AML (Chen et al., 2014; Zhao et al., 2015; Zhao et al., 2010). This 

approach requires that HSPCs are retrovirally-transduced with vectors that express 

the desired genetic events producing ‘‘chimeric’’ mice after transplantation of these 

cells into syngeneic wild-type but also thymectomized mice for avoiding the 

occurrence of thymic lymphomas (Donehower et al., 1992; Loizou et al., 2019). Here 

we used shRNAs, which can model the impact of inactivation of genes as well as 

model haploinsufficient tumor suppressors (Chen et al., 2014; Hemann et al., 2003). 

We utilized shRNAs targeting Nf1 or Renilla luciferase (control) together with 

shRNAs for either Ezh2 or Suz12 or both into p53F/F ;Mll3F/+; Vav1CRE HSPCs. This 

allowed us to study the effect of decreased expression of these genes while 
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eliminating the requirement for generating a multi-allelic genetically engineered 

mouse model.  

To study the impact of PRC2 deficiency on leukemia we produced multiple shRNAs 

(n=5-6) for both Ezh2 and Suz12, capable of decreasing expression of these genes to 

various degrees aiming that the shRNA with the most suited knock-down would be 

selected in vivo. To access the independent and combined loss of function effect for 

each of these genes (Ezh2, Suz12, Nf1) in the p53Δ/Δ ;Mll3Δ/+ genetic background, we 

generated various shRNA vectors. The shRNAs were linked to either GFP or 

mCherry, so that the donor HSPCs were fluorescently labelled, allowing tracking of 

each shRNA independently in the recipient animals. This experimental strategy led 

to seven different shRNA combinations, yielding a mix of single or double positive 

GFP and mCherry HSPCs for each condition: PM (p53Δ/Δ ;Mll3Δ/+; shRen/Ren), PMN 

(p53Δ/Δ ;Mll3Δ/+; shRen/Nf1), PMN-E (p53Δ/Δ ;Mll3Δ/+; shNf1/Ezh2), PMN-S(p53Δ/Δ 

;Mll3Δ/+; shNf1/Suz12), PM-E (p53Δ/Δ ;Mll3Δ/+; shRen/Ezh2), PM-S (p53Δ/Δ ;Mll3Δ/+; 

shRen/Suz12) and PM-ES (p53Δ/Δ ;Mll3Δ/+; shEzh2/Suz12)(Figure 10A). 

Following bone marrow transplantation, we monitored the chimeric thymectomized 

BM recipient mice over time for signs of disease and sacrificed the moribund mice 

for subsequent analysis. We observed the previously characterized cooperation of Nf1 

in the p53Δ/Δ; Mll3Δ/+ cells (Chen et al., 2014), whereas the Ren;Ren group (p53Δ/Δ; 

Mll3Δ/+ alone) gave rise to leukemias with a later onset and with low penetrance 

(Figure 10B). Despite our initial observations that shEzh2 and shSuz12 shortened the 

survival in mice (data not shown), a second biological replicate showed no additional 
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effect on survival compared to mice transduced with Nf1 and Ren shRNA (shRen; 

shNf1: median survival = 83 days versus shNf1; Ezh2: median survival = 92.5 days, 

p = 0.5 versus shNf1; shSuz12: median survival = 85, p = 0.52) (Figure 10B). We did 

however observe a reproducible significant decrease in survival when we depleted 

Ezh2 (shRen; shEzh2) compared to the shRen; shRen group (p=0.03) (Figure 10B). 

This suggested that loss of Ezh2 accelerates leukemia initiation and progression on 

the p53Δ/Δ ;Mll3Δ/+  background.   

We also observed features of leukemia in all the groups, such as elevated white blood 

cell (WBC) counts (Figure 10C), anemia as observed by low red blood cells (RBC) 

(Figure 10D), splenomegaly (Figure 10E) and hepatomegaly (not shown).  

In addition to these pathognomonic features of leukemia, isolation of DNA from the 

BM of the leukemic mice and subsequent low pass DNA sequencing revealed that 

these cells had characteristics of chromosomal losses and gains recapitulating a key 

feature of CK-AML in patients (Figure 11A-D). Furthermore, in vitro culture of the 

leukemic bone marrow cells allowed the generation of cell lines from these models. 

When treated with cytarabine (AraC), the standard of care for AML,  these PRC2-

deficient leukemias were more refractory to treatment compared to AML lines driven 

by ML-AF9 or other PMN cell lines (Figure 11E). Further examination of the bone 

marrow and spleens of transplanted mice showed that these were filled with leukemic 

blasts that expressed the fluorescent markers of the shRNAs as well as myeloid 

lineage markers, verifying that these genetic aberrations lead to a myeloid leukemia 

in mice (Figure 12). Hence, our results suggest that PRC2 deficiency reproducibly 
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leads to a disease that recapitulates key features of human CK-AML in the context of 

p53/Mll3 inactivation. Further experiments will be needed to determine if there is an 

additional advantage on leukemia onset when combined with p53/Mll3/NF1 

inactivation.  

