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ABSTRACT
ABT199/venetoclax, an inhibitor of the pro-survival BCL-2 protein, has improved 

AML treatment. Its efficacy in hematopoietic stem cell transplantation (HSCT), when 
combined with other chemotherapeutic drugs, has not been thoroughly investigated. 
The present study demonstrates the synergistic cytotoxicity of ABT199/venetoclax 
with the DNA alkylator thiotepa (Thio) in AML cells. Cleavage of Caspase 3, PARP1 
and HSP90, as well as increased Annexin V positivity, suggest potent activation of 
apoptosis by this two-drug combination; increased levels of γ-H2AX, P-CHK1 (S317), 
P-CHK2 (S19) and P-SMC1 (S957) indicate an enhanced DNA damage response. 
Likewise, the increased level of P-SAPK/JNK (T183/Y185) and decreased P-PI3Kp85 
(Y458) suggest enhanced activation of stress signaling pathways. These molecular 
readouts were synergistically enhanced when ABT199/venetoclax and Thio were 
combined with fludarabine, cladribine and busulfan. The five-drug combination 
decreased the levels of BCL-2, BCL-xL and MCL-1, suggesting its potential clinical 
relevance in overcoming ABT199/venetoclax resistance. Moreover, this combination 
is active against P53-negative and FLT3-ITD-positive cell lines. Enhanced activation 
of apoptosis was observed in leukemia patient-derived cell samples exposed to the 
five-drug combination, suggesting a clinical relevance. The results provide a rationale 
for clinical trials using these two- and five-drug combinations as part of a conditioning 
regimen for AML patients undergoing HSCT.

INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) is a 
potentially curative treatment for hematological disorders 
[1]. Its success partly depends on the antitumor activity 
of the drugs used in the pre-transplant conditioning 
regimen. There is an urgent need to improve the efficacy 
of the pre-transplant regimen without jeopardizing patient 
safety. This can be accomplished by judiciously including 
(a) novel agent(s) with (a) different mechanism(s) of 
action. One such candidate drug is ABT199/venetoclax, 
a BH3-mimetic small molecule that binds to and inhibits 
the anti-apoptotic B-cell lymphoma 2 (BCL-2) protein, 
preferentially causing malignant cells to undergo apoptosis 

[2]. Preclinical studies have demonstrated the cytotoxicity 
of ABT199/venetoclax in leukemia cells [3]. ABT199/
venetoclax is FDA-approved in combination with 
azacitidine or decitabine for the treatment of AML patients 
≥75 years of age [4, 5]. 

Thiotepa (Thio) is an organophosphorus DNA 
alkylating agent used in the management of malignant 
solid tumors and hematologic malignancies, and 
particularly in HSCT [6]. The FDA designated Thio as a 
conditioning treatment prior to HSCT in 2007. Thiotepa 
has been successfully combined with other DNA alkylating 
agents and nucleoside analogs as conditioning regimens 
for HSCT [7–9]. Its potentially synergistic interaction with 
ABT199/venetoclax has not been previously investigated. 
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Busulfan (Bu) is another DNA alkylating agent used 
for conditioning therapy for HSCT [10]. Its combination 
with the nucleoside analogs fludarabine (Flu) and 
clofarabine (Clo) provides synergistic cytotoxicity 
as shown in preclinical and clinical studies [11–15]. 
Substitution of Clo with cladribine (Clad) is similarly 
cytotoxic in AML cells when combined with Flu and 
Bu in vitro [16]. When activated, Flu and Clad become 
incorporated into newly replicating DNA strands and 
inhibit DNA synthesis and repair, resulting in DNA 
strand break formation and histone modifications as 
well as chromatin remodeling. The associated unfolding 
of the chromatin structure potentially confers a greater 
susceptibility of the genomic DNA to Bu-mediated DNA 
alkylation and cross-linking [11], and attempts to repair 
DNA cross-links may also result in additional DNA strand 
breaks, such that the cycle which we have termed the “loop 
of death” model is further amplified by additional DNA 
alkylations, resulting in cell death [17]. The cytotoxicity of 
combined alkylating agent and nucleoside analog in AML 
cells is further enhanced when combined with ABT199/
venetoclax, as previously reported [18].

On this basis, we hypothesized that combining 
Thio with the pro-survival inhibitor ABT199/venetoclax 
would effectively inhibit AML cell proliferation. We also 
hypothesized that further combining (Thio+ABT199) with 
the three cytotoxic chemotherapy drugs (Flu+Clad+Bu) 
would further increase their antileukemic efficacy. In 
addition to the ability of Thio to form DNA adducts, its 
radiomimetic action, which is believed to occur through 
the release of ethylenimine radicals and breakage of DNA 
bonds [19], has the potential to exacerbate the combined 
DNA injury. Cells that survive the cytotoxic effects of 
(Thio+Flu+Clad+Bu) may therefore not escape the effects 
of ABT199/venetoclax by inhibiting the pro-survival 
BCL-2 protein. 

The present study reports the synergistic interactions 
of ABT199/venetoclax with Thio in the context of 
the treatment of AML. Moreover, the combination of 
ABT199/venetoclax and Thio enhances the cytotoxicity 
of (Flu+Clad+Bu) in AML cell lines and leukemia 
patient-derived cell samples. The results may provide 
relevant information for the design of clinical trials using 
these drugs to circumvent recognized drug-resistance 
mechanisms when used as part of pre-transplant 
conditioning regimens for AML patients undergoing 
allogenic HSCT.

RESULTS

Combination of thiotepa with ABT199/
venetoclax exerts synergistic cytotoxicity 
towards AML cell lines

Exposure of the KBU, OCI-AML3 and MOLM14 
cell lines to 1 µg/mL, 0.45 µg/mL, and 0.6 µg/mL Thio 

alone inhibited cell proliferation, relative to the control, 
by 29%, 18%, and 30%, respectively; addition of the 
indicated concentrations of ABT199/venetoclax further 
inhibited cell proliferation by 73%, 69%, and 47% relative 
to the control without Thio (Figure 1A). These results are 
consistent with the Annexin V assay. Exposure of KBU, 
OCI-AML3 and MOLM14 cell lines to 1 µg/mL, 0.45 µg/
mL, and 0.6 µg/mL Thio (without ABT199) resulted in 
7%, 15%, and 7% Annexin V positivity, and addition of 
ABT199/venetoclax increased the readings to 26%, 43%, 
and 34%, respectively (Figure 1B). These findings suggest 
that ABT199/venetoclax enhances the cytotoxicity of Thio 
in AML cell lines.

To test for possible synergistic interactions, the three 
AML cell lines were exposed to different concentrations 
of individual drugs, or to the drug combinations at a 
constant concentration ratio, and the cell proliferation 
assay was performed immediately after completion of the 
48-h drug exposure. The combination index (CI) values 
at increasing drug effects were graphically analyzed 
according to the Chou-Talalay method as shown in 
Figure 1C. The calculated CI values for all 3 AML cells 
lines were generally less than 1, suggesting a significant 
synergism in these cell lines. At fraction affected (Fa) = 
0.5 (50% inhibition of cell proliferation), the combination 
of Thio and ABT199/venetoclax resulted in CI values 
of 0.5. 0.3, and 0.4 in KBU, OCI-AML3 and MOLM14 
cells, respectively; a further decrease in the CI values was 
observed at higher Fa values (Figure 1C), suggesting that 
a more meaningful synergism is achieved at higher drug 
concentrations and therefore may have clinical relevance.

