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Abstract

Improved understanding of the genomic and molecular landscape of acute myeloid leukemia
(AML) has resulted in significant evolution of our understanding of AML biology and allows
refined prognostication for those receiving standard combination chemotherapy induction. This
dramatic increase in knowledge preceded, and was somewhat responsible for, at least some of
eight new FDA drug approvals for AML. This review discusses the impact of genomics on clinical
care of AML patients and highlights newly approved FDA drugs. Despite these recent clinical
advances, however, the outcome for most patients diagnosed with AML remains dire. Thus, we
describe here some of the challenges identified with treating AML including off-target toxicity,
drug transporters, clonal heterogeneity, and adaptive resistance, and some of the most promising
opportunities for improved therapy.
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1. INTRODUCTION

Acute myeloid leukemia (AML) is a hematologic malignancy characterized by an excess of
immature clonal myeloblasts that are unable to differentiate into mature white blood cells,
red blood cells, and platelets, thereby disrupting normal hematopoiesis. It is estimated that
there will be approximately 19,940 new cases of AML in 2020 in the United States [1].
AML has the highest mortality rate of all leukemias, with an estimated 11,180 deaths
annually [1]. While considerable progress has been made in understanding the genomic
landscape of this disease, cytarabine in combination with anthracycline has remained the
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backbone treatment for young, fit patients for nearly five decades [2]. Recent developments
have allowed for better prognostication and have stimulated the development of new
therapies with improved patient outcomes. In this review, we describe the impact of
genomics on clinical care of AML patients and 8 recently approved Food and Drug
Administration (FDA) drugs. Despite these advances, it is difficult to cure AML. Thus, we
highlight here some of the challenges associated with treating AML and describe potential
new avenues for improving AML treatment.

2. DIAGNOSIS AND CLASSIFICATION

Assessments of morphology, cytogenetics, molecular abnormalities, and
immunophenotyping are needed for the accurate diagnosis and classification of AML.
According to current morphological guidelines, the disease is classified as AML when bone
marrow or blood consists of at least 20% myeloblasts, with the exception of individuals with
chromosomal abnormalities in t(15;17), t(8;21), inv(16), or t(16;16) [3,4].
Immunophenotyping is a critical step in diagnosing AML, as depicted in Table 1. It is also
important to differentiate AML from acute lymphoblastic leukemia (ALL), identify acute
promyelocytic leukemia (APL), and identify potential biomarkers to guide therapy (i.e.
CD33). Improvements in our understanding of the genomic and molecular landscape of
AML have naturally led to improvement in the classification of AML.

From the 1970s to 2001, AML was diagnosed when patients had bone marrow with >30%
myeloblasts and the morphologic appearance of blood cells was as described by a French-
American-British working group (MO through M7) [5]. This changed in 2001 when the
World Health Organization (WHO) classification of myeloid neoplasms was developed,
lowering the diagnosis cut-off to >20% myeloblasts and incorporating flow cytometry and
cytogenetics into AML diagnosis and classification [6]. According to the new classification,
three favorable-risk (t(8;21), inv(16), t(15;17)) and one unfavorable genetic abnormality
(11g23) were recognized, as were AML with multilineage dysplasia and therapy-related
AML (secondary AMLs). As our understanding of the molecular landscape advanced, in
2008 the revised WHO classification of myeloid neoplasms and acute leukemia added more
adverse cytogenetic abnormalities to the classification (t(9;11), t(6;9), inv(3), t(1;22)) and
recommended real-time polymerase chain reaction (RT-PCR) assays to detect mutations in
nucleophosmin 1 (NMPMI), fms-like tyrosine kinase 3 (FL73) and CCAAT enhancer-binding
protein alpha (CEBPA) in cytogenetically normal AML [7]. The most recent WHO revision
occurred in 2016 (depicted in Table 2), incorporating findings from gene-expression studies
and next-generation sequencing to specify biallelic CEBPA mutations as well as RUNX1
and BCR-ABL mutations in addition to classification of myeloid neoplasms with germ line
predisposition [8]. The European Leukemia Network (ELN) incorporated information from
the WHO classification system along with FLT3-internal tandem duplication (ITD) allelic
ratio (<0.5 vs. =0.5) and the adverse prognostic mutations ASXL1and 7P53into its 2017
risk stratification schema, as depicted in Table 3 [3].
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IMPACT OF GENOMICS ON CLINICAL CARE OF AML

Over the past three decades, risk stratification of AML has relied heavily on cytogenetics.
However, it is becoming evident that molecular abnormalities that are not revealed by
cytogenetic analysis play a pivotal role in the disease pathogenesis and prognosis of AML.
The use of molecular techniques, particularly next-generation sequencing, has generated
remarkable data depicting clonal evolution as well as the entire genomic, transcriptomic,
epigenetic, and mutational landscape of the disease, and has largely replaced RT-PCR in
clinical practice.

