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10The Role of BCL-2/MCL-1 Targeting 
in Acute Myeloid Leukemia

Kenny Tang and Steven M. Chan

Abstract

The B cell lymphoma-2 (BCL-2) family of proteins plays 
a critical role in the intrinsic pathway of apoptosis. It is 
therefore not surprising that this pathway is frequently 
dysregulated in numerous malignancies, including acute 
myeloid leukemia (AML), in order to evade apoptosis. In 
the last 25 years, research into the pathobiology of AML 
has focused intensely on the antiapoptotic proteins, BCL- 
2, and myeloid cell leukemia-1 (MCL-1), whose overex-
pressions are associated with enhanced survival and 
chemoresistance of leukemic cells. In light of this, BCL-2 
and MCL-1 have been attractive targets in the develop-
ment of novel agents to treat AML.  Many BCL-2 and 
MCL-1 inhibitors have yielded promising results in pre-
clinical trials and are currently undergoing evaluation in 
clinical trials. Recently, venetoclax, a first-in-class selec-
tive oral BCL-2 inhibitor, was approved for upfront treat-
ment of AML in the unfit or elderly population and had 
revolutionized the therapeutic landscape of AML. In this 
chapter, we will review the role of BCL-2 and MCL-1 in 
AML as well as the preclinical and clinical data support-
ing the use of BCL-2 and MCL-1 inhibitors in AML treat-
ment. Furthermore, we will discuss the mechanisms of 
resistance to BCL-2 inhibitors and highlight ongoing 
clinical trials of combination therapies aimed at overcom-
ing such resistance pathways.
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10.1  Role of the BCL-2 Family of Proteins 
in Apoptosis

Programmed cell death, or apoptosis, is a tightly regulated 
process critical to the maintenance of cellular homeostasis 
through carefully orchestrated elimination of senescent and 
genetically aberrant cells [1]. It is governed by two intercon-
nected pathways, the extrinsic pathway, which is activated 
by external signalling proteins such as TNF-α and FAS-L, 
and the intrinsic pathway, which is strictly regulated by the 
BCL-2 family of proteins [1, 2]. In the resting state, suppres-
sor proteins (BCL-2, MCL-1, BCL-xL, and BCL-w) bind to 
effector (BAX and BAK) and activator proteins (tBID and 
BIM) and inhibit their activity, thereby preventing down-
stream apoptotic signalling. Conversely, in response to cel-
lular stress signals, such as DNA damage from cytotoxic 
agents, the intrinsic apoptotic pathway is activated, leading 
to production of sensitizers and activators. Sensitizer pro-
teins (e.g., PUMA, NOXA, and BAD) antagonize the actions 
of antiapoptotic BCL-2 proteins through interactions with 
their BCL-2 homology 3 (BH3) domains [3]. Thus, increased 
expression of sensitizers liberates activators and effectors 
from the inhibitory effects of antiapoptotic BCL-2 proteins. 
Consequently, activators bind to effectors and induce a con-
formational change, resulting in the creation of pores in the 
outer mitochondrial membrane. This causes mitochondrial 
outer membrane permeabilization (MOMP) and release of 
cytochrome C from the intermembrane space into the cyto-
plasm. Cytochrome C complexes with Apaf-1 to form an 
apoptosome, which recruits and activates downstream cas-
pases to initiate apoptosis (Fig. 10.1) [1, 3].

K. Tang · S. M. Chan (*) 
Princess Margaret Cancer Centre, University Health Network, 
Toronto, ON, Canada
e-mail: Steven.Chan@uhnresearch.ca

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
H. Gill, Y.-L. Kwong (eds.), Pathogenesis and Treatment of Leukemia, https://doi.org/10.1007/978-981-99-3810-0_10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-3810-0_10&domain=pdf
mailto:Steven.Chan@uhnresearch.ca
https://doi.org/10.1007/978-981-99-3810-0_10#DOI


134

Fig. 10.1 Role of BCL-2 in apoptosis. In the resting state, suppressor 
proteins (BCL-2, BCL-xL, BCL-W, and MCL-1) bind to and inhibit 
effectors and activators, thus preventing apoptosis. Cellular stressors 
activate the intrinsic pathway and induce the production of sensitizers 
(PUMA, NOXA, BAD) and activators (BIM, BID). Sensitizers inhibit 
suppressor proteins, thus freeing activators from their inhibitory effects. 
This allows activators to bind to and activate effectors (BAX, BAK), 

resulting in mitochondrial outer membrane permeabilization (MOMP) 
and release of cytochrome C. This binds to Apaf-1 to form an heptam-
eric complex that recruits caspase 9 to become an apoptosome. This, in 
turn, activates effector caspases 3 and 7 to induce apoptosis. Key BCL-2 
family inhibitors (within purple boxes) and their respective targets are 
highlighted by the red brackets

10.2  Role of BCL-2 in AML

BCL-2 was first discovered as a partner of the immunoglobu-
lin heavy chain in the translocation of chromosome 14 and 
18, which is the oncogenic hallmark of follicular lymphoma 
[4]. However, its role in AML was not established until the 
1990s, when a number of key studies confirmed that BCL-2 
overexpression promotes leukemogenesis [5, 6], therapeutic 
resistance and poor responses to chemotherapy in AML [7], 
and leukemic stem cells (LSC) [8]. These findings led to the 
development of an array of BCL-2 inhibitors. The following 
section will expand on their development, efficacy, and usage 
in AML, with a focus on those in clinical use or undergoing 
clinical trial.

