
Targeting PI3K, mTOR, ERK, and Bcl-2 signaling network shows 
superior antileukemic activity against AML ex vivo

Yongwei Sua,1, Xinyu Lia,1, Jun Maa, Jianyun Zhaoa,b,e, Shuang Liua,b, Guan Wanga, Holly 
Edwardsc,d, Jeffrey W. Taubb,e, Hai Linf,*, Yubin Gec,d,e,*

aNational Engineering Laboratory for AIDS Vaccine, Key Laboratory for Molecular Enzymology 
and Engineering, the Ministry of Education, School of Life Sciences, Jilin University, Changchun, 
PR China

bDivision of Pediatric Hematology/Oncology, Children’s Hospital of Michigan, Detroit, MI, USA

cDepartment of Oncology, Wayne State University School of Medicine, Detroit, MI, USA

dMolecular Therapeutics Program, Barbara Ann Karmanos Cancer Institute, Wayne State 
University School of Medicine, Detroit, MI, USA

eDepartment of Pediatrics, Wayne State University School of Medicine, Detroit, MI, USA

fDepartment of Hematology and Oncology, The First Hospital of Jilin University, Changchun, PR 
China

Abstract

Acute myeloid leukemia (AML) remains challenging to treat and needs more effective treatments. 

The PI3K/mTOR pathway is involved in cell survival and has been shown to be constitutively 

active in 50–80% of AML patients. However, targeting the PI3K/mTOR pathway results in 

activation of the ERK pathway, which also plays an important role in cell survival. In addition, 

AML cells often overexpress antiapoptotic Bcl-2 family proteins (e.g., Bcl-2), preventing cell 

death. Thus, our strategy here is to target the PI3K, mTOR (by VS-5584, a PI3K and mTOR dual 

inhibitor), ERK (by SCH772984, an ERK-selective inhibitor), and Bcl-2 (by ABT-199, a Bcl-2-

selective inhibitor) signaling network to kill AML cells. In this study, we show that while 

inhibition of PI3K, mTOR, and ERK showed superior induction of cell death compared to 

inhibition of PI3K and mTOR, the levels of cell death were modest in some AML cell lines and 

primary patient samples tested. Although simultaneous inhibition of PI3K, mTOR, and ERK 

caused downregulation of Mcl-1 and upregulation of Bim, immunoprecipitation of Bcl-2 revealed 

increased binding of Bim to Bcl-2, which was abolished by the addition of ABT-199, suggesting 

that Bim was bound to Bcl-2 which prevented cell death. Treatment with combined VS-5584, 

SCH772984, and ABT-199 showed significant increase in cell death in AML cell lines and 

primary patient samples and significant reduction in AML colony formation in primary patient 

samples, while there was no significant effect on colony formation of normal human CD34+ 
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hematopoietic progenitor cells. Taken together, our findings show that inhibition of PI3K, mTOR, 

and ERK synergistically induces cell death in AML cells, and addition of ABT-199 enhances cell 

death further. Thus, our data support targeting the PI3K, mTOR, ERK, and Bcl-2 signaling 

network for the treatment of AML.
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1. Introduction

Patients with acute myeloid leukemia (AML) have a dismal prognosis. The majority of 

AML patients who undergo standard induction therapy, consisting of cytarabine plus an 

anthracycline (e.g., daunorubicin), relapse. In addition, AML patients who are elderly or 

have co-morbidities do not tolerate standard induction therapy. Thus, more effective 

therapies with lower toxicities are desperately needed for the treatment of AML.

The PI3K/mTOR pathway, which is involved in cell survival, has been shown to be 

constitutively active in 50–80% of AML patients. While PI3K inhibitors have shown 

promising results in preclinical AML models, clinical results have been disappointing [1]. 

The first inhibitors developed to target this pathway were mTOR inhibitors. Unfortunately, 

mTOR inhibition, through induction of feedback loops, causes hyperactivation of PI3K 

[2,3]. Further, PI3K/mTOR inhibition has been shown to cause compensatory ERK 

activation, resulting in cell survival [2,4,5]. In addition, AML cells have also been shown to 

overexpress antiapoptotic Bcl-2 family proteins (e.g., Bcl-2), protecting them from cell death 

[6–10]. Although results from a Phase II AML clinical trial using the Bcl-2-selective 

inhibitor ABT-199 (Venetoclax) showed promising results, all the ABT-199 treated patients 

relapsed in a short period of time (median time to relapse was 2.5 months) [11]. Therefore, 

we hypothesize that targeting the PI3K, mTOR, ERK, and Bcl-2 signaling network would 

result in superior antileukemic activity against AML.

In this study, we show that inhibition of PI3K, mTOR, and ERK results in enhanced AML 

cell death. However, cell death induced by the combination was variable, ranging from 15% 

to 80% cell death. Cell death induced by combined inhibition of PI3K, mTOR, and ERK 

was mediated at least partially through upregulation of Bim and downregulation of Mcl-1. 