In 2013, The Cancer Genome Atlas (TCGA) Research Network analyzed 200 adult cases of
de novo AML using whole-genome (n=50) or whole-exome (n=150) sequencing
complemented by RNA and microRNA-sequencing and DNA-methylation analysis [9].
Mutated genes relevant to disease pathogenesis were divided into 9 categories based on their
function, consisting of signaling genes (present in 59% of AML patients), DNA-
methylation-related genes (44%), chromatin-modifying genes (30%), the gene encoding
nucleophosmin, NPM1, (27%), myeloid transcription factor genes (22%), transcription
factor fusions (18%), tumor-suppressor genes (16%), spliceosome-complex genes (14%),
and cohesion-complex genes (13%) (Figure 1). In almost all cases of AML, patients had at
least 1 nonsynonymous mutation (change in a nucleotide resulting in alteration of the amino
acid sequence) in one of the 9 categories. While these genome-wide studies have clearly
improved our understanding of the overall pathogenesis of AML, due to the heterogenous
nature of AML, this sample size was not sufficient to decipher common patterns of
evolution. However, these datasets are very valuable for use as a validation set for
subsequent studies.

In 2016, Papaemmanuil, et al. reported post-hoc analysis of sequencing samples from 1540
AML patients who had been enrolled in trials utilizing intensive induction therapy [10].
Nearly half (48%) of their study cohort could not be classified according to the 2008 WHO
classifications which utilized cytogenetics and morphology only, calling for a re-evaluation
of the classification of AML. Papaemmanuil and colleagues genomically re-defined classes
of AML into 11 subgroups consisting of NPMI mutations (present in 27% of the AML
patient cohort), chromatin-spliceosome (18%), 7P53-aneuploidy (13%), inv(16) (5%),
CEBpAPiallelic (495) 1(8;21) (4%), t(15;17) (4%), MLL fusion (3%), inv(3) (1%), IDHRL72
(1%), and t(6;9) (1%) (Figure 2). They further found overall survival differences among the
subgroups. Among those with gene fusions, survival probability from poorest to best was as
follows: inv(3), t(6;9), MLL fusion, t(8;21), t(15;17), and inv(16). Among those without
gene fusions for whom molecular abnormalities were identified, survival probability from
poorest to best was as follows: 7P53-aneuploidy, chromatin-spliceosome, NPM1, IDHZR112,
and CEBPAbia”e"C,

Similarly, targeted sequencing has been used to define AML ontogeny, with mutations in
SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, EZH2, BCOR and STAGZ2found to occur early
and be highly specific for secondary AML with significantly worse clinical outcomes [11].
Also, underlying mutations in 7P53[12] and PPM1D [13] have been associated with
therapy related myeloid neoplasms.
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Clearly, cytogenetic and molecular abnormalities identified in this large genomic dataset
have prognostic significance for patients with newly diagnosed AML being considered for
intensive induction therapy. The next logical question is how to utilize this information to
identify treatments that might improve outcomes over the standard cytarabine in
combination with anthracycline treatment.

Beat AML is a multi-institutional collaboration that performed whole-exome sequencing
(n=622), RNA-sequencing (n=451), and ex vivo drug sensitivity (n=409) assays on 672
tumor samples from 562 patients in 2018 [14]. Relationships between the drug sensitivities
of leukemia cells and their molecular-genomic landscape were identified. More importantly,
these generated datasets have been made accessible to the scientific community and will be
beneficial for further study. The Beat AML dataset was recently utilized to improve
understanding of the biology of primary refractory AML, a disease that carries a particularly
dismal outcome and for which new therapies are desperately needed. Among all patients
with primary refractory disease, three unique sub-groups with distinct transcriptional
profiles were identified. Based on ex-vivo drug sensitivity data on 122 different drugs,
flavopiridol was identified as a promising candidate for treatment of refractory AML
[15,16]. In fact, several studies have been performed to test the drug alvocidib (formerly
called flavopiridol) to treat AML patients [17-24]

More recently, the Beat AML group has launched a Master Trial (NCT03013998), a much-
needed multi-institutional collaboration that utilizes rapid genomic screening to identify
biomarker-based treatments for elderly patients (> 60 years of age) with newly diagnosed
AML. Importantly, therapies targeting adverse mutations that carry a poor prognosis such as
mixed lineage leukemia (MLL), TP53 and fms-like tyrosine kinase 3 (FLT3), are included.
Testing of novel drugs tailored for each patient with AML based on their genetic and
mutational signatures will undoubtedly advance our goal for precision medicine to greatly
improve overall patient survival.

4. TREATMENT AND RECENTLY APPROVED FDA DRUGS

Standard induction chemotherapy for physically fit patients has essentially remained the
same since the 1970s, with only 1 FDA approved drug (gemtuzumab ozogamicin) prior to
2017. A less intensive therapy, hypomethylating agents (HMA) (decitabine and azacytidine),
were also available for those unfit or elderly patients who are unable to undergo an intensive
induction chemotherapy. Associated in timing, and in some cases directly with our improved
understanding of the pathophysiology of AML, has been the approval of 8 new AML drugs
by the FDA within the past 3 years (Table 4). We describe these newly approved drugs
below, and direct the interested reader to additional recent literature on this topic [25,26].

4.1. Standard frontline therapy for AML

Generally, fit patients with newly diagnosed AML are treated with intensive induction
chemotherapy. Prior to 2017, the standard of care was combining cytarabine (100-200
mg/m? per day) for 7 days with an anthracycline (e.g., idarubicin 12 mg/m?2, daunorubicin
60-90 mg/m?) for 3 days [27]. Among the 65-80% of patients who achieve a remission,
post-remission therapy follows, consisting of consolidative chemotherapy or allogeneic stem
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cell transplant for high risk patients, although the risk of relapse is high. Among those who
have primary refractory disease, outcomes are dismal as these patients are very poorly
salvaged, and hence an unmet need for new therapy for these patients persists [27].