10.2.1  Oblimersen

Oblimersen was the first anti-BCL-2 agent explored in 
AML. It is an antisense oligonucleotide that targets human 
BCL2 mRNA and leads to decreased BCL-2 protein 
 expression. In preclinical models, this was shown to increase 
apoptosis of leukemic cells [9, 10]. This finding led to a 
Phase 1 trial of oblimersen in combination with fludarabine, 
cytarabine, and granulocyte colony-stimulating factor 
(FLAG) salvage chemotherapy in patients with relapsed and 
refractory AML or acute lymphoblastic leukemia (ALL) 
[11]. Overall, 20 patients were recruited, of which 17 had 
AML. Complete responses (CR) were observed in 5 of 17 
(29%) AML patients, with two additional patients (12%) 
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achieving CR with incomplete hematological responses 
(CRi). Another Phase 1 trial performed by the same group 
combined oblimersen with chemotherapy in previously 
untreated older patients with AML [12]. Fourteen of 29 
patients (48%) achieved a CR, with a decrease in BCL2 
mRNA copies observed in responders. The drug was consid-
ered tolerable compared to standard induction therapy.

Following on from these Phase 1 trials, the Cancer and 
Leukemia Group B (CALGB) performed a Phase 3 random-
ized controlled trial in treatment-naïve patients with AML 
who were older than 60  years of age [13]. Patients were 
treated with standard “3  +  7” (daunorubicin + infusional 
cytarabine) induction chemotherapy followed by high-dose 
cytarabine (HiDAC) consolidation with or without oblim-
ersen. Unfortunately, there was no difference in CR rate 
(48% vs. 52%; p = 0.75) or overall survival (OS). Thus, no 
further trials of this drug were carried out in AML.

10.2.2  Obatoclax

Obatoclax was the first BH3-mimetic to enter clinical trials 
for AML. Preclinical models confirmed its ability to inhibit 
BCL-2 and related family members including BCL-xL, 
MCL-1, BCL-w, A1, and BCL-B [14]. In AML cell lines and 
primary AML samples, obatoclax was shown to induce 
apoptosis and impair leukemic proliferation [15]. In a Phase 
1 trial of 44 patients with advanced hematological malignan-
cies, including patients with refractory AML (57%), myelo-
dysplastic syndrome (MDS) (32%), chronic lymphocytic 
leukaemia (CLL) (9%), and ALL (2%), obatoclax monother-
apy was well tolerated but responses were modest given only 
one case of refractory AML achieved CR [16]. A follow-up 
Phase 1/2 study using obatoclax in older patients with 
untreated AML was performed based on the safety profile in 
the previous trial [17]. Nineteen patients were recruited with 
a median age of 81 years. None of the patients achieved a 
CR, and only four patients showed stable disease. Based on 
these disappointing responses, the drug was not further 
developed in AML.

10.2.3  ABT-737/ABT-263 (Navitoclax)

ABT-737 is another BH3-mimetic that inhibits BCL-2, 
BCL-xL, and BCL-w with high potency. Preclinical studies 
demonstrated that ABT-737 was effective in inducing apop-
tosis of AML cell lines and LSCs, inhibiting the growth of 
AML progenitor cells, and reducing leukemia burden in 
murine xenograft models of AML [18]. High MCL-1 expres-
sion was shown to confer resistance to ABT-737, with resto-
ration of drug activity upon MCL-1 knockdown [18, 19]. 
Interestingly, this study also demonstrated that AML cells 

that were exquisitely sensitive to the pharmacological block-
ade of BCL-2 were those already “primed” for apoptosis. 
That is, effector proteins such as BAX were already assem-
bled on the outer mitochondrial membrane, but were kept in 
check by inhibitory BCL-2 proteins. Thus, once the inhibi-
tory effects of these proteins were neutralized by ABT-737, 
these cells were rendered exquisitely susceptible to apopto-
sis. BH3 profiling demonstrated widespread dependence on 
BCL-2 in the mitochondria of blasts from AML patient sam-
ples. Importantly, normal hematopoietic stem and progenitor 
cells were found to be less reliant on BCL-2, suggesting an 
exploitable therapeutic index for the inhibition of BCL-2 in 
AML. Despite these promising data, its lack of oral bioavail-
ability and water insolubility hampered the translation of this 
drug into clinical practice. These limitations led to the devel-
opment of ABT-263 (navitoclax). Navitoclax is an orally 
bioavailable BH3 mimetic with a similar spectrum of inhibi-
tory activity as ABT-737 and induces apoptosis through dis-
ruption of interactions between BCL-2/BCL-xL and 
proapoptotic proteins [20]. As with ABT-737, navitoclax 
demonstrated preclinical efficacy in AML models [21–24]. 
However, no clinical trials with navitoclax have been under-
taken in AML, in part, because it can potentially worsen 
thrombocytopenia through its ‘on-target’ inhibitory effects 
on BCL-xL which is required for platelet survival.