While cell death could be attributed to caspase activation early on, longer treatment revealed 

a lack of caspase dependence. Even though overall levels of Bim were increased, association 

with the antiapoptotic protein Bcl-2 was also increased, preventing apoptosis from 

occurring. As such, inhibition of Bcl-2 enhanced cell death induced by PI3K/mTOR and 

ERK inhibition in AML cells. Our findings support targeting multiple aspects of the survival 

signaling network to eliminate AML cells.
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2. Materials and methods

2.1. Drugs

The PI3K and mTOR dual inhibitor VS-5584, the ERK-selective inhibitor SCH772984, the 

Bcl-2-selective inhibitor ABT-199, and CUDC-907 (a PI3K and HDAC dual inhibitor, used 

as a positive control in this study) were purchased from Selleck Chemicals (Houston, TX, 

USA). Z-VAD-FMK was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell culture

MV4–11, THP-1, and U937 cell lines were purchased from the American Type Culture 

Collection (Manassas, VA, USA). The OCIAML3 cell line was purchased from the German 

Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Dr. A 

Fuse from the National Institute of Infectious Diseases (Tokyo, Japan) kindly gifted us the 

CMS and CTS cell lines. MOLM-13 cells were purchased from AddexBio (San Diego, CA, 

USA). The human AML cell lines were cultured as previously described [12]. Uphoff and 

Drexler’s PCR based method was used monthly to test for mycoplasma [13]. Cell lines were 

authenticated in August 2017 at the Genomics Core at Karmanos Cancer Institute using the 

PowerPlex® 16 System from Promega (Madison, WI, USA).

Diagnostic AML blast samples derived from patients and peripheral blood mononuclear 

cells (PMNCs) from healthy donors were purified by standard Ficoll-Hypaque density 

centrifugation. Human CD34+ cord blood cells were purchased from Nuowei Biotechnology 

Co., Ltd (Beijing, China). Diagnostic AML blasts, normal PMNCs, and human CD34+ cord 

blood cells were cultured as previously described [12,14,15].

2.3. Clinical samples

Diagnostic AML blast samples were obtained from the First Hospital of Jilin University, 

Changchun, China. Written informed consent was provided according to the Declaration of 

Helsinki. This study was approved and carried out in accordance with the guidelines set 

forth by the Human Ethics Committee of the First Hospital of Jilin University. Clinical 

samples were screened for gene mutations and for fusion genes by real-time RT-PCR, as 

described previously [14,16]. See Table 1 for patient characteristics.

2.4. In vitro cytotoxicity assays

MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide, Sigma-Aldrich) 

assays were performed as previously described [12,17,18]. The cells were treated for 72 h. 

The IC50 values for the cell lines are presented as mean values ± SEM from at least three 

independent experiments. Due to limited sample, the IC50 values for the patient samples are 

means of duplicates from one experiment. Patient samples were chosen solely based on 

sample availability.

2.5. Western blot analysis

Western blot analysis was performed as previously described [12,17,19–21]. Western blots 

were immunoblotted with anti-PARP, -Mcl-1, -Bcl-2, -Bcl-xL, -Bax, -β-actin, -ERK, 

(Proteintech, Chicago, IL, USA), -p-AKT (T308), -p-AKT (S473) (Affinity Biosciences, 
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Zhenjiang, Jiangsu, China), -Bim, -cf-Caspase 3, -p-S6 (Cell Signaling Technologies, 

Danvers, MA, USA), -p-ERK (T202/Y204), -AKT, -Bak (Abcam, Cambridge, MA, USA) 

antibodies, as previously described. Western blots were performed at least 3 independent 

times, with the exception of the primary patient samples. Densitometry measurements were 

normalized to β-actin and then compared to vehicle-treated control. Representative blots are 

shown.

2.6. Annexin V/PI staining and flow cytometry analysis

AML cells were treated with VS-5584, SCH772984, Z-VAD-FMK, or ABT-199 alone or in 

combination for up to 48 h. Drug-induced apoptosis was determined using an Annexin V-

fluorescein isothiocyanate (FITC)/propidium iodide PI) apoptosis Kit Beckman Coulter; 

Brea, CA, USA), as previously described [17,22,23]. For AML cell lines, experiments were 

performed 2 independent times in triplicates. Patient samples had limited number of cells 

and so patient sample experiments were performed once in triplicates. Apoptotic events are 

presented as mean percentage of Annexin V +/PI− and Annexin V+/PI+ ± SEM from one 

representative experiment. Synergy was determined by calculating the combination index 

(CI) values using CompuSyn software (Combosyn Inc., Paramus, NJ). CI < 1, CI = 1, and CI 

> 1 indicate synergistic, additive, and antagonistic effects, respectively.

2.7. Assessment of mitochondrial outer membrane potential (MOMP)

Mitochondrial outer membrane potential was determined as previously described [24,25].

2.8. Immunoprecipitation (IP)

Immunoprecipitation of Bim and Bcl-2 was performed as previously described [24,26] using 

2 μg of anti-Bim (2819, Cell Signaling Technology) or anti-Bcl-2 (SC-819, Santa Cruz 

Biotechnology, Santa Cruz, CA) antibody, 1 mg protein lysate, and Protein A agarose beads 

(Roche Diagnostics).