4.2. New FDA-approved drugs

4.2.1. Gemtuzumab ozogamicin (GO)—GO is a humanized CD33 monoclonal
antibody toxin conjugate linked to the DNA-binding cytotoxin calicheamicin and is highly
toxic to CD33-expressing leukemic cells. CD33 is a cell surface antigen present in most
AML leukemia cells [28]. GO was FDA approved in 2000 as a novel AML monotherapy, but
was withdrawn from the market in 2010, as it was associated with increased mortality and
failed to benefit patients when combined with daunorubicin and cytarabine for induction
therapy [29]. The effect of GO was further studied in a phase 3 trial comparing previously
untreated de novo AML patients treated with standard treatment with or without five doses
of intravenous GO [30]. The benefit of concomitant GO was seen in two-year estimates of
event-free survival (40.8% as compared to 17.1% in the control group), relapse-free survival
(50.3% as compared to 22.7% in the control group), and overall survival (53.2% as
compared to 41.9% in the control group). The results of this study led to re-approval of GO
in adults with newly diagnosed CD33-positive AML and for patients with CD33-positive
AML that relapsed or whose disease did not respond to initial treatment. Given the
discrepancy between this study and previous data, an individual patient data meta-analysis
was performed incorporating 5 randomized trials that utilized GO in combination with
standard induction therapy in adult patients with newly diagnosed AML [31]. While
remission rates were not increased, 5-year overall survival was significantly improved owing
to reductions in relapses and was most prominent among those with favorable cytogenetics.
Those with intermediate cytogenetics also benefitted, albeit to a lower degree, and those
with adverse cytogenetics did not benefit from GO. As a result of these data, it is
recommended that physicians consider adding GO to the cytarabine in combination with
anthracycline treatment for adult patients with CD33+ AML who are fit for intensive therapy
and have favorable or intermediate cytogenetics. Close monitoring for myelosuppression,
gastrointestinal toxicity, hepatotoxicity, and veno-occlusive disease must be undertaken, in
particular for those who are allogeneic stem cell transplant candidates.

4.2.2. CPX-351 (Vyxeos)—CPX-351 is a liposomal co-formulation of cytarabine and
daunorubicin approved in 2017 by the FDA for secondary AML and for AML with
myelodysplasia-related changes. CPX-351 showed superior activity against leukemic cells
as compared to free drugs when administered at the same ratio in animal models [32,33].
The trial leading to the approval of CPX-351 was a phase 3 study comparing 309 patients
age 60 to 75 with newly-diagnosed high-risk/secondary AML receiving induction cycles of
CPX-351 or standard cytarabine in combination with anthracycline induction chemotherapy
followed by consolidation therapy with a similar regimen [34]. CPX-351 was found to be
associated with a significant improvement in median overall survival (9.56 vs 5.95 months;
hazard ratio = 0.69; p=0.003) and a significantly higher remission rate (47.7% vs 33.3%;
two-sided p=0.016) as compared to cytarabine in combination with anthracycline treatment.
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4.2.3. Midostaurin—Approximately 30% of patients with AML have an activating
mutation in the transmembrane tyrosine kinase FLT3 [35]. Midostaurin (PKC412,
CGP41251) is a multikinase inhibitor. Along with its active metabolites, it targets mutant
forms of FLT3 and other protein kinases associated with leukemogenesis [36]. Initial studies
investigating its potential as a PKC inhibitor showed that midostaurin acts to inhibit cellular
proliferation by interfering with the cell cycle in non-small-cell lung cancer [37]. Further
studies demonstrated the antiproliferative properties of midostaurin in various solid tumor
lines (e.g., lung, colon, breast, melanoma, glioblastoma) [38]. FLT3 was later identified as a
target of midostaurin [36]. The study leading to the FDA approval of midostaurin in AML
was a phase 3 trial of 717 patients, 18.0 to 60.9 years of age, with newly diagnosed FL73
mutated AML assigned to receive standard chemotherapy (induction therapy with
daunorubicin and cytarabine and consolidation therapy with high-dose cytarabine) plus
either midostaurin or placebo [39]. The addition of midostaurin led to a significant
improvement in both overall survival and event-free survival of the patients. Midostaurin
was approved by the FDA in 2017 for patients with newly-diagnosed AML with confirmed
mutations in the FL73gene.

4.2.4. Enasidenib—Enasidenib is a specific inhibitor of mutated /DHZ. A first-in-
human phase 1/2 trial of 239 patients 18 years or older with mutant-/DHZ2advanced myeloid
malignancies was performed to assess the safety and maximum tolerated dose of enasidenib
[40]. The overall response rate in patients with relapsed or refractory AML was 40.3% with
a median response duration of 5.8 months. The median overall survival for relapsed/
refractory patients was 9.3 months, and 19.7 months in those patients who attained complete
remission. Enasidenib is generally well tolerated. This study prompted FDA approval in
2017 for treatment of recurrent or refractory /DH2-mutated AML.

