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Abstract. Primary refractory acute myeloid leukemia (AML) 
and early recurrence of leukemic cells are among the most 
difficult hurdles to overcome in the treatment of AML. 
Moreover, uncertainties surrounding the molecular mecha-
nism underlying refractory AML pose a challenge when 
it comes to developing novel therapeutic drugs. However, 
accumulating evidence suggests a contribution of phos-
phatase and tensin homolog (PTEN)/protein kinase B 
(AKT) signaling to the development of refractory AML. To 
assess PTEN/AKT signaling in AML, two types of AML 
cell lines were evaluated, namely control HL60 cells and 
KG1α cells, a refractory AML cell line that is resistant to 
idarubicin and cytarabine (AraC) treatment. Changes in the 
expression level of glycolysis‑ and mitochondrial oxidative 
phosphorylation‑related genes and proteins were evaluated by 
reverse transcription‑quantitative polymerase chain reaction 
and western blot analyses, respectively. The mitochondrial 
oxygen consumption and extracellular acidification rates were 
measured using an XF24 analyzer. CCK8 assay and Annexin 
V/PI staining were used to analyze cell viability and cellular 
apoptosis, respectively. The PTEN protein was found to be 

depleted, whereas AKT phosphorylation levels were elevated 
in KG1α cells compared with HL60 cells. These changes were 
associated with increased expression of glucose transporter 
1 and hexokinase 2, and increased lactate production. AKT 
inhibition decreased the proliferation of KG1α cells and 
decreased extracellular acidification without affecting HL60 
cells. Notably, AKT inhibition increased the susceptibility of 
KG1α cells to chemotherapy with idarubicin and AraC. Taken 
together, the findings of the present study indicate that activa-
tion of AKT by PTEN deficiency sustains the refractory AML 
status through enhancement of glycolysis and mitochondrial 
respiration, effects that may be rescued by inhibiting AKT 
activity.

Introduction

Acute myeloid leukemia (AML) is characterized by prolifera-
tion of immature myeloid leukocytes in the bone marrow as 
a consequence of genetic insults, such as mutations (1,2). To 
improve the probability of remission in AML patients, clinical 
researchers have employed a dose‑intensification strategy 
using combined chemotherapy with idarubicin or daunoru-
bicin and cytarabine (AraC) (3,4). Although such efforts have 
been shown to increase overall survival, up to 30% of adults 
and 70% of elderly individuals (>65 years old) with AML fail 
to achieve complete remission after induction chemotherapy, a 
condition termed relapsed/refractory (R/R) AML (5,6).

Efforts have been made to develop novel, targeted drugs 
for uncontrolled R/R AML, but such efforts are hampered by 
our lack of understanding of the pathogenesis and molecular 
mechanism underlying R/R AML. Intensive combination 
chemotherapy with high‑dose AraC, with or without gemtu-
zumab ozogamicin, has been shown to achieve a complete 
remission rate of only ~30% in R/R AML patients  (7). 
Recently, fms‑related tyrosine kinase 3 (FLT3) containing 
an internal tandem duplication (FLT3‑ITD) has been identi-
fied as a prognostic molecular marker in patients with a 
high recurrence rate and poor outcome, and is considered a 
treatment target for R/R AML patients (8). The pan‑kinase 
inhibitor midostaurin, a staurosporine derivative, has recently 
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been approved by the US Food and Drug Administration for 
patients with FLT3‑mutant AML, but the variability of genetic 
mutations in AML makes it difficult to reduce the recurrence 
rate of R/R AML by targeting specific genes (9,10).

A leukemia stem cell (LSC)‑positive population of cells 
that is dependent on oxidative respiration rather than glycolysis 
for energy generation has been suggested to be a major cause 
of R/R AML (11). Notably, a recent report demonstrated that 
tigecycline, which targets mitochondrial translation, selec-
tively kills leukemic stem and progenitor cells in vivo in AML 
and chronic myeloid leukemia (CML) (12,13). However, the 
association of genes that regulate intracellular signaling path-
ways and mitochondrial oxidative phosphorylation/glycolysis 
with AML drug resistance is poorly understood at present.