 

Figure 10 Mouse model of PRC2 deficient CK-AML  
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(A) cKIT+ HSPCs from p53Δ/Δ ;Mll3Δ/+ were co-transduced with shRNAs against 

different genes and were GFP and mCherry positive 2 days post-infection. (B) 

Survival curve of mice transplanted with cKIT+ cells. (C) WBC, (D) RBC and (E) 

Spleen weights from moribund mice. (vertical lines depict normal threshholds) 
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Figure 11 Murine PRC2 deficient CK-AML cells show complex CNVs and 

chemoresistance.  
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(A) Primary leukemias from the BM of mice were used to isolate genomic DNA 

(gDNA) which was subjected to sparse sequencing. (B) Profile of gDNA from 3 

independent mice from p53Δ/Δ ;Mll3Δ/+  ; shRen; shNf1. (C) Profile of gDNA from 4 

independent mice from p53Δ/Δ ;Mll3Δ/+ ; shEzh2; shNf1. (D) Profile of gDNA from 4 

independent mice from p53Δ/Δ ;Mll3Δ/+  ; shSuz12; shNf1. (E) Percentage of viability 

after AraC treatment in leukemia cell lines from the different genotypes. Leukemic 

lines: RN2: Mll-Af9;NRASG12D, YMC: Mll-Af9, PMN: p53Δ/Δ ;Mll3Δ/+; 

shRen;shNf1, PM;Ezh2: p53Δ/Δ ;Mll3Δ/+; shEzh2, PM;Suz12: p53Δ/Δ ;Mll3Δ/+; 

shSuz12, PM;Ezh2;shSuz12: p53Δ/Δ ;Mll3Δ/+; shEzh2;shSuz12, PMN;Suz12: p53Δ/Δ 

;Mll3Δ/+; shNf1;shSuz12, PMN;Ezh2: p53Δ/Δ ;Mll3Δ/+; shNf1;shEzh2. 
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Figure 12 Morphologic and FACS analysis of leukemic cells. 
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Moribund mice from each group were analyzed by FACS and gates were determined 

based on unstained controls for each experiment (A)(E)(I) Bone marrow and Spleen 

cytospins stained with Wright-Giemsa staining. (B)(F)(J) GFP and mCherry 

percentage of cells in the bone marrow and spleens of mice. (C)(G)(K) GR1 and 

CD11b expression of cells from the bone marrow and spleens of mice. (D)(H)(L) 

B220 and CD3 expression of cells from the bone marrow and spleen of mice.  

 

EZH2 and SUZ12 Suppression increases self-renewal of HSPCs 

 

In parallel to the transplants we decided to assess if there was a difference in the self-

renewal of HSPCs transduced with the different shRNAs mentioned above and so we 

plated transduced HSPCs from the  seven genotypes described above in single-cell 

confluency and measured their ability to form colonies. We observed a significant 

increase in the self-renewal properties of p53Δ/Δ ;Mll3Δ/+ HSPCs transduced with 

shRNAs against Ezh2 (PM-E and PMN-E) and Suz12 (PM-S and PMN-S) that was not 

seen in the shRen group (PM) or shNf1 group (PMN) (Figure 13A). Over time and even 

though we started with a heterogenous population of cells expressing different 

percentages of the shRNAs, those targeting Ezh2, Suz12 or both were dramatically 

selected in culture suggesting that they influenced the self-renewal capacity of these 

cells and were therefore expanded in these culturing conditions (Figure 13 B,C,D). At 

passage 6 (P6) the morphology of the cells still replating was assessed by cytospins and 

Wright-Giemsa staining which showed a population of cells with increased nuclear to 

cytoplasmic ratio indicative of stem-like cells (Figure 13E). This was further supported 
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by FACS analysis of these cells which stained positive for the stem cell markers cKIT 

and to varying degrees they were also positive for another stem cell marker SCA-1 

(Figure 13F). 

 

Figure 13 CFU assay from PRC2 deficient HSPCs. 
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(A) Number of colonies per passage (different bars) per genotype (different colors). 

(B) Percentage of GFP+ (green), mCherry+ (red) and double positive (yellow) 

colonies at passage P1 (C) P3 and (P6). (E) Cytospins of colonies at P6 from different 

genotypes stained with Wright-Giemsa staining. (F) FACS analysis for cKIT and 

SCA-1 expression of CFU colonies at P6 from different genotypes. 

