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Abstract

Despite increased comprehension of AML pathogenesis, current treatment strategies have done 

little to improve upon standard induction chemotherapy to induce long-term remissions. Since the 

identification of the leukemic stem cell, efforts have been placed on identifying therapeutically 

actionable pathways that distinguish this increasingly important cellular compartment. With the 

advent of increased genome sequencing efforts and phenotypic characterization, opportunities for 

personalized treatment strategies are rapidly emerging. In this review, we highlight recent 

advances in the understanding of leukemic stem cell biology and their potential for translation into 

clinically relevant therapeutics. NF-kappa B activation, Bcl-2 expression, oxidative and metabolic 

state, and epigenetic modifications all bear their own clinical implications. With advancements in 

genetic, epigenetic, and metabolic profiling, personalized strategies may be feasible in the near 

future to improve outcomes for AML patients.
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Introduction

Acute myelogenous leukemia (AML) comprises a heterogeneous group of diseases defined 

by specific morphologic, genetic and clinical characteristics. Identification of recurrent 

cytogenetic abnormalities and somatic mutations within the AML genome has proven useful 

in delineating AML prognosis and have thereby been incorporated into the World Health 

Organization classification of myeloid leukemias [1, 2].

Standard induction therapy for AML is comprised of cytarabine arabinoside (Ara-C) in 

combination with an anthracycline such as daunorubicin, followed by high dose Ara-C 

consolidation [3]. Recently, the German AML Intergroup completed a large prospective 

study comparing 5 different induction strategies vs. the standard induction arm and found no 
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significant difference in overall survival (OS), disease free survival (DFS), or event free 

survival (EFS) when compared to standard treatment [4]. This data revealed that variations 

and intensifications based on standard therapy have done little to improve upon survival and 

may signify the limited efficacy of chemotherapy-based induction strategies. Therefore, to 

improve outcomes, personalized strategies built upon a better understanding of the 

oncogenesis of AML are likely needed.

There is growing evidence that a subset of AML cells, comprised of early stem/progenitor 

cells termed leukemic stem cells (LSCs), give rise to the leukemic blast. Inadequate 

eradication of the LSC population is thought to contribute to the high incidence of relapse 

and poor overall survival observed in AML. Recent data has highlighted subtle molecular 

differences between normal hematopoietic stem cells (HSCs) and LSCs that serve as targets 

for therapeutic intervention, including genetic and epigenetic alterations, dependence on 

survival pathways, and levels of reactive oxygen species (ROS) [5].

Targeting leukemia stem cells (LSCs) through their aberrant immunophenotype

LSCs were initially characterized in 1994 when it was discovered that a subpopulation of 

CD34+CD38- cells were capable of serial engraftment in non-obese severe combined 

immune deficient (NOD/SCID) mice [6]. Subsequent studies have further expanded this 

characterization, detailing the repertoire of phenotypic markers and transcriptional 

signatures associated with the LSC. Among these markers, CD34+ CD38-, CD71-, HLA-

DR-, CD123+, and CD25+ have been described to define the LSC population of most AML 

patients [6-8]. Specifically, CD123 and CD25 have demonstrated potential as both 

therapeutic and prognostic markers. Antibody-mediated targeting of CD123 (interleukin-3 

receptor alpha) has been shown to eliminate LSC in preclinical animal models [9]. In 

addition, CD123-specific, single chain Fv antibody fragments coupled to a truncated 

Pseudomonas exotoxin A and FC receptor III have proven effective in targeting AML cell 

lines bearing CD123 [10]. Currently, there are two early phase 1 clinical trials targeting 

CD123 in patients with relapsed refractory AML, and in patients with de novo AML in first 

complete remission (CR) {NCT00397579, NCT01632852}.

Moreover, CD25 (interleukin-2 receptor alpha) expression on LSCs has also been recently 

shown to independently predict early treatment failure in AML [11]. Currently, 

immunotoxin-based therapies targeting CD25 have had early success as single agents in 

Phase II trials in patients with newly diagnosed T-Cell Lymphoma and refractory T-cell and 

B-cell lymphomas [12-14]. Given the recent evidence that CD25 can be found expressed on 

LSCs, anti-CD25-based therapies are of potential utility in the AML setting.