10.2.4  Venetoclax

Venetoclax is a BH3-mimetic that was engineered based on 
the structure of navitoclax. Critical modifications were made 
to enhance selectivity for BCL-2 while decreasing its affinity 
for BCL-xL and BCL-w, thus sparing platelets while main-
taining antileukemic activity [25]. The efficacy of venetoclax 
was demonstrated in AML cell lines and in primary AML 
samples treated ex vivo and in murine xenograft models [26, 
27]. Based on these preclinical findings and early safety data 
in CLL patients [28], venetoclax was swiftly transitioned to 
the clinical arena for treatment of AML.

10.2.4.1  Venetoclax Monotherapy in Relapsed/
Refractory Patients

The first trial of venetoclax in AML was conducted in 32 
patients with R/R AML or treatment-naive patients unfit for 
intensive chemotherapy [29]. In those with R/R AML, vene-
toclax monotherapy demonstrated only modest activity with 
a CR/CRi rate of 19% (6% CR and 13% CRi). However, this 
response was achieved rapidly, within 4 weeks in all but one 
patient, with a median duration of CR of 48 days. Moreover, 
those with IDH1 or IDH2 mutations achieved a higher CR/
CRi rate of 33%. This is consistent with preclinical studies 
showing that IDH1/2 mutations, via the oncometabolite 
(R)-2-hydroxyglutarate, inhibit the activity of cytochrome C 
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oxidase in the mitochondrial electron transport chain, which 
in turn lowers the mitochondrial threshold to trigger apopto-
sis upon BCL-2 inhibition [30]. Importantly, venetoclax was 
well tolerated, with the most common Grade 3/4 adverse 
events (AEs) being febrile neutropenia, hypokalemia, pneu-
monia, hypotension, and urinary tract infections, all of which 
would be expected in this cohort of patients [31, 32]. There 
were no reported episodes of tumor lysis syndrome.

10.2.4.2  Venetoclax + Hypomethylating Agents 
(HMA) in Treatment-Naïve Patients

Venetoclax was subsequently studied in combination with 
HMAs, either azacitidine or decitabine, in treatment-naïve 
elderly patients or those unfit for intensive chemotherapy. 
This was driven by preclinical studies demonstrating a syn-
ergistic effect between BH3-mimetics and HMAs in AML 
cell lines and AML patient samples [33]. Furthermore, 
azacitidine has been shown to reduce MCL-1 levels, an anti-
apoptotic protein not targeted by venetoclax, and thus, poten-
tial source of drug resistance. A phase Ib/II escalation and 
expansion study was conducted in 145 patients with untreated 
AML over the age of 65  years (median age 74  years). 
Venetoclax (400 mg once daily) in combination with either 
azacitidine or decitabine demonstrated remarkable CR/CRi 
rates of 71% and 74%, median duration of response of 21.2 
and 15.0 months, and median OS of 16.9 and 16.2 months, 
for azacitidine and decitabine, respectively [34]. Efficacy 
was observed among all AML subgroups, including patients 
with secondary AML, those with adverse-risk cytogenetics, 
and across the genomic landscape of the disease [35].

These findings were confirmed by results of the Phase III 
VIALE-A trial published in 2020. In this trial, 433 patients 
(median age 76 years) underwent a 2:1 randomization to either 
azacitidine and venetoclax (400 mg once daily) (AZA + VEN) 
or azacitidine and placebo. Median OS was 14.7 months in the 
AZA + VEN group, compared with 9.6 months in the control 
group (p < 0.001). CR and CR/CRi rates were superior in the 
treatment arm at 36.7% versus 17.9% (p < 0.001) and 66.4% 
versus 28.3% (p < 0.001), respectively. Responses were both 
rapid and durable. Median time to first response was 1.0 month 
in the AZA + VEN group compared with 2.6 months in the 
control arm. Similarly, median duration of response was supe-
rior with AZA + VEN (17.5 vs. 13.4 months). Notably, the 
CR/CRi was improved across all AML genomic risk groups, 
including patients with adverse cytogenetic risk, secondary 
AML, and high-risk molecular mutations. These improve-
ments in responses also translated into an increased OS in 
many of the evaluated subgroups, most notably among patients 
with either de novo or secondary AML, intermediate cytoge-
netic risk, and IDH1 or IDH2 mutations [36].