Phosphatase and tensin homolog (PTEN) is a 
phosphatase of the lipid signaling intermediate, phospha-
tidylinositol  (3,4,5)‑trisphosphate (PIP3), which regulates 
phosphoinositide 3‑phosphate (PI3K) and protein kinase B 
(AKT) signaling. The PI3K/AKT pathway is known to promote 
the survival and growth of human solid tumors and hema-
tological malignancies in response to extracellular signals, 
such as growth factors, hormones and cytokines  (14‑16). 
Moreover, loss of PTEN activity through mutations, deletions 
or promoter methylation is frequently found in solid tumors 
and hematological malignancies (17‑19). Although mutations 
in the PTEN gene are rarely observed in AML patients (~1 in 
59 patients) (20), PTEN expression is generally downregulated 
in these patients (20). Moreover, PTEN is considered to be a 
biomarker in elderly patients with R/R AML (21). PTEN is 
crucial for the proliferation and differentiation of hematopoi-
etic stem cells (HSCs), and PTEN‑null mice initially develop 
a myeloproliferative disorder, followed by leukemia (22,23). In 
addition, PTEN acts as a tumor suppressor in LSCs without 
damaging normal HSCs or compromising hematopoiesis (24). 
However, whether PTEN mutations are associated with AML 
cell proliferation and changes in metabolic flow during the 
refractory period remains unknown.

PTEN‑null mouse embryonic fibroblasts exhibit metabolic 
changes in association with downregulation of pyruvate kinase 
2, 6‑phosphofructo‑2‑kinase/fructose‑2,6‑biphosphatase 3 
(PFKFB3) and glutaminase, consistent with an anti‑Warburg 
effect  (25). In addition, mitochondrial mass is increased 
and glycolysis is induced in PTEN‑null hepatocytes via 
estrogen‑related receptor α (26). The present study, using these 
reports as a takeoff point, focused on the involvement of PTEN 
as a stemness gene in leukemic cell proliferation and induc-
tion of metabolic flow changes in the context of R/R AML. 
KG1α refractory AML cells and HL60 wild‑type control cells 
were used to investigate the association between PTEN/AKT 
signaling and metabolic shifts in R/R AML.

Materials and methods

Chemicals, reagents and antibodies. Oligomycin (O4876), 
carbonyl cyanide m‑chlorophenyl hydrazone (CCCP; 
C2759), rotenone (R8875), and AKT inhibitor (A6730) 
were purchased from Sigma‑Aldrich; Merck KGaA. TRIzol 
was purchased from Invitrogen; Thermo Fisher Scientific, 
Inc. The Cell Counting Kit‑8 (CCK8) was purchased from 
Dojindo Molecular Technologies, Inc. Anti‑actin (rabbit poly-

clonal), anti‑PARP (rabbit polyclonal), anti‑GAPDH (rabbit 
polyclonal) and anti‑hexokinase (HK)2 (rabbit polyclonal) 
antibodies were purchased from Santa Cruz Biotechnology, 
Inc. Antibodies against p‑AKT (Thr308) (rabbit polyclonal), 
total AKT (rabbit polyclonal) and caspase‑3 (rabbit polyclonal) 
were from Cell Signaling Technology, Inc. Antibody against 
oxidative phosphorylation I subunit, NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex subunit 8 (anti‑NDUFB8) was 
obtained from Invitrogen; Thermo Fisher Scientific, Inc., and 
antibody against NADH dehydrogenase (ubiquinone) 1 alpha 
subcomplex 9 (anti‑NDUFA9) was purchased from Abcam.

Human leukemia cell lines. HL60 (ATCC® CCL‑240™) and 
KG1α (ATCC® CCL‑246.1™) cells were purchased from 
American Type Culture Collection and cultured in Iscove's 
Modified Dulbecco's Medium (Welgene, Inc.) supplemented 
with 20% fetal bovine serum (Invitrogen; Thermo Fisher 
Scientific, Inc.) and 1% penicillin/streptomycin (Invitrogen; 
Thermo Fisher Scientific, Inc.) at 37˚C in a humidified 5% CO2 
atmosphere. The two cell lines were authenticated by STR 
genotyping. Plasmocin™ Prophylactic (InvivoGen) was used 
as a routine addition in liquid media to prevent mycoplasma 
contamination in cell cultures. All cell lines were used in our 
laboratory for <3 months after resuscitation.

