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Abstract 

Background: Recently, one of the specific BH3-mimetics, Venetoclax has been approved by FDA 
providing new options for newly diagnosed AML patient especially who are unfitted to receive 
conventional chemotherapy. Though the clinical success of venetoclax has been achieved in clinical 
outcomes such as complete remission (CR) and overall survival. Acquired resistance to ABT-199 which 
is induced by the regulation of apoptosis pathway is still an important clinical problem. To this end, the 
attempt to combine drugs which can reverse the compensatory regulation is urgent. 
Methods: In three AML cell lines (KG-1, Kasumi-1 and THP-1), the anti-AML effects of the combination 
of ABT-199 (Venetoclax) and metformin or the two drugs used alone were compared. CCK8 was used 
to evaluate the cell viability, and flow cytometry was used to estimate the rate of apoptosis, Western blot 
method was performed to detect apoptosis-related protein levels. In mice experiments, female 
BALB/c-nu nude mice were subcutaneously injected with THP-1 cells for subcutaneous tumor formation, 
and the combined effect of ABT-199 and metformin was tested. The evaluation indicators were tumor 
size, tumor weight, and Ki67 staining. Mouse body weight and HE staining were detected to evaluate liver 
damage and adverse drug reactions. 
Results: Both in vitro and in vivo experiments showed that compared with metformin or ABT-199 alone, 
the combined use of the two drugs exerts a synergistic effect on promoting apoptosis, thereby producing 
a strong anti-leukemia effect. Furthermore, after a short incubation time, ABT-199 swiftly increased the 
expression level of the anti-apoptotic protein Mcl-1, while the combined use of metformin and ABT-199 
significantly reduced the level of Mcl-1. Notably, Metformin significantly downregulates the level of Mcl-1 
protein by inhibiting its protein production. To less extent, metformin can also downregulate the 
expression of another anti-apoptotic protein, BCL-xl. 
Conclusion: Metformin downregulates the expression of anti-apoptotic proteins Mcl-1 and Bcl-xl by 
inhibiting protein production, and shows a synergistic anti-tumor effect with ABT-199 in acute myeloid 
leukemia. 
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Introduction 
Acute myeloid leukemia (AML) is a malignant 

clonal disease of the blood system, which is 
characterized by different degrees of differentiation 
block of myeloid progenitor cells, uncontrolled 

proliferation of leukemia cells, and inhibition of 
normal bone marrow hematopoiesis [1]. With the 
clinical application of new molecular targeted drugs, 
the survival period of AML patients has been 
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extended to a certain extent. However, the shortness 
of 5-year overall survival rate which is still less than 
50% [2-4], along with thefrequent occurrence of 
relapse or drug resistance [5, 6], challenged the 
treatment strategy of acute myeloid leukemia (AML). 
Recently, a new treatment strategy targeting the 
mitochondrial apoptotic pathway has been applied to 
elderly or refractory AML patients [7-9]. This 
therapeutic strategy has been adopted by elderly 
patients who are not appropriate for target therapies 
or cannot tolerate high-intensity chemotherapeutics, 
and has become the new treatment trend of AML in 
recent years. 

To maintain their survival, tumor cells often 
managed to overexpress anti-apoptotic proteins, 
including Bcl-2, Bcl-xl and myeloid leukemia 1 (Mcl-1) 
to avoid apoptosis under various stimulation. Due to 
the specific high expression in hematological 
malignancies [10, 11], Bcl-2 family protein were 
targeted to selectively and potently destroy leukemia 
cells. Many studies reported that Bcl-2 plays a key role 
in acute myeloid leukemia (AML) cell survival and 
treatment resistance of conventional chemotherapy 
[12-14]. A highly selective Bcl-2 antagonist, 
venetoclax, which can competitively abolish the 
specific binding of pro-apoptotic proteins BIM and 
Bcl-2 interaction has been developed. This new BH3 
mimetics overcomes the shortcomings of low 
specificity of the previous Bcl-2 antagonists such as 
ABT-737 and navitoclax [15]. Recently, the U.S. FDA 
approved ABT-199 combined with demethylating 
agents (decitabine or azacitidine) or low-dose 
cytarabine to treat newly diagnosed AML patients 
who cannot tolerate induction chemotherapy or 
elderly AML patients older than 75 years old [7-9, 16]. 
The complete remission rate of newly-treated AML 
patients who received ABT-199 combined with HMA 
treatment was as high as 73%, and the median 
survival time reached 17.3 months, which showed a 
clear advantage compared with the 43% complete 
remission rate and the median survival of 4.5 months 
of traditional chemotherapy [8]. However, although 
patients will benefit from treatment at first, with the 
use of drugs, 80% of patients will relapse of drug 
resistance [8, 17, 18]. Therefore, venetoclax still faces a 
severe problem of resistance. 

The mechanisms underlying the sensitivity to 
Bcl-2 antagonist in AML have not been fully 
elucidated yet [19]. In CLL patients, multiple 
mutations of Bcl-2 are related to the occurrence of 
acquired drug resistance, such as Gly101Val, D103Y, 
Phenol04Ile, Gly33Arg [20, 21], which proved to be 
unrelated to ABT199 resistant in AML [22]. Recently, 
several groups took advantage of the loss-of-function 
CRISPR-Cas9 system to screen venetoclax-resistant 

AML cells and reported that acquired drug resistance 
is mainly dependent on the compensatory expression 
of anti-apoptotic proteins Mcl-1 and BCL-xl, which 
are rapidly elevated after exposure to ABT-199 
[23-26]. Moreover, studies have shown that 
venetoclax and the Mcl-1 inhibitor S63845 elicit a 
synergistic effect [22, 27]. In light of this, recent 
studies investigated that various agent synergistically 
promoted the pro-apoptosis effect of venetoclax by 
downregulating the expression of Mcl-1 at the 
transcriptional or post-translational level, such as 
combined with cyclin-dependent kinase 9 (CDK9) 
inhibitors (AZD4573), MDM2 inhibitor idasanutlin or 
with ONC213 analogue imidazine [28-30]. Besides, 
studies also have shown that the expression level of 
Mcl-1 is of importance in regulating sensitivity of 
ABT-199. In a report on multiple myeloma (MM), 
experiments showed that knocking down Mcl-1 can 
significantly enhance the sensitivity of MM cells to 
ABT-199 [31]. Although many studies aim to combine 
Bcl-2 mimetics with Mcl-1 specific mimetics, it is 
believed that simultaneously inhibit Bcl-2 and Mcl-1 
may bring obvious side effect, since both of them 
involved in a number of important physiological 
functions [32, 33]. Therefore, there is an urgent need to 
find a combination plan for reversing the 
compensatory increase of other anti-apoptotic protein 
after venetoclax exposure. 