2.9. shRNA knockdown of Bim and ectopic overexpression of Mcl-1

Dr. Dong at Tulane University provided the pMD-VSV-G and delta 8.2 plasmids. Bim and 

non-target control (NTC) shRNA lentiviral vectors were purchased from Sigma-Aldrich. 

Red fluorescent protein (RFP) and Mcl-1 cDNA constructs were purchased from Thermo 

Fisher Scientific Biosciences Lafayette, CO, USA). Lentivirus production and transduction 

were carried out using Lipofectamine and Plus reagents Life Technologies), as previously 

described [12,27].

2.10. Colony formation assay

Diagnostic AML blast samples and normal human CD34+ cord blood cells were pretreated 

with VS-5584 and SCH772984 alone or in combination for 12 h, then ABT-199 was added 

and the cells were incubated for an additional 12 h. The cells were washed with PBS three 

times and then plated in triplicate in MethoCult (Stem Cell Technologies, Cambridge, MA, 

USA) and incubated for 14 days, according to the manufacturer’s instructions. Colony 

forming units were visualized using an inverted microscope and the number of colonies was 

enumerated.

Su et al. Page 4

Biochem Pharmacol. Author manuscript; available in PMC 2019 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.11. Statistical analysis

Differences in cell death between treated (individually or combined) and untreated cells or 

combined and individual drug treatment were compared using the pair-wise two-sample t-
test. Differences in VS-5584 IC50s between FLT3-ITD vs. Non-FLT3-ITD were calculated 

using the Mann-Whitney U test. Statistical analyses were performed with GraphPad Prism 

5.0. Error bars represent ± SEM. The level of significance was set at p < .05.

3. Results

3.1. The PI3K/mTOR dual inhibitor VS-5584 induces proliferation arrest and caspase-
independent cell death in AML cell lines

To begin our investigation, we used MTT assays to determine AML cell line and primary 

patient sample sensitivities to the PI3K/mTOR dual inhibitor VS-5584. VS-5584 IC50s 

ranged from 303 nM to 1.4 μM in the cell lines and from 7 nM to 5.3 μM in the primary 

AML patient samples (n = 43, median IC50 was 1.1 μM, Fig. 1A, B). There did not appear to 

be a difference between VS and 5584 IC50s in the AML patient samples with or without 

FLT3-ITD (median IC50s were 1.07 and 1.02 μM, respectively, p = .601, Fig. 1C). Next, we 

determined the effects of VS-5584 treatment on cell death. AML cell lines were treated with 

variable concentrations of VS-5584 for 48 h and then subjected to Annexin V/PI staining 

and flow cytometry analysis. VS-5584-induced cell death among the cell lines varied (Fig. 

1D, E); 2 μM VS-5584 induced little to no cell death in the THP-1 cells, while inducing 39% 

cell death in the MV4–11 cells. In MOLM-13 cells, VS-5584 treatment caused neither 

cleavage of caspase 3 and PARP (Fig. 1F) nor a loss of mitochondrial outer membrane 

potential (MOMP; Fig. 1G), suggesting that cell death-induced by VS-5584 in MOLM-13 

cells was caspase-independent. Interestingly, addition of the pan-caspase inhibitor Z-VAD-

FMK to VS-5584 treatment did not rescue the cells, rather it enhanced cell death induced by 

VS-5584 (Fig. 1H). Time course results show that VS-5584 induced appreciable level of cell 

death by 24 h (Fig. 1I). Similar to the 48 h treatment, the pan-caspase inhibitor enhanced 

VS-5584-induced cell death after 24 h treatment as well (Fig. 1J). In contrast, the pan-

caspase inhibitor was able to partially reduce cell death induced by the Bcl-2-selective 

inhibitor ABT-199 in MOLM-13 cells (Fig. 1K). While VS-5584 treatment did result in 

caspase 3 and PARP cleavage, as well as decrease in MOMP in CMS cells, treatment with 

the pancaspase inhibitor enhanced VS-5584-induced cell death (data not shown). Taken 

together, these results suggest that VS-5584 induces caspase-independent cell death in AML 

cells.

3.2. VS-5584 treatment results in ERK activation which can be abolished by the ERK-
selective inhibitor SCH772984 resulting in synergistic induction of cell death in AML cell 
lines

To determine if VS-5584 inhibited both PI3K and mTOR, MOLM-13, U937, and THP-1 

cells were treated with variable concentrations of VS-5584 and then whole cell lysates were 

subjected to Western blotting. As expected, VS-5584 treatment resulted in significant 

downregulation of p-AKT (T308), p-AKT (S473), and p-S6, confirming that both PI3K and 

mTOR were inhibited in these cells (Fig. 2A). Interestingly, VS-5584 treatment also caused 

a decrease in total AKT in the MOLM-13 cells. Downregulation of p-AKT and p-S6 could 
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be detected in MOLM-13 and CMS cells as early as 3 h post-VS-5584 treatment (data not 

shown). VS-5584 treatment caused a concentration-dependent significant increase in p-ERK, 

indicating activation of the ERK pathway in the AML cell lines tested (Fig. 2A). Given the 

critical role ERK plays in cell survival [4], our results suggest that ERK activation in 

response to VS-5584 treatment attenuates cell death induced by VS-5584. To overcome this, 

we treated the AML cell lines with VS-5584 alone and in combination with the ERK-

selective inhibitor SCH772984. Western blot analysis revealed that SCH772984 abrogated 

the increase in p-ERK in response to VS-5584 treatment and reduced total ERK levels (Fig. 

