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Abstract

The tumor suppressor p53 exerts pivotal roles in hematopoietic stem cell (HSC) homeostasis.
Mutations of the 7P53 gene have recently been described in individuals with clonal hematopoiesis
conferring substantial risk of developing blood cancers. In patients with acute myeloid leukemia
(AML) and myelodysplastic syndromes (MDS), 7P53 aberrations—mutations, deletions, and a
combination thereof—are encountered at a constant frequency of approximately 10%. These
aberrations affect HSCs transforming them into preleukemic stem cells, pinpointing their central
role in leukemogenesis. AML and MDS with 7P53aberrations are characterized by complex
chromosomal aberrations. Respective patients experience a dismal long-term outcome following
treatment with both intensive and nonintensive regimens including novel agents like venetoclax
combinations or even allogeneic HSC transplantation. However, according to the 2016 WHO
classification, AML and MDS with 7P53 aberrations are still regarded as separate disease entities.
On the basis of their common biological and clinical features, we propose to classify AML and
MDS with 7P53aberrations as a single, distinct stem cell disorder with a unique genetic make-up,
comparable with the WHO classification of “AML with recurrent genetic abnormalities.” This
approach will have implications for basic and translational research endeavors, aid in
harmonization of current treatment strategies, and facilitate the development of master trials
targeting a common deleterious driver event.

Taxonomy of human malignancies has traditionally been performed by histopathologic
examination of affected organs and tissues. However, primarily in myeloid neoplasms and
consecutively in other malignancies as well, underlying genomic aberrations have
increasingly been elucidated and incorporated into classification schemes. The “2016
revision to the WHO classification of myeloid neoplasms and acute leukemia” now includes
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a multitude of cytogenetic and molecular abnormalities essential for diagnosis,
prognostication, and treatment decisions (1).

The 7P53tumor suppressor gene encodes a transcription factor involved in an abundance of
pivotal cellular functions including DNA damage response (Fig. 1). Importantly, by pursuing
these functions, p53 acts in a cell context-specific manner (2). Aberrations of 7P53 have
been described in more than 50% of human neoplastic disorders and recent work has
elucidated their fundamental role in patients with acute myeloid leukemia (AML) and
myelodysplastic syndromes (MDS; refs. 3, 4). The data published so far point towards
common features of AML and MDS with 7P53aberrations. Here, we focus on this topic that
will support genomic classification efforts and aid in harmonization of current treatment
strategies as well as the development of master trials.

p53 in Normal Hematopoiesis

By interacting with the bone marrow microenvironment, hematopoietic stem cells (HSC)
sustain a lifelong pool of mature blood cells. Early studies described expression of p53 in
human hematopoietic cells and identified its involvement in proliferation, differentiation,
and apoptosis (5). Using genetically engineered mice, a fundamental role of p53 for normal
HSC function could be elaborated. p53 conveys quiescence of HSCs during steady-state
hematopoiesis. In p53-deficient mice, primitive Lin-Sca-1*c-Kit* cells showed enhanced
self-renewal leading to a consistent expansion of this cell compartment. They revealed
increased serial replating and repopulating capacity /n vitro and in vivo, respectively,
indicating the preservation of “stemness” properties (6). In cooperation with oncogenic
aberrations like Kras®12P mutations, p53 loss led to indefinite self-renewal of murine HSCs
with a propensity to transform into leukemia-initiating cells (7). Intact p53 was also shown
to reduce intracellular reactive oxygen species levels, thereby contributing to HSC
homeostasis and genetic stability (8). Recent data indicated that p53 is of functional
importance for mesenchymal stromal cells (MSC), an essential component of the bone
marrow niche. Thus, MSCs derived from p53 knockout mice were defective in supporting
growth of cobblestone area-forming cells and hematopoietic progenitors (9).

TP53 Mutations in Clonal Hematopoiesis

Aging is a continuous process induced by exogenous and endogenous cellular toxicities
giving rise to persistent DNA damage and, consequently, mutagenesis. In response to such
damage, p53 is activated mediating DNA repair, senescence, or apoptosis (10). However,
hyperactivity of p53 as induced experimentally or observed in the course of human disorders
like Fanconi anemia, is associated with premature aging and/or depletion of tissues with
high proliferative activity including the hematopoietic system (11, 12). HSCs, while aging,
acquire mutations in various genes including 7253 leading to clonal hematopoiesis of
indeterminate potential and age-related clonal hematopoiesis, respectively. Subjects with
clonal hematopoiesis have an increased risk of hematologic malignancies, particularly
therapy-related myeloid neoplasms (13, 14). Ultra-sensitive sequencing identified clonal
hematopoiesis even in younger individuals with an age-dependent increase of 7P53
mutations from 50 years on (15). Experimentally, HSCs with 7P53 aberrations continuously
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expand during genotoxic stress, ultimately displacing normal hematopoiesis (6). Intwo
recentcase-control studies, genetic profiles of healthy individuals, who developed AML,
were compared with age-matched controls, who remained disease free. The pattern of
preleukemic mutations differed substantially between both cohorts with 7P53 aberrations
being among those with the highest HR for leukemia development (16, 17).