10.2.4.3  Venetoclax + Low Dose Cytarabine 
in Treatment-Naïve Patients

Venetoclax was also shown to be safe and effective in com-
bination with low-dose cytarabine (LDAC) in upfront treat-
ment of AML [37]. The rationale for this combination 
emerged from preclinical studies demonstrating veneto-
clax/LDAC synergy and reduced MCL-1 protein levels 
with combination therapy compared to venetoclax mono-
therapy [38, 39]. A Phase III, randomized, double-blinded 
trial (VIALE-C) examined this combination in 211 patients 
(median age 76 years) with treatment-naïve AML ineligible 
for intensive chemotherapy or ≥75  years of age, or both 
[40]. Subjects were randomized in a 2:1 fashion to receive 
either venetoclax 600 mg once daily or placebo plus LDAC 
(20 mg/m2 subcutaneously daily on days 1–10). Prior HMA 
exposure was permitted unlike the VIALE-A trial. In total, 
38% had secondary AML, 20% had prior HMA treatment, 
and 32% had poor-risk cytogenetic features. Patients who 
received venetoclax and LDAC showed an improved com-
posite CR rate of 48% compared with 13% in those who 
received LDAC alone. This translated to an improved 
median OS of 8.4 versus 4.1 months and median event-free 
survival (EFS) of 4.7 versus 2.0 months in the venetoclax + 
LDAC and control arms, respectively. Similar to the 
VIALE-A trial, responses were also achieved more rapidly 
with the addition of venetoclax, with CR/CRi before initia-
tion of cycle 2 observed in 34% of patients in the veneto-
clax arm, compared with only 3% of patients in the control 
arm. Venetoclax + LDAC was also associated with a higher 
rate of red cell and platelet transfusion independence (37% 
vs. 16%), as well as superior patient-reported outcomes, 
especially regarding fatigue and quality of life. Again, sub-
group analyses showed superior rates of composite CR in 
those treated with venetoclax + LDAC compared with those 
who received LDAC alone. In addition, survival outcome 
was particularly promising for subgroups with NPM1c 
(median OS not reached) and IDH1/2 mutations (median 
OS 19.4 months). Toxicities were primarily hematological, 
as expected, with febrile neutropenia, neutropenia, and 
thrombocytopenia representing the most common 
Grade ≥ 3 AEs. Although these were numerically higher in 
the venetoclax group, the rates of AEs leading to discon-
tinuation (24% vs. 25%) and the rates of serious AEs such 
as pneumonia (13% vs. 10%) or sepsis (6% each arm) were 
nearly identical between the venetoclax and control arms, 
respectively.

In summary, these promising results have led to the FDA 
approval of venetoclax in combination with HMAs or LDAC 
as therapeutic options for treatment-naïve AML in elderly 
patients or those unfit for intensive chemotherapy.
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10.2.4.4  Venetoclax + HMA/LDAC in Relapsed/
Refractory Patients

Although it has not been directly tested in a clinical trial, 
there are a number of retrospective studies examining the 
role of venetoclax + HMAs or LDAC in R/R AML.  In a 
series of 33 patients who received prior HMAs (61%) or 
allogeneic stem cell transplants (39%), the combination of 
venetoclax and either azacitidine or decitabine produced a 
CR/CRi rate of 33% [41]. In another series of 24 patients 
treated with the combination of venetoclax + HMA (n = 8) or 
venetoclax + LDAC (n  =  16), the composite CR rate was 
24% [42]. In yet another series of 43 patients with R/R 
myeloid neoplasms of which 91% had AML, the CR/CRi 
rate was a dismal 12%, with a median OS of only 3 months 
[43]. This is comparable to the 19% CR/CRi observed with 
single-agent venetoclax [29]. Hence, with the available data, 
the value of venetoclax as a salvage therapy, either alone or 
in combination with HMAs/LDAC, appears comparable 
with standard salvage regimens albeit with likely reduced 
toxicities [44].

10.3  Current Clinical Trials of Venetoclax 
in AML

10.3.1  Venetoclax + Intensive Chemotherapy

Trials are currently underway combining venetoclax with 
intensive chemotherapeutic regimens, including FLAG-IDA 
(fludarabine, cytarabine, filgrastim, idarubicin) 
(NCT03214562), “3  +  7” (NCT03709758), and CPX-351 
(NCT03629171) (Table  10.1). Only preliminary data are 
available for the FLAG-IDA + venetoclax trial (FLAG-V-I) 
[45], which is recruiting fit patients with R/R AML over the 
age of 18. In an interim analysis of 11 patients, 8 patients 
(73%) achieved a CR/CRi. The safety profile was acceptable 
with no early mortality or severe AEs expected for such an 
intensive regimen. The median time to neutrophil recovery 
was 28 days, which is comparable to the recovery time for 
FLAG-IDA alone.

The efficacy of combining venetoclax with intensive che-
motherapy in the elderly AML population has also been 
studied. In a phase Ib trial (CAVEAT) by Wei and colleagues 
[46], patients were treated with venetoclax and a modified 
cytarabine and idarubicin induction and consolidation regi-
men. Patients received 14 days of venetoclax with each cycle 
of chemotherapy, followed by 7 cycles of venetoclax mono-
therapy as maintenance. The overall CR/CRi rate was 71%, 
with an impressive 95% rate observed in de novo AML cases. 
The best responses were observed in patients with NPM1 

(100%), RUNX1 (90%), IDH1/2 (89%), and RAS (90%) 
mutations, while those with TP53 (33%) mutations fared the 
worst. Remarkably, NPM1 MRD negativity was demon-
strated in 83% of patients with NPM1 mutations. However, 
the question that remains is whether such high-intensity 
treatment is required, given the high responses observed by 
combining venetoclax with lower-intensity therapies, such 
as HMAs and LDAC.