Studies have shown that metformin, the first-line 
hypoglycemic agent, can reduce the risk of many 
types of cancer and improve overall cancer survival 
[34-36], and many studies have demonstrated that 
metformin combined with cytotoxic chemotherapy 
can target cancer-causing stem cells or drug-resistant 
cells [37-39]. In our previous study, we found that 
combination of metformin with Cytarabine elicits 
strong synergistic anti-leukemia effect in AML. 
Notably, the Bcl-2 family protein expression was 
decreased after metformin incubation [39], which 
stimulates us to consider whether metformin plays a 
role in apoptosis regulation. 

The currently recognized anti-tumor mechanism 
of metformin is AMPK/mTORC1-dependent anti- 
proliferation and inhibition of mitochondrial complex 
I [40]. By inhibiting mitochondrial complex, 
metformin can reduce ATP and activity Oxygen 
(ROS) generation by inhibiting ETC and oxidative 
phosphorylation, thereby reducing oxidative stress 
and DNA damage [41]. In addition, after inhibiting 
mitochondrial complex I, metformin can reduce the 
ratio of NAD+/NADH thus affect the expression of 
proteins [34], for NAD+ is used as a substrate to 
participate in the catalytic activities of various 
enzymes, including histone deacetylases and the 
regulation of DNA methylase digestive enzyme Tet1, 
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and involved in epigenetic regulation of the 
expression of a variety of important proteins. 

Overall, in the present study, we have developed 
in vitro and in vivo model to test whether metformin 
and venetoclax, both of which can regulate mito-
chondrial function, have a synergistic anti-leukemic 
effect. 

Materials and methods 
Reagents and antibodies 

Venetoclax (ABT-199) (1257044-40-8) was 
purchased from Selleck and Metformin hydrochloride 
(MB1927-S) was purchased from the Dalian Meilun 
Biotechnology Co. Cycloheximide was purchased 
from MCE and MG-132 was obtained from Selleck. 
Cell Counting Kit (CCK8, B34304) was purchased 
from Bimake (USA). Annexin V-FITC Apoptosis 
Detection Kit (C1062M) was purchased from 
Beyotime (Shang Hai, China). The antibodies β-Actin, 
BCL-2 and PARP were purchased from Cell Signaling 
Technology, while BAX and BCL-xl were from 
ABcone, MCL-1 was purchased from Affinity. 

Cell culture 
AML cell lines KG-1, Kasumi-1 and THP-1 were 

obtained from ATCC (Manassas, VA, USA). KG-1 and 
Kasumi-1 were cultured in RPMI1640 medium 
(Gibco, Thermo Fisher Scientific) supplemented with 
20% FBS (Cell Max), while THP-1 was cultured with 
RPMI1640 medium (Gibco, Thermo Fisher Scientific) 
containing 10% FBS, and they were grown in a 
humidified atmosphere containing 5% CO2 at 37 °C. 

Cell viability assay and Bliss index 
Cell proliferation and cytotoxicity were 

evaluated by the Cell Counting Kit-8 (Bimake) test. 
KG-1 and Kasumi-1 cells were seeded in 96-well 
plates at 8×104 per well, while the density of THP-1 
was 4×104 per well. Then, after incubating with 
different concentrations of drugs for 24 hours or 48 
hours, CCK8 was added to each 96-well plate and 
incubated for one hour. Subsequently, the absorbance 
was detected at 450 nm using a microplate reader 
(Biotek Instruments Inc.), finally cell viability was 
calculated. And to evaluate the effect of ABT-199 in 
combination with metformin, we compared the 
observed and expected responses obtained from the 
combination treatment. The Loewe additivity model 
was used to predict the combined effect of each drug. 
The expected effect (Eexp) of the combination was 
estimated from each separate drug effect: 

𝐸𝑒𝑥𝑝 = 𝐸𝑑𝑟𝑢𝑔1 + 𝐸𝑑𝑟𝑢𝑔2 − (𝐸𝑑𝑟𝑢𝑔1 × 𝐸𝑑𝑟𝑢𝑔2) 

The observed/expected ratio was calculated 
according to the Bliss method. In this model, the 

excess above the predicted Bliss index represents the 
synergistic effect of the combination treatment. The 
Bliss index was calculated as the observed/expected 
ratio, where an index of 1, <0 or >1 indicates additive, 
antagonistic or synergistic effects, respectively [42]. 

Apoptosis assay 
Apoptosis ratio was assessed using flow 

cytometric analysis. The cells were collected after 
drug treatment for 48h, PBS was used to wash treated 
cells once, and then cells were stained with Annexin 
V/Propidium Iodide (PI) (Beyotime, Shanghai, China) 
for 15-20 min. Subsequently, they were detected by 
the flow cytometer (BD Biosciences, San Jose, CA, 
USA). 

Quantitative real-time PCR (qPCR) 
Trizol reagent (Invitrogen, Carlsbad, CA, USA) 

was used to extract total RNA from cell lines, cDNA 
synthesis was performed using the Reverse 
Transcription System (Takara, Japan). TB Green qPCR 
Mix (Takara, Japan) was used to perform real-time 
PCR. Reactions were performed on a LightCycler®480 
II/96 (Roche Diagnostics Ltd, Rotkreuz, Switzerland). 
The relative expression of target genes was 
normalized to β-Actin and calculated using the 2–ΔΔCt 
method. All real-time PCR reactions were performed 
in triplicate. The primer sequence was as follows: 

• Human-β-actin-F 5′ CATGTACGTTGCTATCC 
AGGC 3′, 

• Human-β-actin-R 5′ CTCCTTAATGTCACGCA 
CGAT 3′, 

• Human-BCL-2-F 5′ GGTGGGGTCATGTGTG 
TGG 3′, 

• Human-BCL-2-R 5′ CGGTTCAGGTACTCAGT 
CATCC 3′, 

• Human-MCL-1-F 5′ GTGCCTTTGTGGCTAAA 
CACT 3′; and, 

• Human-MCL-1-R 5′ AGTCCCGTTTTGTCCTT 
ACGA 3′. 

