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A B S T R A C T

Mutations in the essential tumor suppressor gene, TP53, are observed in only 5–10% of acute
myeloid leukemia (AML) cases, but are highly associated with therapy-related AML and cases
with complex karyotype. The mutational status of TP53 is a critical prognostic indicator, with
dismal outcomes consistently observed across studies. Response rates to traditional cytotoxic
chemotherapy are poor and long-term survival after allogeneic hematopoietic stem cell trans-
plant is rare. Therapy with hypomethylating agents has resulted in a modest improvement in
outcomes over intensive chemotherapy, but durable responses are seldom observed. In view of
the intrinsic resistance to standard chemotherapies conferred by mutations in TP53, novel
treatment approaches are required. In this review, we examine the current treatment landscape
in TP53 mutated AML and discuss emerging therapeutic approaches currently under clinical
investigation.

1. Introduction

Advancements in genomic techniques such as next generation sequencing (NGS) have dramatically enhanced our knowledge of
the underlying genetic alterations in acute myeloid leukemia (AML) [1,2]. Elucidation of the prognostic significance of these re-
currently mutated genes has paved the way for genomics-based classification and risk stratification systems [1,3–5]. Furthermore,
with the recent expansion of available treatment options and development of molecularly targeted therapies, this genomic in-
formation now plays a central role in treatment selection. Mutations in the TP53 gene have garnered particular importance in
prognostication and treatment selection in AML due to their association with inferior responses to standard treatment options and
uniformly poor outcomes [1,5–14].

The most widely mutated gene across all human malignancies, mutations in TP53 are seen in nearly half of all tumors [15,16].
Located on chromosome 17p13.1, the TP53 gene encodes a 393 amino acid phosphoprotein, p53, which functions as a transcription
factor with vital tumor suppressor functionality [17,18]. It contains several important functional domains including the N-terminal
transactivation domain, which interacts with the negative regulator MDM2, a proline-rich SH3 domain, a DNA-binding domain, a
tetramerization domain and the C-terminal regulatory domain [19]. Upon activation by cellular stressors such as DNA damage,
oncogene activation and ribonucleotide depletion it regulates expression of an array of target genes involved in DNA repair, dif-
ferentiation, cell-cycle arrest and induction of apoptosis [15,18–20]. Notably, p53 plays a crucial role in mediating the apoptotic
response to cytotoxic chemotherapy, with mutant p53 conferring an inherent resistance to DNA damaging agents commonly utilized
as anti-cancer therapy, including traditional therapies utilized in AML for decades [21–24]. This substantiates the poor outcomes seen
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in TP53 mutated AML and highlights the importance of novel therapies with pharmacologic activity that does not rely on this
pathway. Herein, we will review the role of TP53 mutations in the treatment of AML and highlight emerging therapies with the
potential to improve outcomes in this challenging molecular subgroup (Tables 1 and 2).

2. TP53 mutations in MDS and AML

Despite the frequency of TP53 mutations observed in human cancers, they are seen in only 5–10% of AML cases [1,2,25]. Patients
tend to be older, with lower white blood cell counts (WBC), lower platelet counts and lower bone marrow (BM) blast percentage and
share significant clinical phenotype overlap with TP53 mutant myelodysplastic syndrome (MDS) patients [6,10,26]. As BM blast %
distinction between MDS/AML represents an arbitrary cutoff, significant data support that TP53 mutant MDS and AML represent a
homogeneous disease entity. As an example, Lindsley and colleagues were able to identify TP53 mutant AML as a genetic ontogeny
distinct from de novo or secondary-type mutant AML [26]. TP53 mutations are highly correlated with a complex karyotype and are
seen in 70–80% of such cases, particularly in those with a monosomal karyotype or loss of 5/5q, 7/7q or 17/17p [8,10,12,27,28].
Both TP53 mutations and complex karyotype independently predict inferior overall survival (OS), with the most dismal prognosis
seen when these co-occur [1]. However, in the largest cohort of complex karyotype MDS, TP53 mutation represented the strongest
covariate for inferior OS in multivariable analysis, with complexity only being predictive in patients with 5 or more cytogenetic
abnormalities [28]. TP53 mutations are seen with increased frequency in patients with MDS and AML with isolated 5q deletion
[28–30]. Additionally, they are enriched in cases of therapy-related AML (t-AML), where they are observed with a frequency of
25–40% [9,31,32]. Interestingly, in cases of t-AML it has been shown that cytotoxic chemotherapy does not necessarily directly
induce these mutations, but rather mutations present in very low frequencies prior to chemotherapy undergo preferential expansion
after treatment [33]. Additionally, TP53 mutant MDS/AML have a paucity of other driver mutations, further highlighting the critical
role of TP53 in these disease subsets [26,28,34].