(Thio+ABT199/venetoclax) combination 
activates the apoptosis pathway and DNA 
damage response

The observed increase in Annexin V positivity 
apparent in Figure 1B suggested activation of the apoptosis 
pathway in AML cells following the combined exposure to 
Thio and ABT199/venetoclax. We, therefore, assessed cell 
death in these cells by analyzing the cleavages of Caspase 
3 and PARP1, known molecular markers of apoptosis 
[20]. A significant protein cleavage was observed in all 
three cell lines exposed to (Thio+ABT199/venetoclax) 
(Figure 2A). This activation of programmed cell death 
biomarkers correlated with a decrease in the level of pro-
survival c-MYC and increased cleavage of heat-shock 
protein HSP90, a protein known to modulate apoptosis 
[21, 22]. The drug-mediated increase in the acetylation 
and methylation of histone 3 (AcH3K18 and 3MeH3K27) 
is indicative of chromatin remodeling (Figure 2A); such 
histone modifications may represent a histone code that 
directs the recruitment of proteins involved in the DNA 
damage response [23]. 

To determine the possible effects of 
(Thio+ABT199/venetoclax) on the DNA damage 
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response, the phosphorylation of histone 2AX, a known 
molecular marker of DNA damage processing [24], 
was analyzed. Figure 2B shows an increased level of 
phosphorylated histone 2AX (γ-H2AX) in cells exposed 
to (Thio+ABT199/venetoclax). This finding is consistent 
with the observed increased phosphorylation of other 
known ATM substrates including CHK1, CHK2, and 
SMC1 (Figure 2B); ATM is one of the major apical kinases 
in cellular stress responses, notably in the processing of 
DNA double-strand breaks [25]. 

(Thio+ABT199/venetoclax) combination activates 
stress-mediated signal transduction pathways

The observed activation of apoptosis and DNA 
damage response by the (Thio+ABT199/venetoclax) 

combination suggests the activation of stress-related 
pathways leading to cell death. We, therefore, sought 
to determine the effects of (Thio+ABT199/venetoclax) 
on the activation of the stress-activated protein/c-Jun 
N-terminal kinase (SAPK/JNK) pathway, which is 
known to transmit and convert stress signaling into 
apoptosis signaling in various cell types [26]. Increased 
phosphorylation of SAPK/JNK at threonine 183/
tyrosine185, an indicator of its activation, was observed 
in KBU and MOLM14 cells, but not in OCI-AML3 
cells, following exposure to (Thio+ABT199/venetoclax) 
(Figure 2C). 

Activation of SAPK/JNK signaling has been 
reported to be inhibited by the PI3K/AKT pathway [27]. 
Intuitively, down-regulation of PI3K should therefore 
result in SAPK/JNK activation. Figure 2C shows that the 

Figure 1: Synergistic cytotoxicity of thiotepa (Thio) and ABT199/venetoclax (ABT199) in AML cell lines. Cells were 
exposed to the indicated concentrations of Thio  and ABT199 for 48 h and analyzed for (A) cell proliferation and (B) apoptosis by MTT 
and Annexin V assays, respectively. The results were normalized relative to untreated control cells for the Thio-only data and to ABT199-
treated control cells for the (Thio+ABT199) data. (C) The synergistic  cytotoxicity of Thio and ABT199 was quantitatively analyzed by 
exposing cells to various concentrations of the drugs, individually or  in combination at constant ratio, for 48 h and cell proliferation was 
determined using the MTT assay. Combination indexes (CI) were determined as described under Materials and Methods. CI values less 
than 1 indicate synergism. 
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drug-mediated increase in the phosphorylation of SAPK/
JNK correlates with a decreased level of phosphorylated 
phosphoinositide 3-kinase regulatory subunit (P-PI3Kp85 
(Y458)). Further, the activation of SAPK/JNK by 
phosphorylation is known to result in the phosphorylation 
of ribosomal protein S6 kinase beta-1 (P70S6K), which 
causes its destabilization and degradation [28], which is 
consistent with the observed modest decrease in the level 
of P70S6K after exposure to (Thio+ABT199/venetoclax) 
(Figure 2C). 

Effects of combining thiotepa and ABT199/
venetoclax with other chemotherapy drugs in 
AML cells

Pre-clinical and subsequent clinical studies have 
shown the efficacy of combined Flu, Clo, and Bu in AML 
cells [11–15]. Cladribine has also shown similar cytotoxic 
activity to Clo in AML cells when combined with Flu and 
Bu [16]. It was therefore of great interest to determine if 
addition of (Flu+Clad+Bu) to (Thio+ABT199/venetoclax) 
would result in enhanced cytotoxicity towards AML cells. 
Using lower drug concentrations of Thio and ABT199/
venetoclax (compared with those used in Figure 2), 
(Thio+ABT199/venetoclax) inhibited KBU and OCI-
AML3 cell proliferation, relative to the control, by 
~39% and ~23%, respectively; when combined with 
(Flu+Clad+Bu), the five-drug combination inhibited KBU 
and OCI-AML3 cell proliferation by ~78% and ~80%, 
respectively (Figure 3A). These results are consistent 
with the corresponding findings using the Annexin V 
apoptosis assay. Exposure of KBU and OCI-AML3 cells 
to (Thio+ABT199/venetoclax) increased Annexin V 
positivity by ~23% and ~39% compared with the control, 
respectively; exposure of KBU and OCI-AML3 cells to 
the five-drug combination increased Annexin V positivity 
by ~60% and ~84% relative to the control, respectively 
(Figure 3B). We then determined the combination indexes 

for Thio+ABT199 with Bu and individual nucleoside 
analogs; the CI values for (Thio+ABT199+Flu+Bu) and 
(Thio+ABT199+Clad+Bu) in KBU and OCI-AML3 cells 
were less than 1.0, suggesting synergistic cytotoxicity 
(Figure 3C). 

(Thio+ABT199/venetoclax+Flu+Clad+Bu+) 
combination activates apoptosis

The increase in Annexin V-positive cells in the 
presence of the five-drug combination (Figure 3B) 
indicates marked induction of apoptosis in KBU and OCI-
AML3 cells. This observation is further supported by the 
observed cleavage of PARP1, Caspase 3 and HSP90, and 
down-regulation of anti-apoptotic proteins, including 
BCL-2, BCL-xL and MCL-1 (Figure 4A). Moreover, 
exposure of cells to the five-drug combination increased 
DNA fragmentation, a biochemical hallmark of apoptosis 
[29], as determined by agarose gel analysis (Figure 4B), 
suggesting activation of caspase-dependent nuclear 
DNase. 