Cell proliferation and cytotoxicity measurement. For prolif-
eration rate assays, HL60 and KG1α cells in complete medium 
were counted and seeded in 96‑well culture plates at 2x103 cells 
per well. For measurement of drug cytotoxicity, cells were 
seeded at 100% confluence in 96‑well cell culture plates and 
treated with drugs for 24 h. Thereafter, 10 µl of CCK8 reagent 
was added to each well and the plates were incubated for an 
additional 2 h. Absorbance was then measured at 450 nm using 
a Multiskan Ascent microplate spectrophotometer (Thermo 
Fisher Scientific, Inc.). To quantify apoptosis, necrosis and 
late apoptosis, cells were stained using an FITC Annexin V 
Apoptosis Detection Kit (BD Bioscience). After seeding at 
100% confluence in 96‑well cell culture plates and treating 
with drugs for 24 h, the cells were washed with 1 ml PBS 
and resuspended in 100 µl staining buffer containing 2 µl 
of Annexin  V‑FITC and 2 µl propidium iodide (PI). The 
cells were then incubated for 15 min at room temperature, 
followed by addition of 400 µl of staining buffer and quan-
tification of fluorescence by flow cytometry. Fluorescence in 
Annexin V‑FITC (505‑560 nm) and PI (595‑642 nm) chan-
nels was measured, and at least 10,000 single‑cell events per 
sample were collected. Using a gating strategy dependent on 
the fluorescence intensity of Annexin V‑FITC and PI, cell 
populations were divided into double‑negative (live) cells, 
Annexin V‑positive (apoptotic) cells, and double‑positive (late 
apoptotic or necroptotic) cells (27).

Western blot analysis. Whole‑cell lysates from HL60 and 
KG1α cells were prepared using RIPA lysis buffer [100 mM 
Tris‑HCl pH  8.5, 200  mM NaCl, 5  mM EDTA, 0.2% 
sodium dodecyl sulfate (SDS)] containing a phosphatase and 
protease inhibitor cocktail (INtRON BioTechnology). Equal 
amounts of protein (20 µg), quantified by the Bradford assay 
(Bio‑Rad Laboratories, Inc.), were resolved by SDS‑PAGE 
(polyacrylamide 6 or 12% gel electrophoresis) and transferred 



ONCOLOGY REPORTS  42:  2149-2158,  2019 2151

to an Amersham Protran nitrocellulose membrane (pore 
size, 0.2 µm; Amersham; GE Healthcare Life Sciences). The 
membranes were blocked by incubating for 1 h with TBST 
(10 mM Tris‑HCL pH 7.6, 150 mM NaCl, 0.1% Tween‑20) 
containing 3% skimmed milk, and were then sequentially 
incubated with primary antibody (16 h at 4˚C) and the appro-
priate horseradish peroxidase‑conjugated secondary antibody 
(2 h at room temperature). Specific antibody‑labeled proteins 
were detected using an enhanced chemiluminescence (ECL) 
system (WEST‑ZOL plus; INtRON BioTechnology).

