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Abstract 

The era of precision medicine for acute myeloid 

leukemia (AML) has arrived, and it is extremely 

important to detect actionable mutations relevant to 

treatment-related decision-making. However, the 

percentage of actionable mutations found in AML is 

approximately 50% at present, and therapeutic 

development is also needed for AML patients without 

such mutations. Nevertheless, recently approved 

drugs for AML treatment are less toxic than 

conventional intensive chemotherapy and can be 

combined with low-intensity treatments. Such 

combination therapies can improve prognosis, 

especially for elderly AML patients, who account for 

more than half of all AML cases. Thus, the treatment 

strategy for leukemia is changing drastically and 

showing rapid progress. In this review, we present 

novel mitochondria-associated molecular target 

therapies for AML, such as the use of BCL-2 and 

IDH inhibitors. 
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1. Introduction 

Acute myeloid leukemia (AML) is a genetically 

heterogeneous malignancy of hematopoietic stem 

cells. Conventionally, the prognosis of AML is 
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determined based on chromosomal abnormalities and 

fusion genes. Intensive chemotherapy, such as 7 days 

of cytarabine + 3 days of anthracycline (7+3) or high-

dose cytarabine, is a standard treatment for younger 

AML patients, and hematopoietic stem cell 

transplantation is considered based on the prognosis 

of AML. However, more than half newly-diagnosed 

AML patients are elderly [1] and ineligible for 

intensive chemotherapy. Such patients (older than 65 

years of age) exhibit poor survival rates (5-year 

survival estimates <10%) [2, 3], and there is a large 

unmet need for their treatment. 

 

Recently, whole-exome sequencing for AML has 

been performed using a next-generation sequencer in 

several studies [4, 5]. A few gene mutations were 

identified in each AML patient [4, 5]. Among them, 

FLT3 (28%), NPM1 (27%), DNMT3A (26%), and 

IDH1/2 (20%) mutations were observed in 20% to 

30% of the cases, but the frequency of more than 10 

other types of mutations was less than 10% [5]. Some 

of these low-frequency mutations are actionable 

mutations, which are defined as genetic aberrations in 

the DNA and would be expected to elicit a response 

to an approved targeted treatment that is available 

off-label or in clinical trials [6]. Since 2017, four new 

drugs targeting gene mutations (midostaurin, 

gilteritinib, ivosidenib, and enasidenib) have been 

approved by the US Food and Drug Administration 

(FDA) for AML treatment. The era of precision 

medicine for AML has arrived, and it is extremely 

important to detect actionable mutations relevant to 

treatment-related decision-making. 

 

However, the percentage of actionable mutations 

found in AML is approximately 50% at present [5], 

and therapeutic development is also needed for AML 

patients without such mutations. The FDA has 

approved four drugs (venetoclax, CPX-351, 

mylotarg, and glasdegib) in addition to agents 

targeting actionable mutations. These recently 

approved drugs are less toxic than conventional 

intensive chemotherapy and can be combined with a 

low-intensity treatment such as low-dose cytarabine 

or azacitidine. Such combination therapies are 

expected to improve prognosis, especially for elderly 

AML patients, who account for more than half of all 

AML cases. Thus, the treatment strategies for 

leukemia are drastically changing due to the rapid 

development of new drugs. In this review, we 

present novel mitochondria-associated molecular 

target therapies for AML, such as the use of BCL-2 

and IDH inhibitors. 

 

2. Drug Targeting Isocitrate Dehydrogenase 

Mutation 

Isocitrate dehydrogenases (IDHs) are enzymes that 

catalyze the oxidative decarboxylation of isocitrate to 

alpha-ketoglutarate (α-KG) [7]. IDHs are divided into 

three types. IDH1 is expressed in the cytoplasm and 

IDH2/3 in the mitochondria. Mutant IDH acquires a 

new function and produces an oncometabolite called 

R-2-hydroxyglutarate (2-HG) from α-KG. This 

conversion reduces normal α-KG, and α-KG-

dependent ten-eleven translocation-2 (TET2) 

function deteriorates. As a result, histone 

demethylation is not performed correctly, and 

disorders of cell differentiation occur. 2-HG 

contributes to cancer by inhibiting various enzymes 

such as TET and histone demethylase. IDH1 or IDH2 

mutations occur in 15% to 20% of AML patients and 

are more prevalent in patients with a normal 

karyotype [5, 8]. Enasidenib inhibits both R140Q- 

and R172K-mutated IDH2 [9]. In a phase I/II trial, 

100 mg/d enasidenib showed an ORR of 38.8% with 
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a cCR of 29.0% for 214 patients with R/R IDH2 

mutant AML [10]. The median OS for all 214 R/R 

AML patients who received 100 mg/d enasidenib was 

8.8 months (95% CI, 7.7-9.6 months). Enasidenib 

was well tolerated in this study. Special side effects 

such as IDH differentiation syndrome with fever, 

dyspnoea due to lung infiltrates, pleural effusion, and 

leukocytosis occurred in 6.4% of the participating 

patients [10]. The FDA approved enasidenib for the 

treatment of R/R AML with IDH2 mutations in 2017. 