Other phenotypic markers are also currently under evaluation. Targets such as C-type lectin-

like molecule-1 (CLL-1) positive LSCs have been detected in patients while in remission 

and high expression of CLL-1 has correlated with quicker relapse [15]. Antibodies targeting 

this marker have shown effective antibody dependent and complement dependent 

cytotoxicity in AML cell lines and fresh primary samples [16].

Likewise CD44 and CD47 antibody mediated targeting have also demonstrated 

effectiveness in xenotransplantation models [17, 18]. Use of an activating monoclonal 
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antibody targeting CD44 has been reported to eliminate LSCs through distinct mechanisms, 

by disrupting their homing capacity to LSC supportive microenvironment and by inducing 

differentiation [17]. The CD47 blockade appears to eliminate LSCs by enabling 

macrophage-mediated ingestion via disruption of CD47 and macrophage SIRP-alpha 

protein.

Given the importance of immunophenotypic markers in identifying patients who may do 

poorly, targeting these molecules and designing rational clinical trials incorporating this data 

will be important next steps going forward. The current clinical trials targeting CD123 are 

designed in both the relapsed refractory setting and in patients in first remission. The 

potential of these therapies to seek and destroy low volume minimal residual disease (MRD) 

makes them attractive candidates to use in combination, consolidation, and, or as single 

agent maintenance regimens.

Targeting NF-kappa B

The role of NF-kappa B and disruption of its regulatory pathways which stand to promote 

cell survival and proliferation have been described in a variety of malignancies [19-21]. 

Guzman et al first reported in 2001 that NF-kappa B is constitutively active in the LSC 

population but not in the normal HSC population and that this difference could be used to 

selectively eradicate LSCs via proteasome-inhibitor based inhibition of NF-kappa B [22, 

23]. Later studies revealed that parthenolide (PTL), a naturally occurring small molecule and 

well-established single agent NF-kappa B inhibitor, could preferentially induce apoptosis in 

the LSC population via a robust increase in ROS, NF-kappa B inhibition, and pro-apoptotic 

activation of p53 [24]. These data suggested the utility of NF-kappa B disruption in the 

clinic.

Indeed, a recent clinical trial has corroborated this utility. In a recent Phase II trial, 95 

patients aged 60-75 with previously untreated de novo or secondary AML were treated with 

bortezomib in combination with standard induction therapy. Sixty-five percent of patients 

achieved a CR, and DFS and OS rates of 7.5 and 17.5 months, respectively [25, 26]. This is 

in comparison to a similar control group of elderly patients in a separate Phase II study who 

received standard induction, revealing a CR rate of 55% and DFS and OS rates of 8 and 9 

months, respectively [27]. While cross study comparisons should be evaluated with caution, 

the results with bortezomib are encouraging. Whether these improvements arose from a 

reduction of LSC burden remains to be determined in future studies.

Therapeutic implications of dysregulation of ROS metabolism

ROS metabolism has been shown to be critical to the HSC population. Studies have 

demonstrated that ATM null mice experience rising levels of ROS with advancing age, 

leading to activation of p38/Mitogen Activated Protein Kinase (MAPK) pathway and thus 

diminished lifespan of HSCs in vivo [28]. In addition, deficiency of the Forkhead 

transcription factor (FOXO) family of genes was later shown to result in a severely defective 

HSC compartment associated with emergence from quiescence, terminal differentiation, and 

with resultant increases in ROS [29]. The FOXO genes encode for a family of transcription 

factors that are thought to be tumor suppressors in a wide range of malignancies. The 
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disruption of their function via phosphorylation and nuclear exclusion secondary to 

phosphoinositide 3-kinase (PI3K)/Akt kinase activity can promote tumorigenesis, and/or, 

resistance to therapies [30-32]. However, in AML the role of FOXO regulation is contrary to 

that described in other solid tumors and lymphoid malignancies referenced above.