To further determine the mechanism underlying 
drug-induced apoptosis, changes in the mitochondrial 
membrane potential (MMP) were analyzed. The relative 
monomeric (cytoplasmic) and aggregated (mitochondrial) 
forms of JC-1 were measured by flow cytometry: an 
increased monomeric/aggregated JC-1 ratio would suggest 
leakage of JC-1 from the mitochondria to the cytoplasm 
due to depolarization of the mitochondrial membrane. 
Exposure of KBU cells to (Thio+ABT199/venetoclax) 
and (Thio+ABT199/venetoclax+Flu+Clad+Bu) did indeed 
increase the ratio of monomeric/aggregated JC-1 from 
0.042 (Control) to 1.0 and 13.8, respectively, suggesting 
a decreased MMP (Figure 4C). Exposure of OCI-AML3 
cells to (Thio+ABT199/venetoclax) and (Thio+ABT199/
venetoclax+Flu+Clad+Bu) likewise increased this ratio 
from 0.064 (Control) to 1.38 and 9.58, respectively; 
exposure of OCI-AML3 cells to (Thio+Flu+ABT199), 

Figure 2:  The combination of thiotepa (Thio) and ABT199/venetoclax (ABT199) activates (A) apoptosis, (B) DNA damage response, and 
(C) stress signaling pathways. Cells were exposed to drugs for 48 h and analyzed by Western blotting.
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(ABT199+Flu+Bu), (Thio+ABT199+Flu+Bu), and 
(ABT199+Flu+Clad+Bu) combinations resulted in a 
monomeric/aggregated JC-1 ratio similar to the five-drug 
combination (Figure 4C). 

The observed decreases in MMP, activation 
of caspase 3, and chromosomal DNA fragmentation 
collectively suggest upregulation of pro-apoptotic 
factors that may contribute to the (Thio+ABT199/
venetoclax+Flu+Clad+Bu)-mediated induction of 
apoptosis in AML cell lines. 

(Thio+ABT199/venetoclax+Flu+Clad+Bu) 
combination activates stress-mediated signal 
transduction pathways

Since (Thio+ABT199/venetoclax) increased 
the phosphorylation of SAPK/JNK and decreased the 
level of P-PI3Kp85 (Y458) (Figure 2C), we sought 
to determine if the addition of (Flu+Clad+Bu) would 
enhance these events. Exposure of KBU cells to 0.6 
µg/mL Thio and 1.5 nM ABT199/venetoclax (TA in 

Figure 3: Addition of busulfan (Bu/B), fludarabine (Flu/F) and cladribine (Clad/C) increases the cytotoxicity of 
combined thiotepa (Thio/T) and ABT199/venetoclax (ABT199/A).  Cells were exposed to the indicated drug concentrations 
for 48 h and analyzed for cell proliferation (Panel (A), MTT assay), and cell death (Panel (B), Annexin V assay). (C) Drug synergism was 
determined as described in Figure 1C. 
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Figure 5) increased the phosphorylation of SAPK/
JNK and decreased the phosphorylation of PI3Kp85; 
these effects were further enhanced when cells were 
exposed to the five-drug combination (Figure 5), 
suggesting increased activation of stress-mediated 
signal transduction pathways. Similarly, exposure of 
MOLM14 cells to (Thio+ABT199/venetoclax) increased 
the phosphorylation of SAPK/JNK and decreased the 
level of P-PI3Kp85 (Y458), consistent with Figure 
2C. Addition of (Flu+Clad+Bu) further decreased the 

level of P-PI3Kp85 (Y458) but did not enhance the 
phosphorylation of SAPK/JNK; all drug combinations 
decreased the level of PI3Kp85 (Figure 5).

(Thio+ABT199/venetoclax+Flu+Clad+Bu) 
combination has similar synergistic effects in 
patient-derived leukemia cells

To assess the potential clinical extension of our 
findings, cells from patients with leukemia were exposed 

Figure 4: Effects of various drug combinations on the levels and modifications of proteins involved in cell death and 
survival. Cells were exposed to various drugs, individually or in combination, for 48 h and analyzed by (A) Western blotting, (B) agarose 
gel electrophoresis for DNA fragmentation, and (C) flow cytometry using JC-1 assay for changes in mitochondrial membrane potential. 
Abbreviations are the same as in Figure 3.
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to (Thio+ABT199/venetoclax), (Flu+Clad+Bu), or 
(Thio+ABT199/venetoclax+Flu+Clad+Bu) and analyzed 
by Western blotting. Increased cleavage of both Caspase 
3 and PARP1 was observed in leukemia cells treated with 
the five-drug combination, suggesting enhanced activation 
of the apoptotic pathway (Figure 6). Phosphorylation of 
histone 2AX was also apparent in cells exposed to the 
five-drug combination, suggesting DNA double-strand 
break formation and activation of the DNA-damage 
response (Figure 6). These findings suggest synergistic 
effects of (Thio+ABT199/venetoclax+Flu+Clad+Bu) 
in cells derived from patients with leukemia involving 
mechanisms similar to those seen in the cultured cell lines. 

DISCUSSION

Preclinical and clinical studies have demonstrated 
the efficacy of combining ABT199/venetoclax with DNA 
hypomethylating agents and nucleoside analogs [30–34]. 
Our present study shows the synergistic interactions of 
ABT199/venetoclax with Thio in AML cell lines. The two-
drug combination activates apoptosis, the DNA-damage 
response, and other signal transduction pathways related 
to cellular stress responses. These effects are further 
enhanced in combination with Flu, Clad and Bu. 

The cytotoxicity of the (Thio+ABT199/venetoclax) 
combination is potentially mediated at the level of the 

Figure 5: Effects of various drug combinations on the levels and modifications of proteins involved in key signal 
transduction pathways. Cells were exposed to various drugs, individually or in combination, for 48 h and analyzed by Western blotting. 
Abbreviations are the same as in Figure 3.

Figure 6: Effects of various drug combinations on molecular markers of apoptosis in patient-derived cell samples. 
Mononuclear cells were isolated from peripheral blood of patients with leukemia (upper panel) and exposed to the indicated drugs for 
48 h prior to analysis by Western blotting (lower panel). Abbreviations are the same as in Figure 3. Drug concentrations: Patients 1 and 
3: 0.8 µg/ml Thio, 50 nM ABT199, 15 µg/ml Bu, 0.18 µM Flu, 50 nM Clad; Patient 2: 0.6 µg/ml Thio, 20 nM ABT199, 12 µg/ml Bu, 
0.18 µM Flu, 60 nM Clad.
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initial DNA damage invoked by the alkylating agent 
Thio as suggested by the increased phosphorylation of 
histone 2AX, a known DNA damage molecular marker 
(Figure 2B) [24]. This observation is consistent with the 
increased phosphorylation of CHK1, CHK2 and SMC1, 
known substrates for ATM kinase (Figure 2B) [35]. The 
activation of the DNA-damage response (Figure 2B) is 
possibly involved in sending stress signals from the nucleus 
to the mitochondria leading to activation of Caspase 3 by 
cleavage (Figure 2A), concomitantly leading to activation 
of apoptosis. This finding is consistent with the activation of 
the stress-activated protein kinase/c-Jun N-terminal kinase 
(SAPK/JNK) signal transduction pathway (Figure 2C), 
which is known to transmit and convert stress signaling into 
apoptosis signaling in various cell types [26], and with the 
inhibition of phosphorylation of the PI3K regulatory subunit 
p85 (Figure 2C), a known cell survival protein which is 
constitutively activated by phosphorylation in most cancer 
cells [36]. Moreover, the Thio-mediated DNA damage 
likely resulted in the observed acetylation and methylation 
of histones (Figure 2A) and consequently induced 
chromatin remodeling, thereby enhancing the susceptibility 
of the genomic DNA to further alkylation by Thio. 