Western blotting 
The treated cells were collected by centrifugation 

at 800 rpm, and then washed three times with PBS at 
1000 rpm. All the proteins were extracted from 
cultured cells by RIPA (Beyotime, Shanghai, China), 
using a protease inhibitor and phosphorylase 
inhibitor cocktail (Bimake, Shanghai, China). The 
protein concentration was measured via BCA Protein 
Assay Kit (Pierce, Rockford, IL, USA). 

Total cell lysate per sample was loaded on a 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) gel and separated by 
electrophoresis. The western blot was blotted onto 0.2 
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uM PVDF membrane using a wet transfer device 
(Bio-Rad). Block the blot in a 5% milk powder solution 
diluted in TBST (Tris buffered saline/0.05% Tween 
20), incubated with indicated antibody, and signal 
detected with a horseradish peroxidase (HRP)- 
conjugated secondary antibody and enhanced chemi-
luminescence (ECL) detection (Bio-Rad). 

Nude mouse xenograft model 
The animals of our study were approved by the 

Institutional Animal Care and Use Committee of the 
Central South University School of Medicine (No. 
2020sydw0984). Female nude mice (five weeks old; 
average weight, 16 g) were obtained from 
Experimental Animal Laboratories (Changsha, 
China). THP-1 cells were resuspended in PBS and 
Matrigel (5×106cells/mice), and then injected into the 
right side of the foreleg of each mouse subcutaneously 
at an inoculation depth of 1 cm. After tumor 
formation, the mice were divided into four different 
groups (vehicle, ABT-199 (100 mg/kg), metformin 
(200 mg/kg), ABT-199(100 mg/kg)/metformin (200 
mg/kg)). About 9 days later, dosing experiment after 
the tumor growth to about 50 mm3 (vehicle group 
used saline and CMC-Na to replace, ABT-199 was 
made into a suspension with 0.5% CMC-Na). About 
14 days after administration, all mice were sacrificed 
by cervical dislocation, tumors were dissected and 
photographed. Tumor sizes in mice were measured 
every 2 days using a digital caliper, and all tumor 
volume were calculated using the following formula: 
V = length × (width)2/2. 

Statistical analysis 
All the experiments were performed in 

triplicates. All data were reported as the mean ± 
standard error of the mean (SEM). Statistical analysis 
was performed using the student’s t-test and the 
one-way ANOVA test. P value < 0.05 was considered 
statistically significant. 

Results 
Venetoclax and metformin elicit a synergistic 
growth inhibition effect in AML cells 

First, the CCK8 assays were performed to 
identify the IC50 values of ABT-199 for 24h and 48h in 
KG-1, Kasumi-1 and THP-1 cell lines. The IC50 values 
of ABT-199 for 24h and 48h were 0.223 µM and 
0.140 µM in KG-1 cells, 0.197 µM and 0.097 µM in 
Kasumi-1 cells, and 0.174 µM and 0.153 µM in THP-1 
cells (Figure 1A-C). Concentrations around IC40 of 
ABT-199 were used in different cell lines in the 
subsequent studies. After 48h incubation, the IC50 
values of metformin were 10.48 mM in Kasumi-1, 
11.87 mM in KG-1and 11.21 Mm in THP-1, 

respectively (Figure 1D-F). 
To determine whether metformin could enhance 

the growth suppression effect of ABT-199, we 
analyzed the cell viability in these three AML cells. 
Various concentrations of metformin enhanced the 
growth inhibition effect of ABT-199 after 48h 
incubation in all AML cell lines (Figure 1G-I). The 
bliss index which larger than 1 can be used as an 
index of synergy was calculated. The results indicated 
that the combination of ABT-199 and metformin has a 
potent synergistic effect in the three AML cells (Figure 
1J-L). The Bliss index in all three cells is larger than 1 
when the two drugs are used in combination, even 
when the concentration of metformin is relatively 
small (such as 1 mM and 2 mM). Moreover, the Bliss 
index in THP-1 was the largest, suggesting that the 
best synergistic effect presented in THP-1 cell. 

Combination of metformin and ABT-199 
induce a synergistic pro-apoptotic effect on 
AML cells 

Next, we determined whether metformin can 
promote the effect of ABT-199 in AML cells by 
inducing apoptosis. The apoptosis level of AML cells 
was detected by flow cytometry. Concentrations were 
used around IC40 of ABT-199 in different cell lines 
(0.06 µM in THP-1, 0.05 µM in KG-1, and 0.03 µM in 
Kasumi-1). Notably, the low concentrations of 
Metformin (1 mM and 2 mM) which only induce 
negligible apoptosis effect were used in all cell lines. 
In THP-1 cells (Figure 2A, B), compared with ABT-199 
alone which induced the 40.59% apoptosis, the 
percentage of apoptotic cells reached to 61.33% 
(P<0.01) after combining with 1mM metformin and 
reached to 78.27% (P<0.01) after combining with 2 
mM metformin. In the other two cell lines, the 
combination of metformin and ABT-199 also caused a 
significantly higher apoptosis ratio than ABT-199 
alone (Figure 2D, E, G, H), similarly, metformin alone 
did not cause obvious apoptosis in these two cell 
lines. 