 

Ezh2 and Suz12 Suppression Produces a Transcriptional Profile Linked to Human 

5q/7q AML 

 

As a first step toward understanding the molecular mechanism whereby Ezh2 and Suz12 

suppression impairs differentiation and contributes to AML, we analyzed the 

transcriptional profile of p53Δ/Δ ;Mll3Δ/+ ;shNf1;shEzh2 (PMN-E) and p53Δ/Δ ;Mll3Δ/+; 

shNf1;shSuz12 (PMN-S) as well as p53Δ/Δ ;Mll3Δ/+ ;shNf1 (PMN) driven leukemias 

(Figure 14A). To link this data to human PRC2-deficient AML, we initially compared 

gene expression levels of chr5(q)/7(q)-deleted AML patients (these are usually enriched 

in TP53 mutations and features of complex karyotype) versus AML types with normal 

karyotype. We generated a signature of 105 genes that were significantly upregulated 

in chr5(q)/7(q)leukemias. Gene set enrichment analysis based on differential gene 

expression comparisons of PMN-E versus PMN as well as PMN-S versus PMN 

leukemias showed a significant enrichment of the captured human chr5(q)/7(q) 

signature in genes upregulated in PRC2-depleted AML cells (Figueroa et al., 2010) 

(Figure 14B). This suggested that the transcriptional output of PCR2-loss in our model 

closely reflects the transcriptional profile observed in the human disease. In addition, 

many of these upregulated targets may reflect direct PRC2 target genes.  
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A more detailed compatison of the genes that are up-regulated in patients that have lost 

5q/7q, (Figure 14C), with our murine dataset (Figure 14D) lead us to identify Cd34 as 

one of the common, top upregulated genes. Cd34 was not only upregulated significantly 

in our PMN-E and PMN-S murine leukemias (Figure 14E and F) but ectopic 

transduction of PMN leukemias with additional shRNAs targeting Ezh2 and shSuz12 

leads to the same effect (Figure 14G). This suggested that Cd34 could be a conserved 

target of the PRC2 complex normally suppressed but aberrantly activated in some 

leukemias that have impaired PRC2 function. Using chromatin immunoprecipitation 

(ChIP), we found a significant enrichment of Suz12 binding of the Cd34 promoter  with 

two different Suz12 antibodies (Figure 15).  
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Figure 14 Transcriptional overlap between human and mouse PRC2 deficient 

leukemias. 
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 (A) PCA from RNA-seq expression derived from mice with PMN (red), PMN-

shEzh2 (blue) and PMN-shSuz12 (green) leukemias. (B) GSEA profiles of PMN-

shEzh2 and PMN-shSuz12 leukemias compared to the differentially expressed genes 

from leukemias of patients with deletions on 5q and 7q. (C) Volcano plot of the 

differentially expressed genes in patients with a normal karyotype (NK) compared to 

those with deletions on 5q and 7q. (D) Common upregulated genes between human 

5q/7q leukemias and murine PMN-E and PMN-S compared to Normal-Karyotype 

AML (NK-AML) and PMN leukemias, respectively. (E) Normalized counts of 

expression of Ezh2, Suz12 and Cd34 in PMN, PMN-E and PMN-S leukemias. (F) 

Volcano plots of the differentially expressed genes comparing PMN to PMN-E 

leukemias (left) and PMN to PMN-S leukemias (right). (G) Normalized counts of 

expression for Cd34 upon Ezh2 (blue) and Suz12 (magenta) KD in PMN leukemias. 

 

Figure 15 Suz12 binds at the Cd34 locus.  

Chromatin Immunoprecipitation with two different Suz12 antibodies coupled to 

amplification by qRT-PCR specific primers at the Cd34 locus.   
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PRC2 repressive complex leading to reduced CD34 expression. Large chromosomal 

deletions in the leukemic setting can lead to PRC2 loss  followed by a significant 

increase in Cd34 expression which is a known marker of hematopoietic stem cells and 

mediates self-renewal (Matsuoka et al., 2001).  

 

DISCUSSION 

 

Our studies identify Ezh2 and Suz12 as a tumor suppressor genes on chromosomes 7 

and 17 respectively the attenuation of which contributes to AML by enhancing self-

renewal and inducing chemoresistance. Although PRC2 members are frequently 

mutated in cancer its role in AML is contradictory as there are studies supporting that 

it’s needed for disease progression (Shi et al., 2013) and others report it to be lost 

suggesting it might function as a tumor suppressor (Jerez et al., 2012). Here we propose 

that these genes are important for controlling self-renewal in HSPCs which it has been 

linked to chemoresistance in leukemia (Yu et al., 2019).  

In AML, Ezh2 and Suz12 are contained within large hemizygous deletions that 

encompass all or part of chromosome 7 and 17 and are common in treatment-associated 

myeloid neoplasms and complex karyotype AML with evidence for homozygous 

inactivation of Ezh2 in almost half of the cases (Jerez et al., 2012). For Suz12 the results 

are similar suggesting that it can be both a haploinsufficient gene but also completely 

inactivated in patients (Score et al., 2012) (Miro et al., 2009).  