Enasidenib combined with intensive chemotherapy 

achieved a cCR (CRi or CRp) of 72% in an open-

label, multicenter, phase I study including 89 patients 

recently diagnosed with AML with an IDH2 mutation 

[11]. Currently, a phase III trial evaluating the 

clinical benefit of enasidenib combined with 

induction, consolidation, and maintenance therapy for 

patients with newly diagnosed IDH2-mutated AML 

is ongoing (NCT03839771). 

 

Ivosidenib is a selective IDH1 mutation inhibitor. 

Ivosidenib showed an ORR of 41% (CR 22%, CRi 

8%) as a single agent in a phase I dose-escalation and 

dose-expansion study including 258 R/R AML 

patients with IDH1 mutation [12]. The median OS of 

the primary efficacy population was 8.8 months (95% 

CI, 6.7-10.2 months). In this study, IDH 

differentiation syndrome occurred in 3.9% of patients 

administered an ivosidenib dose of 500 mg daily. 

Based on the results of this study, ivosidenib was 

approved by the FDA on May 2, 2019 for the 

treatment of recently diagnosed AML with IDH1 

mutation in patients who are at least 75 years old or 

are unfit for intensive chemotherapy. In the frontline 

setting, ivosidenib (500 mg daily) in combination 

with intensive chemotherapy showed a clinical 

efficacy (cCR) of 80% in a phase I trial including 60 

AML patients recently diagnosed with an IDH1 

mutation [11]. Ivosidenib in combinational therapy 

(intensive or low-intensity chemotherapy) is currently 

being studied in randomized phase III trials 

investigating previously untreated AML patients with 

an IDH1 mutation (NCT03839771 and 

NCT03173248). 

 

3. BCL-2 Family Proteins and BCL-2 

Inhibitor Venetoclax 

B-cell leukemia/lymphoma 2 (BCL-2), which is one 

of the BCL-2 family proteins that also include BCL-

XL and MCL-1, promotes cell survival. BCL-2 

regulates the mitochondrial apoptotic pathway and 

plays an important role in the chemoresistance and 

survival of AML blasts [13-15]. Venetoclax is a 

potent, selective inhibitor of BCL-2 but not BCL-XL 

or MCL-1 (Figure 1) [16, 17]. In a phase II trial, 

venetoclax showed an ORR of 19% (6/32, CR 6%, 

CRi 13%) as a single agent for patients with r/r AML 

or unfit for intensive chemotherapy [18]. An 

international phase Ib/II study evaluated the safety 

and efficacy of venetoclax in combination with low-

dose cytarabine (LDAC) for elderly patients with 

previously untreated AML and ineligible for 

intensive chemotherapy [19]. In this study, the 

CR/CRi rate was 54% (CR 26% + CRi 28%, 95% CI, 

42-65%) and the median OS was 10.1 months (95% 

CI, 5.7-14.2 months) for 82 AML patients who 

received 600 mg venetoclax. In contrast, a large, 

multicenter phase Ib dose-escalation and expansion 

study was conducted to evaluate the safety and 

efficacy of venetoclax in combination with 

azacitidine or decitabine for elderly patients with 

previously untreated AML and ineligible for 

intensive chemotherapy (n = 145) [20]. The CR/CRi 

(CR 37%, CRi 30%) rate was 67%, with an ORR of 

68% (99/145), and the median OS for all the patients 
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was 17.5 months (95% CI, 12.3 months to “not 

reached”) in this study.  

 

Based on these results, venetoclax was approved in 

combination with LDAC and HMAs (azacitidine or 

decitabine) by the FDA in 2018. Ongoing trials are 

evaluating the efficacy of venetoclax in combination 

with FLT3 inhibitors, intensive chemotherapy, or 

decitabine (NCT03625505, NCT03214562, and 

NCT03404193) in the relapsed and refractory 

settings. Several trials assessing the clinical benefit of 

venetoclax in low-intensity or intensive treatments in 

the front-line setting are ongoing (NCT02993523, 

NCT03069352, NCT03941964, and NCT03709758). 

For previously untreated patients who were ineligible 

for intensive chemotherapy, OS was longer, and the 

incidence of remission was higher among those who 

received azacitidine + venetoclax than among those 

who received azacitidine alone [21]. 

 

 

 

Figure 1: Scheme of anti-tumor mechanism of venetoclax (VEN). Binding of VEN to Bcl-2 causes the release of 

pro-apoptotic agents BH3-only, which can initiate outer-membrane permeabilization, caspase activation, and cell 

death. 

 

4. Conclusions and Future Perspectives 

Many clinical trials evaluating the efficacy of 

promising investigational drugs for AML are 

ongoing, and more drugs will go to market than ever 

before. Several new agents can create overlapping 

treatment options, especially for elderly, unfit AML 

patients and R/R AML patients. Henceforth, the 

proper use of these new agents will be one of the 

issues in AML treatment. Physicians should select an 

optimal treatment depending on factors such as age, 

performance status, comorbidities, and genetic 

mutations. In particular, genome profiling analysis 

upon diagnosis will be needed to select an optimal 

first-line treatment. 
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