The expression of apoptosis related protein 
c-PARP (cleaved-PARP) was detected by western blot 
to confirm the apoptosis effect. Results indicated that 
when metformin (2 mM) cooperated with ABT-199, 
the expression of c-PARP protein in KG-1 and 
Kasumi-1 cells was significantly increased than that 
induced by ABT-199 alone (Figure 2F, I). Moreover, in 
THP-1 cells, the expression of c-PARP protein 
increased more obviously after the combination of the 
two drugs (Figure 2C), which was consistent with the 
results of flow cytometry. All above results suggested 
that ABT-199/metformin co-treatment exerts 
synergistic pro-apoptotic effects on AML cells. 
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Figure 1. Both ABT-199 and metformin inhibited growth of AML cells and the combined treatment has a synergetic effect. (A-C) The IC50 of ABT-199 in 
KG-1 (A), Kasumi-1 (B) and THP-1 cells (C) for 24, 48 hours. (D-F) The IC50 of metformin in KG-1 (D), Kasumi-1 (E) and THP-1 cells (F) for 48 hours. (G) The inhibition ratio 
of ABT-199, metformin and their combination in THP-1 cells when the concentration of ABT-199 was fixed at 0.064 µM (left) and 0.08 µM (right). (H) The concentration of 
ABT-199 was fixed at 0.064 µM (left) and 0.09 µM (right), the inhibition ratio of different concentrations of metformin and the combination of the two drugs in KG-1. (I) The 
inhibition ratio of ABT-199, metformin and the combination in Kasumi-1 cells when the concentration of ABT-199 was fixed at 0.032 µM(left) and 0.064 µM (right) (*P < 0.05; 
** P < 0.01; *** P < 0.001). (J) The bliss index of ABT-199 fixed at 0.064 µM (left) and 0.08 µM (right) in THP-1. (K) The bliss index of ABT-199 fixed at 0.064 µM (left) and 0.09 
µM (right) in KG-1. (L) The bliss index of of ABT-199 fixed at 0.032 µM (left) and 0.064 µM (right) in Kasumi-1. 

 

Metformin reduced the protein expression of 
Mcl-1 in synergy with ABT-199 instead of 
reducing ATP production 

As many studies have reported that the 
regulation of energy metabolism in cancer cells by 
metformin is one of the most acknowledged 
anti-cancer mechanisms underlying metformin. Thus, 
the production of ATP after treated with the two 
drugs was measured by ATP Assay Kit (Biotek 

Synergy LX). The results as shown in Figure 3A and 
3B, indicated that after 48 hours treatment of 
metformin monotherapy, the ATP production of AML 
cells did not decrease, and the combination with 
ABT-199 did not decrease ATP production compared 
with the control group. This result indicated that 
energy metabolism, indicated by ATP level, may not 
be the mechanism underlying the synergistic effect of 
metformin with ABT-199. 
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Figure 2. ABT-199 and metformin co-treatment has a synergistic pro-apoptosis effect on AML cells. THP-1 (A), KG-1 (D) and Kasumi-1 (G) were treated with 
ABT-199, metformin, or ABT-199/metformin for 48 hours, the fraction of apoptotic cells was analyzed by Annexin V/PI staining and flow cytometric analysis. The statistical result 
of the (A), (D) and (G) graph results were shown in (B), (E) and (H) (*P < 0.05; ** P < 0.01; *** P < 0.001). The apoptosis protein PARP (c-PARP) was examined by western blot 
in THP-1 (C), KG-1 (F) and Kasumi-1 (I). 



 Journal of Cancer 2021, Vol. 12 

 
http://www.jcancer.org 

6733 

 
Figure 3. The synergistic pro-apoptotic effect of the combination of ABT-199 and metformin is achieved by reducing ABT-199 induced compensatory 
increase of Mcl-1. The ATP production was measured with ATP Assay Kit by Biotek Synergy LX after 48 hours treatment of ABT-199 and metformin in KG-1 (A) and Kasumi-1 
(B). The level of Mcl-1, Bcl-2, BCL-xl proteins were detected using western blot after ABT-199, metformin, ABT-199/metformin treated for 48 hours in THP-1 (C) and KG-1 cells 
(E). The statistical result of Mcl-1 in the (C) and (E) graph results was shown in (D) and (F). (*P < 0.05; ** P < 0.01; *** P < 0.001). THP-1 cells were treated with ABT-199, S63845 
and metformin alone or in combination, the cell viability was measured and the inhibition rate was calculated. (* P < 0.05; ** P < 0.01; *** P < 0.001). 
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Next, we detected the expression level of three 
anti-apoptotic proteins Bcl-2, Mcl-1 and BCL-xl, 
because the up-regulation of Mcl-1 and BCL-xl are the 
most crucial factors leading to ABT-199 resistance. As 
shown in Figure 3C and E, the expression of Mcl-1 
protein in AML cells increased when ABT-199 was 
treated alone, and metformin alone could significantly 
reduce the expression of Mcl-1, and when the two 
drugs were used in combination, the expression level 
of Mcl-1 was significantly lower than that of ABT-199 
alone (Figure 3D, F). ABT-199/metformin 
co-treatment also reduced the BCL-xl protein 
expression, but did not change the expression level of 
Bcl-2 protein (Figure 3C, E). The above results 
indicated that ABT-199 can cause a compensatory 
increase in Mcl-1 protein in AML cells, and metformin 

can reduce the expression level of Mcl-1 induced by 
ABT-199, thereby synergistically exerting a better 
therapeutic effect. 

Further, to determine whether the synergy 
between metformin and ABT-199 is achieved by 
targeting Mcl-1, THP-1 cells were treated with S63845, 
a selective inhibitor of Mcl-1, in combination with 
ABT-199 with or without metformin, and the 
inhibition ratio were examined. The results showed 
that different concentrations of ABT-199 and S63845 
presented a strong synergistic suppression in THP-1 
cells, but the effect did not further enhance after the 
addition of metformin (Figure 3G, H), which in part 
indicated that the synergistic effect of metformin and 
ABT-199 is based on the inhibition of Mcl-1. 