Though all classes of mutations have been observed, the majority of variants are missense alterations occurring in the DNA-
binding domain (encoded by exons 5–8) with a predilection for arginine residues and noted mutational “hot spots” such as R175H,
Y220C, R248Q and R273C [6,19,35,36]. Mutations in other functional domains have unique effects on p53 protein function,
however, their clinical implications in AML are not well understood at this time [37,38]. TP53 is the sole mutated gene identified in
up to 75% of patients, while patients with co-occurring mutations have a decreased incidence of mutations in a number of AML-
associated genes including FLT3, NPM1, IDH1, IDH2, DNMT3A, WT1, RUNX1 and RAS [2,6,28,34,39]. The median variant allele
frequency (VAF) has been observed to be the highest of all recurrently mutated genes in AML at nearly 50%, with a higher VAF shown
to be predictive of inferior survival in MDS and AML patients [14,34,40].

Detection of increased levels of p53 protein by immunohistochemical (IHC) techniques has been shown to accurately correlate
with TP53 gene mutation by sequencing analysis, as well as clinical features seen in TP53mutated AML including complex karyotype,
higher-risk disease and inferior OS [41–43]. However, with the decreasing cost and widespread availability of NGS at most centers,
molecular profiling with targeted gene panels should now be considered standard of care in AML. Such methods have proven accurate
and effective in detecting mutations in clinically relevant genes in AML, including TP53, and have been shown to improve upon risk
stratification over conventional cytogenetics alone [44,45]. This has led to the incorporation of relevant gene mutations into standard
risk stratification models, with TP53 a notable inclusion into adverse-risk groups [1,3].

3. Outcomes with standard treatment approaches

3.1. Cytotoxic chemotherapy

Induction chemotherapy with cytotoxic agents, including anthracyclines and cytarabine, has been considered the standard of care
in medically fit patients with AML for decades. While this may produce favorable results, particularly in younger patients and those
with favorable-risk disease, TP53 mutations are a strong predictor of inferior responses, with complete response (CR) rates in the
range of 20–40% (Table 1) [6,8,10,46]. An array of studies have unequivocally demonstrated that such treatment is associated with
dismal outcomes in TP53 mutated patients, with increased relapse rates and a median OS in the range of 4–9 months
[6–10,13,46,47]. Yet, patients who do not receive chemotherapy fare even worse, revealing the aggressive biology of the disease and
suggesting that TP53 mutation alone is not a reason to forgo treatment [13].

Gemtuzumab ozogamicin has been added to induction chemotherapy in attempt to improve outcomes, with a large meta-analysis
of five randomized clinical trials demonstrating reduced rates of relapse and improved 5-year survival rates [48]. However, subgroup
analysis identified no benefit in patients with adverse-risk cytogenetics, a cytogenetic group that is highly enriched in TP53 muta-
tions. CPX-351, a dual-drug liposomal encapsulation of cytarabine and daunorubicin, recently received FDA approval after a phase 3
study demonstrated improved CR rates (47.7% vs. 33.3%) and OS (9.56 vs.5.95 months) compared with “7 + 3” induction in patients
with t-AML or secondary AML [49]. Subsequent evaluation of genomic predictors has identified TP53 mutation as a predictor of
significantly inferior response rates with this therapy, though this has not been compared directly to other induction regimens in this
molecular subgroup [50].