Although our experimental system doesn’t allow us to distinguish between 

haploinsufficiency versus complete loss of function, reduction in expression of Ezh2 

and Suz12 leads to gene expression changes that we show play a role in controlling 
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normal differentiation of HSPCs. Suppression of Suz12 or Ezh2 alone is not sufficient 

to drive leukemogenesis but instead can  cooperate with p53 loss and heterozygous loss 

of Mll3 to impair the differentiation of hematopoietic stem and progenitor cells, 

resulting in leukemia.  

Our murine model showed a high degree of transcriptional overlap with RNA-seq 

analysis of leukemias from patients with 5(q) or 7(q) deletions, implying that PRC2 is 

an important mediator of this disease, and further supports the relevance of our model 

to the human disease. Nonetheless, the potential failure of Ezh2 and Suz12 to accelerate 

disease when Nf1 is also compromised suggests that when the disease is already 

aggressive these genes don’t contribute at the initiation stage. This however needs to be 

confirmed as the results were different between the two replicates and a third time will 

be essential in confirming the involvement of these genes at this stage of the disease. 

Despite this, transcriptionally our murine leukemias show a big overlap with the human 

disease, also seem to develop complex karyotypes and show marked chemoresistance 

validating our model as an accurate one in studying this disease.  

More work is clearly needed to further understand the role of these genes in this context 

which would require genome-wide studies of the histone mark deposited by PRC2, 

H3K27me3 as well as its competing mark H3K27ac. Furthermore, it would be crucial 

to extend our ChIP-qRT PCR of the Cd34 locus more globally in order to unravel a 

pattern in the genes affect upon PRC2 loss.  

We have created here a murine model that recapitulates the genetics, transcriptional 

output and chemotherapy response of a disease that lacks good models and therapies. 

Thus, we propose that this model may serve as a preclinical system to test new drug 
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treatments against these particularly aggressive forms of AML. Understanding of the 

complex interactions between these genes that are lost because of the deletions in AML 

may lead to more rational approaches for patients with leukemia harboring 

chromosomal abnormalities. 

 

METHODS 

Animal models 

All mouse experiments were approved by the Institutional Animal Care and Use 

Committee at Memorial-Sloan Kettering Cancer Center. p53LoxP mice were described 

previously (Olive et al., 2004) and the Mll3LoxP have not been published and were 

generated by the Hsieh lab. C57BL/6 (B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) mice, 

thymectomized mice and Vav1Cre mice were purchased from Jackson Laboratory and 

bred in a mouse facility at MSKCC.  

 

Primary cell culture 

Total bone marrow cells from p53F/F;Mll3F/+; Vav1Cre mice (6-8 weeks) or purified 

bone marrow cKit+ cells were transduced with the different shRNAS and were plated in 

methylcellulose medium (Methocult M3434, Stem Cell Technologies). Cells were 

seeded at 4,000 purified cKit+ cells per replicate. Colony forming units were enumerated 

using a Zeiss Axio Observer microscope, and cells were re-plated (4,000 cells/replicate) 

every 7–10 days. Primary mouse PMN leukemias derived from mice were cultured in 

RPMI 1640 with 10% FBS (Gibco), 100 U/mL penicillin, 100 μg/ml streptomycin, 
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50 μM 2-mercaptoethanol and recombinant mouse SCF (50 ng/ml), IL3 (10 ng/ml) and 

IL6 (10 ng/ml) at 37°C in 5% CO2.  

 

Cell lines 

PMN murine leukemic cells KL922 (p53Δ/Δ;Mll3Δ/+) (Chen et al., 2014; Liu et al., 2016) 

were cultured with RPMI 1640, 10% FBS (Gibco) and recombinant mouse SCF (50 

ng/ml), IL3 (10 ng/ml) and IL6 (10 ng/ml). PlatinumE (Morita et al., 2000) cells were a 

gift from Craig Thomson’s lab and HEK293T were purchased from ATCC (CRL-3216) 

and were used for retroviral production while maintained in DMEM with 10% FBS. 

Media were supplemented with 100 U/mL penicillin, 100 μg/ml streptomycin and 

cultures were incubated at 37°C, 5% CO2. All cells were tested negative for mycoplasma 

(MP0025-1KT) and were not maintained for longer than 10 passages in culture. For cell 

line authentication we confirmed TP53 expression by WB and Sanger sequencing 

confirmed the deletion.   

 

Histology and microscopy 

Tissues were dissected from mice for fixation overnight in 10% formalin (Fisher). 

Bones were decalcified per manufacturer’s instructions (IDEXX BioResearch), and 

fixed tissues were dehydrated and embedded in paraffin for sectioning. Paraffin sections 

(5 μm) were prepared and stained with hematoxylin and eosin (H&E) (Leica Autostainer 

XL).  
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Flow cytometry 

Single cell suspensions were prepared from bone marrow, spleen or peripheral blood. 