Metformin reduced the expression of Mcl-1 in 
AML cells by inhibiting protein production 

To elucidate the molecular mechanism by which 
metformin reduces the level of anti-apoptotic 
proteins, we first measured the transcription level of 
Mcl-1 and Bcl-2 after metformin treatment. Following 
metformin treatment, Mcl-1 transcript levels 
remained unchanged in KG-1 and Kasumi-1 cells 
(Figure 4A), suggesting that transcriptional regulation 
of Mcl-1 did not play a prominent role in KG-1 and 
Kasumi-1. However, the transcription level of Mcl-1 
decreased in THP-1 cells after treated with metformin, 
and the transcription level of Bcl-2 also decreased 
slightly (Figure 4A, B). Then we treated KG-1 and 
THP-1 cells with the protein translation inhibitor 
cycloheximide (CHX) for up to 90 minutes in the 
absence or presence of metformin to see if metformin 
can promote protein degradation in AML cells. The 
results showed that there is little difference in the 
degradation rate of Mcl-1 protein with or without 
metformin treatment in THP-1 and KG-1 cells, and the 
same phenomenon was observed in Bcl-xl and Bcl-2 
proteins (Figure 4C-F), which indicates that 
metformin reduces the expression of anti-apoptotic 
proteins such as Mcl-1 not by promoting degradation. 
Furthermore, to determine whether metformin 
affected the ubiquitin-proteasome pathway, THP-1 
and KG-1 cells were treated with the proteasome 
inhibitor MG-132 for 24 hours with or without 
metformin. Mcl-1 protein level was increased after 
incubation with 0.5 mmol/L and 1 mmol/L MG-132 
for 24 hours, whereas, downregulation of Mcl-1 
protein was detected after addition of metformin. This 
phenomenon was also observed in Bcl-2 and BCL-xl 
protein to a less extent (Figure 4G, H). These results 
demonstrate that metformin reduces the expression of 
anti-apoptotic proteins such as Mcl-1 via inhibiting 
the protein production. 

Synergistically effect of ABT-199 and 
metformin in vivo 

To explore the anti-leukemia effect of the 
combination of ABT-199 and metformin in vivo, 
BALB/c-nude mice were subcutaneously inoculated 
with THP-1 cells and then drug treatment was given 
when the tumors grew to about 50 mm3. All mice 
were randomly divided into 4 groups with different 
treatment (n=6), this experiment was terminated after 
14 days of drug treatment. The average size of tumor 
in vehicle group was 1015.19 ± 385.03 mm3 which was 
significantly larger than the other administration 
groups. The average tumor volume of the ABT-199 
and metformin monotherapy groups were 568.1 ± 
333.97 mm3 and 644.9± 438.10 mm3, respectively. 
While the average size of tumor in ABT-199/ 
metformin co-treatment group was significantly 
reduced to 201.8 ± 99.08 mm3 (Figure 5A, B) (P<0.05). 
Meanwhile, the average tumor weights of the four 
groups were also measured. Like the tumor volume, 
the tumor weights of the ABT-199 and metformin 
single-agent groups were lower than the vehicle 
group, while the combined drug group was the 
lightest weight among four groups (Figure 5C). These 
results demonstrated that compared with ABT-199 
alone, the combined treatment of metformin and 
ABT-199 elicits a better anti-leukemia effect. The anti- 
proliferation effect was evaluated by immunohisto-
chemistry result from ki67 (Figure 5E) dyeing. As 
showed in Figure 5E that two drugs alone have little 
effect on the proliferation of AML cells compared 
with the vehicle group, whereas, the ABT-199 and 
metformin co-treatment group presented an obvious 
decrease of proliferation cells. 

Besides, the Mcl-1 level was evaluated by the 
immunohistochemistry to identify the mechanism of 
the combination. The results (Figure 5F) indicated that 
the expression level of Mcl-1 in ABT-199 group was 
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increased compared with the vehicle group, and 
downregulation was detected in the metformin group 

and the combination drug group, which is in line with 
the protein results in vitro. 

 

 
Figure 4. Metformin reduced the expression of Mcl-1 in KG-1 and THP-1 cells by inhibiting protein production, and also decreased the transcription level 
of Mcl-1 in THP-1. The transcription level of Mcl-1 (A) and Bcl-2 (B) were measured after treatment with metformin for 48 hours in KG-1, Kasumi-1 and THP-1 cells. The level 
of Mcl-1, Bcl-2, Bcl-xl proteins were detected by western blot after cycloheximide, metformin, cycloheximide/metformin treatment for 48 hours in THP-1 (C) and KG-1 (E). The 
time-course degradation of Mcl-1 protein in the figure (C) and figure (E) graph were plotted in (D) and (F). The results are shown as bar graphs with the mean± s.d.,n =3 
independent experiments. The statistical significance was determined by Student’s t-test. The level of Mcl-1, Bcl-2, Bcl-xl proteins were detected by western blot after metformin, 
MG-132, metformin/MG-132 treatment for 48 hours in THP-1 (G) and KG-1 (H). 
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Figure 5. ABT-199 and metformin co-treatment effectively repressed tumors in nude mouse xenograft model. Nude mice injected with THP-1 cells 
subcutaneously were treated with ABT-199 (100 mg/kg/d) by mouth (P.O.), metformin (200 mg/kg/d) intraperitoneally injected (either alone or in combination) or vehicle control 
when the tumor volume reached about 50 mm3. (A) Images of the tumors of four treatment groups recorded at day 14. (B) The average tumor volume (mm3) curve of the four 
groups measured every 2 days. (C) The tumor weight curve in nude mice of the four treatment groups (* P < 0.05; ** P < 0.01; *** P < 0.001). (D) The toxic side effect of drugs 
on nude mice was assessed by the change in body weight in mice. (E) Immunohistochemistry and Ki67 antibody were used to measure the proliferation of AML cells in nude 
mouse xenograft model after CMC-Na, ABT-199, Metformin, ABT-199/Metformin treated. (F) Immunohistochemistry and Mcl-1 antibody were used to measure the protein 
level of Mcl-1 in (G) nude mouse xenograft model with four different treatments. (H) Liver tissue of the four groups was H&E stained to detect liver damage after drug 
treatment. 
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Finally, we detected the side effects of this 
combination. The total weight of mice was measured 
in the four groups every two days, and the results 
showed no difference in these four groups, and no 
weight loss was found in any group (Figure 5D). HE 
staining was used to assess the degree of liver damage 
of drugs in mice, and the result indicated that liver 
tissue of mice in ABT-199 group, metformin group 
and ABT-199/metformin group had no significant 
toxic side effect compared with mice in vehicle group 
(Figure 5G), which suggested ABT-199 and metformin 
treatment did not cause liver damage. 

Discussion 
Targeting Bcl-2 proved to be a major advance in 

the treatment of AML. At present, Venetoclax, a 
selective Bcl-2 antagonist, has been approved for the 
treatment of elderly AML, and its efficacy is better 
than traditional chemotherapy drugs [9]. However, 
Venetoclax is prone to acquired resistance after 
long-term treatment. Most studies report that the 
main reason for its resistance is the compensatory 
increase of Mcl-1 [43], which was verified in our 
results. Meanwhile, many new BH3 mimetics of the 
Bcl-2 family have emerged in recent years, such as 
selective Mcl-1 antagonists, which have been 
observed having good curative effects in treatment of 
AML [44], but there is also the problem of acquired 
resistance. 