2B). Treatment with SCH772984 decreased p-AKT (S473) and p-AKT (T308) in U937 

cells, while levels remained unchanged in the MOLM-13 and THP-1 cells. After combined 

VS-5584 and SCH772984 treatment, p-AKT (S473) and p-AKT (T308) levels were similar 

to or less than VS-5584 treatment alone in all three cell lines. p-S6 levels were decreased 

after SCH772984 treatment in U937 and THP-1 cells, while levels remained unchanged in 

the MOLM-13 cells. The combined treatment resulted in decreased p-S6 levels compared to 

individual treatment in both MOLM-13 and THP-1 cells, but not in U937 cells, in which 

VS-5584 treatment almost completed abolished p-S6 expression (Fig. 2B). These molecular 

changes were accompanied by synergistic induction of cell death induced by the two agents 

in the MOLM-13, U937, and THP-1 cells, and in 4 additional AML cell lines (Fig. 2C). It is 

important to note that although VS-5584 and SCH772984 synergized in inducing cell death 

in THP-1 cells, the levels were minimal (about 15%), suggesting that there may be other 

factors preventing cell death induced by the combination of the two agents.

3.3. Combined treatment with VS-5584 and SCH772984 results in both caspase-
dependent and independent cell death in AML cell lines

Combined VS-5584 and SCH772984 treatment for 48 h resulted in cleavage of caspase 3 

and PARP, and loss of MOMP in MOLM-13 cells (Fig. 3A, B). However, the pan-caspase 

inhibitor Z-VAD-FMK did not rescue the cells. In fact, it enhanced cell death induced by the 

combined treatment, suggesting that cell death induced by the combination was at least 

partially caspase-independent (Fig. 3C, D). Time course results showed induction of cell 

death as early as 6 h post combined VS-5584 and SCH772984 treatment (Fig. 3E). To 

determine if caspase activation was required in cell death induced by the combination at an 

early time, MOLM-13 cells were treated with combined VS-5584 and SCH772984, along 

with Z-VAD-FMK for 12 h, and then the cells were subjected to Annexin V/PI staining and 

flow cytometry analysis. Interestingly, Z-VADFMK partially rescued the cells, especially 

Annexin V+/PI- cells (Fig. 3F). Similar results were also obtained in MV4–11 cells (Fig. 

3G). Combined VS-5584 and SCH772984 treatment for 12 h did not cause a significant loss 

in MOMP, though caspase 3 cleavage was detected (data not shown), indicating that cell 

death may have been mediated through the extrinsic apoptosis pathway. These results 

suggest that cell death induced by the combination of VS-5584 and SCH772984 was 

partially caspase-dependent, though given enough time cell death occurred independent of 

caspase.

Su et al. Page 6

Biochem Pharmacol. Author manuscript; available in PMC 2019 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.4. VS-5584 and SCH772984 synergizes in causing proliferation arrest and cell death in 
primary AML patient samples but not in normal human PMNCs

Next we tested the combination of VS-5584 and SCH772984 in primary AML patient 

samples. Western blotting of one primary AML patient sample (AML#40) showed a 

decrease in p-AKT (T308), p-AKT (S473), total AKT, and p-S6 following VS-5584 

treatment for 48 h (Fig. 4A). In agreement with the cell line data, p-ERK levels were 

increased following VS-5584 treatment, while combined treatment with SCH772984 

showed levels comparable to SCH772984 treatment alone. Similar to the cell line data, 

SCH772984 treatment reduced total ERK levels, which was maintained in the combined 

treatment. Flow cytometry analysis revealed synergistic induction of cell death in 2 primary 

AML patient samples, however the levels of cell death were modest (20–35%, Fig. 4B, C). 

Due to limited sample, the combination was tested in an additional 11 primary AML patient 

samples by MTT assays. The combined treatment resulted in synergistic reduction in viable 

cells in all 11 primary AML patient samples (Fig. 4D). The drug treatments were then tested 

in normal PMNCs. As shown in Fig. 4E, individual and combined drug treatments showed 

little to no effect on the percentage of viable cells in normal human PMNCs (Fig. 4E). These 

results demonstrate that VS-5584 and SCH772984 synergizes in inducing cell death and 

proliferation inhibition in primary AML patient samples but not in normal human PMNCs.