Biology of AML and MDS with TP53 Aberrations

Similar to solid neoplasms, different aberrations affecting the 7253 gene have been
described in a substantial portion of AML and MDS cases. They comprise allelic losses at a
cytogenetic level as well as molecular mutations, insertions, and deletions that are either
heterozygous, accompanied by a remaining wild-type allele, or become manifest in a hemi-/
homozygous state. As a consequence, p53 haplo-insufficiency with reduced functionality or,
alternatively, a complete loss of function due to loss of heterozygosity (LOH) or copy
number—neutral LOH may be observed. Furthermore, a dominant-negative effect or even
gain of novel functions has been postulated for particular 7253 mutations (2).

In some patients with AML and MDS, 7P53aberrations are of germline origin
characterizing the Li-Fraumeni (LF) and LF-like syndromes. Here, myeloid malignancies
frequently occur following cytotoxic treatments for a primary disorder pinpointing resistance
of mutant HSCs to genotoxic stress (18). In the majority of cases, however, 7P53 aberrations
are somatically acquired and preferably constitute missense mutations located in the DNA
binding domain of the gene. Recent data reveal novel albeit diverse insights into
consequences of 7P53aberrations in myeloid neoplasms with respect to loss- or gain-of-
function properties. When comparing cells from mice with a 77”53 knockout (k/o) status or
exhibiting the murine R172H allele in a hemizygous state, respectively, only 7rP53 mutant
bone marrow cells showed indefinite serial replating capacity (19). In addition, leukemic
cells expressing a “stem cell” signature were observed in the mutant, p53 expressing setting
only. Upregulation of Foxh1 as a mediator of mutant p53 was identified and the authors
postulated that this 77253 mutation, corresponding to the human 7P53R175H allele, confers
novel gain-of-function properties. These data are supported by observations in mice with
either a p53 k/o status or expressing mutant forms of p53 showing marked differences with
respect to tumor onset and spectrum (20, 21). In a different approach, 7P53 hotspot
mutations including R175H and 7P53k/o alleles were generated in myeloid cell lines using
CRISPR-Cas9 genome editing. Unexpectedly, 7”53 mutations as well as k/o alleles revealed
the same oncogenic phenotype including resistance to cytotoxic treatments and displayed a
gene expression signature of 7P53inactivation. Therefore, a dominant-negative effect was
concluded as the primary force of selection of 7253 mutations in myeloid malignancies
(22). In line with those data, loss of p53 function as a mediator of resistance to the BCL2
inhibitor venetoclax was described using a genome-wide CRISPR-Cas9 k/o screen of
myeloid cell lines (23).

Clonal cells in AML and MDS are derived from rare leukemia stem cells (LSC) revealing
self-renewal and long-term repopulation capacity. Although initial data allocated them to the
immature CD34%/CD38- cell compartment, LSCs may also reveal a phenotype indicating
transformation at a more mature progenitor cell level (24). The concept of preleukemic
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HSCs (pLSC) have recently been described in AML. They carry early driver mutations and
retain their ability to differentiate into clonal blood cells; however, they are unable to
generate leukemia /n vivo (25). Transplanting diagnostic AML specimens with clonal 7P53
mutations into NSGS mice, it could be shown that these mutations characterize pLSCs. The
in vivo data were corroborated by detecting the leukemia-specific 7253 mutation in purified
T-lymphocytes from the respective patients (26). Notably, AML specimens with subclonal
TP53 mutations display multilineage engraftment potential as well when transplanted into a
humanized ossicle mouse model (27). In low- and intermediate-risk MDS, LSCs were
identified in the Lin"CD34*CD38-CD90*CD45RA~ compartment. In a number of these
specimens, LSCs revealed 7P53 mutations that were preceded by deletions of chromosome
5q (28). These aberrations were also shown to perturb genomic stability in induced
pluripotent stem cells derived from patients with MDS (29). Analyzing highly fractionated
stem cell populations of patients with higher risk MDS progressing to secondary AML,
TP53 mutations again affected LSCs and persisted throughout the course of the disease (30).