Many studies aim to combine Bcl-2 mimetics 
with Mcl-1 specific mimetics, Mcl-1 is another anti- 
apoptosis protein which is believed to be involved in 
a number of important physiological functions. 
Although the attempt of combined ABT-199 with 
Mcl-1 inhibitors have achieved success to certain 
extent, there is extensive suspicions about having 
obvious adverse reactions [45]. We found metformin 
can decrease the compensatory increase of Mcl-1 and 
BCL-xl to less extent when combined with ABT-199 
and without causing obverse side effects. Our 
exploration found that the combined mechanism of 
these two drugs in AML cells is different, metformin 
reduced the expression of Mcl-1 in both KG-1 and 
THP-1 cells not by promoting protein degradation but 
by inhibiting protein synthesis. But it decreased the 
transcription level of Mcl-1 in THP-1 not in KG-1 cells. 
This phenomenon may explain our previous 
experiments that the combined effect of metformin 
and ABT-199 in THP-1 cells is better than that in KG-1 
and Kasumi-1 cells. 

ABT-199 can trigger cell apoptosis by regulating 
mitochondrial function. Interestingly, metformin 
functioned as inhibitors of mitochondrial electron 
transport chain to elicit the anti-tumor effect. Both of 
their function converged in mitochondria, which is 

involved in a variety of important physiological 
functions, such as the generation of energy substance 
ATP, reactive oxygen species (ROS) production, 
biomacromolecule synthesis, signal transduction, and 
apoptosis [46]. Inconsistent with the study on the 
combination of metformin, venetoclax and cytarabine 
[47], our results demonstrated that the synergistic 
effect of the two drugs in promoting apoptosis is 
unrelated to the level of ATP, but by decreasing the 
expression level of apoptotic protein Mcl-1. Recently, 
several studies have confirmed that metformin reduce 
the level of NAD+, which may participate in the 
catalytic activities of various enzymes, including 
histone deacetylases and the regulation of DNA 
methylase digestive enzyme Tet1. Thus, the further 
exploration of whether metformin increased the 
expression of Mcl-1 is on the basis of regulating of 
epigenetic activity is needed. 

As so far, there are few reports on the 
combination use of ABT-199 and metformin in AML, 
an article in 2016 stated that biguanide drugs can 
promote the apoptosis of ABT-737 on leukemia cells 
through the mitochondrial electron transport chain 
[48]. Different from our research, this article uses 
ABT-737 instead of Bcl-2 selective antagonist 
ABT-199. Their entire experiment is not aimed at 
AML, and the mechanism of metformin we found is 
not consistent with their research. There is also an 
article on AML that mentioned the two drugs, but the 
combination of them is less involved and the research 
is mainly focus on the perspective of metabolism [49]. 

In conclusion, we verified the combined effect of 
ABT199 and metformin in vitro and in vivo model, and 
found that metformin can promote the pro-apoptotic 
effect of ABT-199 by regulating apoptosis-related 
proteins, but the underlying mechanisms warrant 
further investigation. These preliminary results 
provided new insights for the treatment of AML 
patients, but still has several limitations. First, 
although the concentration of metformin in the 
present study is much lower than that in solid tumors 
studies, it is still a relatively high concentration in 
clinical use. Secondly, the combination of ABT-199 
and metformin should be verified in more clinically 
relevant model, such as patient-derived tumor 
xenograft model. Thirdly, the underlying mechanism 
of ABT-199/metformin synergy needs further 
exploration. 

Acknowledgements 
Funding 

This work was supported by the Chinese 
National Science Foundation (No 81503073), the 
National Science and Technology Planning Project 



 Journal of Cancer 2021, Vol. 12 

 
http://www.jcancer.org 

6738 

(2017ZX09304014), the Hunan Science and 
Technology Innovation Project (2018SK52612), the 
Changsha Science and Technology Project 
(kq1907151), and the Human Sci and Tech Innovation 
Project (2018SK52612). 

Ethical approval 
All animal experiments were conducted 

according to the National Institutes of Health’s Guide 
for the Use and Care of Laboratory Animals and were 
approved by the Institutional Review Board of 
Central South University (Changsha, China). 

Author Contributions 
All the authors contributed substantially to the 

manuscript. SC, GZ and FJZ designed the study; SC 
and GZ participated in the experimental design and 
provided financial and instrumental support. FJZ 
contributed to manuscript drafting; CXZ, WK, CC, 
HCL, XYY, XPC give help substantially help in the 
experiment; FJZ analyzed the data and wrote the 
manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Short NJ, Rytting ME, Cortes JE. Acute myeloid leukaemia. Lancet (London, 

England). 2018; 392(10147): 593-606. 
2. Boffo S, Damato A, Alfano L, Giordano A. CDK9 inhibitors in acute myeloid 

leukemia. Journal of experimental & clinical cancer research : CR. 2018; 37(1): 
36. 

3. Zhu KW, Chen P, Zhang DY, Yan H, Liu H, Cen LN, et al. Association of 
genetic polymorphisms in genes involved in Ara-C and dNTP metabolism 
pathway with chemosensitivity and prognosis of adult acute myeloid 
leukemia (AML). Journal of translational medicine. 2018; 16(1): 90. 

4. Chen P, Zhu KW, Zhang DY, Yan H, Liu H, Liu YL, et al. Influence of UGT1A1 
polymorphisms on the outcome of acute myeloid leukemia patients treated 
with cytarabine-base regimens. Journal of translational medicine. 2018; 16(1): 
197. 

5. Li Y, Shao H, Da Z, Pan J, Fu B. High expression of SLC38A1 predicts poor 
prognosis in patients with de novo acute myeloid leukemia. Journal of cellular 
physiology. 2019; 234(11): 20322-20328. 

6. Yuan XQ, Chen P, Du YX, Zhu KW, Zhang DY, Yan H, et al. Influence of 
DNMT3A R882 mutations on AML prognosis determined by the allele ratio in 
Chinese patients. Journal of translational medicine. 2019; 17(1): 220. 