3.5. Bcl-2, Mcl-1, and Bim play important roles in cell death induced by the combination 
of VS-5584 and SCH772984 in AML cells

The PI3K/mTOR and ERK pathways have both been shown to regulate Bcl-2 family 

proteins [28–33]. It is conceivable that the combination of VS-5584 and SCH772984 

induces cell death through modulation of Bcl-2 family proteins in AML cells. To test this 

possibility, MOLM-13 cells were treated with the two drugs alone and in combination for 48 

h. VS-5584 treatment significantly decreased Mcl-1 level, while SCH772984 treatment 

significantly increased Bim level (Fig. 5A). In the combined treatment, Mcl-1 levels were 

further decreased and Bim levels were further increased compared to individual drug 

treatment. In contrast, protein levels for Bax, Bcl-2, Bak, and Bcl-xL remain largely 

unchanged (Fig. 5A). Significant Mcl-1 downregulation and Bim upregulation were detected 

as early as 3 h post-treatment in MOLM-13 cells (Fig. 5B) and around 6–12 h in CMS cells 

(data not shown). Significantly decreased Mcl-1 was detected in 3 additional AML cell lines 

post-VS-5584 and combined drug treatment for 12 h (compared to vehicle control), while 

significantly increased Bim levels were detected after combined drug treatment (Fig. 5C). 

shRNA knockdown of Bim significantly reduced cell death induced by VS-5584 alone and 

in combination with SCH772984 post-12 h treatment. However, there was no significant 

difference between drug-induced cell death 48 h post-drug treatment (Fig. 5D). Mcl-1 

overexpression had a slight yet significant impact on VS-5584 treatment alone and in 

combination for 12 and 48 h (Fig. 5E). These results suggest that Bim and Mcl-1 play an 

important role in cell death induced by the combination during the early hours of treatment. 

However, as exemplified by THP-1 cells (Fig. 2C) and two primary AML patient samples 

(AML#40 and AML#42, Fig. 4B, C), the extent of cell death induced by the combination 

was modest, suggesting that although Bim levels increased, Bim may have been prevented 

from inducing cell death by interacting with antiapoptotic Bcl-2 family proteins (e.g., 

Bcl-2).
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To determine if inhibition of Bcl-2 enhances cell death induced by the combination of 

VS-5584 and SCH772984, we treated THP-1 cells with VS-5584 and SCH772984 in 

combination for 12 h, then added ABT-199 and incubated the cells for an additional 12 h 

(Fig. 6A). Addition of ABT-199 reduced Mcl-1 levels below combined VS-5584 and 

SCH-772984 treatment, while Bim levels were similar to the combined treatment. 

Consistent with our previous report [24], ABT-199 treatment resulted in an increase in 

Mcl-1 in the cells (Fig. 6B). Immunoprecipitation of Bcl-2 revealed increased binding of 

Bim to Bcl-2 in AML cells post combined VS-5584 and SCH772984 treatment, which was 

abolished by the addition of ABT-199, suggesting that the increased Bim was bound to 

Bcl-2 which prevented cell death (Fig. 6C). Reciprocal immunoprecipitation of Bim showed 

increased binding to Bcl-2, which was not observed in the three drug combination (Fig. 6D). 

Consistent with our previous findings [24], Mcl-1 association with Bim increased following 

ABT-199 treatment, but was abolished by the three drug combination. While the three drug 

combination resulted in increased Bim in the whole cell lysate (Fig. 6B), increased Bim was 

not detected following immunoprecipitation of Bim (Fig. 6D). We speculate that this may be 

due to a conformational change which interfered with the immunoprecipitation of Bim. 

Interestingly, the three drug combination induced significantly more cell death compared to 

control, single drug treatment, or any of the two drug combinations in THP-1 cells, along 

with 3 additional AML cell lines (Fig. 6E). shRNA knockdown of Bim significantly reduced 

cell death induced by the three drug combination (Fig. 6F, G) and was at least partially 

caspase dependent (Fig. 6H), suggesting that Bim plays an important role in cell death 

induced by the three drug combination.

3.6. The combination of VS-5584, SCH772984, and ABT-199 shows superior antileukemic 
activities against primary AML blasts but spares normal hematopoietic progenitor cells

Finally, we tested the three drug combination in 6 primary AML patient samples ex vivo. 

Annexin V/PI staining and flow cytometry analysis revealed that ABT-199 significantly 

enhanced cell death induced by combined VS-5584 and SCH772984 treatment (Fig. 7A). To 

determine the effects of drug treatment on leukemia progenitor cells, primary AML patient 

samples were treated with VS-5584, SCH772984, and ABT-199, alone or in combination, 

for up to 24 h, and then plated in methylcellulose, and incubated for 2 weeks. Simultaneous 

inhibition of PI3K/mTOR and ERK, followed by inhibition of Bcl-2 significantly reduced 

the number of AML-CFUs (Fig. 7B). The same experiment was performed in human CD34+ 

cord blood cells to assess the effects of these treatments on normal hematopoietic progenitor 

cells. Results show no significant effect on colony formation, suggesting that the three drug 

combination spares normal hematopoietic progenitor cells (Fig. 7C, D). Taken together, our 

findings show that VS-5584 and SCH772984 synergistically induce cell death in AML cells, 

which can be further enhanced by inhibition of Bcl-2 with its selective inhibitor ABT-199.