Red blood cells were lysed with ammonium-chloride-potassium (ACK) buffer, and the 

remaining cells were resuspended in PBS with 3% FBS. Non-specific antibody binding 

was blocked by incubation with 20 μg/ml Rat IgG (Sigma-Aldrich) for 15 min, and cells 

were then incubated with the indicated primary antibodies for 30 min on ice. Stained 

cells were quantified using a Fortessa analyzer (BD Biosciences) or isolated with a 

FACSAria II (BD Biosciences). FlowJo software (TreeStar) was used to generate flow 

cytometry plots. More details on FACS antibodies found in Table S2. 

 

Bone marrow transplantation 

Femurs and tibiae were isolated from donor mice p53Δ/Δ;Mll3Δ/+ and bones were flushed 

with PBS and the single-cell suspension was centrifuged (5 min, 0.5g, 4 °C) and treated 

with red cell ACK lysis buffer, as described above. Total nucleated bone marrow cells 

were re-suspended in PBS, passed through a 40 μM cell strainer and counted. Donor 

cells (1 × 106 per genotype, per mouse) were mixed 1:1 with support bone marrow cells 

(CD 45.1), and transplanted via retro-orbital injection into lethally irradiated (850 Rad) 

theymectomized recipient mice. Chimerism was monitored by flow cytometry of 

peripheral blood.  

 

Retroviral transduction 

Hematopoietic stem and progenitor cells were isolated by sorting Lin−cKit+Sca1+ cells 

or enriched using an autoMACS Pro separator (Miltenyi Biotec) using CD117 magnetic 
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microbeads (Miltenyi Biotech, 130-091-224), then cultured in the presence of 50 ng/ml 

SCF, 10 ng/ml IL-3, and 10 ng/ml IL-6, and infected with concentrated supernatants of 

MLSe-sh.Ren/Nf1/Ezh2/Suz12-mCherry or MLSe-sh.Ren/Ezh2/Suz12-GFP retrovirus 

after 24 and 48 h. Transduction efficiency was determined by reporter fluorescence at 

48 h, and cells were injected into lethally irradiated thymectomized mice as described 

above. 

 

Quantitative RNA expression assays 

Total RNA was extracted from cells using the RNeasy Plus Mini Kit (Qiagen). RNA 

quantity and quality were determined using an Agilent 2100 Bioanalyzer. RNA-seq 

libraries were prepared from total RNA by polyA selection using oligo-dT beads (Life 

Technologies) according to the manufacturer’s instructions. The resulting poly-A+ 

RNA served as input for library construction using standard Illumina protocols.  

Sequencing was performed on an Illumina HiSeq 2500 sequencer using 50 bp pair-end 

reads. For mRNA quantification, total RNA was used for cDNA synthesis (Agilent). 

Real-time PCR reactions were carried out using SYBR Green Master Mix (QuantaBio) 

and a Via7 (AB Applied biosystems). 

 

RNA sequencing analysis 

RNA-Seq library construction and sequencing were performed at the integrated 

genomics operation (IGO) Core at MSKCC. Poly-A selection was performed. For 

sequencing, approximately 30 million 50bp paired-end reads were acquired per replicate 

condition. Resulting RNA-Seq data was analyzed by removing adaptor sequences using 
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Trimmomatic (Bolger et al., 2014). RNA-Seq reads were then aligned to GRCh37.75 

(hg19) with STAR (Dobin et al., 2013) and genome-wide transcript counting was 

performed by HTSeq (Anders et al., 2015) to generate a matrix of fragments per kilobase 

of exon per million fragments mapped (RPKM). Gene expressions of RNA-Seq data 

were managed by hierarchical clustering based on one minus Pearson correlation test 

using Morpheus (https://software.broadinstitute.org/morpheus/). All results from the 

RNA-Seq experiments can be found under GSE125097. 

 

Gene set enrichment analysis 

Gene set enrichment analysis was performed using gene set as permutation type, 1,000 

permutations and log2 ratio of classes, or with gene set and Signal2Noise as metrics for 

ranking genes. Gene sets used in this study were identified from the Molecular 

Signatures Database (MSigDB Curated v4.0). Gene pathways and functions were 

assessed using Ingenuity Pathway Analysis (Qiagen Bioinformatics). 

 

Expression of gene signatures in human AML and normal cells. 

Visualization of gene signatures derived from transcriptional data as Log2 expression 

values for different karyotypes of AML patients described previously in GSE42519 

(Rapin et al., 2014). For normal hematopoietic cells values were averaged over all genes 

in each signature and visualized by using Sinaplot. Student’s t-test was performed using 

the R programming language (https://www.R-project.org/). 