4.2.5. Venetoclax—The B-cell leukemia/lymphoma-2 (BCL-2) proto-oncogene encodes
for bel-2, which regulates apoptosis [41]. Bcl-2 is associated with chemoresistance and
survival of leukemic cells [41-43]. Venetoclax is a selective bcl-2 inhibitor that has shown
promising results in treatment of AML and success in older, previously untreated patients
with AML [42]. Results of a landmark multicenter phase 1b dose-escalation and expansion
trial have largely shaped clinical practice regarding treatment of elderly or comorbid patients
with AML [44]. Patients at least 65 years old who were ineligible for intensive
chemotherapy received venetoclax partnered with either standard dosed azacitidine or
decitabine. Half of the patients had poor-risk cytogenetics, highlighting a population that
historically has been very challenging to treat. Responses were excellent, with 73%
achieving a complete response (CR) or CR with incomplete count recovery (CRi), including
CR and CRi rates of 60% and 65% respectively among elderly patients over 75 years old
and those with poor risk cytogenetics. Responses were also durable, with a median duration
of response of 11.3 months. In another phase 1b/2 study, patients 60 years and older with
previously untreated AML ineligible for intensive chemotherapy [45] were treated with
venetoclax in combination with low-dose cytarabine (LDAC). Responses were also high,
with 54% of patients achieving either a CR or CRi. In both studies, side effect profiles of
venetoclax-based treatments were manageable. Notably, with adequate monitoring,
intravenous hydration and appropriate prophylaxis, there were no cases of clinical tumor
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lysis syndrome in either study. Based on the results of these studies, venetoclax was given
accelerated approval by the FDA in 2018 for use in treating patients 75 years and older not
eligible for intensive chemotherapy.

4.2.6. Glasdegib—Glasdegib (PF-04449913) is a potent and selective inhibitor of the
Hedgehog (Hh) pathway that targets the essential pathway effector Smoothened (SMO) [46].
In vitro experiments showed the effectiveness of glasdegib at inhibiting Hh signaling [47].
Similarly, in a murine xenotransplant model of human AML, glasdegib inhibited tumor
growth when used in combination with low dose cytarabine [47]. In a phase 2 trial of
patients 55 years and older with AML or high-risk myelodysplastic syndrome (MDS)
ineligible for intensive chemotherapy, patients were randomized to receive low-dose
cytarabine (LDAC) with or without glasdegib [48]. Median overall survival for the
glasdegib/LDAC group was 8.8 months as compared to 4.9 months in the LDAC group.
Treatment with glasdegib/LDAC was also associated with a complete response in 17% of
patients, along with a favorable benefit-risk profile. Glasdegib was approved by the FDA in
2018 for treatment of patients 75 years and older with newly-diagnosed AML and
comorbidities that preclude use of intensive induction chemotherapy.

4.2.7. Ivosidenib—IDH1 and IDH2 are isocitrate dehydrogenase enzymes located in the
cytoplasm and mitochondria that catalyze the oxidative decarboxylation of isocitrate to a-
ketoglutarate. Recurring mutations of /DH1 and /DHZ2are present in about 20% of
individuals with AML [49]. From 7 to 14% are /DHI mutations and from 8 to 19% are
IDHZ mutations [49]. Mutations of /DH1 and /DHZresult in a-ketoglutarate being
converted to the oncometabolite R2-hydroxyglutarate, which alters histone methylation of
DNA in hematopoietic stem cells. Inhibition of mutant IDH enzymes reduces R2-
hydroxyglutarate levels, thereby reducing aberrant histone hypermethylation [50]. Ivosidenib
is a specific inhibitor of mutated IDH1. In a phase 1 trial including patients with relapsed or
refractory /DHI-mutated AML, ivosidenib monotherapy was associated with a complete
remission or complete remission with partial hematologic recovery in 30.4% of patients, and
an overall response rate of 41.6% [51]. Ivosidenib was approved by the FDA in 2018 for
treatment of relapsed or refractory /DH1-mutated AML.

4.2.8. Gilteritinib—Gilteritinib is a selective kinase that inhibits FLT3 and has shown
activity against AML. The phase 1/2 trial enrolled patients 18 and older with relapsed AML
and patients refractory to induction therapy [52]. 40% of patients that received gilteritinib
achieved either a partial or complete response and the drug showed a favorable safety
profile. The FDA approved gilteritinib in 2019 once preliminary results from the phase 3
trial were presented. In the ADMIRAL trial, patients with relapsed or refractory FL73-
mutated AML received either gilteritinib (n=247) or salvage chemotherapy (n=124). The
results show that patients who received gilteritinib had significantly longer overall survival
(9.3 months) compared to patients who had salvage chemotherapy (5.6 months) [53].
Currently, gilteritinib is approved for FL73-mutated AML that has relapsed or is refractory
to induction chemotherapy.
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5. CHALLENGES ASSOCIATED WITH AML TREATMENT AND FUTURE
AVENUES FOR IMPROVEMENT

Although the drugs recently approved by the FDA drugs have resulted in benefit to some
patients, optimal therapy offers only incremental advantage over prior treatment and is often
not curative. On average a 75-year-old individual living in the United States has more than a
decade remaining to live [54]. In contrast, the life expectancy of a 75-year-old with AML is
only a few months [55,56]. A few months of extended life expectancy from “optimal”
therapy represents just a small fraction of the decade or more of lost life expectancy. What
could be the underlying causes in the lack of significant progress towards curing AML?
What could be done to improve the overall drug efficacy to treat AML? In this review, we
highlight several potential causes and future avenues for the improvement of AML
treatment.