4. Discussion

Many studies have shown that targeting PI3K, mTOR, ERK, or Bcl-2 can result in intrinsic 

or acquired resistance to the corresponding inhibitors mediated through other survival 

pathways [2,3,34–37]. The PI3K/mTOR pathway is involved in many cellular processes, 

including cell survival, and is constitutively active in the majority of AML patients [38–40], 
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making it an attractive target for the treatment of AML. However, we and others have shown 

that dual inhibition of PI3K and mTOR can cause increased activation of ERK [21,34–36], 

which prompted investigations into combined inhibition of the PI3K/mTOR and ERK 

pathways for cancer treatment. In agreement with those studies, we found that combined 

inhibition of PI3K, mTOR, and ERK resulted in synergistic induction of AML cell death 

(Fig. 2C). However, as exemplified by the THP-1 cells (Fig. 2C) and primary AML patient 

samples (AML#40 and AML#42, Fig. 4B, C), response to combined inhibition was modest 

(Fig. 4). Moreover, other published works show variable induction of cell death induced by 

combined inhibition of both the PI3K/mTOR and ERK pathways [34,36], supporting the 

possibility that other survival pathways may be preventing drug-induced cell death.

PI3K inhibition has been shown to decrease the antiapoptotic protein Mcl-1 [41], which we 

confirmed in AML cells (Fig. 5A). Inhibition of PI3K and ERK have been shown to 

downregulate Mcl-1 through degradation and regulation of Mcl-1 transcription [34,41]. 

Thus, combined inhibition of PI3K, mTOR, and ERK likely caused downregulation of 

Mcl-1 through both transcriptional and posttranscriptional mechanisms. In agreement with 

published reports [31,32], we show that ERK inhibition upregulates Bim and inhibition of 

PI3K and mTOR further increases Bim levels. In B-cell acute lymphoblastic leukemia, it has 

been demonstrated that inhibition of ERK1/2 results in upregulation of Bim and increased 

binding of Bim to Mcl-1, preventing cell death [33]. In contrast, we detected upregulation of 

Bim and downregulation of Mcl-1. However, similar to their findings, we did detect 

increased binding of Bim to another antiapoptotic protein, Bcl-2. Thus, inhibition of PI3K, 

mTOR and ERK likely leaves other antiapoptotic Bcl-2 family proteins available to interact 

with Bim and prevent cell death.

Inhibition of PI3K/mTOR and the Bcl-2 pathway was shown by Rahmani and colleagues to 

have promising antileukemic activity in AML cell lines and in an AML xenograft model 

[42]. In their study, they found that the dual PI3K/mTOR inhibitor BEZ235 and the Bcl-2/

Bcl-xL inhibitor ABT-737 induce apoptosis in AML cells. Similar to our findings, they also 

found that downregulation of Mcl-1 and upregulation of Bim contributed to combined 

inhibition of Bcl-2 and PI3K/mTOR. They found that combined inhibition showed response 

in 4 of 6 AML patient samples tested, demonstrating that there were some resistant samples. 

In a similar fashion, we found variable induction of cell death in AML cells treated 

simultaneously with PI3K/mTOR and Bcl-2 inhibitor ABT-199. BEZ235 has been shown by 

others to result in activation of the MEK/ERK pathway [36]. Our study incorporates this 

finding and shows that inhibition of PI3K/mTOR and Bcl-2 in AML cells can be enhanced 

by ERK inhibition, which builds upon the findings of Rahmani et al.

The combined inhibition of PI3K, mTOR, ERK, and Bcl-2 not only showed activity against 

bulk leukemia cells but also leukemia progenitor cells. Our results show that simultaneous 

inhibition of PI3K, mTOR, and ERK followed by inhibition of Bcl-2 significantly reduced 

the number of AML-CFUs and spared normal hematopoietic progenitor cells, suggesting 

that targeting all three pathways resulted in superior antileukemic activity. Although, further 

in vivo testing is warranted to determine the effects of targeting the PI3K, mTOR, ERK, and 

Bcl-2 signaling network on AML cells, including leukemia progenitor cells. In conclusion, 

our results show that inhibition of PI3K and mTOR causes ERK activation in AML cells and 
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while inhibition of ERK enhances AML cell death induced by combined inhibition of PI3K 

and mTOR, Bcl-2 inhibition further enhances cell death. The data presented provide 

compelling support for the strategy of inhibiting PI3K, mTOR, ERK, and Bcl-2 signaling 

network for the treatment of AML.
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Fig. 1. 
VS-5584 induces proliferation inhibition and caspase-independent cell death in AML cells. 

(A–C) AML cell lines and primary AML patient samples were treated with variable 

concentrations of VS-5584 for 72 h and viable cells were determined using MTT reagent. 

For AML cell lines, data are graphed as mean ± SEM from three independent experiments 

(panel A). For the patient samples, the IC50 values are means of duplicates from one 

experiment due to limited sample (panel B). Differences in VS-5584 IC50s between FLT3-

ITD vs. Non-FLT3 ITD was calculated using the Mann-Whitney U test (p = .601; panel C). 