3.2. Hypomethylating agents

The hypomethylating agents (HMA) azacitidine and decitabine are the preferred frontline treatment for elderly patients with AML
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and those deemed not medically fit to receive induction chemotherapy. They function as cytidine nucleoside analogues that have
been shown to incorporate into DNA (as well as RNA in the case of azacitidine) leading to inhibition of DNA methyltransferases,
global DNA hypomethylation and induction of DNA damage [51,52]. The use of azacitidine in AML is supported by the randomized,
prospective AZA-AML-001 trial, as well as subgroup analysis from the pivotal AZA-001 trial in high risk MDS, which demonstrated
favorable OS (10.4 vs. 6.5 months) compared to conventional care regimens (best supportive care, low-dose cytarabine or 7 + 3
induction) [53,54]. A phase 3 trial of decitabine has also demonstrated improved CR rates (17.8% vs. 7.8%) and OS (7.7 vs. 5.0
months, statistically significant only after an unplanned survival analysis with prolonged follow up) compared to supportive care or
low-dose cytarabine, supporting its use in older patients with newly diagnosed AML [55].

Further clinical inquiry in TP53 mutated patients has suggested that these agents may produce superior results compared to
standard therapies (Table 1), which is supported by pre-clinical work demonstrating increased sensitivity of TP53 mutated cells to
HMA [56,57]. Several studies have demonstrated that adverse-risk cytogenetics groups including complex and monosomal kar-
yotypes, known to have a high prevalence of TP53mutations, do not negatively impact OS or response rates with HMA [40,58–60]. In
a post-hoc analysis of the AZA-AML-001 study, TP53 mutations only exhibited an inferior impact on OS in the conventional care
treatment group, with TP53 mutated patients treated with azacitidine demonstrating a median OS of 7.2 months compared to 2.4
months in the conventional care group (p=0.09) [40]. A recent retrospective analysis demonstrated similar treatment outcomes
between azacitidine and decitabine in patients with TP53 mutated MDS and AML and also demonstrated an improvement in OS in
those with TP53 clonal clearance after HMA treatment (defined by VAF<5%) [61]. A prospective, single-institution trial evaluated
somatic mutations and their correlation to responses with a 10-day decitabine regimen and found that TP53 mutated patients had
increased response rates (100% blast clearance (n= 21), although CR in only 19% of patients (n= 4)) compared to wild-type
patients (blast clearance in 41% (n=32) and CR in 14% (n=14)) and demonstrated rapid clearance of their TP53 mutations
(though in all cases remained detectable at low levels) [62]. Additionally, TP53 mutations were not associated with inferior OS, as is
typically observed in this molecular cohort (12.7 months compared to 15.4 in wild-type patients, p= 0.79). However, in larger
cohorts, CR rates to HMA in this molecular subgroup range from 20 to 30% and a median OS of 6–12 months with no difference noted
between azacitidine and decitabine [61,63].

Recently presented work demonstrated similar outcomes in patients treated with 5-day compared to 10-day decitabine regimens,
including in patients with TP53 mutations (median OS of 5.5 months with 5-day regimen and 4.9 months with 10-day regimen) [64].
With this growing body of evidence, and the pharmacologic rationale that these therapies do not rely on cytotoxic pathways to which
TP53 mutations confer inherent resistance, HMAs have emerged as the standard frontline treatment option in TP53 mutated AML,
regardless of age or fitness.

3.3. Allogeneic hematopoietic stem cell transplant

Post-remission therapy in AML varies by risk stratification as well as patient characteristics. While favorable-risk disease may be
cured with chemotherapy alone, the vast majority of patients with intermediate and adverse-risk disease will relapse and allogeneic
hematopoietic stem cell transplant (allo-HSCT) is routinely recommended for medically fit patients in these risk groups [3]. Current
risk-stratification systems classify TP53 mutations as an adverse-risk feature and these patients will invariably relapse with currently
approved therapies [1,3]. However, the role of allo-HSCT in TP53 mutated patients is debated due to dismal long-term outcomes.