5.1. Off-target toxicity — Incorrect identification of target and lack of proper
understanding of a drug’s mechanism of action

Great efforts have been made to develop drugs to treat cancers. However, 97% of drug-
indication pairs tested in clinical trials do not advance to receive FDA approval [57]. Such
high failure rates are perplexing. Surprisingly, the incorrect identification of target genes and
mischaracterization of drug mechanisms of action have contributed to this poor success rate.
Thus, a more stringent analysis and validation of target genes could prevent such a high
failure rate. The FDA approves drugs that show clinical benefit with tolerable side effects,
even in the absence of a detailed mode of action. In addition, many high-throughput drug
screens measure cell survival capability in the presence of drugs, but the drug’s mechanism
of action is often overlooked. The potential off-target toxicity of these drugs may cause
dangerous side effects. Thus, fully understanding the drug’s mechanism of action and
adoption of more stringent genetic target and activity validation could reduce these off-target
effects and increase the success rate of new cancer drugs.

5.2. Failure to account for the role of ABC transporters in AML resistance mechanisms.

One of the suggested mechanisms of chemotherapy resistance in AML is the efflux of
chemotherapy drugs by the ATP-binding cassette (ABC) transporter P-glycoprotein (P-gp,
MDR1, or ABCB1) [58]. Overexpression of P-gp has been associated with poor clinical
outcome in AML [59,60]. One classic example is a study by the Southwest Oncology Group
(SWOG) where inhibition of P-gp by cyclosporin A showed improvement in overall survival
of high-risk AML patients [61], but many other studies have failed to show any
improvement in survival with P-gp inhibitors [62-67]. We have recently reported that other
ABC transporters, such as ABCG2, ABCA2, ABCA9, and ABCAG are overexpressed in a
small sub-population of refractory de novo AML patients [16]. This may explain why the
SWOG trial [61] using cyclosporin A gave a promising result because cyclosporin A is able
to inhibit ABCB1 and ABCG2 and potentially other ABC transporters while the E3999 trial
[67] failed because zosuquidar is a P-gp specific inhibitor. As mentioned previously,
noticing incorrect target identification and understanding a drug’s mode of action could have
prevented this potentially important role of ABC transporters from being ignored.
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5.3. Diverse patterns of clonal selection and alternation in clonal evolution in response to

treatment

5.3.1. Clonal evolution of AML with t(8;21) treated with intensive cytarabine/
anthracycline induction therapy and subsequent cytarabine-based
consolidation therapy.—AML patients with the cytogenetic subtype t(8;21) are
considered a favorable risk group [3]. t(8;21)(q22;922) is a fusion of the RUN.X1 gene on
chromosome 21 with the RUNXZT1 gene on chromosome 8 [68]. This RUNX1-RUNX1T1
fusion inhibits the function of wild-type RUNX1 by competing with its DNA binding site. A
recent study comprising 331 patients diagnosed with t(8;21) AML, the largest cohort of this
type ever investigated, revealed a total of 729 mutations [69]. At least one mutation was
identified in each patient. Most of the mutations occurred in RAS/RTK signaling pathways
(accounting for 63.4% of the patients), followed by mutations in epigenetic regulation
(chromatin remodeling and DNA methylation) (45%), cohesion complex (13.6%), MYC
signaling (10.3%), and splicing machinery (7.9%). To further identify clonal evolution, each
mutation was defined as stable if it was present both at the time of diagnosis and at relapse
after treatment. It was revealed that some clones were successfully eradiated by induction
therapy, but some clones successfully escaped, and were further selected for expansion.
Interestingly, clonal evolution seems to have gene-related patterns. For example, mutations
in epigenetic regulators and genes related to the cell cycle were either stable throughout
evolution or were lost after treatment, but mutations in transcription factors, RAS/RTK
signaling, cohesion complex, and splicing machinery either remained stable, gained, or were
lost.

It is possible that founding clones were eradicated, and secondary clones outcompeted the
other clones after induction therapy (acquired or adaptive resistance). It is also possible that
there was actually no emergence of secondary clones, but simply selection of a very minor
subclone that already existed (intrinsic resistance) but was below the limit of detection.
Nonetheless, by the second remission, most patients had enrichment of clones that were
different from the enriched founding clones. This explains why despite successful initial
response to induction therapy, the majority of the AML patients relapse. Although this
survival mechanism of AML may seem daunting, it is now possible to track the clonal
evolution of AML to monitor its progression, and this could be taken advantage of to tailor
treatment strategies based on the clonal mutational landscape for each individual patient. In
addition, if the patients are alive when the clones eventually reach a more homogeneous
population with a druggable target, it may be possible to fully eradicate their AML.