Sykes et al found that FOXO activity was increased in 40% of evaluated primary human 

AML samples regardless of subtype. The group noted FOXO activity was required for LSC 

function and described a resistance mechanism to constitutive Akt activity, via upregulation 

of c-Jun N-terminal Kinase (JNK)/c-Jun signaling pathways. FOXO inhibition with 

silencing RNA and gene deletion decreased disease burden, diminished leukemia stem cell 

function and increased survival in human allele MLL-AF9 AML mouse models. 

Pharmacologic JNK inhibition further augmented myeloid maturation and apoptosis [33]. 

The increased activity of FOXO transcription factors in AML appears to be involved in a 

wide range of AML subtypes, and inhibition is associated with improved outcomes in 

preclinical models. While the exact role and regulation of FOXO transcription factors in 

AML remains unclear, this pathway undoubtedly remains important for LSC function and 

warrants further development and characterization with the hope that therapies can be 

tailored to AML subtypes reliant on this pathway.

LSCs generally reside in a low ROS niche within the bone marrow [34]. This population of 

cells relies heavily on oxidative phosphorylation and lack of an ability to utilize glycolysis 

for energy production. This is in stark contrast to normal HSC that can switch to glycolysis 

when oxidative phosphorylation is inhibited [35]. Lagadinou et al found that B-cell 

Lymphoma-2 (Bcl-2) is upregulated in the LSC population and regulates oxidative 

phosphorylation. Importantly, targeted inhibition of Bcl-2, lead to decreased oxidative 

phosphorylation, decreased ATP levels and increased apoptosis in LSCs. These agents 

effectively targeted the LSC population, decreased engraftment of pretreated LSCs and also 

decreased secondary engraftment of xenotransplanted mice exposed to the inhibitors.

Mitochondrial biogenesis and mitochondrial proteins as LSC targets

Relative mitochondrial readiness for apoptosis (“priming”) has been utilized to evaluate the 

sensitivity of AML cells to chemotherapeutic agents. Vo and colleagues evaluated 

mitochondrial priming by characterizing BCL-2 family member proteins and their 

accompanying BCL-2 Homology 3(BH3) only family members in AML patient samples 

[36]. BH3 only family members represent proapoptotic activators that can interact with and 

negate antiapoptotic BCL-2 activity [36]. They reason that cellular stress induced by 

chemotherapy induces proapoptotic activators, thereby overwhelming cells that may already 

have high levels of BH3-only family members (primed for death; “mitochondrial priming”). 

In contrast, cells that have higher levels of anti-apoptotic proteins will not be able to respond 

to therapy as efficiently. Thus, the authors demonstrate that mitochondrial priming was a 

determinant of topoisomerase II inhibitor efficacy in vitro. Pretreatment AML samples were 

isolated and mitochondrial priming was correlated with chemotherapy induction success, 

defined as achieving a 5-year CR. Within each risk category established by European 

Leukemia Network criteria, it was found that patients with low priming required an 

allogeneic transplant for long-term survival. Furthermore, using BH3 profiling, they 

Guzman and Allan Page 4

Stem Cells. Author manuscript; available in PMC 2015 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identified a dependency of AML cells to Bcl-2. Thus, with inhibition of Bcl-2, 

chemotherapeutic efficacy was significantly increased. Importantly, these studies noted that 

normal HSCs rely more on Mcl-1 thus providing a therapeutic window for Bcl-2 inhibitor 

ABT-737 [36]. This study suggests that the use of mitochondrial priming may aid to identify 

patients more likely to respond to chemotherapy, patients that may benefit from Bcl-2 

inhibitor combination therapy, or patients that may benefit from bone marrow transplant.