The horizontal lines indicate the median. (D, E) AML cell lines were treated with VS-5584 

for 48 h and then subjected to Annexin V-FITC/PI staining and flow cytometry analysis. 

Representative dot plots are shown in panel D. Mean percent Annexin V+ cells ± SEM are 
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shown in panel E. (F, G) MOLM-13 cells were treated with VS-5584 (or 100 nM 

CUDC-907 as a positive control) for 48 h. Western blots using whole cell lysates are shown 

(panel F). 5 × 105 cells were subjected to the JC-1 assay (panel G). (H) Annexin V-FITC/PI 

staining and flow cytometry analysis for MOLM-13 cells were treated for 48 h with 2 μM 

VS-5584 with or without 50 μM Z-VAD-FMK are shown. *** indicates p < .001. (I) 

Annexin V-FITC/PI staining and flow cytometry analysis results for MOLM-13 cells treated 

with 2 μM VS-5584 for 3, 6, 12, and 24 h are shown. *** indicates p < .001. (J, K) 

MOLM-13 cells were treated with 2 μM VS-5584 (24 h) or 0.125 mM ABT-199 (48 h) with 

or without 50 μM Z-VAD-FMK and then subjected to Annexin V-FITC/PI staining and flow 

cytometry analysis. ***indicates p < .001.
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Fig. 2. 
Inhibition of ERK enhances VS-5584-induced cell death in AML cell lines. (A, B) 

MOLM-13, U937, and THP-1 cells were treated with VS-5584 (VS), SCH772984 (SCH), or 

VS + SCH for 48 h. Whole cell lysates were subjected to Western blots which were probed 

with the indicated antibodies. Representative blots are shown; normalized densitometry 

measurements are indicated below the corresponding blot. For panel A, * indicates p < .05 

compared to the control (n = 3). For panel B, #indicates p < .05 compared to individual drug 

treatment and * indicates p < .05 compared to VS treatment (n = 3, data not shown). (C) 

AML cell lines were treated with VS, SCH, or in combination for 48 h Annexin V-FITC/PI 

staining and flow cytometry analysis was performed. Mean percent Annexin V+ cells ± 
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SEM are shown. CI values were calculated using CompuSyn software. *** indicates p < .

001.

Su et al. Page 16

Biochem Pharmacol. Author manuscript; available in PMC 2019 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
SCH772984 synergizes with VS-5584 to induce cell death in AML cell lines. (A, B) 

MOLM-13 cells were treated with VS-5584 (VS), SCH772984 (SCH), or VS + SCH for 48 

h. Western blots probed with anti-PARP, -cf-caspase-3, and -β-actin are shown (panel A). 5 

× 105 cells were subjected to the JC-1 assay (panel B). ** indicates p < .01. (C, D) 

MOLM-13 (panel C) and MV4–11 (panel D) cells were treated for 48 h with VS + SCH 

with or without 50 μM Z-VAD-FMK. Annexin V-FITC/PI staining and flow cytometry 

analysis results are shown. *** indicates p < .001. (E) MOLM-13 cells were treated for 48 h 

with 0.5 μM VS, 0.25 μM SCH, or 0.5 μM VS + 0.25 μM SCH for 3, 6, 12, or 24 h. Cell 

death was determined using Annexin V-FITC/PI staining and flow cytometry analysis. ** 

indicates p < .01 and *** indicates p < .001. (F, G) MOLM-13 (panel F) and MV4–11 (panel 
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G) cells were treated with VS + SCH with or without 50 μM Z-VAD-FMK for 12 h and then 

subjected to Annexin V-FITC/PI staining and flow cytometry analysis. *** indicates p < .

001.
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Fig. 4. 
SCH772984 synergizes with VS-5584 in inducing cell death and proliferation inhibition in 

primary AML patient samples. (A) Primary AML patient sample AML#40 was treated with 

2 μM VS-5584 (VS), 2 μM SCH772984 (SCH), or 2 μM VS + 2 μM SCH for 48 h. Whole 

cell lysates were subjected to Western blotting and probed with the indicated antibodies. 

Normalized densitometry measurement results are shown. Western blots were repeated once 

(due to limited sample) and one representative cropped blot is shown. (B, C) Primary AML 

patient samples (AML#40 and AML#42) were treated with VS, SCH, or in combination for 

48 h. Mean percent Annexin V+ cells ± SEM are shown. CI values were calculated using 

CompuSyn software. *** indicates p < .001. (D) MTT assays were performed using primary 

AML patient samples treated with VS-5584 and SCH772984 for 72 h. The IC50 values are 
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means of duplicates from one experiment due to limited sample. Standard isobolograms are 

shown. The IC50 values for each drug are plotted on the axes; the solid line represents the 

additive effect, whereas the points represent the concentrations of each drug resulting in 

50% inhibition of proliferation. Points falling below the line indicate synergism, whereas 

those above the line indicate antagonism. (E) Normal PMNCs were treated with VS-5584 

and SCH772984, alone or in combination, for 72 h. Viable cells were determined using 