 

Quantification and Statistical Analysis 

https://www.r-project.org/
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All p-values were calculated using unpaired two-tailed Student’s t test with Graphpad 

Prism software, unless otherwise described in the methods or figure legends. No specific 

randomization or blinding protocol was used for these analyses. Statistically significant 

differences are indicated with asterisks in figures with the accompanying p-values in 

the legend. Error bars in figures indicate standard deviation (SD) or standard error of 

the mean (SEM) for the number of replicates, as indicated in the figure legend.  

 

Plasmids and viral production  

All vectors were derived from the Murine Stem Cell Virus (MSCV, Clontech) retroviral 

vector backbone. miRE-based shRNAs were designed and cloned as previously 

described (Zuber et al., 2011a). All constructs were verified by sequencing. For 

retroviral infection PlatinumE cells were plated in 15 cm diameter dishes each 

transfected with 54 ug of MSCV vectors and 2.7ug of VSV-G and 8.1ug of pCl-eco. 

Transfection of packaging cells was performed using HBS and CaCl2 or Mirus 

transfection reagent (MIR 2304). Viral supernatants were passed through a 0.45 um 

filter (Millipore) and concentrated with Centrifugal Filter units (Millipore) to obtain 

high virus titer. Concentrated virus was supplemented with 8 ug/ml of polybrene 

(Sigma) before adding to target cells.  

 

Immunoblotting. For protein lysates, cells were incubated with RIPA buffer 

supplemented with protease inhibitors (Protease inhibitor tablets, Roche) for 30 min and 

cleared by centrifugation (15 min 14.000 rpms 4C). Protein was quantified using the 
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DC protein assay (BioRad). The following antibodies were used for immunoblotting: β-

ACTIN (ac-15, Sigma).  

 

Chromatin immunoprecipitation (ChIP). Chromatin immunoprecipitation was 

performed as previously described (Banito et al., 2018). Briefly, cells were fixed with 

1% formaldehyde for 15 min, and the cross-linking reaction was stopped by adding 

125mM glycine. Cells were washed twice with cold PBS and lysed in buffer (150 mM 

NaCl, 1%v/v Nonidet P-40, 0.5% w/v deoxycholate, 0.1% w/v SDS, 50 mM Tris pH8, 

5m M EDTA) supplemented with protease inhibitors. Cell lysates were sonicated using 

a Covaris E220 Sonicator to generate fragments less than 400 bp. Sonicated lysates 

were centrifuged, and incubated overnight at 4oC with specific antibodies (Foxh1 

Abcam 49133;). Immunocomplexes were recovered by incubation with 30 ul protein 

A/G magnetic beads (Thermofisher) for 2h at 4oC. Beads were sequentially washed 

twice with RIPA buffer, increasing stringency ChIP wash buffers (150 mM NaCl, 250 

mM NaCl, 250 mM LiCl) and finally TE buffer. Immunocomplexes were eluted using 

elution buffer (1% SDS, 100mM NaHCO3), and cross-linking was reverted by addition 

of 300 mM NaCl and incubation at 65oC overnight. DNA was purified using a PCR 

purification kit (Qiagen). Input chromatin was used for estimation of relative 

enrichment. The results for the ChIP-seq experiments can be found under GSE125097. 

 

ChIP-Seq Library Preparation, Illumina Data Analysis and Peak Detection. ChIP-Seq 

libraries were prepared at the Center for Epigenetic Research (MSKCC) using the 

NEBNext® ChIP-Seq Library Prep Master Mix Set for Illumina® (New England 
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BioLabs) following the manufacture’s instructions.  Reads were trimmed for quality and 

Illumina adapter sequences using ‘trim_galore’ before aligning to mouse assembly mm9 

with bowtie2 using the default parameters. Aligned reads with the same start site and 

orientation were removed using the Picard tool MarkDuplicates 

(http://broadinstitute.github.io/picard/). Density profiles were created by extending each 

read to the average library fragment size and then computing density using the 

BEDTools suite (http://bedtools.readthedocs.io). Enriched regions were discovered 

using MACS2 and scored against matched input libraries (fold change > 2 and p-value 

< 0.005). Dynamic regions between two conditions were discovered using a similar 

method, with the second ChIP library replacing input. Peaks were then filtered against 

genomic ‘blacklisted’ regions 

(http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/mm9-

mouse/mm9blacklist.bed.gz) and those within 500 bp were merged. All genome 

browser tracks and read density tables were normalized to a sequencing depth of ten 

million mapped reads. Dynamic peaks were annotated using linear genomic distance 

and motif signatures were obtained using the ‘de novo’ approach with Homer v4.5 

(http://homer.ucsd.edu/). 

  

http://homer.ucsd.edu/
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DISCUSSION 
 

Despite the plethora of scientific papers on the functions of p53 we still manage to 

identify novel functions of this gene in different and unpredicted contexts which poses 

the question: Is it because it’s the biggest driver in cancer or is it because more 

laboratories have focused on studying this gene? Perhaps the fact that it is the most 

highly mutated gene in cancer suggests that at least to some extend the former must be 

true. 