All of these signal transduction events potentially 
lead to cell death unless they are overcome by the activity 
of pro-survival proteins such as BCL-2. Addition of 
a BCL-2 inhibitor such as ABT199/venetoclax thus 
presumably facilitated the commitment of the tumor 
cells to undergo apoptosis. The efficacy of such drug 
combinations is further shown by the cleavage of HSP90 
and decreased level of c-MYC, two pro-survival proteins 
(Figure 2A) [37, 38]. 

The observed synergism of Thio and ABT199/
venetoclax and the implied increased levels/complexity of 
DNA damage also provides a platform for combining these 
drugs with other chemotherapeutic agents. Our results 
show that combination of (Thio+ABT199/venetoclax) 
with (Flu+Clad+Bu) efficiently inhibited cell proliferation 
and strongly activated apoptosis in AML cell lines and 
patient-derived cell samples (Figures 3–6). We previously 
suggested that chromatin remodeling is an important 
intermediary in the efficacy and synergism of nucleoside 
analog-alkylating agent combinations [39]; in particular, 
nucleoside analogs (Flu and Clad) induce changes in the 
chromatin structure that confer a greater susceptibility 
of the DNA to alkylating agents (such as Thio and Bu). 
Although Thio and Bu can both potentially form DNA 
adducts and cross-linked DNA strands, the known 
radiomimetic activity of Thio [19] could additionally 
cause increased genomic insults by DNA strand cleavage. 
The combination of DNA damage and inhibition of the 
anti-apoptotic BCL-2 protein by ABT199/venetoclax 
likely contributed to committing the cells to apoptosis.

Our results have potential relevance in overcoming 
ABT199/venetoclax resistance in AML. Reprogrammed 
energy metabolism and overexpression of the antiapoptotic 

BCL-2 family members MCL-1 and BCL-xL have been 
partly associated with ABT199/venetoclax resistance [3, 
40, 41]. Use of MCL-2 inhibitors may not be ideal for 
overcoming such resistance due to their associated cardiac 
toxicity [42, 43]. The ability of the (Thio+ABT199/
venetoclax+Flu+Clad+Bu) combination to decrease the 
levels of BCL-2, BCL-xL and MCL-1 in both KBU and 
OCI-AML3 cells (Figure 4A) suggests that it might be 
useful as a combinatorial treatment for tumor cells that 
are resistant to ABT199/venetoclax.

Another challenge for practitioners in treating AML 
patients is the presence of inactive tumor suppressor P53 
and positivity for FLT3-ITD mutations, both of which are 
associated with poor prognosis [44, 45]. Encouragingly, 
the synergistic interactions of (Thio+ABT199/
venetoclax+Flu+Clad+Bu) were observed in P53-
negative (KBU) and FLT3-positive (MOLM14) cell lines, 
which suggests that the five-drug combination might be 
efficacious in AML patients who are refractory to other 
treatments due to these mutations. 

In conclusion, our results provide a molecular 
explanation for the synergistic cytotoxicity of ABT199/
venetoclax and Thio, which may prove useful for 
induction therapy for AML. Moreover, addition of this 
two-drug combination to (Flu+Clad+Bu) may provide an 
even more efficacious pre-transplant regimen for AML 
patients undergoing HSCT. 

MATERIALS AND METHODS

Cell lines and drugs

KBM3/Bu2506 (KBU) is an AML cell line 
established from one of our patients and made resistant 
to Bu as described previously [46]. The OCI-AML3 and 
MOLM14 AML cell lines were provided by Dr. Michael 
Andreeff’s laboratory (University of Texas MD Anderson 
Cancer Center (UTMDACC), Houston, TX, USA). Cells 
were grown in Roswell Park Memorial Institute (RPMI) 
1640 medium (Thermo Fisher Scientific, Waltham, 
MA, USA) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS: Gemini Bio-products, West 
Sacramento, CA, USA) and 100 IU/mL penicillin and 100 
μg/mL streptomycin at 37°C in a humidified atmosphere of 
5% CO2 in air. Thiotepa, ABT199/venetoclax, fludarabine 
and cladribine were purchased from Selleck Chemicals 
LLC (Houston, TX, USA). Busulfan was obtained from 
MilliporeSigma (St. Louis, MO, USA); it was dissolved in 
dimethylsulfoxide immediately prior to each experiment.

Patient samples

Leukemia cell samples were isolated from patients’ 
peripheral blood using lymphocyte separation medium 
(Thermo Fisher Scientific) and incubated in suspension 
in the RPMI 1640 medium described above. Patient 1 had 
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T-cell prolymphocytic leukemia (T-PLL), patient 2 had 
mixed phenotype acute leukemia and patient 3 had AML. 
Patient samples were collected after obtaining written 
informed consent, and all studies using these samples were 
performed under a protocol approved by the Institutional 
Review Board of the UT MD Anderson Cancer Center, in 
accordance with the Declaration of Helsinki.

Cytotoxicity and apoptosis assays

Cells (6 mL of 0.5 × 106 cells/mL) in T25 flasks 
were exposed to drugs, alone or in combination, for 48 h, 
aliquoted (100 μL) into 96-well plates and analyzed by 
the 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) assay [47]. Briefly, 30 μL of 2 mg/mL 
MTT reagent (MilliporeSigma) in phosphate-buffered 
saline (PBS) was added per well and incubated for 4 h at 
37°C. The solid reaction product was dissolved by adding 
100 μL of solubilization solution (0.1 N HCl in isopropanol 
containing 10% Triton X-100) to each well, mixing, and 
incubating at 37°C overnight. Absorbance at 570 nm was 
measured using a Victor X3 plate reader (Perkin Elmer Life 
and Analytical Sciences, Shelton, CT, USA). The number of 
metabolically active (MTT-positive) cells was determined 
relative to the control cells exposed to solvent alone.

Apoptosis was determined by flow-cytometric 
measurements of phosphatidylserine externalization [48] 
with Annexin-V-FLUOS (Roche Diagnostics, Indianapolis, 
IN, USA) and 7-aminoactinomycin D (BD Biosciences, 
San Jose, CA, USA) using a Muse Cell Analyzer 
(MilliporeSigma). Drug combination effects were estimated 
based on the combination index (CI) values [49] calculated 
using the CompuSyn software (Combo Syn, Inc., Paramus, 
NJ, USA). This program was developed based on the 
median-effect method in which a CI < 1 indicates synergy, 
a CI ≈ 1 is additive, and a CI > 1 suggests antagonism.

Western blot analysis

Cells exposed to solvent or drug(s) were collected 
by centrifugation, washed with cold PBS, and lysed with 
cell lysis buffer (Cell Signaling Technology, Danvers, 
MA, USA). The protein concentrations were determined 
using a BCA Protein Assay kit (Thermo Fisher Scientific). 
Proteins were resolved on polyacrylamide-SDS gels 
and blotted onto nitrocellulose membranes (Bio-Rad, 
Hercules, CA, USA). Western blot analyses were done 
using the Immobilon Western Chemiluminescent HRP 
Substrate (MilliporeSigma). The sources of the antibodies 
and their optimum dilutions are available upon request.