A number of studies have evaluated molecular predictors of outcomes in patients with MDS and AML undergoing allo-HSCT, with
mutations in TP53 consistently identified as the strongest predictor of inferior outcomes, outweighing all other genetic or clinical
characteristics [65–70]. Notably, TP53 is the only gene uniformly identified across these large cohorts to predict for inferior OS. The
three-year survival statistics reported in these studies was in the range of 10–20%, with several studies reporting no long-term
survivors beyond 5–10 years. The majority of deaths were due to relapse, frequently occurring early after transplant (40% at 6
months and 50% at 100 days in two of these studies), but no increase in non-relapse mortality was observed. While this has led to
some centers foregoing allo-HSCT in all TP53 mutated patients, it should still be considered on a case-by-case basis after a detailed
discussion with the patient, as a minority of patients may still experience long-term survival which would be unattainable with
standard therapies [71].

Optimizing outcomes with allo-HSCT may be achievable with proper patient selection, appropriate remission-induction strategies
and consideration of post-transplant maintenance therapies. Welch et al. demonstrated that after initial treatment with 10-day
decitabine, of all evaluated variables, consolidation with allo-HSCT had the greatest impact on overall survival [62]. This was not
negatively impacted by TP53mutation status, suggesting that use of HMA prior to transplant may help to abrogate the poor outcomes
typically seen in this cohort. Furthermore, we have identified that patients with clonal suppression of mutant TP53 after HMA therapy
who proceeded to transplant had improved OS (16.3 vs. 8.9 months), suggesting a potentially valuable strategy in identifying patients
who may receive the most benefit [61]. The use of post-transplant maintenance therapies has been proposed as a method to curb
relapse rates, though data to recommend this in routine practice is insufficient at this time. Several studies evaluating post-transplant
HMA's have suggested that these can safely be administered, with the potential for reducing relapse rates [72–74]. However, Oran
and colleagues recently presented data on a randomized azacitidine vs no intervention maintenance trial which was negative for an
improvement of RFS in all subgroups [75]. Notably, this trial was closed early secondary to slow accrual and also challenged by many
patients not receiving the planned 12 cycles of treatment. Additionally, there was no subgroup analyses presented in regards to TP53
mutation status, and thus further investigation is needed in this patient population which has a substantially higher relapse risk.
Histone Deacetylase (HDAC) inhibitors have also been evaluated in this setting with favorable outcomes compared to historical
populations although no randomized evidence is available to date [76].
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4. Emerging treatment options & therapies under investigation

In view of the lack of durable responses and generally dismal outcomes seen with currently approved treatment options in this
molecular subgroup, enrollment into clinical trials evaluating novel therapeutics should be considered in all patients. Considering the
innate resistance to cytotoxic agents conferred by mutations in TP53, therapies with activity that relies on distinct cellular pathways
and processes are most promising. Broadly, these can be categorized into targeted therapies and immunotherapies, which will be
discussed in further detail and are summarized in Table 2.

4.1. Targeted therapies

The past several years has seen a surge in new drug approvals in AML. While targeted therapies against FLT3, IDH1 and IDH2 have
little value in TP53 mutated AML, the recently approved drug venetoclax holds some promise in this setting. Venetoclax is a selective
inhibitor of the protein Bcl-2, an anti-apoptotic protein which plays a role in the survival of leukemic blasts [77,78]. Approval was
based on a multicenter, phase 1b dose-escalation and expansion study showing promising activity in elderly patients unfit for in-
duction chemotherapy, with 67% of patients achieving CR/CRi and a median OS of 17.5 months [79]. Notably, 25% of the study
population had mutations in TP53, and, while these patients had inferior outcomes compared to the study population as a whole, they
exhibited a reasonable CR/CRi rate of 47%, though median OS remained poor at 7.2 months. Given the small sample size, further
study is warranted in this population, particularly in novel combination.