Mutations in genes are selected for their ability to enhance cellular fitness and follow 

the fundamental Darwinian rules of evolution as these genetic events alter biological 

processes and increase fitness. Cancer-related mutations have been described to affect 

one or more key biological processes that can lead to cancer when perturbed. These 

biological capabilities acquired during the multistep development of human tumors, 

have also been termed “Hallmarks of Cancer” and include functions like sustained 

proliferative capacity, evasion of apoptosis and growth arrest, replicative immortality 

and ability to metastasize (Hanahan and Weinberg, 2000). It is for this reason that p53 

has been one of the most successful drivers in cancer; when perturbed and in one hit can 

contribute to cancer through all these functions.  

The ancient Greeks believed cancer to be caused by an imbalance of humors, 

specifically, an excess of black bile a mechanism believed for many centuries. The 

hypothesis that cancers could arise from stem cells appeared much later in the late 1800s 

and it was proposed as the embryonal rest theory of cancer. This theory proposed that 

adult organs retained embryonic tissue which could in the presence of an extrinsic 
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stimulus resume cell proliferation and produce tumors. This theory however was 

generally discredited by the 20th century. Nowadays, tissue stem cells are perceived as 

the cell of origin in a lot of tumor types, which as a hypothesis is used to explain the 

fact that only a small population of cells can propagate the tumor in transplantation 

assays and explain how relapse occurs after treatment (Visvader, 2011). Our results 

support the hypothesis that one possible mechanism by which p53 mutations are so 

highly selected in tumors is because by promoting aberrant self-renewal they push the 

cells in a stem-like state perfectly malleable for transformation. Whether our results 

extend to other tumor types remains to be proven but it has been shown that hotspot 

TP53 mutations are associated with embryonic stem cell signatures in various solid 

tumors (Koifman et al., 2018).  

There are several theories as to how cancer-related mutations lead to the formation of 

tumors and several ones might be true. For instance, it is not clear whether mutations 

occur only in the tissue stem cells and because these cells are long-lived with self-

renewal properties can acquire other mutations that will eventually lead to 

transformation. Another hypothesis is that these mutations can occur in more 

differentiated cells, like progenitors, that render these cells with self-renewal properties 

and can then also accumulate more mutations which will transform these cells into 

cancer cells. In leukemias, the tissue hierarchy is – to a big extent –  delineated and the 

different types of cells can be sorted based on their self-surface markers and studied ex 

vivo. Scott A. Armstrong’s group used this model to sort out the hematopoietic stem 

cells and the progenitors and transformed both with the same oncogene – Mll-Af9 to 

show that both these cells could be transformed supporting that progenitors could be 
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transcriptionally reprogrammed to resemble stem cells in the presence of a strong 

oncogene (Krivtsov et al., 2006). Our unpublished data support that TP53 mutations can 

perhaps do both: when expressed in HSCs they increase their self-renewal properties 

but when present in downstream progenitors such as GMPs, can endow them with 

aberrant self-renewal properties both in vitro (CFU assay) as well as in vivo (in 

transplants).  

This aberrant self-renewal phenotype in the presence of oncogenes or mutated tumor 

suppressors is a strong theme in leukemia biology with the most common mutations to 

be shown to promote enhanced stem cell capacity in HSCs. The most common 

mutations include DNMT3a (Challen et al., 2011), TET2 (Moran-Crusio et al., 2011), 

IDH1/2 (Sasaki et al., 2012), ASXL1 (Abdel-Wahab et al., 2013). In line with this we 

were able to show that the advantage of p53R172H mutations in the hematopoietic 

compartment was because of their ability to mediate a continuous self-renewal effect in 

HSPCs which was not there in p53 null cells (Loizou et al., 2019). The implications of 

these results go beyond our work in leukemia and suggest an early, pre-leukemic 

advantage of these TP53 mutations that can be relevant in patients with clonal 

hematopoiesis.  

Even though the p53 mutation we were studying is the most common one in patients 

with AML, the question still remains if other mutations have the same effect. We 

performed experiments assessing the self-renewal properties of HSPCs derived from 

p53R270H (Olive et al., 2004) and p53R248Q (Schulz-Heddergott et al., 2018) and we did 

not observe the effect we saw with p53R172H mutant HSPCs (data not shown). It is 

unclear whether this is because of the limiting expression of FOXH1 in these mutants 
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or it is more of a general transcriptional output that it is different. As the commonality 

between TP53 mutants is still elusive, in order to test this a more high-throughput 

experimental setting needs to be implored to elucidate this in the future.  