Apart from aberrations in the 7P53 gene itself, members of the p53 pathway are frequently
affected in myeloid malignancies. MDM2 and MDMX, the latter also known as MDM4, are
negative regulators of p53 through binding to its transactivation domain. In addition, MDM2
has intrinsic E3 ubiquitin ligase activity. Over-expression of MDM2 and MDMX could be
demonstrated in a high proportion of primary AML specimens with a 7P53 wild-type status
accompanied by a marked decrease in p21 expression. These patients experienced inferior
survial indicating detrimental consequences of a dysfunctional p53 pathway as well (31).
However, when analyzing fractionated Lin"CD34*CD38-CD90~ stem and Lin~
CD34*CD38*CD123*CD45™" progenitor cells from patients with AML, MDMX but not
MDM2 expression was significantly higher as compared with age-matched, healthy controls.
The data, therefore, provide a scientific basis for investigating MDMX-targeting compounds
in AML and related disorders (32).

Clinical Characteristics of Patients with AML and MDS with TP53
Aberrations

TP53 aberrations are encountered in up to 10% of patients with AML and MDS with rising
frequencies in older patients and in subtypes like therapy-related myeloid neoplasms and
erythroleukemias. They frequently reveal abnormalities of chromosome 5q as well as high
cytogenetic complexity or monosomal karyotypes (33, 34). In AML, extensive catastrophic
DNA rearrangements, chromothripsis, have recently been linked to 7253 mutations
suggesting that copy-number aberrations per se and the extent of genomic imbalances
substantially contribute to p53-mediated leukemogenesis (35).

TP53 mutations are well-established adverse risk factors in patients with AML and MDS.
Following allogeneic HSC transplantation as the only potentially curative approach, 5-year
overall survival (OS) rates are less than 20% (36, 37). Treatment with hypomethylating
agents show encouraging response rates although survival is still dismal when compared
with 7P53 wild-type cases. In a large MDS cohort treated with either azacitidine or
decitabine, 5-year OS of 7P53-mutated patients was less than 10% (38). In the azacitidine
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AML-001 trial, median OS was 7.2 months for patients with and 12.0 months for those
without 7P53 mutations, although this difference was statistically not significant possibly
due to low patient numbers (39). Recently, results of the phase Ib study testing the BCL2
inhibitor venetoclax in combination with a hypomethylator showed CR rates for 7P53
mutated AML patients of 67%. However, the median OS of 7.2 months was also inferior as
compared with that of the total cohort being 17.5 months (40). Preliminary data with the
anti-CD47 antibody magrolimab, inducing tumor cell phagocytosis, combined with
azacitidine showed CR rates of 78% in 7P53-mutated AML and MDS patients with median
OS not reached after a median observation period of 6.9 months (41).

In AML, 7P53 mutations have already been incorporated into current risk stratification
guidelines and claims for a similar approach in MDS have been submitted (34, 38). Using
functional classification schemes, it has been shown that different 7253 mutations exert
different prognostic impacts in AML (42). However, there is yet conflicting evidence in
AML whether mere deletions confer a some-what better prognosis than TP53 mutations or a
combination there-of (43, 44). A recent analysis involving >3.000 patients with MDS
indicate that a 7P53 “multi-allelic state”—mutations combined with deletions or multiple
mutations—reveals an extremely adverse outcome (45). The prognostic value of subclonal
7P53 mutations and, in particular, the critical clone size threshold, as revealed by next-
generation sequencing platforms, has also been regarded controversial in both AMLand
MDS patients (33, 39). This might be due to different timepoints when treatments, known to
select for 7P53-mutated clones, were initiated.

Conclusions and Outlook

Following acquisition of driver mutations, leukemias may evolve from HSCs or arise from
committed progenitors acquiring stem cell abilities (46). As summarized in this report and
depicted in Fig. 2, p53 exerts fundamental functions in HSC homeostasis and evidence for
the involvement of HSCs in the pathogenesis of AML and MDS with 7P53 aberrations is
based on both clinical observations and experimental research. In individuals with clonal
hematopoiesis, potential precursor states of AML and MDS, mature hematopoietic cells in
the bone marrow and peripheral blood show mutations in a variety of genes including 7P53
indicating the involvement of pLSCs. Furthermore, single-cell analysis of purified
hematopoietic stem and progenitor cells of human AML and MDS specimens revealed 7P53
mutations affecting this cell compartment. Transplantation of 7P53mutated AML cells into
xenograft mouse models leading to multilineage engraftment further supports this view.
Experimentally, murine HSCs with either a 7P53mutant or k/o status are capable of
establishing clonal hematopoiesis and, together with cooperating molecular and/or
cytogenetic aberrations, frank leukemia.

AML and MDS with 7P53aberrations also share clinical features (Table 1). They are
observed at a constant frequency of approximately 10% in de novo cases with steep
increases in elderly patients and particular leukemia subtypes. Endogenous and exogenous
toxicities serve as fundamental cofactors of clonal evolution exerting selective advantage to
TP53-mutated cells, ultimately leading to p53-mediated leukemogenesis. Patients with AML
and MDS with 7P53aberrations also experience inferior outcomes with low survival rates
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following both intensive and nonintensive treatments. This might be due to the close
association of the 7P53 mutational status with highly complex karyotype aberrations
representing the most unfavourable parameters in AML and MDS.