7. DiNardo CD, Jonas BA, Pullarkat V, Thirman MJ, Garcia JS, Wei AH, et al. 
Azacitidine and Venetoclax in Previously Untreated Acute Myeloid Leukemia. 
The New England journal of medicine. 2020; 383(7): 617-629. 

8. DiNardo CD, Pratz K, Pullarkat V, Jonas BA, Arellano M, Becker PS, et al. 
Venetoclax combined with decitabine or azacitidine in treatment-naive, 
elderly patients with acute myeloid leukemia. Blood. 2019; 133(1): 7-17. 

9. Wei AH, Montesinos P, Ivanov V, DiNardo CD, Novak J, Laribi K, et al. 
Venetoclax plus LDAC for newly diagnosed AML ineligible for intensive 
chemotherapy: a phase 3 randomized placebo-controlled trial. Blood. 2020; 
135(24): 2137-2145. 

10. Adams JM, Cory S. The BCL-2 arbiters of apoptosis and their growing role as 
cancer targets. Cell death and differentiation. 2018; 25(1): 27-36. 

11. Singh R, Letai A, Sarosiek K. Regulation of apoptosis in health and disease: the 
balancing act of BCL-2 family proteins. Nature reviews Molecular cell biology. 
2019; 20(3): 175-193. 

12. Cory S, Roberts AW, Colman PM, Adams JM. Targeting BCL-2-like Proteins to 
Kill Cancer Cells. Trends in cancer. 2016; 2(8): 443-460. 

13. Lagadinou ED, Sach A, Callahan K, Rossi RM, Neering SJ, Minhajuddin M, et 
al. BCL-2 inhibition targets oxidative phosphorylation and selectively 
eradicates quiescent human leukemia stem cells. Cell stem cell. 2013; 12(3): 
329-341. 

14. Pan R, Hogdal LJ, Benito JM, Bucci D, Han L, Borthakur G, et al. Selective 
BCL-2 inhibition by ABT-199 causes on-target cell death in acute myeloid 
leukemia. Cancer discovery. 2014; 4(3): 362-375. 

15. Lever JR, Fergason-Cantrell EA. Allosteric modulation of sigma receptors by 
BH3 mimetics ABT-737, ABT-263 (Navitoclax) and ABT-199 (Venetoclax). 
Pharmacological research. 2019; 142: 87-100. 

16. Wei AH, Strickland SA, Jr., Hou JZ, Fiedler W, Lin TL, Walter RB, et al. 
Venetoclax Combined With Low-Dose Cytarabine for Previously Untreated 
Patients With Acute Myeloid Leukemia: Results From a Phase Ib/II Study. 
Journal of clinical oncology : official journal of the American Society of Clinical 
Oncology. 2019; 37(15): 1277-1284. 

17. DiNardo CD, Pratz KW, Letai A, Jonas BA, Wei AH, Thirman M, et al. Safety 
and preliminary efficacy of venetoclax with decitabine or azacitidine in elderly 
patients with previously untreated acute myeloid leukaemia: a 
non-randomised, open-label, phase 1b study. The Lancet Oncology. 2018; 
19(2): 216-228. 

18. Pei S, Pollyea DA, Gustafson A, Stevens BM, Minhajuddin M, Fu R, et al. 
Monocytic Subclones Confer Resistance to Venetoclax-Based Therapy in 
Patients with Acute Myeloid Leukemia. Cancer discovery. 2020; 10(4): 536-551. 

19. Yecies D, Carlson NE, Deng J, Letai A. Acquired resistance to ABT-737 in 
lymphoma cells that up-regulate MCL-1 and BFL-1. Blood. 2010; 115(16): 
3304-3313. 

20. Blombery P, Anderson MA, Gong JN, Thijssen R, Birkinshaw RW, Thompson 
ER, et al. Acquisition of the Recurrent Gly101Val Mutation in BCL2 Confers 
Resistance to Venetoclax in Patients with Progressive Chronic Lymphocytic 
Leukemia. Cancer discovery. 2019; 9(3): 342-353. 

21. Tausch E, Close W, Dolnik A, Bloehdorn J, Chyla B, Bullinger L, et al. 
Venetoclax resistance and acquired BCL2 mutations in chronic lymphocytic 
leukemia. Haematologica. 2019; 104(9): e434-e437. 

22. Bhatt S, Pioso MS, Olesinski EA, Yilma B, Ryan JA, Mashaka T, et al. Reduced 
Mitochondrial Apoptotic Priming Drives Resistance to BH3 Mimetics in Acute 
Myeloid Leukemia. Cancer cell. 2020; 38(6): 872-890.e6. 

23. Chen X, Glytsou C, Zhou H, Narang S, Reyna DE, Lopez A, et al. Targeting 
Mitochondrial Structure Sensitizes Acute Myeloid Leukemia to Venetoclax 
Treatment. Cancer discovery. 2019; 9(7): 890-909. 

24. Guièze R, Liu VM, Rosebrock D, Jourdain AA, Hernández-Sánchez M, 
Martinez Zurita A, et al. Mitochondrial Reprogramming Underlies Resistance 
to BCL-2 Inhibition in Lymphoid Malignancies. Cancer cell. 2019; 36(4): 
369-384.e13. 

25. Nechiporuk T, Kurtz SE, Nikolova O, Liu T, Jones CL, D'Alessandro A, et al. 
The TP53 Apoptotic Network Is a Primary Mediator of Resistance to BCL2 
Inhibition in AML Cells. Cancer discovery. 2019; 9(7): 910-925. 

26. Sharon D, Cathelin S, Mirali S, Di Trani JM, Yanofsky DJ, Keon KA, et al. 
Inhibition of mitochondrial translation overcomes venetoclax resistance in 
AML through activation of the integrated stress response. Science translational 
medicine. 2019; 11(516):eaax2863. 

27. Li Z, He S, Look AT. The MCL1-specific inhibitor S63845 acts synergistically 
with venetoclax/ABT-199 to induce apoptosis in T-cell acute lymphoblastic 
leukemia cells. Leukemia. 2019; 33(1): 262-266. 