Oxygen consumption rate (OCR) and extracellular acidifi‑
cation rate (ECAR). OCR and ECAR were measured using 
an xf24 analyzer (Seahorse Bioscience). On day‑1, the xf24 
biosensor cartridge was pre‑incubated with 1 ml of xf24 cali-
bration buffer and then incubated at 37˚C overnight without 
CO2. The cells were acutely treated as described with AKT 
inhibitor, idarubicin and/or AraC, delivered via port A, for 
24 h. For measurement of OCR, HL60 and KG1α cells were 
seeded onto xf24 cell culture microplates at 1x104 cells per 
well in 0.5 ml xf24 medium consisting of Dulbecco's modified 
Eagle's medium (pH 7.4) supplemented with 10 mM glucose, 
1  mM sodium pyruvate and 2  mM L‑glutamine (without 
sodium bicarbonate), and then incubated at 37˚C without 
CO2 for 1 h. The xf24 analyzer was operated according to the 
manufacturer's basic protocol at 37˚C with real‑time injection 
of drugs. After equilibrating for 20 min, each well of the xf24 
cartridge was sequentially injected with the ATPase inhibitor 
oligomycin (2 µg/ml), the uncoupling agent CCCP (5 µM) and 
the mitochondrial electron transport inhibitor rotenone (2 µM), 
and OCR and ECAR were measured in real time. For glycolysis 
stress tests, HL60 and KG1α cells (1x104 cells per well) were 
seeded onto xf24 cell culture microplates containing 0.5 ml 
Agilent Seahorse XF Base Medium (Seahorse Bioscience) and 
1 mM L‑glutamine, and then incubated at 37˚C without CO2 
for 45 min. Each well of the xf24 cartridge was sequentially 
injected with glucose (10 mM) for glycolysis, oligomycin 
(1 µM) for glycolytic capacity and 2‑deoxy glucose for glyco-
lytic reserve measurement.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was isolated using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. cDNA was synthesized 
from 20 µg of total RNA using M‑MLV Reverse Transcriptase 
and oligo‑dT primers (Invitrogen; Thermo Fisher Scientific, 
Inc.). RT‑qPCR was performed using cDNA, SYBR Green 
PCR Master Mix (iCycler iQ Real‑Time PCR Detection 
System; Bio‑Rad Laboratories, Inc.) and the following primer 
pairs: HK1, 5'‑ggc cac gat gta gtc acc tt‑3' (forward) and 5'‑cac 
gtc cag gtc aaa ttc ct‑3' (reverse); HK2, 5'‑cca cct ttg tga ggt 
cca ct‑3' (forward) and 5'‑gtc ctc agg gat ggc ata ga ‑3' (reverse); 
SLC2A1, 5'‑ccc aga tct ttg gtc tgg aa‑3' (forward) and 5'‑gac 
ttt cag ggc aaa atg ga‑3' (reverse); PFK1, 5'‑aga gcg tttc gat gat 
gct t‑3' (forward) and 5'‑gtt gta ggc agc tcg gag tc‑3' (reverse); 
PDK3, 5'‑cta ggt ggt ggt gtc cca ct‑3' (forward) and 5'‑taa cca 
aat cca gcc aaa gg‑3' (reverse); and 18s ribosomal RNA, 5'‑ctg 
gtt gat cct gcc agt ag‑3' (forward) and 5'‑cga cca aag gaa cca 
taa ct‑3' (reverse). The relative expression of target mRNAs 
was quantified and normalized with respect to that of 18S 

rRNA, which was used as an endogenous control. Rotor‑Gene 
6000 real‑time rotary analyzer software (version 1.7; Corbett 
Life Science‑Qiagen) was utilized along with the 2‑ΔΔCq 
method (28).

Statistical analysis. Results are presented as mean ± standard 
error of the mean from at least three independent experi-
ments. A two‑tailed unpaired Student's t‑test or one‑way 
analysis of variance with Friedman test were performed 
using Graph Pad InStat software (GraphPad Software, Inc.). 
A P‑value <0.05 was considered to indicate statistically 
significant differences.

Results

Downregulation of PTEN and phosphorylated AKT is 
associated with refractory AML. LSCs contribute to the 
central pathogenesis of R/R AML by sustaining stemness 
properties and continued propagation of leukemic cells after 
induction therapy. Using the KG1α leukemia cell line as an 
LSC‑like cell model (29) with potential relevance to refractory 
AML (30), we first investigated responsiveness to the AML 
chemotherapeutic agents, idarubicin and AraC, compared 
with HL60 cells. Interestingly, treatment with idarubicin or 
AraC alone differentially affected cell viability, causing ~30% 
less cytotoxicity against KG1α cells compared with HL60 
cells. Notably, combined treatment with idarubicin and AraC 
for 24 h also decreased the viability of HL60 cells without 
affecting KG1α cells (Fig. 1A). These changes in cell viability 
induced by idarubicin and AraC treatment were associated with 
diminished induction of cleaved poly(ADP‑ribose) polymerase 
(PARP) and cleaved caspase‑3 in KG1α cells, indicating that 
the remaining KG1α cells are resistant to and less damaged by 
idarubicin and AraC (Fig. 1B). To determine the death rate in 
HL60 cells treated with idarubicin, AraC and idarubicin plus 
AraC, Annexin V/PI staining was performed with quantifica-
tion by flow cytometry. This analysis revealed that idarubicin, 
AraC and idarubicin/AraC increased Annexin V staining in 
HL60 cells (CTL, 0.5%; idarubicin, 66.3%; AraC, 1.3%; idaru-
bicin/AraC, 63.86%), which is indicative of early apoptosis. 
Moreover, idarubicin, AraC and idarubicin/AraC increased 
the percentage of Annexin V/PI double‑stained HL60 cells 
(CTL, 0.6%; idarubicin, 12.5%; AraC, 8.7%; idarubicin/AraC, 
31.6%), which is indicative of late apoptosis and necroptosis 
(Fig. 1C‑E). However, KG1α cells exhibited a slight increase 
in the ratio of Annexin V/PI double‑stained cells by idaru-
bicin/AraC. These results suggest that idarubicin and AraC 
were associated with a higher apoptotic ratio in HL60 cells 
compared with KG1α cells. Next, in order to determine the 
differences in PTEN expression in refractory AML, PTEN 
protein expression was assessed in KG1α and HL60 cells, and 
PTEN protein levels were found to be downregulated in KG1α 
cells compared with HL60 cells (Fig. 1F). Given previous 
reports suggesting that Thr308 phosphorylation of AKT is 
correlated with poor overall survival of AML patients (31), 
the AKT phosphorylation status was confirmed in the two 
cell lines. AKT was found to be constitutively phosphorylated 
at Thr308 in KG1α cells (i.e., in the absence of a stimulus) 
(Fig.  1F). Collectively, these findings indicate that low 
expression of PTEN and high expression/phosphorylation of 
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AKT are correlated with a refractory AML phenotype against 
combined treatment with idarubicin and AraC.