Analysis of changes in mitochondrial membrane 
potential (MMP)

Cellular changes in the MMP were assessed 
using a JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-

tetraethylbenzimidazolylcarbo cyanine iodide) 
Mitochondrial Membrane Potential Assay Kit (Cayman 
Chemical, Ann Arbor, MI, USA). Cells were exposed 
to drug(s) for 48 h and 0.5 mL of cell suspension was 
aliquoted into 5-mL tubes. Diluted (1:10 with cell growth 
medium), 4 μL MMP-sensitive fluorescent dye JC-1 
reagent was added to each tube, incubated at 37°C for 20 
min, and immediately analyzed by flow cytometry (λex = 
488 nm) using the 530-nm (FL-1 channel, green) and 585-
nm (FL-2 channel, red) band-pass filters simultaneously. 
Healthy cells with functional mitochondria and high MMP 
exhibit red fluorescence (aggregated JC-1), whereas cells 
with disrupted mitochondria and low MMP show green 
fluorescence (monomeric JC-1). The ratio of monomeric/
aggregated JC-1 was then calculated.

Abbreviations

AML: acute myeloid leukemia; Ann V: annexin V; 
BCL-2: B-cell lymphoma 2; Bu: busulfan; CI: combination 
index; Clad: cladribine; Clo: clofarabine; Fa: fraction 
affected; Flu: fludarabine; h: hours; γ-H2AX: phosphorylated 
histone 2AX; HSCT: hematopoietic stem cell transplantation; 
JC-1: 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl 
carbocyanine iodide; min: minutes; MMP: mitochondrial 
membrane potential; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide; SAPK/JNK: stress-activated 
protein kinase/c-Jun N-terminal kinase; Thio: thiotepa.

Author contributions

BCV contributed to the conception and design of 
the study, analysis, and interpretation of data, and drafted 
the manuscript. BY provided technical support and helped 
in data acquisition. DM helped in data interpretation and 
writing the manuscript. JLR, UP, YN and BSA provided 
expertise on the interpretation and analysis of results and 
writing the manuscript. BSA was responsible for the research 
approach, funding, analysis of data and critical revision of 
the article. All authors have read and approved the article.

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

ETHICAL STATEMENT

All studies using these samples were performed 
under a protocol approved by the Institutional Review 
Board of the UT MD Anderson Cancer Center, in 
accordance with the Declaration of Helsinki.

CONSENT

Patient samples were collected after obtaining 
written informed consent.



Oncotarget229www.oncotarget.com

FUNDING

Part of this research was performed in the Flow 
Cytometry and Cellular Imaging Facility, which is 
supported in part by the National Institutes of Health 
through M.D. Anderson’s Cancer Center Support Grant 
CA016672. This work was also supported by the Stephen 
L. and Lavinia Boyd Fund for Leukemia Research and by 
funds donated by grateful patients.

REFERENCES

1. Galgano L, Hutt D. HSCT: How Does It Work? In: Kenyon 
M, Babic A, editors. The European Blood and Marrow 
Transplantation Textbook for Nurses: Under the Auspices 
of EBMT. Cham (CH): Springer; 2018; Chapter 2.

2. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron 
ND, Chen J, Dayton BD, Ding H, Enschede SH, Fairbrother 
WJ, Huang DC, Hymowitz SG, Jin S, et al. ABT-199, a 
potent and selective BCL-2 inhibitor, achieves antitumor 
activity while sparing platelets. Nat Med. 2013; 19:202–8. 
https://doi.org/10.1038/nm.3048. [PubMed]

3. Pan R, Hogdal LJ, Benito JM, Bucci D, Han L, Borthakur 
G, Cortes J, DeAngelo DJ, Debose L, Mu H, Döhner H, 
Gaidzik VI, Galinsky I, et al. Selective BCL-2 inhibition 
by ABT-199 causes on-target cell death in acute myeloid 
leukemia. Cancer Discov. 2014; 4:362–75. https://doi.
org/10.1158/2159-8290.CD-13-0609. [PubMed]

4. Aldoss I, Yang D, Aribi A, Ali H, Sandhu K, Al Malki MM, 
Mei M, Salhotra A, Khaled S, Nakamura R, Snyder D, 
O’Donnell M, Stein AS, et al. Efficacy of the combination 
of venetoclax and hypomethylating agents in relapsed/
refractory acute myeloid leukemia. Haematologica. 2018; 
103:e404–7. https://doi.org/10.3324/haematol.2018.188094. 
[PubMed]

5. DiNardo CD, Pratz K, Pullarkat V, Jonas BA, Arellano M, 
Becker PS, Frankfurt O, Konopleva M, Wei AH, Kantarjian 
HM, Xu T, Hong WJ, Chyla B, et al. Venetoclax combined 
with decitabine or azacitidine in treatment-naive, elderly 
patients with acute myeloid leukemia. Blood. 2019; 
133:7–17. https://doi.org/10.1182/blood-2018-08-868752. 
[PubMed]

6. Kokolo MB, Fergusson D, O’Neill J, Tay J, Tinmouth AT, 
Stewart D, Bredeson C. Effectiveness and safety of thiotepa 
as conditioning treatment prior to stem cell transplant in 
patients with central nervous system lymphoma. Leuk 
Lymphoma. 2014; 55:2712–20. https://doi.org/10.3109/10
428194.2014.889825. [PubMed]

7. Mehta RS, Di Stasi A, Andersson BS, Nieto Y, Jones R, de 
Lima M, Hosing C, Popat U, Kebriaei P, Oran B, Alousi 
A, Rezvani K, Qazilbash M, et al. The development of a 
myeloablative, reduced-toxicity, conditioning regimen for 
cord blood transplantation. Clin Lymphoma Myeloma Leuk. 
2014; 14:e1–5. https://doi.org/10.1016/j.clml.2013.08.006. 
[PubMed]

 8. Nishikori M, Masaki Y, Fujii N, Ikeda T, Takahara-
Matsubara M, Sugimoto S, Kondo E. An expanded-
access clinical study of thiotepa (DSP-1958) high-dose 
chemotherapy before autologous hematopoietic stem cell 
transplantation in patients with malignant lymphoma. Int 
J Hematol. 2022; 115:391–98. https://doi.org/10.1007/
s12185-021-03263-y. [PubMed]

 9. Fraser A, Castillo P, Cascio E, Moore-Higgs G, Farhadfar 
N, Fort J, Slayton W, Lamba J, Horn B. Feasibility study 
of busulfan, fludarabine, and thiotepa conditioning regimen 
for allogeneic hematopoietic stemcell transplantationfor 
children and young adults with nonmalignant disorders. 
Pediatr Blood Cancer. 2023; 70:e30322. https://doi.
org/10.1002/pbc.30322. [PubMed]