5.3.2. Clonal evolution of FLT3-mutated AML treated with the FLT3 inhibitor,
gilteritinib.—Approximately 30% of AML patients have mutations in FLT3. Internal
tandem duplications of FLT3 (FLT3-1TD) and the tyrosine kinase domain (TKD) result in
constitutive activation of FLT3 and its downstream pathways [10]. Downstream pathways
include RAS/MAPK and STAT5 pathways that can drive tumor growth [70]. Thus,
mutations in FLT3, particularly, FLT3-ITD is associated with poor prognosis. Several
inhibitors of FLT3 have been developed to prevent AML tumor progression [71-73].
Gilteritinib, as previously described, is an FLT3 inhibitor that has shown a modest
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improvement in survival as compared to salvage chemotherapy. Despite an initial successful
response, patients usually relapse due to the development of secondary resistance.

A recent study utilizing targeted next-generation sequencing (NGS) on bulk paired samples
pre- and post-gilteritinib treatment showed that AML patients treated with gilteritinib
developed treatment-emergent RAS/MAPK pathway mutations in 36.6% of the patients
[74]. Further single-cell DNA sequencing demonstrated early selection for RAS-mutant
clonal populations as well as diverse patterns of clonal selection and evolution after selective
pressure of gilteritinib treatment. This suggests that monitoring RAS/MAPK pathways in
gilteritinib patients would be beneficial as an early intervention prior to development of
resistance. In addition, patients who develop treatment-emergent RAS/MAPK pathway
mutations may benefit from combined treatment of gilteritinib and MAPK inhibitors to
prevent secondary mutations. Another striking observation in this study was that different
concentrations of gilteritinib resulted in certain biases regarding selection for different
clones. With low-dose gilteritinib treatment, FLT3-F691L cells became the predominant
population, while with high-dose gilteritinib treatment, more NRAS-mutant cells thrived.
Thus, it would be desirable to monitor the clonal evolution of the cells, which may drive the
clonal population to become more druggable.

5.4. Adaptive resistance via activation of a compensatory innate immune stress pathway

Aside from mutations in the tyrosine kinase domain, which cause resistance to FLT3
inhibitors, there is also an adaptive resistance in which cancer cells activate parallel
signaling pathways that can bypass FLT3 signaling to evade cell death. A recent study has
shown that FLT3-1TD AML diminished sensitivity to FLT3 inhibitors (quizartinib or
gilteritinib) even in the absence of treatment-mediated mutations in the tyrosine kinase
domain of FLT3 (F691 and D835) or activating mutations (G12 and G13) in NRAS in FLT3-
ITD AML cells [75]. This suggests cell dependency on adaptive signaling resistance
mechanisms rather than acquired resistance. This study identified known compensatory
signaling pathways such as MAPK signaling, but also identified Toll-like receptor (TLR)
signaling (innate immune signaling) pathways that have not been implicated in adaptive
resistance against FLT3 inhibition that provide protection of FLT3-mutant AML. In
particular, the upstream effector of innate immune signaling, IL-1 receptor-associated kinase
1 (IRAK1) and IRAKA4, are phosphorylated after FLT3 inhibition. Quizartinib increases
phosphorylation of IRAK1/4 and gilteritinib increases phosphorylation of IRAK4. This
compensatory activation of innate immune stress pathways is dependent on FLT3 signaling.
Thus, when the FLT3-mutant AML is treated with FLT3 inhibitor and IRAK1/4 signaling
together, it creates a synthetic lethality. Furthermore, NCGC1481, a multikinase FLT3-
IRAK1/4 inhibitor, prevented the adaptive resistance of FLT3-mutant AML compared to
current targeted FLT3 therapies. These results demonstrate that combinatorial therapies
inhibiting FLT3 signaling and compensatory IRAK1/4 signaling have the potential to
improve the clinical outcome of AML patients with FLT3 mutations as compared to targeted
therapy alone.
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6. NOVEL APPROACHES TO TARGETING AML

Standard chemotherapy is initially effective in eradicating the majority of AML. However,
there are minor populations of cells with the resistance phenotype that can thrive and
eventually dominate the population after chemotherapy treatment. Genomic techniques can
be used to identify and track the evolutionary landscape of AML to better target these
refractory cells that would likely result in better treatment outcomes for AML patients. Here,
we provide some examples of potential targets.

6.1. Targeting glutamine metabolism and pre-existing leukemic stem cells in AML.

One of the hallmarks of cancer is rewiring of metabolism to sustain cell proliferation [76].
Like many other cancer cells [77], AML is also dependent on glutamine metabolism for
energy production, synthesis of macromolecules, redox homeostasis, and cell survival. One
study showed that inhibition of FLT3 in FLT3-mutant AML impairs glutamine metabolism,
resulting in depletion of glutathione (GSH) synthesis and cell death due to increased
oxidative stress in mitochondria [78]. A similar effect was also seen when FLT3-mutant
AML was inhibited with glutaminase [79]. These studies, however, focused on FLT3-mutant
AML. A subsequent study also demonstrated the efficacy of targeting glutamine metabolism
in FLT3-wild-type AML [80]. It was shown that inhibiting glutaminase (CB-839) in
combination with an oxidative stressor such as arsenic trioxide (ATO) and the protein
translation inhibitor homo-harringtonine (HHT) resulted in effective apoptosis of AML cells
irrespective of their FLT3 mutational status, representing a broad therapeutic utility.