The levels of glycolytic metabolism‑related enzymes are 
higher in KG1α cells compared with HL60 cells. AKT is 
involved in the regulation of cell proliferation and death. 
Notably, it was recently demonstrated that overexpression of 
a constitutively active AKT mutant in cancer cells upregulates 
glycolysis by inducing glucose transporter (GLUT)4 and HK, 
thereby leading to sustained growth and enhanced cancer cell 
survival (32). Moreover, activation of the AKT cascade effec-
tively induced GLUT1 gene expression in mouse hepatoma 
Hepa1c1c7 cells (33). Accordingly, as AKT levels were higher 
in refractory AML KG1α cells compared with HL60 cells, 
we assessed the expression of genes involved in regulating 
glucose uptake and metabolic flow, including mitochondrial 

enzymes, by RT‑qPCR and western blotting. First, we found 
that the mRNA expression levels of GLUT1/SLC2A1 were 
increased in KG1α cells compared with HL60 cells (Fig. 2A). 
Moreover, HK1 and HK2, the initial enzymes of glycolysis, 
were expressed at higher levels in KG1α compared with HL60 
cells (Fig. 2B and C). In addition, the expression of phospho-
fructokinase 1, the most important regulatory enzyme in this 
process, was increased more than two‑fold in KG1α compared 
with HL60 cells. (Fig.  2D). Consistent with these mRNA 
expression data, the GLUT1 and HK2 proteins were also 
more highly expressed in KG1α compared with HL60 cells 
(Fig. 2F). The final product of glycolysis is pyruvate, which is 
translocated to the mitochondria for the generation of mito-
chondrial complex I and II substrates via the tricarboxylic acid 
cycle. The pyruvate dehydrogenase complex converts pyruvate 
to acetyl CoA, which is downregulated by pyruvate dehydro-

Figure 1. Differences in drug sensitivity and PTEN/AKT levels between HL60 and KG1α cells. (A) The viability of HL60 and KG1α cells, with/without treat-
ment with 0.1 and 0.25 µM idarubicin and 0.1 and 1 µg/ml AraC, was measured by CCK8 assays (n=8, *P<0.05, ***P<0.005 vs. CTL). (B) Western blot analysis 
of the apoptosis marker proteins PARP and cleaved caspase‑3; actin was used as an internal control. (C and D) Dot plot for flow cytometric analysis of apoptotic 
cells after Annexin V‑FITC/PI staining in HL60 and KG1α cells treated with 0.1 µM idarubicin and 0.1 µg/ml AraC. Living cells (Q4) tested negative for both 
Annexin V‑FITC and PI. Populations testing Annexin V‑positive/PI‑negative were classified as early‑stage apoptotic cells (Q3), and double‑positive cells were 
classified as late‑stage apoptotic cells (Q2). (E) Percentage of early and late apoptotic HL60 and KG1α cells following idarubicin and AraC treatment. (n=3, 
*P<0.05, **P<0.01, ***P<0.005 vs. CTL). (F) Western blot analysis of PTEN, p‑AKT (Thr308) and total AKT in HL60 and KG1α cells. PTEN, phosphatase 
and tensin homologue; AKT, protein kinase B; PARP, poly(ADP‑ribose) polymerase; PI, propidium iodide; AraC, cytarabine; IDA, idarubicin; CTL, control. 
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Figure 3. Metabolic phenotype in HL60 and KG1α cells. (A) ECAR in HL60 and KG1α cells, determined using an xf24 analyzer. Glucose (Gluc; 10 mM) was 
used for glycolysis; oligomycin (OLI; 1 µM) was used for glycolytic capacity; and 2‑deoxyglucose (2‑DG; 50 mM) was used for calculation of the glycolytic 
reserve. Left panel, real‑time ECAR; right panel, quantification of each step of ECAR (n=4, *P<0.05, **P<0.01, ***P<0.005 vs. HL60). (B) pH levels in media 
after culturing HL60 and KG1α cells for 48 h (n=4, **P<0.01, ***P<0.005 vs. HL60). (C) OCR in HL60 and KG1α cells, determined using an xf24 analyzer (n=7 
or 8, *P<0.05 vs. HL60). OLI 2 µg/ml was used for uncoupling; CCCP (5 µM) was used to induce maximal OCR; and rotenone (ROT, 2 µM) was used to assess 
non‑mitochondrial OCR. ECAR, extracellular acidification rate; OCR, oxygen consumption rate.