10. Ciurea SO, Andersson BS. Busulfan in hematopoietic stem 
cell transplantation. Biol Blood Marrow Transplant. 2009; 
15:523–36. https://doi.org/10.1016/j.bbmt.2008.12.489. 
[PubMed]

11. Valdez BC, Li Y, Murray D, Champlin RE, Andersson BS. 
The synergistic cytotoxicity of clofarabine, fludarabine and 
busulfan in AML cells involves ATM pathway activation 
and chromatin remodeling. Biochem Pharmacol. 2011; 
81:222–32. https://doi.org/10.1016/j.bcp.2010.09.027. 
[PubMed]

12. Andersson BS, Valdez BC, de Lima M, Wang X, Thall 
PF, Worth LL, Popat U, Madden T, Hosing C, Alousi A, 
Rondon G, Kebriaei P, Shpall EJ, et al. Clofarabine ± 
fludarabine with once daily i.v. busulfan as pretransplant 
conditioning therapy for advanced myeloid leukemia and 
MDS. Biol Blood Marrow Transplant. 2011; 17:893–900. 
https://doi.org/10.1016/j.bbmt.2010.09.022. [PubMed]

13. Rakszawski K, Miki K, Claxton D, Wagner H, Shike 
H, Mineishi S, Naik S. Clofarabine followed by 
haploidentical stem cell transplant using fludarabine, 
busulfan, and total-body irradiation with post-transplant 
cyclophosphamide in non-remission AML. Int J Hematol. 
2018; 108:348–50. https://doi.org/10.1007/s12185-018-
2431-5. [PubMed]

14. Andersson BS, Thall PF, Ma J, Valdez BC, Bassett R Jr, 
Chen J, Ahmed S, Alousi A, Bashir Q, Ciurea S, Gulbis A, 
Cool R, Kawedia J, et al. A randomized phase III study of 
pretransplant conditioning for AML/MDS with fludarabine 
and once daily IV busulfan ± clofarabine in allogeneic 
stem cell transplantation. Bone Marrow Transplant. 2022; 
57:1295–303. https://doi.org/10.1038/s41409-022-01705-7. 
[PubMed]

15. Versluijs AB, de Koning CCH, Lankester AC, Nierkens 
S, Kollen WJ, Bresters D, Lindemans CA, Boelens JJ, 
Bierings M. Clofarabine-fludarabine-busulfan in HCT for 
pediatric leukemia: an effective, low toxicity, TBI-free 
conditioning regimen. Blood Adv. 2022; 6:1719–30. https://
doi.org/10.1182/bloodadvances.2021005224. [PubMed]

16. Valdez BC, Li Y, Murray D, Ji J, Liu Y, Popat U, Champlin 
RE, Andersson BS. Comparison of the cytotoxicity of 
cladribine and clofarabine when combined with fludarabine 

https://doi.org/10.1038/nm.3048
https://pubmed.ncbi.nlm.nih.gov/23291630
https://doi.org/10.1158/2159-8290.CD-13-0609
https://doi.org/10.1158/2159-8290.CD-13-0609
https://pubmed.ncbi.nlm.nih.gov/24346116
https://doi.org/10.3324/haematol.2018.188094
https://pubmed.ncbi.nlm.nih.gov/29545346
https://doi.org/10.1182/blood-2018-08-868752
https://pubmed.ncbi.nlm.nih.gov/30361262
https://doi.org/10.3109/10428194.2014.889825
https://doi.org/10.3109/10428194.2014.889825
https://pubmed.ncbi.nlm.nih.gov/24491026
https://doi.org/10.1016/j.clml.2013.08.006
https://pubmed.ncbi.nlm.nih.gov/24169268
https://doi.org/10.1007/s12185-021-03263-y
https://doi.org/10.1007/s12185-021-03263-y
https://pubmed.ncbi.nlm.nih.gov/34826108
https://doi.org/10.1002/pbc.30322
https://doi.org/10.1002/pbc.30322
https://pubmed.ncbi.nlm.nih.gov/37046407
https://doi.org/10.1016/j.bbmt.2008.12.489
https://pubmed.ncbi.nlm.nih.gov/19361744
https://doi.org/10.1016/j.bcp.2010.09.027
https://pubmed.ncbi.nlm.nih.gov/20933509
https://doi.org/10.1016/j.bbmt.2010.09.022
https://pubmed.ncbi.nlm.nih.gov/20946966
https://doi.org/10.1007/s12185-018-2431-5
https://doi.org/10.1007/s12185-018-2431-5
https://pubmed.ncbi.nlm.nih.gov/29542029
https://doi.org/10.1038/s41409-022-01705-7
https://pubmed.ncbi.nlm.nih.gov/35610308
https://doi.org/10.1182/bloodadvances.2021005224
https://doi.org/10.1182/bloodadvances.2021005224
https://pubmed.ncbi.nlm.nih.gov/34781362


Oncotarget230www.oncotarget.com

and busulfan in AML cells: Enhancement of cytotoxicity 
with epigenetic modulators. Exp Hematol. 2015; 43:448–
61.e2. https://doi.org/10.1016/j.exphem.2015.02.001. 
[PubMed]

17. Andersson BS, Valdez BC, Jones RB. Pharmacologic basis 
for high-dose chemotherapy. In: Forman SJ, Negrin RS, 
Antin JH, Appelbaum FR, (Ed). Thomas’ Hematopoietic 
Cell Transplantation. 5th Ed. John Wiley & Sons, Ltd.: West 
Sussex, UK; 2016; 211–22.

18. Valdez BC, Murray D, Yuan B, Nieto Y, Popat U, Andersson 
BS. ABT199/venetoclax potentiates the cytotoxicity 
of alkylating agents and fludarabine in acute myeloid 
leukemia cells. Oncotarget. 2022; 13:319–30. https://doi.
org/10.18632/oncotarget.28193. [PubMed]

19. Kheffache D, Ouamerali O. Some physicochemical 
properties of the antitumor drug thiotepa and its metabolite 
tepa as obtained by density functional theory (DFT) 
calculations. J Mol Model. 2010; 16:1383–90. https://doi.
org/10.1007/s00894-010-0658-z. [PubMed]

20. Boulares AH, Yakovlev AG, Ivanova V, Stoica BA, Wang G, 
Iyer S, Smulson M. Role of poly(ADP-ribose) polymerase 
(PARP) cleavage in apoptosis. Caspase 3-resistant PARP 
mutant increases rates of apoptosis in transfected cells. 
J Biol Chem. 1999; 274:22932–40. https://doi.org/10.1074/
jbc.274.33.22932. [PubMed]

21. Fritsch J, Fickers R, Klawitter J, Särchen V, Zingler P, Adam 
D, Janssen O, Krause E, Schütze S. TNF induced cleavage 
of HSP90 by cathepsin D potentiates apoptotic cell death. 
Oncotarget. 2016; 7:75774–89. https://doi.org/10.18632/
oncotarget.12411. [PubMed]

22. Park S, Jeon JH, Park JA, Choi JK, Lee Y. Cleavage of 
HSP90β induced by histone deacetylase inhibitor and 
proteasome inhibitor modulates cell growth and apoptosis. 
Cell Stress Chaperones. 2021; 26:129–39. https://doi.
org/10.1007/s12192-020-01161-6. [PubMed]