Additional studies by Goff et al further highlighted the importance of the Bcl-2 anti-

apoptotic proteins in LSCs [37]. In these studies, blast crisis chronic myeloid leukemia 

(bcCML) LSCs were found to over-express several anti-apoptotic Bcl-2 family member 

splice isoforms (i.e. Bcl-2L, Mcl1L, Bcl-xL, Bfl-1L) when compared to chronic phase 

progenitors. In addition, LSCs further demonstrated higher levels of Bcl-2L, Bcl-xL, and 

Bfl-1L compared to normal HSCs. Among these proteins, only Bcl-xL elevation was 

correlated to Bcr-Abl expression, suggesting a secondary mechanism for overexpression of 

the other anti-apoptotic family members. These secondary mechanisms may be targetable 

and are potential reasons for the observed resistance of LSCs to TKIs [38]. Quiescent LSCs 

isolated from these patients demonstrated engraftment in mouse bone marrow and resistance 

to TKI-induced killing despite adequate inhibition of Bcr-Abl, consistent with previously 

reported LSC resistance to TKIs [38]. Given the dependence of CML LSCs on pro-survival 

Bcl-2 family members, the ability of the pan-active Bcl-2 protein family antagonist, 

sabutoclax, to sensitize CML LSCs was determined. These experiments revealed that 

sabutoclax-treated LSCs exhibited decreased survival, colony forming capability, and 

capacity for serial xenotransplantation. Moreover, tumor burden was reduced in established 

CML xenografts upon dual treatment with sabutoclax and dasatanib relative to dasatinib 

alone. Thus, the dependence of CML LSCs on pro-survival Bcl-2 family member signaling 

represents a potentially important consideration for patients who require change in TKI 

therapy due to a lack of response.

In other studies by Konopleva and colleagues, it was noted that treatment of AML cell lines 

with ABT-737, a specific inhibitor of Bcl-2 and Bcl-xL, resulted in the upregulation of 

Mcl-1 with an increased binding to pro-apoptotic Bim. In lymphoid malignancies, acquired 

resistance to ABT-737 seems in part due to this upregulation of Mcl-1 [39]. Mcl-1 is known 

to accumulate via MAPK/ERK signaling, which phosphorylates and stabilizes Mcl-1 [40]. 

Notably, dual treatment with ABT-737 and a MEK inhibitor prevented Mcl-1 upregulation 

and increased apoptosis of LSCs derived from patient samples [41]. Further efforts by 

Rahmani et al support the importance of Mcl-1 suppression in overcoming acquired 

resistance to Bcl-2 inhibition. These studies demonstrated that the efficacy of the BH3 

mimetic, obutoclax, was enhanced by sorafenib-mediated suppression of Mcl-1 [42]. The 

combination resulted in enhanced killing of AML cell lines and prolonged survival of mice 

bearing established AML cell line xenotransplants.

Recent evidence has shown that mitochondrial translation represents a target to ablate AML 

cells and LSCs [43]. A chemical screen identified the FDA-approved antimicrobial 

compound tigecycline as a potential therapeutic agent. The authors reveal that pretreatment 

with tigecycline effectively reduced the repopulating capacity of AML cells in NOD/SCID 

mice while leaving normal HSCs repopulating capacity relatively unaffected. The 

Guzman and Allan Page 5

Stem Cells. Author manuscript; available in PMC 2015 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mechanism of action appears to be potent inhibition of mitochondrial ribosomes, resulting in 

the inhibition of mitochondrial translation. They found that LSCs have larger mitochondrial 

mass, higher mitochondrial DNA copy number, and increased rate of oxygen consumption 

compared to their normal counterparts. AML cells exhibited a direct correlation between 

higher mitochondrial mass and sensitivity to tigecycline suggesting that evaluation of 

mitochondrial mass may be useful to identify patients that could benefit from therapies 

targeting mitochondrial function. These effects were evident in the stem, progenitor and 

AML bulk populations. Combination therapy with tigecycline and other agents that induce 

ROS may be an effective therapeutic strategy to further consolidate the LSC compartment 

when in remission. It will be important to correlate outcomes with mitochondrial mass and if 

directly correlated to poor outcome, providing an assay that can be potentially used to direct 

mitrochondrial translation inhibition in an individual's treatment regimen.