MTT assays.
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Fig. 5. 
Downregulation of Mcl-1 and upregulation of Bim play an important role in cell death 

induced by the combination of VS-5584 and SCH772984 in AML cells. (A, B) MOLM-13 

cells were treated with VS-5584 (VS), SCH772984 (SCH), or VS + SCH for 48 h (panel A) 

or up to 24 h (panel B). Normalized densitometry measurements for the Western blots are 

shown. # indicates p < .05 compared to control (n = 3, data not shown). (C) THP-1, OCI-

AML3, and U937 cells were treated with VS, SCH, or VS + SCH for 12 h. Representative 

Western blots are shown with the corresponding normalized densitometry measurements 

below. * indicates p < .05 compared to VS alone (n = 3, data not shown). (D, E) U937 NTC 

or Bim shRNA knockdown (panel D) or Mcl-1 or RFP overexpression (panel E) was 

confirmed by Western blotting. Normalized densitometry measurements are indicated. ** 

Su et al. Page 21

Biochem Pharmacol. Author manuscript; available in PMC 2019 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicates p < .01 compared to NTC (n = 3), while # indicates p < .05 compared to RFP (n = 

3). U937 NTC and Bim shRNA or U937 RFP and Mcl-1 cells were treated with VS, SCH, 

or VS + SCH for 12 h or 48 h and then subjected to Annexin V/PI staining and flow 

cytometry analysis. *** indicates p < .001.
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Fig. 6. 
Upregulation of Bim and downregulation of Mcl-1 by combined VS-5584 and SCH772984 

treatment is accompanied by increased association of Bim with Bcl-2. (A) Experimental 

outline for the combination of VS-5584 (VS), SCH772984 (SCH), and ABT-199 (ABT). (B) 

THP-1 cells were treated with VS + SCH for 12h, and then ABT was added for an additional 

12 h. Representative Western blots, using whole cell lysates, are shown with the 

corresponding normalized densitometry measurements below. # indicates p < .05 compared 

to combined VS + SCH (n = 3, data not shown). (C, D) THP-1 cells were treated as shown 

in panel A. Bcl-2 (panel C) or Bim (panel D) was immunoprecipitated from whole cell 

lysates. Western blots were probed with anti-Mcl-1, Bim, or Bcl-2 antibody. The fold 

changes for Bcl-2, Mcl-1 and Bim densitometry measurements, compared to no drug 

Su et al. Page 23

Biochem Pharmacol. Author manuscript; available in PMC 2019 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment control, are indicated. For panel C, # indicates p < .05 compared to combined VS 

+ SCH (n = 3, data not shown). For panel D, # indicates p < .05 compared to VS + SCH 

(Bcl-2 blot) or ABT alone (Mcl-1 blot). (E) THP-1, MOLM-13, OCI-AML3, and U937 cells 

were treated as shown in panel A. Annexin V-FITC/PI staining and flow cytometry analysis 

results are shown. *** indicates p < .001. (F, G) THP-1 cells infected with NTC or Bim 

shRNA lentivirus were subjected to Western blotting and probed with the indicated 

antibodies. The fold changes for the Bim densitometry measurements, normalized to β-actin 

and then compared to no drug treatment control, are indicated (panel F). * indicates p < .05 

compared to NTC (n = 3, data not shown). THP-1 NTC and Bim shRNA cells were treated 

as shown in panel A and subjected to Annexin V/PI staining and flow cytometry analysis 

(panel G). *** indicates p < .001. (H) In the presence or absence of 50 μM Z-VAD-FMK, 

THP-1 cells were pretreated with VS + SCH for 12 h, then ABT-199 was added for an 

additional 12 h, and then subjected to Annexin V/PI staining and flow cytometry analysis. 

*** indicates p < .001.
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Fig. 7. 
The combination of VS-5584, SCH772984, and ABT-199 shows superior antileukemic 

activities against primary AML blasts but spares normal hematopoietic progenitor cells. (A) 

Primary AML patient samples (n = 6) were pretreated with VS-5584 (VS) and SCH772984 

(SCH) alone or in combination for 12 h and then ABT-199 was added for an additional 12 h. 

Mean percent Annexin V+ cells ± SEM are shown. *** indicates p < .001. (B) Primary 

AML patient samples (n = 3) were cultured with VS, SCH, and ABT-199, alone or in 

combination as described in panel A, for 24 h and then plated in methylcellulose and 

incubated for 2 weeks. The number of surviving AML cells capable of generating leukemia 

colonies (AML-CFUs) was enumerated. Data are presented as mean ± SEM. ** indicates p 

< .01 and *** indicates p < .001. (C, D) Human CD34+ cord blood cells were treated with 
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VS, SCH, and ABT-199, alone or in combination, as described in panel A. Cells were plated 

in methylcellulose and incubated for 2 weeks. The number of surviving hematopoietic cells 

capable of generating colonies was enumerated. The number of BFU-E, CFU-E, CFU-G, 

CFU-M, CFU-GM, and CFU-GEMM is presented as mean ± SEM (panel C). Total 

erythroid and myeloid colonies are presented as mean ± SEM (panel D).
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