23. Hunt CR, Ramnarain D, Horikoshi N, Iyengar P, Pandita 
RK, Shay JW, Pandita TK. Histone modifications and 
DNA double-strand break repair after exposure to ionizing 
radiations. Radiat Res. 2013; 179:383–92. https://doi.
org/10.1667/RR3308.2. [PubMed]

24. Sharma A, Singh K, Almasan A. Histone H2AX 
phosphorylation: a marker for DNA damage. Methods Mol 
Biol. 2012; 920:613–26. https://doi.org/10.1007/978-1-
61779-998-3_40. [PubMed]

25. Lee JH, Paull TT. Cellular functions of the protein kinase 
ATM and their relevance to human disease. Nat Rev Mol 
Cell Biol. 2021; 22:796–814. https://doi.org/10.1038/
s41580-021-00394-2. [PubMed]

26. Aoki H, Kang PM, Hampe J, Yoshimura K, Noma T, 
Matsuzaki M, Izumo S. Direct activation of mitochondrial 
apoptosis machinery by c-Jun N-terminal kinase in adult 
cardiac myocytes. J Biol Chem. 2002; 277:10244–50. 
https://doi.org/10.1074/jbc.M112355200. [PubMed]

27. Zhao HF, Wang J, Tony To SS. The phosphatidylinositol 
3-kinase/Akt and c-Jun N-terminal kinase signaling in cancer: 

Alliance or contradiction? (Review). Int J Oncol. 2015; 
47:429–36. https://doi.org/10.3892/ijo.2015.3052. [PubMed]

28. Zhang J, Gao Z, Ye J. Phosphorylation and degradation of 
S6K1 (p70S6K1) in response to persistent JNK1 Activation. 
Biochim Biophys Acta. 2013; 1832:1980–88. https://doi.
org/10.1016/j.bbadis.2013.06.013. [PubMed]

29. Zhang JH, Xu M. DNA fragmentation in apoptosis. 
Cell Res. 2000; 10:205–11. https://doi.org/10.1038/
sj.cr.7290049. [PubMed]

30. Tsao T, Shi Y, Kornblau S, Lu H, Konoplev S, Antony 
A, Ruvolo V, Qiu YH, Zhang N, Coombes KR, Andreeff 
M, Kojima K, Konopleva M. Concomitant inhibition 
of DNA methyltransferase and BCL-2 protein function 
synergistically induce mitochondrial apoptosis in acute 
myelogenous leukemia cells. Ann Hematol. 2012; 91:1861–
70. https://doi.org/10.1007/s00277-012-1537-8. [PubMed]

31. Bogenberger JM, Delman D, Hansen N, Valdez R, 
Fauble V, Mesa RA, Tibes R. Ex vivo activity of BCL-2 
family inhibitors ABT-199 and ABT-737 combined with 
5-azacytidine in myeloid malignancies. Leuk Lymphoma. 
2015; 56:226–29. https://doi.org/10.3109/10428194.2014.
910657. [PubMed]

32. DiNardo CD, Jonas BA, Pullarkat V, Thirman MJ, Garcia 
JS, Wei AH, Konopleva M, Döhner H, Letai A, Fenaux 
P, Koller E, Havelange V, Leber B, et al. Azacitidine 
and Venetoclax in Previously Untreated Acute Myeloid 
Leukemia. N Engl J Med. 2020; 383:617–29. https://doi.
org/10.1056/NEJMoa2012971. [PubMed]

33. Samra B, Konopleva M, Isidori A, Daver N, DiNardo 
C. Venetoclax-Based Combinations in Acute Myeloid 
Leukemia: Current Evidence and Future Directions. 
Front Oncol. 2020; 10:562558. https://doi.org/10.3389/
fonc.2020.562558. [PubMed]

34. Kadia TM, Reville PK, Wang X, Rausch CR, Borthakur 
G, Pemmaraju N, Daver NG, DiNardo CD, Sasaki K, Issa 
GC, Ohanian M, Montalban-Bravo G, Short NJ, et al. Phase 
II Study of Venetoclax Added to Cladribine Plus Low-
Dose Cytarabine Alternating With 5-Azacitidine in Older 
Patients With Newly Diagnosed Acute Myeloid Leukemia. 
J Clin Oncol. 2022; 40:3848–57. https://doi.org/10.1200/
JCO.21.02823. [PubMed]

35. Kastan MB, Lim DS. The many substrates and functions of 
ATM. Nat Rev Mol Cell Biol. 2000; 1:179–86. https://doi.
org/10.1038/35043058. [PubMed]

36. Cantley LC. The phosphoinositide 3-kinase pathway. 
Science. 2002; 296:1655–57. https://doi.org/10.1126/
science.296.5573.1655. [PubMed]

37. Lang BJ, Prince TL, Okusha Y, Bunch H, Calderwood SK. 
Heat shock proteins in cell signaling and cancer. Biochim 
Biophys Acta Mol Cell Res. 2022; 1869:119187. https://doi.
org/10.1016/j.bbamcr.2021.119187. [PubMed]

38. Regan PL, Jacobs J, Wang G, Torres J, Edo R, Friedmann 
J, Tang XX. Hsp90 inhibition increases p53 expression 
and destabilizes MYCN and MYC in neuroblastoma. Int J 
Oncol. 2011; 38:105–12. [PubMed]

https://doi.org/10.1016/j.exphem.2015.02.001
https://pubmed.ncbi.nlm.nih.gov/25704054
https://doi.org/10.18632/oncotarget.28193
https://doi.org/10.18632/oncotarget.28193
https://pubmed.ncbi.nlm.nih.gov/35154579
https://doi.org/10.1007/s00894-010-0658-z
https://doi.org/10.1007/s00894-010-0658-z
https://pubmed.ncbi.nlm.nih.gov/20155478
https://doi.org/10.1074/jbc.274.33.22932
https://doi.org/10.1074/jbc.274.33.22932
https://pubmed.ncbi.nlm.nih.gov/10438458
https://doi.org/10.18632/oncotarget.12411
https://doi.org/10.18632/oncotarget.12411
https://pubmed.ncbi.nlm.nih.gov/27716614
https://doi.org/10.1007/s12192-020-01161-6
https://doi.org/10.1007/s12192-020-01161-6
https://pubmed.ncbi.nlm.nih.gov/32869129
https://doi.org/10.1667/RR3308.2
https://doi.org/10.1667/RR3308.2
https://pubmed.ncbi.nlm.nih.gov/23373901
https://doi.org/10.1007/978-1-61779-998-3_40
https://doi.org/10.1007/978-1-61779-998-3_40
https://pubmed.ncbi.nlm.nih.gov/22941631
https://doi.org/10.1038/s41580-021-00394-2
https://doi.org/10.1038/s41580-021-00394-2
https://pubmed.ncbi.nlm.nih.gov/34429537
https://doi.org/10.1074/jbc.M112355200
https://pubmed.ncbi.nlm.nih.gov/11786558
https://doi.org/10.3892/ijo.2015.3052
https://pubmed.ncbi.nlm.nih.gov/26082006
https://doi.org/10.1016/j.bbadis.2013.06.013
https://doi.org/10.1016/j.bbadis.2013.06.013
https://pubmed.ncbi.nlm.nih.gov/23816567
https://doi.org/10.1038/sj.cr.7290049
https://doi.org/10.1038/sj.cr.7290049
https://pubmed.ncbi.nlm.nih.gov/11032172
https://doi.org/10.1007/s00277-012-1537-8
https://pubmed.ncbi.nlm.nih.gov/22893484
https://doi.org/10.3109/10428194.2014.910657
https://doi.org/10.3109/10428194.2014.910657
https://pubmed.ncbi.nlm.nih.gov/24707940
https://doi.org/10.1056/NEJMoa2012971
https://doi.org/10.1056/NEJMoa2012971
https://pubmed.ncbi.nlm.nih.gov/32786187
https://doi.org/10.3389/fonc.2020.562558
https://doi.org/10.3389/fonc.2020.562558
https://pubmed.ncbi.nlm.nih.gov/33251134
https://doi.org/10.1200/JCO.21.02823
https://doi.org/10.1200/JCO.21.02823
https://pubmed.ncbi.nlm.nih.gov/35704787
https://doi.org/10.1038/35043058
https://doi.org/10.1038/35043058
https://pubmed.ncbi.nlm.nih.gov/11252893
https://doi.org/10.1126/science.296.5573.1655
https://doi.org/10.1126/science.296.5573.1655
https://pubmed.ncbi.nlm.nih.gov/12040186
https://doi.org/10.1016/j.bbamcr.2021.119187
https://doi.org/10.1016/j.bbamcr.2021.119187
https://pubmed.ncbi.nlm.nih.gov/34906617
https://pubmed.ncbi.nlm.nih.gov/21109931