In summary, dependence of LSCs on mitochondrial function or mitochondrial proteins such 

as Bcl-2 for survival has important clinical implications. Analysis of mitochondrial mass or 

mitochondrial priming in primary patient samples may provide the ability to select patients 

more likely to respond to standard chemotherapy, sensitive to Bcl-2 inhibitors, or sensitive 

to mitochondrial translation inhibitors. BH3 profiling can now be rapidly incorporated into 

clinical decision making and help predict an individual's response to therapy [44].

Epigenetic regulators

Epigenetic modifications have a clear and established role in stratification of AML where 

specific epigenetic profiles are associated with clinical features of the disease [45]. 

However, recent studies have begun to further delineate the AML epigenome through 

comparisons of stem, progenitor and mature AML cells. In a recent small study, DNA 

methylation differences between stem (CD34+CD38-), progenitor (CD34+CD38+), and 

mature (CD34-) AML cells were evaluated focusing on genes known to be differentially 

methylated in AML. The group found no consistent differences in DNA methylation 

patterns between stem, progenitor or mature cells in the evaluated primary AML samples 

[46]. In contrast, chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) 

identified differences in chromatin associated with H3K4me3(K4) and H3K27me3(K27) 

marks when evaluated in purified stem, progenitor, and mature AML subpopulations derived 

from 2 individual AML patients as well as 3 pooled patient samples. Consistent with the 

known role of these methylated histones [47], K4 marks were mostly found at the promoter 

regions while K27 marks were found distributed from transcription start sites (TSS) and 

transcription end sites (TES) [46]. Importantly, these patterns were similar between stem 

and progenitor cells. Interestingly, when testing for differences between stem and progenitor 

populations, enrichment for ERK/MAPK, hypoxia and NRF2 mediated oxidative stress 

response pathways were revealed in one of the AML stem cell K4 analysis patient samples 

[46]. These pathways are very consistent with those reported in the ROS-low LSC 

population found in the hypoxic areas of the bone marrow and represent a chemoresistant 

LSC population [35, 37]. Further analysis with a larger cohort of samples is warranted to 

help define potential epigenetic profiles that may implicate candidate genes and pathways 

responsible for LSC biology that could potentially be exploited in the future.
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Global epigenetic modifier agents such as DNA methyltransferase (DNMT) inhibitors and 

histone deacetylase (HDAC) inhibitors are currently being tested for efficacy in AML, alone 

or in combination with other therapies [48-50]. Thus, an overall interest in testing the effects 

of these agents in LSCs has increased. Recently, Craddock and colleagues serially measured 

the changes in the LSC population in patients undergoing treatment with 5’-azacitidine and 

sodium valproate (VAL-AZA) [51]. This study found that the treatment had no effect on 

LSC populations in non-responding patients. Interestingly, patients who achieved CR or 

complete remission with incomplete blood count (CRi) showed a decrease in LSCs. 

However, complete eradication of LSCs was not achieved [51]. The serial tracking of LSCs 

employed in this clinical trial indicated an expansion of LSCs just prior to overt relapse.

The lack of LSC eradication with DNMT inhibitors and HDAC inhibitors as well as the 

intra/inter-patient heterogeneity observed in epigenetic marks suggests the need for 

inhibitors that are better tailored to the specific pattern of genetic and epigenetic alterations 

evident in an individual's AML. Examples of new emerging therapeutic targets are DOT1L 

and LSD1.

DOT1L is a highly conserved histone H3K79 methyltransferase known to play a role in cell 

cycle regulation and transcriptional elongation [52]. In leukemia, DOT1L has been found to 

regulate genes critical to LSC self-renewal and survival. Importantly, DOT1L was also 

found to be required for initiation and maintenance of MLL-AF9-induced leukemia. DOT1L 

downregulation has been shown to decrease the expression of HOXA genes [53-55]. 