10.3.2  Venetoclax + FLT3 Inhibitors

Venetoclax is also being explored in combination with FLT3 
inhibitors. The rationale for this combination arises from 
preclinical models in which a synergistic effect was seen 
between BCL-2 inhibitor, ABT-737, and the FLT3 inhibitors, 
sunitinib and SU5614, in AML cell lines and primary AML 
blasts [47]. Ongoing trials include a Phase 1 study combin-
ing venetoclax with gilteritinib in R/R FLT3-mutated AML 
patients (NCT03625505) and a Phase 1/2 trial combining 
venetoclax with quizartinib in a similar cohort 
(NCT03735875).

In addition, a recent paper highlighted the synergistic 
effect of venetoclax combined with midostaurin or gilteri-
tinib in vivo using a murine FLT3-ITD AML cell line-derived 
xenograft model [48]. Midostaurin and gilteritinib were 
shown to downregulate MCL-1 expression, which may, in 
part, explain the synergistic cytotoxicity observed. The com-
bination of quizartinib and venetoclax has also been explored, 
with increased survival observed in a murine FLT3-ITD 
AML model [49]. The authors demonstrated reduced expres-
sion of MCL-1 and BCL-xL, but not BCL-2, in FLT3-ITD 
cell lines following treatment with quizartinib. In summary, 
the combination of venetoclax and FLT3 inhibitors is in early 
development, with preliminary safety data being awaited. 
Given that FLT3 mutations have been associated with an 
inferior response to HMA/LDAC + venetoclax combina-
tions, it will be interesting to see if exchanging an HMA/
LDAC for a FLT3 inhibitor will result in improved responses.

10.3.3  Venetoclax + IDH1/2 Inhibitors

IDH1- and IDH2-mutant primary AML cells are more sensi-
tive to venetoclax inhibition compared with wild-type 
IDH1/2 cells due to the accumulation of 2-hydroxyglutarate 
[30], with durable responses and superior OS seen in IDH- 
mutated patients treated with venetoclax-based regimens 
[29, 36]. Preclinical studies using patient-derived xenograft 
AML models have demonstrated that concurrent therapy 
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with enasidenib and venetoclax is superior to monotherapy 
in IDH2-mutated AML [50], with efficacy achieved through 
enasidenib-induced differentiation and venetoclax-mediated 
reduction in BCL-2. Building on these promising results, a 
phase Ib/II study of venetoclax in combination with ena-
sidenib in IDH2-mutated AML (ENAVEN-AML; 
NCT04092179) is currently ongoing. Similarly, there is a 
separate phase Ib/II study investigating the combination of 
venetoclax and ivosidenib (with or without the incorporation 
of azacitidine) for patients with IDH1-mutated MDS and 
AML in both the R/R and treatment-naïve setting [51]. To 
date, 19 patients have been enrolled and interim results show 
an impressive composite CR (CR/CRi/CRh) of 78%, of 
which 50% achieved MRD negativity by flow cytometry.

10.3.4  Venetoclax + JAK Inhibitors 
(Ruxolitinib)

A preclinical study by Karjalainen et al. analyzed the ex vivo 
responses of primary AML blasts to various agents, includ-
ing venetoclax and ruxolitinib, incubated in either bone mar-
row stroma-derived or standard culture conditions [52]. The 
authors demonstrated that bone marrow stroma-derived con-
ditions protected AML blasts from the effects of BCL-2 inhi-
bition, while this cytoprotection was reversed in the presence 
of ruxolitinib. Mechanistically, the bone marrow stroma 
appears to confer venetoclax resistance by reducing the 
BCL-2 dependency of primary AML cells through down-
regulation of BCL-2 expression, while increasing the expres-
sion of other antiapoptotic proteins such as BCL-xL and 
BCL-xS. The upstream effectors of this appear to be G-CSF 
and GM-CSF secreted from the stromal cells, which leads to 
increased phosphorylation of STAT5, and consequently, acti-
vation of JAKs. JAK inhibition with ruxolitinib, therefore, 
maintains BCL-2 dependency in AML blasts through sup-
pression of the JAK-STAT pathway. Based on this preclinical 
work, a Phase I trial is currently exploring the effectiveness 
of this combination in R/R AML (NCT03874052).