Oncotarget231www.oncotarget.com

39. Valdez BC, Nieto Y, Murray D, Li Y, Wang G, Champlin 
RE, Andersson BS. Epigenetic modifiers enhance the 
synergistic cytotoxicity of combined nucleoside analog-
DNA alkylating agents in lymphoma cell lines. Exp 
Hematol. 2012; 40:800–10. https://doi.org/10.1016/j.
exphem.2012.06.001. [PubMed]

40. Konopleva M, Pollyea DA, Potluri J, Chyla B, Hogdal 
L, Busman T, McKeegan E, Salem AH, Zhu M, Ricker 
JL, Blum W, DiNardo CD, Kadia T, et al. Efficacy and 
Biological Correlates of Response in a Phase II Study 
of Venetoclax Monotherapy in Patients with Acute 
Myelogenous Leukemia. Cancer Discov. 2016; 6:1106–17. 
https://doi.org/10.1158/2159-8290.CD-16-0313. [PubMed]

41. Jones CL, Stevens BM, D’Alessandro A, Reisz JA, 
Culp-Hill R, Nemkov T, Pei S, Khan N, Adane B, Ye H, 
Krug A, Reinhold D, Smith C, et al. Inhibition of Amino 
Acid Metabolism Selectively Targets Human Leukemia 
Stem Cells. Cancer Cell. 2019; 35:333–35. https://doi.
org/10.1016/j.ccell.2019.01.013. [PubMed]

42. Wei AH, Roberts AW, Spencer A, Rosenberg AS, Siegel 
D, Walter RB, Caenepeel S, Hughes P, McIver Z, Mezzi 
K, Morrow PK, Stein A. Targeting MCL-1 in hematologic 
malignancies: Rationale and progress. Blood Rev. 2020; 
44:100672. https://doi.org/10.1016/j.blre.2020.100672. 
[PubMed]

43. Sancho M, Leiva D, Lucendo E, Orzáez M. Understanding 
MCL1: from cellular function and regulation to 
pharmacological inhibition. FEBS J. 2022; 289:6209–34. 
https://doi.org/10.1111/febs.16136. [PubMed]

44. Hunter AM, Sallman DA. Current status and new treatment 
approaches in TP53 mutated AML. Best Pract Res Clin 
Haematol. 2019; 32:134–44. https://doi.org/10.1016/j.
beha.2019.05.004. [PubMed]

45. Burchert A. Maintenance therapy for FLT3-ITD-mutated 
acute myeloid leukemia. Haematologica. 2021; 106:664–70. 
https://doi.org/10.3324/haematol.2019.240747. [PubMed]

46. Valdez BC, Murray D, Ramdas L, de Lima M, Jones R, 
Kornblau S, Betancourt D, Li Y, Champlin RE, Andersson 
BS. Altered gene expression in busulfan-resistant human 
myeloid leukemia. Leuk Res. 2008; 32:1684–97. https://
doi.org/10.1016/j.leukres.2008.01.016. [PubMed]

47. Mosmann T. Rapid colorimetric assay for cellular growth 
and survival: application to proliferation and cytotoxicity 
assays. J Immunol Methods. 1983; 65:55–63. https://doi.
org/10.1016/0022-1759(83)90303-4. [PubMed]

48. Martin SJ, Reutelingsperger CP, McGahon AJ, Rader JA, 
van Schie RC, LaFace DM, Green DR. Early redistribution 
of plasma membrane phosphatidylserine is a general feature 
of apoptosis regardless of the initiating stimulus: inhibition 
by overexpression of Bcl-2 and Abl. J Exp Med. 1995; 
182:1545–56. https://doi.org/10.1084/jem.182.5.1545. 
[PubMed]

49. Chou TC, Talalay P. Quantitative analysis of dose-effect 
relationships: the combined effects of multiple drugs or 
enzyme inhibitors. Adv Enzyme Regul. 1984; 22:27–55. 
https://doi.org/10.1016/0065-2571(84)90007-4. [PubMed] 

https://doi.org/10.1016/j.exphem.2012.06.001
https://doi.org/10.1016/j.exphem.2012.06.001
https://pubmed.ncbi.nlm.nih.gov/22687754
https://doi.org/10.1158/2159-8290.CD-16-0313
https://pubmed.ncbi.nlm.nih.gov/27520294
https://doi.org/10.1016/j.ccell.2019.01.013
https://doi.org/10.1016/j.ccell.2019.01.013
https://pubmed.ncbi.nlm.nih.gov/30753831
https://doi.org/10.1016/j.blre.2020.100672
https://pubmed.ncbi.nlm.nih.gov/32204955
https://doi.org/10.1111/febs.16136
https://pubmed.ncbi.nlm.nih.gov/34310025
https://doi.org/10.1016/j.beha.2019.05.004
https://doi.org/10.1016/j.beha.2019.05.004
https://pubmed.ncbi.nlm.nih.gov/31203995
https://doi.org/10.3324/haematol.2019.240747
https://pubmed.ncbi.nlm.nih.gov/33472354
https://doi.org/10.1016/j.leukres.2008.01.016
https://doi.org/10.1016/j.leukres.2008.01.016
https://pubmed.ncbi.nlm.nih.gov/18339423
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/0022-1759(83)90303-4
https://pubmed.ncbi.nlm.nih.gov/6606682
https://doi.org/10.1084/jem.182.5.1545
https://pubmed.ncbi.nlm.nih.gov/7595224
https://doi.org/10.1016/0065-2571(84)90007-4
https://pubmed.ncbi.nlm.nih.gov/6382953