HDAC inhibitors are a class of drugs that function as epigenetic regulators by reducing histone deacetylation leading to altered
expression of genes involved in cell cycle arrest, differentiation and apoptosis. They have also been shown to promote degradation of
mutant p53 and pre-clinical work has suggested that they may present a promising strategy in patients with mutations in TP53
[80,81]. Yet, despite strong pre-clinical rationale, several HDAC inhibitors have been evaluated in phase 1 and 2 studies in MDS and
AML demonstrating increased toxicity without a significant improvement in outcomes [82–86]. However, early drug discontinuation
due to toxicity and pleiotropic drug effects may contribute to these results and study remains ongoing, with more selective HDAC
inhibitors having a potential role [87,88].

Directly or indirectly targeting mutant p53 is a novel approach that is particularly intriguing given its specificity against the
underlying biology of the disease. This has been explored through several approaches including targeting pathways with synthetic
lethality, increasing degradation of mutant p53 and restoring mutant p53 protein function. Regulators of the G2/M checkpoint and
several kinase signaling pathways have demonstrated synthetic lethality in cell models, though the clinical applicability in AML is
unknown at this time [36,89–93]. HSP90 inhibitors have been shown to increase degradation of mutant TP53, however, clinical trials
in myeloid diseases have not produced favorable results [94–96]. Statins, widely used for their cholesterol-lowering properties, have
been shown to induce degradation of abnormal p53 protein, inhibit tumor growth in TP53 mutated tumor cells and work sy-
nergistically with chemotherapeutic agents, representing a possible novel agent that could be added to conventional and in-
vestigational therapies [97–99]. In further support of this therapy, recent elegant investigations have shown that the mevalonate
pathway is selectively vulnerable in tumors lacking p53 [100].

A number of compounds have been developed that restore wild-type p53 conformation and function, many of which target
specific missense mutations [36]. The most promising agent in this class to date, which has reached clinical study, is the methylated
PRIMA-1 analogue APR-246. This small molecule functions to restore wild-type p53 conformation and activity (not specific to a
particular variant), resulting in caspase activation and selective induction of apoptosis in TP53 mutated cancer cells, while also
demonstrating synergy with traditional chemotherapeutic agents [101–103]. APR-246 spontaneously releases the active drug species,
methylene quinuclidinone (MQ), which forms a covalent bond with cysteine residues in p53, leading to thermodynamic stabilization
of the p53 protein [104]. This event shifts the dynamic equilibrium away from the unfolded/misfolded state and toward the wild-type
p53 conformation. APR-246 is currently being evaluated in multiple malignancies, with initial single-agent phase 1 testing in he-
matologic malignancies demonstrating tolerability and both biologic effects and clinical responses [105,106]. Preliminary results of a
phase 1b/2 trial of APR-246 in combination with azacitidine in MDS and AML were recently reported, demonstrating tolerability of
this regimen and promising clinical activity with a CR rate of 82% and deep molecular remissions [107]. This trial is ongoing and a
multi-center, phase 3 trial recently opened for recruitment (NCT03745716).

4.2. Immunotherapeutic approaches

Immunotherapy, a form of cancer treatment which seeks to harness the innate ability of the immune system to detect and
eliminate malignant cells, has gained widespread notoriety in the field oncology. Though its use in AML has lagged behind most
cancers, it is actively being explored given its noted success in other tumor types. Given the unique mechanism in contrast to
currently available treatments, this presents a potentially promising avenue in TP53 mutated AML.