10.3.5  Venetoclax + MCL-1 Inhibitors

Venetoclax is being trialled in combination with novel direct 
MCL-1 inhibitors, S64315 (NCT03672695) and AMG 176 
(NCT03797261), in R/R AML patients. It is also being 
investigated in combination with indirect MCL-1 inhibitors, 
including the MEK inhibitor, cobimetinib (NCT02670044), 
and the cyclin-dependent kinase (CDK) inhibitors, dinaci-
clib (NCT03484520) and alvocidib (NCT03441555). Given 
its selectivity for BCL-2, an intrinsic mechanism of veneto-
clax resistance is due to increased AML blast dependency on 
other antiapoptotic proteins, such as MCL-1 and BCL-xL. In 

a Phase II trial of venetoclax monotherapy in R/R AML, 
increased BCL-xL and MCL-1 expression levels negatively 
correlated with response to venetoclax [29]. A number of 
novel therapies tested in preclinical models in combination 
with venetoclax have demonstrated synergistic effects by 
downregulating MCL-1 expression [21, 53–55]. Indeed, 
azacitidine has also been shown to reduce MCL-1 expression 
[56]. Hence, direct targeting of MCL-1 makes logical sense 
in combination with venetoclax in AML. As proof of con-
cept, a recent study investigated the role of BCL-2 and 
MCL-1 in AML survival by combining inducible lentiviral 
vectors expressing BH3-only proteins [38]. Targeting BCL-2 
and MCL-1 improved survival in a mouse xenograft model, 
whereas other combinations including BCL-2/BCL-xL/
BCL-w or MCL-1 alone did not. Hence, combining veneto-
clax with an MCL-1 inhibitor is an exciting prospect for the 
treatment of patients with AML. Preliminary results from the 
Phase Ib trial combining cobimetinib and venetoclax showed 
overall responses of 18% in a heavily pretreated population, 
with gastrointestinal toxicity being the major adverse toxic-
ity [57]. There are no preliminary results from the combina-
tion of the direct MCL-1 inhibitors, S64315 and AMG 176, 
and venetoclax, to date.

10.3.6  Venetoclax + MDM2 Inhibitors

Idasanutlin is a novel MDM2 inhibitor that is being tested 
in combination with venetoclax (NCT02670044). MDM2 
is a negative regulator of wild-type p53 (WT-p53). In AML, 
TP53 mutations occur in only 7–8% of de novo cases, 
whereas inactivation of WT-p53 occurs in almost all sub-
sets, making disruption of the MDM2 and WT-p53 interac-
tion a promising target [58]. Preclinical models have shown 
that approximately two thirds of AML cell lines and pri-
mary AML blasts respond to MDM2 inhibition, with resis-
tance observed in the TP53 mutant samples, as expected 
[59, 60]. The combination of venetoclax and MDM2 inhib-
itors has exhibited synergistic responses in vitro and in vivo 
models of AML [55, 61]. Preliminary results from the 
Phase Ib trial, which combines venetoclax and Idasanutlin, 
demonstrated a 38% overall response in the higher dose 
cohort, while no responses were seen in patients with 
theTP53 mutation [57].

10.4  Role of MCL-1 in AML

MCL-1 is an antiapoptotic protein that binds to the proapop-
totic effectors, BAK and BAX, to prevent cell death. In AML 
cell lines, MCL-1 has been shown to play an important role in 
cell survival [62–64]. In the clinical setting, overexpression of 
MCL-1  in human leukemia cells has been demonstrated in 
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nearly all bone marrow samples from patients with newly 
diagnosed AML [65]. This has been implicated in resistance 
to chemotherapy [66] and BH3-mimetics targeting BCL-2/
BCL-xL [67, 68], as well as in the setting of relapsed AML 
[64]. Hence, targeting MCL-1 represents a promising, novel 
approach in the treatment of AML.

10.4.1  MCL-Inhibitors

Several Phase I clinical trials of MCL-1 inhibitors in AML 
are ongoing: AZD5991 [NCT03218683], S64315 
[NCT02979366, NCT03672695], AMG 176 [NCT03797261, 
NCT02675452], and AMG 397 [NCT03465540]. Despite 
evidence of their efficacy in preclinical studies, the search 
for a safe, effective, and selective MCL-1 inhibitor has 
proven formidable for two reasons: (1) MCL-1 plays an 
important physiologic role in normal cells, including cardiac 
and hepatic tissues [69, 70], pluripotent stem cells [71], and 
brain cells [72]. Thus, it has been challenging to create an 
inhibitor with a sufficiently wide therapeutic index that does 
not cause unacceptable side effects; (2) The key binding site 
on MCL-1 is shallow and relatively inflexible compared with 
the binding sites on BCL-2 and BCL-xL. Thus, early MCL-1 
inhibitors lacked specificity and were ineffective. 
Nonetheless, a number of selective MCL-1 inhibitors have 
been developed and are currently in various stages of clinical 
development [62, 63, 73, 74].

AMG 176 is a potent and selective MCL-1 inhibitor that 
has been shown to induce rapid and robust apoptosis in 
tumor xenografts after a single dose [75]. Similarly, it 
resulted in a dose-dependent reduction in tumor burden in an 
orthotopic model of AML in mice [73]. These data led to the 
initiation of two Phase I trials. The first trial examined the 
safety and tolerability of AMG 176 monotherapy in R/R 
multiple myeloma and AML (NCT02675452), while the sec-
ond trial studied AMG 176 in combination with venetoclax 
in patients with R/R AML, non-Hodgkin lymphoma (NHL), 
or diffuse large B cell lymphoma [NCT03797261].