Figure 2. Expression of glycolysis‑related genes in HL60 and KG1α cells. (A‑E) mRNA levels of (A) SLC2A1/GLUT1, (B) HK1, (C) HK2, (D) PFK1 and 
(E) PDK3, as determined by quantitative polymerase chain reaction analysis (n=5 or 6, **P<0.01, ***P<0.005 vs. HL60). (F) Western blot analysis of GLUT1, 
HK2, NDUFB8, NDUFA9 and GAPDH; actin was used as a loading control. GLUT, glucose transporter; HK, hexokinase; PFK, phosphofructokinase; PDK, 
pyruvate dehydrogenase kinase.
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genase kinase (PDK) in the mitochondria. As expected, the 
PDK3 expression levels were lower in KG1α cells compared 
with HL60 cells, thereby enhancing mitochondrial respiration 
by supplying the substrates, NADH and FADH, despite the 
absence of a change in the expression levels of mitochondrial 
complex subunit proteins (Fig. 2E).

Mitochondrial respiration and glycolysis capacity are higher 
in KG1α compared with HL60 cells. To verify the correlation 
between upregulated expression of glycolytic genes and physi-
ological changes in glycolysis rate in KG1α cells, glycolytic 
activity was assessed by measuring the ECAR and OCR using 
an xf24 analyzer. Consistent with the observed gene expres-
sion profile, a glucose stress test using glucose, oligomycin 

and 2‑deoxyglucose showed higher glycolytic capacity in 
KG1α cells compared with that in HL60 cells (Fig. 3A). Next, 
cellular acid production was quantified by measuring the 
hydrogen concentration in the medium. Compared with HL60 
cells, KG1α cells maintained a low‑pH environment from 
day 2 onwards (Fig. 3B). Interestingly, basal and maximal 
OCRs were also higher in KG1α cells compared with those 
in HL 60 cells (Fig. 3C). Taken together, these data indicate 
that PTEN‑mutant KG1α cells are characterized by more 
prominent mitochondrial respiration and glycolytic pathway 
flux compared with HL60 cells.

Inhibition of AKT inhibits refractory AML cell growth 
through downregulation of glycolysis. To confirm the role 

Figure 4. AKT inhibition reduces the proliferation of KG1α cells. (A and B) Measurement of (A) ECAR and (B) OCR in KG1α cells treated with AKT inhibitor 
(AKTi) for 20 min (n=4, *P<0.05, ***P<0.005 vs. CTL). (C) CCCP (5 µM) induces maximal OCR in KG1α cells treated with AKTi for 40 min (n=4, **P<0.001 
vs. CTL). (D) Immunoblotting of total cell lysates for p‑AKT (Thr308) and total AKT after treatment with AKTi (1 µM) for 6 h with/without insulin (100 nM) 
or IGF2 (100 ng/ml) for 2 h. Actin was used as a loading control. (E) Measurement of ECAR in HL60 and KG1α cells treated with AKTi (n=4, **P<0.001 
vs. CTL). (F) Measurement of OCR in HL60 and KG1α cells treated with AKTi (n=4, *P<0.05 vs. CTL). CCCP (5 µM) was used to induce maximal OCR. 
(G) Viability of HL60 and KG1α cells after treatment with 1 µM AKTi for 24 h, determined by CCK8 assay (n=8, ***P<0.005 vs. CTL). ECAR, extracellular 
acidification rate; OCR, oxygen consumption rate; CTL, control; IGF, insulin‑like growth factor.
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of AKT in refractory AML cell proliferation, mitochondrial 
OCR and ECAR were measured in HL60 and KG1α cells 
in real time using an xf24 analyzer following introduction 
of an AKT inhibitor into an xf24 cartridge. As expected, 
acute injection of the AKT inhibitor reduced ECAR and 
enhanced maximal and basal OCR (Fig. 4A‑C). Due to the 