Previously, it was shown that leukemia stem cells (LSCs) rely on amino acids to drive
oxidative phosphorylation for survival [81]. More recently, Jones et al. found that inhibition
of amino acid metabolism can selectively target LSCs [81,82]. Specifically, in this study,
relative levels of reactive oxygen species (ROS) were used as a means to define LSCs (ROS-
low) and AML blasts (ROS-high). They previously reported that ROS-low AML cells are
enriched for LSCs [43]. They found that ROS-low LSCs have more amino acids and are
dependent on amino acids to fuel oxidative phosphorylation for survival.

BCL2 is overexpressed in LSCs and inhibition of BCL2 can prevent oxidative
phosphorylation, leading to cell death of LSCs without affecting hematopoietic stem cells
(CD3+, CD7+, or CD19+) as normal stem cells are able to compensate for reduced oxidative
phosphorylation through increasing glycolysis [83]. Combined treatment of LSCs with
venetoclax (BCL2 inhibitor) and azacytidine (hypomethylating agent) reduces oxidative
phosphorylation by decreasing amino acid uptake in ROS-low LSCs, thereby successfully
killing LSCs [82]. Chemotherapy alone is unable to reduce amino acid levels in ROS-low
LSCs, and this combined treatment would be more beneficial in treating LSCs. However,
this combined treatment using venetoclax and azacytidine is ineffective in treating refractory
LSCs. Unlike in de novo LSCs, oxidative phosphorylation in refractory LSCs is unaffected
even in amino acid deprivation. Refractory LSCs are able to activate alternative metabolic
pathways, particularly fatty acid metabolism, to compensate for the amino acid loss,
retaining oxidative phosphorylation capability. To solve this problem, inhibiting fatty acid
uptake using sorbitan sesquioleate (SSO), a CD36 inhibitor, re-sensitizes refractory LSCs to
venetoclax and azacytidine. Together, these approaches allow successful killing of LSCs via
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LSC-specific metabolic activities, preventing residual AML cells from re-emerging after
treatment.

6.2. Tumor heterogeneity in de novo refractory AML with targetable signatures.

While targeting metabolic pathways and leukemic stem cells would be beneficial, treatment
should be tailored according to an individual’s AML signature. A recent study revealed
tumor heterogeneity within de novo refractory AML with three refractory sub-populations
(Refl, Ref2, and Ref3 subpopulations) with distinct intrinsic resistance mechanisms [15,16].
While all refractory groups exhibited upregulation in cell cycle regulation, there was gene
enrichment unique to each subpopulation. For example, the Refl subpopulations have
increased metabolic pathways and decreased translation, Ref2 subpopulations are enriched
with DNA replication and translation and decreased metabolic pathways, and Ref3
subpopulations have the most stem-cell signatures and overexpression of ABC transporters,
with decreased metabolism and translation. This clearly shows tumor heterogeneity in de
novo refractory AML, and yet, the same standard induction therapy is often used to treat
these patients. Thus, for Refl patients, combination therapy of induction therapy with
metabolic pathway inhibitors may provide promising results. However, for Ref2 and Ref3
subpopulations, it may not be as effective. In Ref3 populations, combination therapy with
ABC transporter inhibitors may be more effective.

6.3. Targeting mutations in RNA splicing factors

Recent publications have shed light on the importance of mutations in RNA splicing factors
that contribute to leukemogenesis [84,85]. One study focused on AML with mutations in
both /DHZ2and SRSFZ, a combination that phenotypically resulted in a lethal
myelodysplasia with proliferative features in vivo. The relationship of /DH2and SRSF2
mutations acting in a coordinated fashion to cause a phenotypic myelodysplastic syndrome
(MDS) was shown via the following: a murine bone marrow transplantation of double-
mutant cells where mice transplanted with /DH2and Srsf2 double-mutant cells developed a
lethal MDS; and crossing of mice each expressing one mutant allele of the respective gene
(e.g., /dh2, Srsf2)to create a model in which both mutants were expressed from endogenous
loci, resulting in a MDS in double knock-in mice and not in the controls [84]. At the
genotypic level, /DHZand SRSF2 double-mutant cells were shown to aberrantly splice
INTS3, a member of the integrator complex. While phenotypically in a double-mutant
xenograft model, forced expression of INTS3 induced myeloid differentiation and slowed
leukemia progression /n vivo [84]. Another study determined the importance of aberrant
RNA splicing via SF3B1 mutations that result in exonization of BRDJ, an intronic sequence
that, as a consequence of aberrant RNA splicing, is included as a poison exon [85]. The
resultant degradation of BRDImMRNA and depletion of BRD9 was shown to result in loss of
non-canonical BAF, proteins important in nuclear assembly and chromatin organization.
Correction of BRD9aberrant splicing via antisense oligonucleotides (ASOs) blocking
inclusion of the BRDI poison exon resulted in suppressed tumor growth and induced tumor
necrosis in an SF3B1 mutated xenograft of uveal melanoma [85]. These studies highlight the
potential therapeutic implications of correcting RNA splicing aberrations in leukemia and
potentially cancer in general.
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Given the complex genetic disposition of AML, with each subtype composed of unique
molecular drivers of leukemogenesis, future AML therapy must begin with a patient-
specific, genetics-specific approach. The recent FDA-approved therapies are certainly a
promising start. Future mechanisms of therapy could potentially include targeting mutations
that contribute to RNA splicing aberrations [84], using antisense oligonucleotides to block
inclusion of poison exons [85], and targeting amino acid metabolism [80,81]. As the
scientific community continues to uncover the complex genomic landscape of this ailment,
so too will the door open for continued therapeutic innovation.