Similar to AMG 176, AMG 397 is an oral small-molecule 
inhibitor of MCL-1. It is the only oral MCL-1 inhibitor to 
reach the clinic thus far [76]. Preclinical data in the literature 
are sparse; however, clinical evaluation is underway. 
Unfortunately, the phase I dose-finding clinical studies 
involving AMG 176 (NCT02675452) and AMG 397 
(NCT03465540) in patients with multiple myeloma, NHL, 
or AML are currently on hold for investigation of AEs related 
to cardiac toxicity [77]. The dose-finding combination trial 
of AMG 176 and venetoclax (NCT03797261) is also cur-
rently suspended based on this safety signal [78].

Another MCL-1 inhibitor, S64315, is also under clinical 
evaluation in a Phase I trial in patients with AML or MDS 
(NCT02979366). This non-randomized, non-comparative 

study aims to investigate the safety, tolerability, and inci-
dence of dose-limiting toxicities of the drug. The study 
started in March 2017 and is estimated to finish in October 
2020. Another study is also planned to assess S64315  in 
combination with venetoclax in patients with AML 
(NCT03672695) [79].

In addition to compounds that cause apoptosis through 
direct MCL-1 inhibition, there is an array of compounds that 
cause apoptosis, in part, through a reduction in MCL-1 cel-
lular levels by reducing expression of MCL1 or by increasing 
protein degradation. Therefore, in addition to direct MCL-1 
inhibition, disruption of key proteins involved in MCL-1 
regulation may offer potential therapeutic targets for cancer 
treatment. Among these indirect MCL-1 inhibitors, CDK9 
inhibitors have most recently entered the clinic. CDK9 is an 
enzyme critical for transcriptional activation of MCL-1. 
Dinaciclib, a new generation CDK9 inhibitor, has demon-
strated efficacy in hematological malignancies [80–82] and 
is currently being studied in combination with venetoclax in 
R/R AML in a Phase I trial (NCT03484520).

In summary, therapies targeting MCL-1 could offer a 
novel treatment approach for patients with disease resistant 
to other therapies. MCL-1 inhibitors could potentially syner-
gize with other targeted agents or conventional chemothera-
peutic agents to enhance their antileukemic efficacy. 
However, it remains to be seen if this can be achieved with-
out causing unacceptable levels of toxicities to normal 
tissues.

10.5  Resistance Mechanisms to BCL-2 
Inhibitors

Although venetoclax-based regimens have become a power-
ful addition to the AML treatment armamentarium, drug 
resistance remains a veritable barrier to maintaining durable 
responses. Therefore, understanding the mechanisms that 
lead to BCL-2 resistance is crucial to the development of 
strategies in overcoming this problem. The following section 
will highlight the salient mechanisms underpinning resis-
tance to BCL-2 inhibition.

10.5.1  Increased Expression of MCL-1

The best described mechanism of venetoclax resistance is 
through increased expression of antiapoptotic proteins other 
than BCL-2, most notably, MCL-1. This has given rise to 
numerous clinical trials investigating the effect of direct and 
indirect MCL-1 inhibition on overcoming resistance to 
BCL-2 inhibition. As direct MCL-1 inhibitors have been dis-
cussed previously, this section will elaborate on the role of 
indirect MCL-1 inhibitors.
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Indirect MCL-1 inhibitors comprise a large group of 
agents with a diverse range of mechanisms. The vast 
majority of these are still being evaluated in preclinical 
studies. These include: MEK1/2 inhibitors, which subvert 
the MAPK pathway that stabilizes MCL-1. These have 
been shown to synergistically enhance the proapoptotic 
effects of venetoclax in AML cell lines and reduce leuke-
mia burden in AML xenograft models through increased 
levels of BIM [83]. Similarly, bromodomain extra-termi-
nal protein inhibitors (BETi) reduce MCL-1 and BCL-xL 
levels while increasing BIM levels. They also synergize 
with venetoclax to induce apoptosis in AML cell lines, 
reduce leukemia burden, and improve survival in AML-
engrafted mice [84]. Other indirect MCL-1 inhibitors 
include: CDK9 inhibitors, which impair the transcription 
of MCL-1 [85]; FLT3 inhibitors, which downregulate 
MCL-1 to increase venetoclax activity [48]; CUDC-907, a 
dual PI3K and histone deacetylase inhibitor that downreg-
ulates MCL-1 while upregulating BIM to cause apoptosis 
[86]; MDM2 inhibitors, which restore TP53 activation and 
downregulation of MCL-1 through inhibition of the MAPK 
pathway [87]; PI3K inhibitors, which induce BAX-
dependent mitochondrial apoptosis in AML cells when 
coadministered with venetoclax [88]; selinexor, an XPO1- 
selective inhibitor [89]; inhibitors of the Nedd8-activating 
enzyme and 3-hydroxy-3-methylglutaryl coenzyme A 
reductase, which lead to upregulation of NOXA and 
PUMA, respectively, resulting in neutralization of MCL-1 
and increased activity of venetoclax [21, 90]; ibrutinib, a 
Bruton tyrosine kinase inhibitor, and ArQule 531, a multi-
kinase inhibitor of SRC family kinases, have also been 
shown to synergize with venetoclax and overcome BCL-2 
inhibition through MCL-1 inhibition [91, 92].