Checkpoint inhibitors function to block inhibitory co-receptors on T-cells, such as PD-1 and CLTA-4, which play a role in immune
evasion by cancer cells. Increased expression of these receptors and their ligands have been observed on leukemic blasts and marrow
infiltrating T-cells, with further upregulation seen after treatment with HMAs [108–110]. This suggests a possible resistance me-
chanism to HMA therapy and provides rationale for combination therapy. Notably, increased expression of PD-L1 has been identified
in blasts and hematopoietic stem cells in TP53 mutant patients in comparison to wild-type patients [108,111]. A recent phase 2 study
of nivolumab in combination with azacitidine in relapsed/refractory (R/R) AML demonstrated acceptable toxicity and an overall
response rate (ORR) of 33%, though increased response rates were seen in HMA-naïve patients and those with increased BM and
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peripheral blood T-cells by flow cytometry [112]. TP53 mutations were present in 23% of patients and mutation status was not
predictive of response. Single-agent ipilimumab was evaluated in patients with relapse after allo-HSCT and demonstrated feasibility
with clinical responses seen [113]. Preliminary data from trials evaluating checkpoint inhibitors in combination with HMAs, in
combination with induction chemotherapy and as post-remission maintenance treatment in MDS and AML patients have recently
been presented demonstrating tolerability and promising early efficacy data, with numerous trials ongoing [114–119].

Bispecific antibodies (termed Bi-specific T-Cell Engager, BiTE or Dual-affinity Re-Targeting, DART) and cellular therapies, in-
cluding chimeric antigen receptor (CAR) T-cell therapy, represent additional immunotherapeutic approaches which have made
significant gains in lymphoid malignancies. Both therapies require a specific target antigen which has made their implementation in
AML more difficult due to less restrictive expression and greater variability in AML antigens compared to B-Cell malignancies, though
a number of candidate targets are under investigation [120,121]. Preliminary phase 1 data was recently presented for Flotetuzumab,
a CD123xCD3 DART, and AMG 330, a CD33xCD3 BiTE, with safety and anti-leukemic activity noted in R/R AML patients [122,123].
To date, there have not been analyses on molecular predictors of response with bispecific therapies.

The first documented objective clinical response to CAR T-cell therapy in an AML patient was reported with CYAD-01, an NKG2D
receptor-based construct [124]. Subsequently, data from two phase 1 trials with this product have been reported. While one trial
reported no objective responses with a single infusion of the cellular product, preliminary data from a second trial utilizing multiple
infusions demonstrated promising anti-leukemic activity, with an ORR of 42% [125,126]. Reports of in vivo anti-leukemic activity
with CD33-directed and LeY antigen-directed CAR T-cells have also been published [127,128]. Preliminary data for CD123-directed
CAR T-cells and a CLL1-CD33 compound CAR-T cell have also been presented with promising activity noted [129–131].

5. Summary

Mutations in TP53, though less common than in most solid tumors, are a recurrently observed molecular alteration in AML.
Mutations result in impaired function of p53 protein leading to impaired apoptosis and cellular immortality, providing malignant
cells with an innate resistance to traditional chemotherapeutic agents. Outcomes in this subgroup are dismal, particularly with
intensive induction chemotherapies typically considered as frontline treatment in AML. Initial therapy with HMAs is associated with
favorable response rates and reduction in TP53 clone, but durable responses are not typically seen. Allo-HSCT remains an option in
appropriately selected patients, though long-term survival is uncommon. Given these results, all patients should be considered for
enrollment into clinical trials. Novel therapies that have shown promising results in early clinical study include agents that directly
target mutant p53 and immunotherapeutic strategies, though further evaluation is needed.

Practice Points

• TP53mutations are observed in 5–10% of AML cases and play a vital role in risk stratification and treatment selection due to
their association with uniformly poor outcomes.

• Inferior responses to traditional cytotoxic therapies have led to the emergence of hypomethylating agents as the standard
frontline treatment option, with a modest improvement in outcomes.

• Though long-term survival after allogeneic hematopoietic stem cell transplant is uncommon, it remains an option for ap-
propriately selected patients.

Research Agenda

• The management of TP53mutated AML remains challenging and enrollment in clinical trials should be encouraged to foster
development of novel therapies.

• Novel agents that directly target mutant p53 have shown promise, but require further study in larger, randomized clinical
trials.

• Immunotherapeutic approaches are being widely explored in AML and warrant further investigation in this molecular
subgroup.

• Dynamic monitoring of the mutant clone through the use of sequential molecular profiling may have an emerging role in
adapting therapy and requires further inquiry.
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