28. Boiko S, Proia TA, San Martin M, Gregory G, Wu MM, Aryal NK, et al. 
Targeting Bfl-1 via acute CDK9 inhibition overcomes intrinsic BH3 mimetic 
resistance in lymphomas. Blood. 2021;137(21):2947-2957. 

29. Cidado J, Boiko S, Proia T, Ferguson D, Criscione SW, San Martin M, et al. 
AZD4573 Is a Highly Selective CDK9 Inhibitor That Suppresses MCL-1 and 
Induces Apoptosis in Hematologic Cancer Cells. Clinical cancer research : an 
official journal of the American Association for Cancer Research. 2020; 26(4): 
922-934. 

30. Lehmann C, Friess T, Birzele F, Kiialainen A, Dangl M. Superior anti-tumor 
activity of the MDM2 antagonist idasanutlin and the Bcl-2 inhibitor venetoclax 
in p53 wild-type acute myeloid leukemia models. Journal of hematology & 
oncology. 2016; 9(1): 50. 

31. Zhou L, Zhang Y, Sampath D, Leverson J, Dai Y, Kmieciak M, et al. 
Flavopiridol enhances ABT-199 sensitivity in unfavourable-risk multiple 
myeloma cells in vitro and in vivo. British journal of cancer. 2018; 118(3): 
388-397. 

32. Wang X, Bathina M, Lynch J, Koss B, Calabrese C, Frase S, et al. Deletion of 
MCL-1 causes lethal cardiac failure and mitochondrial dysfunction. Genes & 
development. 2013; 27(12) 1351-1364. 

33. Bohler S, Afreen S, Fernandez-Orth J, Demmerath EM, Molnar C, Wu Y, et al. 
Inhibition of the anti-apoptotic protein MCL-1 severely suppresses human 
hematopoiesis. Haematologica. 2020; Online ahead of print:10.3324/haematol. 
2020.252130. 

34. Coyle C, Cafferty FH, Vale C, Langley RE. Metformin as an adjuvant treatment 
for cancer: a systematic review and meta-analysis. Annals of oncology : official 
journal of the European Society for Medical Oncology. 2016; 27(12): 2184-2195. 

35. Morales DR, Morris AD. Metformin in cancer treatment and prevention. 
Annual review of medicine. 2015; 66: 17-29. 

36. Heckman-Stoddard BM, DeCensi A, Sahasrabuddhe VV, Ford LG. 
Repurposing metformin for the prevention of cancer and cancer recurrence. 
Diabetologia. 2017; 60(9): 1639-1647. 

37. Elgendy M, Cirò M, Hosseini A, Weiszmann J, Mazzarella L, Ferrari E, et al. 
Combination of Hypoglycemia and Metformin Impairs Tumor Metabolic 
Plasticity and Growth by Modulating the PP2A-GSK3β-MCL-1 Axis. Cancer 
cell. 2019; 35(5): 798-815.e5. 



 Journal of Cancer 2021, Vol. 12 

 
http://www.jcancer.org 

6739 

38. Wu X, Yeerna H, Goto Y, Ando T, Wu VH, Zhang X, et al. Metformin Inhibits 
Progression of Head and Neck Squamous Cell Carcinoma by Acting Directly 
on Carcinoma-Initiating Cells. Cancer research. 2019; 79(17): 4360-4370. 

39. Yuan F, Cheng C, Xiao F, Liu H, Cao S, Zhou G. Inhibition of 
mTORC1/P70S6K pathway by Metformin synergistically sensitizes Acute 
Myeloid Leukemia to Ara-C. Life sciences. 2020; 243: 117276. 

40. Pernicova I, Korbonits M. Metformin--mode of action and clinical implications 
for diabetes and cancer. Nature reviews Endocrinology. 2014; 10(3): 143-156. 

41. Thakur S, Daley B, Gaskins K, Vasko VV, Boufraqech M, Patel D, et al. 
Metformin Targets Mitochondrial Glycerophosphate Dehydrogenase to 
Control Rate of Oxidative Phosphorylation and Growth of Thyroid Cancer In 
vitro and In vivo. Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2018; 24(16): 4030-4043. 

42. Boussemart L, Malka-Mahieu H, Girault I, Allard D, Hemmingsson O, 
Tomasic G, et al. eIF4F is a nexus of resistance to anti-BRAF and anti-MEK 
cancer therapies. Nature. 2014; 513(7516): 105-109. 

43. Lin KH, Winter PS, Xie A, Roth C, Martz CA, Stein EM, et al. Targeting 
MCL-1/BCL-XL Forestalls the Acquisition of Resistance to ABT-199 in Acute 
Myeloid Leukemia. Scientific reports. 2016; 6: 27696. 

44. Tron AE, Belmonte MA, Adam A, Aquila BM, Boise LH, Chiarparin E, et al. 
Discovery of Mcl-1-specific inhibitor AZD5991 and preclinical activity in 
multiple myeloma and acute myeloid leukemia. Nature communications. 
2018; 9(1): 5341. 

45. Luedtke DA, Niu X, Pan Y, Zhao J, Liu S, Edwards H, et al. Inhibition of Mcl-1 
enhances cell death induced by the Bcl-2-selective inhibitor ABT-199 in acute 
myeloid leukemia cells. Signal transduction and targeted therapy. 2017; 2: 
17012. 

46. Nunnari J, Suomalainen A. Mitochondria: in sickness and in health. Cell. 2012; 
148(6): 1145-1159. 

47. Vitkevičienė A, Janulis V, Žučenka A, Borutinskaitė V, Kaupinis A, Valius M, 
et al. Oxidative phosphorylation inhibition induces anticancerous changes in 
therapy-resistant-acute myeloid leukemia patient cells. Molecular 
carcinogenesis. 2019; 58(11): 2008-2016. 

48. Velez J, Pan R, Lee JT, Enciso L, Suarez M, Duque JE, et al. Biguanides sensitize 
leukemia cells to ABT-737-induced apoptosis by inhibiting mitochondrial 
electron transport. Oncotarget. 2016; 7(32): 51435-51449. 

49. Grønningsæter IS, Reikvam H, Aasebø E, Bartaula-Brevik S, Tvedt TH, 
Bruserud Ø, et al. Targeting Cellular Metabolism in Acute Myeloid Leukemia 
and The Role of Patient Heterogeneity. Cells. 2020; 9(5):1155. 