10.5.2  Dysregulation of Mitochondrial Energy 
Metabolism

One mechanism by which venetoclax kills AML cells is 
through inhibition of mitochondrial respiration. Thus, dis-
ruption of mitochondrial energy metabolism is implicated in 
the resistance of AML to venetoclax. Using a genome-wide 
CRISPR knockout screen, Sharon et al. [93] found that inac-
tivation of genes involved in mitochondrial protein synthesis 
restored sensitivity of resistant AML cells to venetoclax. 
Pharmacologic inhibition of mitochondrial protein synthesis 
with antibiotics that target the ribosome, including tedizolid 
and doxycycline, can enhance the anti-AML effect of vene-
toclax and azacitidine in  vivo and in  vitro, thus potently 
reversing venetoclax resistance [93, 94]. In leukemic stem 
cells, mutated TP53 disrupted mitochondrial homeostasis by 
dysregulating activation of transcription factor, DP-1, and 
translocation of PMAIP1 into the mitochondria, hence 
impairing the effector function of BAX and BAK [95]. 

Moreover, TP53 mutation also impedes BCL-2 expression, 
thus directly decreasing the target of venetoclax and leading 
to drug resistance [95].

10.5.3  Disruption of Mitochondrial 
Architecture

The mitochondrial architecture plays an important role in 
apoptosis. Its organization and function are maintained by 
various proteins, including the mitochondrial chaperone, 
CLPB, whose function is to maintain mitochondrial cristae 
structure through interaction with the cristae-shaping pro-
tein, OPA1 [96]. When this interaction is disrupted, the struc-
tural integrity of the mitochondria is damaged, leading to 
stress responses and induction of apoptosis. Preclinical stud-
ies by Chen et al. demonstrated that CLPB is upregulated in 
human AML cells and its expression is induced upon acqui-
sition of venetoclax resistance. Using a genome-wide 
CRISPR screen, they found that inactivation of this gene 
sensitized AML cells to venetoclax, and thus to apoptosis 
[96]. Thus, targeting the mitochondrial structure represents 
another novel approach of disarming venetoclax resistance.

10.6  Conclusion

Upregulation of antiapoptotic proteins in the BCL-2 family 
as a means of evading apoptosis is a key mechanism of treat-
ment resistance and disease relapse in AML. Therefore, tar-
geted inhibition of these proteins, especially BCL-2 and 
MCL-1, represents a compelling therapeutic approach in the 
management of AML. While this strategy has shown promis-
ing antileukemic activity in preclinical studies, only veneto-
clax has demonstrated efficacy in the clinical setting and is 
approved for use in AML. As confirmed by two recent Phase 
III trials, venetoclax in combination with a HMA or LDAC 
improves OS in treatment-naïve elderly patients, or patients 
unfit for intensive chemotherapy. Unfortunately, MCL-1 
inhibitors have not yet generated the same success in clinical 
trials, in part due to their on-target but off-tissue toxicities.

While BCL-2 inhibition with venetoclax has revolution-
ized the therapeutic landscape in a cohort of AML patients 
who would otherwise have limited treatment options, there 
are a number of obstacles that remain. Overcoming resis-
tance to BCL-2 inhibitors will be crucial in prolonging 
responses, and therefore, long-term survival. Although the 
mechanisms of resistance are being characterized in preclini-
cal studies, the primary mechanisms of resistance in  vivo 
remain unclear. Current research is focusing on combination 
strategies and appear promising. However, determining 
which drug combinations will provide optimal clinical effi-
cacy and in which clinical setting will be an important goal 
moving forward.
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The role of venetoclax and other BH3 mimetics in stan-
dard induction and consolidation therapy in younger patients 
or the fit elderly is also of great interest. The use of veneto-
clax combination therapies could replace “3 + 7” as the new 
standard induction regimen for all AML patients. 
Furthermore, there are ongoing clinical trials looking at the 
use of venetoclax and HMAs as maintenance therapy after 
consolidation chemotherapy or allogeneic stem cell trans-
plant (Table  10.1). Determining the subgroups of patients 
who are most likely to benefit from BH3 mimetics is also of 
vital pertinence and requires further investigation.

In summary, it is currently an exciting time to be treating 
AML, especially with the approval of venetoclax, which rep-
resents a promising and significant advance in targeted treat-
ment approaches in AML.  Targeting other antiapoptotic 
proteins, such as MCL-1 and BCL-xL, in combination with 
venetoclax, is also an exciting prospect, and if successful, 
will be key in overcoming resistance to BCL-2 inhibition.
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