Currently, drugs that specifically target mutant p53 or members of the p53 pathway are
under clinical investigation potentially improving the prognosis of these patients. APR-246
is a compound designed to restore the function of mutant p53. In a phase Il study, it was
combined with azacitidine showing an overall response rate of patients with 7P53-mutated
AML and MDS of 88% and a median OS of 11.6 months (47). However, a placebo-
controlled, double-blind phase 111 study investigating idasanutlin, an MDMZ2 inhibitor, in
combination with cytarabine, did not show improved CR and OS rates in patients with
relapsed and refractory AML (48). This data strengthen preclinical results on the necessity
to additionally inhibit MDMX in patients with a 7P53 wild-type status (32). Indeed, studies
investigating ALRN-6924, a dual MDM2/MDMX inhibitor, are ongoing in patients with
AML and MDS (NCT02909972 and NCT03654716).

Classification of human neoplasms is increasingly performed based on biological criteria
rather than morphologic features. As early as 1995, AML and MDS with 17p deletion has
been regarded “an entity characterized by specific dysgranulopoiesis and a high incidence of
P53 mutations” (49). Clinical and experimental data compiled over the past years strongly
corroborate such a view. Classification of “AML and MDS with 7P53aberrations” as a
distinct, genetically defined stem cell disorder will encourage the development of master
trials targeting disease-initiating mutations, thus overcoming the limitations of organ-
restricted pathologic approaches. Particularly, in patients with AMLand MDS with 7P53
aberrations, we are now facing the advent of such an era with novel compounds specifically
targeting mutant p53 or members of a dysfunctional p53 pathway, thus addressing an urgent
medical need.
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Figure 1.
The p53 network. Among a multitude of biological processes influencing p53 activity, major

inductors and inhibitors are depicted. Once activated, p53 is involved in many different
cellular processes. A selection of high-confidence p53 target genes, as recently been
described, is shown (50).
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Figure 2.
p53 hematopoietic stem cell functions under physiologic and pathologic conditions. In

normal HSCs, p53 substantially contributes to their homeostasis that constitutes a balance
between self-renewal (indicated by circled arrow) and differentiation intomature blood cells.
Hyperactivation of p53 following continuousDNA damage, as induced experimentally or
observed in patients with Fanconi anemia and other disorders, induces HSC quiescence and
apoptosis, ultimately leading to bone marrow failure. Aberrations of 7P53transforms HSCs
into pLSCs forming the basis of clonal hematopoiesis of indeterminate potential (CHIP) and
age-related clonal hematopoiesis (ARCH). In these cases, their self-renewal capacitymight
be increased (indicated by orange circled line). pLSCs with 7P53 aberrations may be
selected during genotoxic stress, acquire cooperating mutations and transform into LSCs
giving rise to MDS or AML.. Here, stem cells additionally demonstrate differentiation
defects. Importantly, MDS and AML may also develop without overt preleukemic phase.
Yellow dots within nuclei represent 7P53 aberrations; other colored dots represent
cooperating genetic events.
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Table 1
Common features of AML and MDSwith TP53 aberrations.

TP53 aberrations in AML and MDS affect hematopoietic stem and progenitor cells
TP53aberrations in AML and MDS contribute to genetic instability and are driver events of leukemogenesis
AML and MDS with 7P53 mutations show

- gross chromosomal aberrations (-5/5g-, complex and monosomal karyotypes)

- a paucity of cooperating gene mutations

Patients with AML and MDS with 7P53aberrations are of older age
TP53 aberrations are frequent in therapy-related AML and MDS
TP53 aberrations constitute adverse risk parameters in patients with AML and MDS
Following intensive treatments, patients with AML and MDS with 7P53 aberrations show
- low complete remission rates
- increased relapse rates

- inferior OS

Following nonintensive treatments, patients with AML and MDS with 7P53 aberrations show
- shorter remission duration

- inferior OS

Note: “Intensive treatments” include chemotherapy + allogeneic hematopoietic stem cell transplantation; “nonintensive treatments” refer to
hypomethylating agents (azacitidine and decitabine) £ BCL2 inhibition (venetoclax).

Clin Cancer Res. Author manuscript; available in PMC 2021 January 02.



	Abstract
	p53 in Normal Hematopoiesis
	
TP53 Mutations in Clonal Hematopoiesis
	Biology of AML and MDS with TP53 Aberrations
	Clinical Characteristics of Patients with AML and MDS with TP53 Aberrations
	Conclusions and Outlook
	References
	Figure 1
	Figure 2
	Table 1