Therefore, specific inhibitors for DOT1L have been generated and are currently under 

evaluation, such as EPZ004777 [56]. DOT1L represents a novel target with the potential to 

ablate LSCs in MLL driven leukemias.

Another epigenetic regulator of interest is LSD1 (KDM1/AOF2), a lysine-specific 

demethylase. LSD1 demethylates H3K4 and H3K9 and has been found to be highly 

expressed in AML patients. In a recent study, it was demonstrated that a loss of RARα2 

expression in AML was associated with a reduction in H3K4me2 on the RARA2 promoter. 

Thus, targeting LSD1 was determined to restore the expression of RARα2 and confer 

sensitivity to ATRA, causing differentiation and cell death of AML cells [57].

Further studies have shown that the histone methyltransferase inhibitor, 3-deazaneplanocin 

A (DZNep), disrupts the polycomb-repressive complex 2 (PRC2) and thereby inducing 

apoptosis in AML cells [58, 59]. It is known that PRC2 mediates gene silencing through 

H3K27 trimethylation [60]. The methyltransferase activity of PRC2 is conferred by the well-

known component, EZH2 [61]. Target genes of PRC2 include transcription factors and 

signaling molecules important in cell differentiation [62, 63]. DZNep treatment of AML 

cells was shown to induce apoptosis of LSC subpopulations via reactivation of thioredoxin-

binding protein 2 (TXNIP), resulting in an increase of ROS [59]. Reactivation of TXNIP by 

DZNep resulted from PRC2 depletion and the subsequent decrease of H3K27me3. 

Furthermore, DZNep had a negligible effect on normal HSC colony formation [59]. Recent 

studies have suggested that EZH2 may function as both an oncogene and a tumor suppressor 

in myeloid cells [64]. While further work is needed to improve our understanding of PRC2 
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function in leukemogenesis, inhibitors targeting this complex can affect LSC survival and 

need further investigation and development as they show promise in preclinical models.

Isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) are frequently mutated in AML and 

cause global changes in DNA methylation [65]. The commonly observed mutations in AML 

are in conserved arginine residues (IDH1-R132, IDH2-R140 and IDH2-R172) resulting in a 

neomorphic enzymatic activity that converts α-ketoglutarate (α-KG) to 2-hydroxyglutarate 

(2HG) [66]. The aberrant production of 2HG affects the DNA demethylase, Tet 

methylcytosine deoxygenase 2 (TET2), resulting in DNA hypermethylation and impaired 

hematopoietic differentiation [67]. Production of 2HG leads to increased ROS, while the 

decreased αKG results in stabilization of Hif-1α. These changes affect quiescence and self-

renewal capabilities of HSCs and are thought to contribute to leukemic transformation [68].

IDH mutations and Tet2 depletion have been shown to disrupt hematopoietic differentiation 

and are associated with increased stem cell marker expression [67]. Importantly, new small 

molecule inhibitors are now available and can target specific IDH mutations representing a 

therapeutic opportunity to target AML harboring these mutations [69, 70].

Discussion

Despite advances in our understanding of the pathogenesis of AML we have failed to 

improve outcomes in patients over the past 20 years. While the limit of effectiveness for 

chemotherapy alone may have been met, it is encouraging to know that we continue to find 

opportunities to exploit within the AML genome. Targeting the LSC via its specific 

immunophenotype, oxidative stress pathways, NF-kappa B regulation, Bcl2 reliance and 

epigenetic mechanisms provide opportunities for combining targeted therapies with standard 

treatment. The targets outlined in this review are highlighted in Table 1. More important, the 

incorporation of LSC directed therapies will result from specific assays that will allow for 

tailored therapies to improve the disease outcome for AML patients, as highlighted in the 

schematic in Figure 1.

Currently personalization of AML treatment targeting LSCs is limited by the emergent need 

for induction therapy and the large scope of sophisticated testing that is required to evaluate 

an individual's genetic, epigenetic, metabolic profile. While this is in no doubt a daunting 

task we feel it is by no means insurmountable.