7. CONCLUSION

There has been a clear shift in the study of AML, moving from the generation of large
genomic datasets toward understanding the entire genomic landscape. Efforts now are more
devoted to applying genomic data to clinical cases, and to tailoring drug treatments to
individual patients based on genomic signatures. Previously, it was a challenge to dissect
large genomic datasets and determine how they could be translated into clinical practice due
to the complex nature of mutational patterns both within a particular patient and patterns
occurring in many individuals afflicted with the disease. Patient response to various
therapies has also been quite complex. However, with modern genomic studies and better
understanding of the biology of AML, there is now hope that in the near future it may be
possible to develop personalized treatment regimens for each patient, providing better
treatment strategies for those afflicted with this disease.
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RT-PCR Real-Time Polymerase Chain Reaction
NPM 1 Nucleophosmin 1

FLT3 Fms-Like Tyrosine Kinase 3

CEBPA CCAAT Enhancer-Binding Protein Alpha
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Fig. (1). Nine categories of mutated genesin AML patientsbased on their biological functions.
This figure was generated based on the mutational status of the 200 AML patients included

in TCGA.
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11 subgroups of driver mutations in AML
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Fig. (2). Eleven subgroups of driver mutationsin AML.
This figure was generated based on the mutational status of the 1540 AML patients from the

Papaemmanuil et al. report. Black bars indicate patients in the indicated subgroup, while the
blue bars indicate patients in two or more subgroups. Gray bars indicate N/A (not
applicable), for patients who either do not fall into any subgroups (No class) or had no
identifiable driver mutations (No driver mutations detected).
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Expression of cell-surface antigens and cytoplasmic markers for the diagnosis of AML.

Table 1.

Immunophenotype of Acute Myeloid L eukemia

Precursor stage
Granulocyte markers
Monocytic markers
Megakaryocytic markers

Erythroid markers

CD34, CD117, CD33, CD13, HLA-DR
CD65, cMPO

CD14, CD36, CD64, NSE

CD41a, CD61

CD36, CD235a
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Table 2.
2016 revision of the WHO classification of AML.
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AML with recurrent genetic abnor malities

AML with recurrent genetic abnormalities

AML with t(8;21)(q22;922.1);RUNX1-RUNX1T1

AML with inv(16)(p13.1g22) or t(16;16)(p13.1;922);CBFB-MYH11

APL with PML-RARA

AML with t(9;11)(p21.3;423.3);MLLT3-KMT2A

AML with t(6;9)(p23;934.1);DEK-NUP214

AML with inv(3)(g21.3926.2) or 1(3;3)(q21.3;26.2); GATA2, MECOM

AML (megakaryoblastic) with t(1;22)(p13.3;913.3);RBM15-MKL1

Provisional entity: AML with BCR-ABL1

AML with mutated NPM1

AML with biallelic mutations of CEBPA

Provisional entity: AML with mutated RUNX1

AML with myelodysplasia-related changes

Therapy-related myeloid neoplasms

AML, NOS

AML with minimal differentiation

AML without maturation

AML with maturation

Acute myelomonocytic leukemia

Acute monoblastic/monocytic leukemia

Pure erythroid leukemia

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Down syndrome

Transient abnormal myelopoiesis (TAM)

Myeloid leukemia associated with Down syndrome
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Table 3.

2017 ELN genetic risk stratification of AML.

Risk category

Genetic abnormality

Favorable

Intermediate

Adverse

1(8;21)(q22;022.1); RUNX1-RUNXITI

inv(16)(p13.1922) or t(16;16)(p13.1;q22); CBFB-MYH11

Mutated APMI without FLT31TD or with FLTZITD'oV

Biallelic mutated CEBPA

Mutated NVPM1 and FLT73-ITDhig"

Wild-type NPMI without FLTZITD or with FL731TD'W (without adverse-risk genetic lesions)
1(9:11)(p21.3:923.3); MLLT3-KMT2A

Cytogenetic abnormalities not classified as favorable or adverse
1(6;9)(23;034.1); DEK-NUP214

t(v;11923.3); KMTZ2A rearranged

1(9;22)(934.1;q11.2); BCR-ABL1

inv(3)(921.3¢26.2) or t(3;3)(q21.3;426.2); GATAZ,MECOM(EV/I1)
=5 or del(5q); =7; —17/abn(17p)

Complex karyotype, monosomal karyotype

Wild-type NPMI and FLT3ITDNigh

Mutated RUNX1

Mutated ASXL1

Mutated 7P53
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Table 4.

FDA approved drugs from 2017-2019.

Drug

Year approved

Gemtuzumab Ozogamicin (GO) 2017

CPX-351 (Vyxeos)
Midostaurin
Enasidenib
Venetoclax
Glasdegib
Ivosidenib

Gilteritinib

2017
2017
2017
2018
2018
2018
2019
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