Furthermore, the fact that these two additional hotspot mutations did not exhibit 

enhanced self-renewal in vitro as assessed by their CFU ability, it does not mean that 

these mutants do not have GOF effects pertinent to other functions such as 

chemoresistance. It is possible that each mutation has unique capabilities and the hotspot 

mutations do not have convergent functions in the tumors that harbor these.  

Regardless of the fact we have focused on studying the most common genetic 

configuration of TP53 mutations which is its hemizygous state, some tumors retain the 

second wild-type allele (Liu et al., 2016). To which extend the wild-type allele is 

functional is unknown as the locus could be methylated and inactivated epigenetically. 

However, the dominant-negative (DN) effect that mutant p53 can exert on the wild-type 

is well described (Willis et al., 2004) and a group recently proposed that the major effect 

of the hotspot mutations in AML is to inactivate the wild-type allele (Boettcher et al., 

2019). The authors introduced the most common hotspot mutations found in patients, in 

two established human AML cell line models using CRISPR-Cas9 genome editing. 

These engineered cells did not respond to chemotherapeutic drugs differently than their 

TP53 deficient counterparts and were more efficient at inhibiting induction of p21 from 

the other WT allele than any other TP53 mutation. This lead the authors to propose that 

the DN effect is what is driving the acquisition of these mutations in AML. 

Even though we do not exclude that the DN effect is a strong pressure for these 

mutations to occur, we have seen that at least in one experimental setting – the CFU 
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assay – when we assessed the self-renewal effect of p53R172H/+ HSPCs they behaved 

similarly to WT, whereas the p53R172H/Δ  showed indefinitely self-renewal properties. 

Furthermore the cells used for the majority of the experiments in the Boettcher paper 

were established human cell lines driven by diverse genetic and other events where 

exogenous engineering of the different TP53 mutations, albeit from the endogenous 

locus, might not have the same effect as leukemic cells generated on a TP53 mutant 

background.  

Both from our TP53 mutant studies as well as using TP53 deficient HSPCs for studying 

the role of the PRC2 complex in leukemia, we were able to generate a series of murine 

leukemia models that recapitulated key features of the disease such as the complex 

karyotype as assessed by sparse genome sequencing. It would be of great interest to 

study if the chromosomal losses and gains are recurrent and if within those sites there 

are syntenic regions in the human patients that encompass additional drivers. As CK-

AML is devoid of other mutations besides TP53 these re-occurring events might contain 

the cooperating events that lead to AML. 

Despite the fact our murine models are a great proxy to the human disease they still have 

limitations. These limitations are produced because the models rely on the utilization of 

multiple shRNAs linked to fluorescent proteins that are unstable and are prone to 

stochastic silencing. Furthermore studies have suggested that fluorescent proteins can 

be immunogenic and therefore might influence the evolution of the disease in the mouse 

as a result of constant immunoediting. To avoid this we have made a GEMM that is 

p53F/F; Nf1F/+; Mll3F/+ driven by an inducible (Mx1CRE) or constitutive (Vav1CRE) 

hematopoietic specific CRE Recombinase. With the use of this multi-allelic mouse 
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model we want to assess in vivo in non-transplant conditions, the evolution of the 

disease from the early initiation stages (few weeks after recombination) until the later 

stages (moribund mice) and track the genomic changes that occur at each step. 

Furthermore this model allows us to layer other putative cooperating events on this 

leukemia-prone background and assess their role in the disease.  

Nevertheless, and despite generating a model of CK-AML with impaired PRC2 

function, we still do not understand the broader implication of the chromatin 

architecture upon Ezh2 and Suz12 KD. Optimization of our ChIP-seq protocols for 

Ezh2, Suz12 and H3K27me3 in these murine CK-AML cell lines will shed light into 

the biochemical and broader molecular implications of PRC2 deficiency. Additionally, 

we have observed varying degrees of KD for both Ezh2 and Suz12 from the derived 

leukemias suggesting that these genes can indeed be haploinsufficient tumor suppressor 

genes. In order to validate this we have crossed the p53F/F; Mll3F/+; Vav1Cre  mice and 

the p53F/F; Nf1F/+; Vav1Cre mice to Ezh2F/+ and plan to do the same for Suz12F/+ so we 

can determine the dosage requirement for both these genes in the development of AML. 
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CONCLUDING REMARKS 
 

While in the 30 years of studying p53 we have realized the tremendous complexity of 

the p53 pathway and the detrimental consequences it can have when lost in cells, it is 

still an impossible therapeutic target. However efforts to restore some of these TP53 

mutations with GOF and/or DN effects into their wild-type conformation and restore 

their tumor suppressive functions, give great hope to the astounding morbidity 

associated with TP53 mutant tumors.  

As complex-karyotype AML has dismal prognosis new preclinical models such as the 

ones we developed here, together with our ever-increasing understanding of the 

complexity of p53 action and its effects in different contexts (genetic, metabolic or 

others), will hopefully lead to more robust clinical advances in the years to come. 
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