We currently have the ability to immunophenotype and design clinical trials around 

targeting a specific immunophenotype defining poor prognostic AML and LSCs. Several 

monoclonal antibodies have been successful in preclinical models and are just now entering 

into the clinic as early Phase I trials. Going forward it will be imperative to trial these 

specific therapeutics in enriched populations both in the relapsed refractory setting and in 

combination with consolidation regimens or as maintenance therapies while in remission.

While targeting NF-kappa B and oxidative stress responses may be difficult to personalize, 

they still remain fundamental to LSC biology. Agents affecting these pathways and 

responses, like bortezomib, have recently been tested in the clinic and show promising 

results [26]. Likewise further development of FOXO pathway inhibitors could exploit LSC 
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reliance on this pathway. Personalization, in this sense, encompasses a fundamental change 

in how we will treat AML going forward. Monitoring and eliminating LSCs should become 

an increasingly important endpoint and goal in prospective studies.

Several studies have shown the utility of gene expression profiling to help risk-stratify 

patients or predict response to induction chemotherapy [71-74]. We are just now beginning 

to understand the significance of multiple mutations and how they interact in AML. 

Designing clinical studies incorporating multi-gene mutational and expression analysis will 

help elucidate these answers and may eventually help strategize an individual's treatment 

course.

Epigenetic profiling with DNA methylation signatures, likewise, has demonstrated the 

ability to further delineate AML subtypes with specific recurrent mutations [45]. Histone 

methylation patterns are becoming increasingly important in the pathophysiology of AML. 

As such, specific histone methylation profiles have been correlated with outcomes [75]. The 

proteins involved in these processes have served as targets in several of the studies outlined 

in this review. It holds potential that individual epigenetic profiles may be associated with 

specific epigenetic regulation pathways, leading to a precise use of specific inhibitors and 

treatments. The dynamic nature of the epigenome holds promise as a possible biomarker that 

may also dictate treatment strategies.

There is a large body of data suggesting that targeting mitochondrial regulation of apoptosis 

is important and effective in AML. It is currently possible to perform same day BH3 

profiling on patient samples, and this technology could be incorporated into prospective 

clinical trials [44]. BCL-2 inhibitors may be best utilized in selected populations in 

combination with induction chemotherapy, as they have been shown to be chemosensitizing 

agents [36].

While true personalization of AML is still years away, we have developed the individual 

pieces that, if coordinated and placed strategically within a developed open infrastructure 

could set the stage for improved long-term outcomes in patients who have been treated the 

same way for nearly 30 years.
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Figure 1. Implementation of personalized strategies to target leukemia stem cells in AML
Current technological advances will allow for tailored therapeutic approaches based on a full 

characterization of AML tumors. Genomic squencing, transcriptional profiling, flow 

cytometry and metabolomic assays (e.g. evaluation for IDH1/IDH2 mutations, stem cell 

immunophenotype, mitochondrial mass, mitochondrial priming) will allow for a 

classification of patients and better identification of actionable therapeutic targets.
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Table 1

Targets of interest to target leukemia stem cells in AML patients.

Target Reference Therapeutic approach Stage

CD123 [9-11] DT388-IL3 (SL-401); anti-CD123 monoclonal antibody (CSL360) Phase I/II

CD25 [8] Humanized anti-CD25 antibody (daclizumab), immunotoxin denileukin 
diftitox

Phase I/II

NF-kappaB [23,26,27] Bortezomib Phase I/II

BCL-2 [33] Obatoclax, Sabutoclax Phase I/II, Pre-clinical

DOT1L [53] EPZ004777 Pre-clinical

LSD1 [54] Tranylcypromine (TCP) Pre-Clinical

PRC2 complex [56] DZNep Preclinical

IDH1/2 [66,67] AGI-6780, AGI-5198 Pre-clinical

DNMT inhibitors [46-47] Decitabine, Azacitidine Phase I/II/III

Mitochrondrial translation [43] Tigecycline Pre-clinical
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