low levels of AKT phosphorylation in HL60 cells, the effect 
of AKT inhibitors on AKT phosphorylation was confirmed 
by basal or pharmacological stimulation. Since it is known 
that insulin and insulin growth factor (IGF)2 promote AKT 
phosphorylation and affect cell survival in AML (34,35), we 
investigated AKT phosphorylation following treatment with 

Figure 5. AKT inhibition reduces the viability of chemoresistant KG1α cells. (A) Measurement of ECAR in KG1α cells treated with IDA, AraC, and AKT 
inhibitor (AKTi) for 24 h. Quantification of glycolysis, glycolytic capacity, and glycolytic reserve. (n=4, *P<0.05, ***P<0.005 vs. CTL). (B) Measurement of 
OCR in KG1α cells treated with IDA, AraC, and AKTi for 24 h (n=4, **P<0.01 vs. CTL). CCCP (5 µM) was used to induce maximal OCR. (C) Viability 
of KG1α cells treated with IDA, AraC and AKTi for 24 h, as determined by CCK8 assays. (n=8, *P<0.05, ***P<0.005 vs. CTL). (D) Percentage of early 
and late apoptotic KG1α cells following treatment with IDA, AraC and AKTi for 24 h (n=3, *P<0.05 vs. CTL). Living cells (Q4) tested negative for both 
Annexin V‑FITC and PI. Populations testing Annexin V‑positive/PI‑negative were classed as early‑stage apoptotic cells (Q3), whereas double‑positive cells 
were classed as late‑stage apoptotic cells (Q2). ECAR, extracellular acidification rate; OCR, oxygen consumption rate; AraC, cytarabine; IDA, idarubicin; PI, 
propidium iodide; CTL, control.
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insulin and IGF2 in HL60 and KG1α cells. Pretreatment with 
AKT inhibitor was applied 4 h prior to the addition of 100 nM 
insulin, IGF2 (100 ng/ml) or vehicle for 2 h. As a result, AKT 
inhibitors reduced AKT phosphorylation under basal and 
pharmacological‑stimulated conditions in HL60 and KG1α 
cells (Fig. 4D). Under these conditions, ECAR was prolonged 
and decreased in KG1α cells, but OCR remained unchanged 
(Fig.  4E  and  F). Inhibition of AKT ultimately reduced 
cell proliferation only in AKT‑hypersensitive KG1α cells 
(Fig. 4G). These results suggest that AKT activation affects 
refractory AML cell proliferation in a glycolysis‑dependent 
manner.

Targeting the PTEN/AKT pathway by inhibiting AKT 
enhances the drug sensitivity of refractory AML cells. As 
noted above (see Fig. 1A), refractory AML KG1α cells exhib-
ited diminished responsiveness to chemotherapy (idarubicin 
and AraC). To test the role of AKT in drug sensitivity, KG1α 
cells were treated with idarubicin plus Ara‑C, idarubicin plus 
Ara‑C and an AKT inhibitor, or AKT inhibitor alone for 24  h, 
and ECAR and OCR were assessed using an xf24 analyzer; 
cell viability was also measured using Annexin V/PI staining 
and CCK8 assays. Consistent with the results presented in 
Fig. 4, we found that treatment with AKT inhibitor decreased 
glycolysis, whereas treatment with idarubicin and AraC did 
not (Fig. 5A). In addition, co‑treatment with AKT inhibitor 
and idarubicin and AraC further reduced glycolysis, glyco-
lytic capacity, and glycolytic reserve. Interestingly, the 
three‑drug combination (idarubicin, AraC and AKT inhib-
itor) reduced basal OCR, whereas treatment with individual 
drugs produced little change in OCR (Fig. 5B). To determine 
the cell apoptotic ratio, Annexin V/PI staining was used in 
conjunction with flow cytometry to quantify the apoptotic 
rate of KG1α cells following treatment with idarubicin, 
AraC, and AKT inhibitor. Although CCK8 assays revealed 
that cell viability was reduced by treatment with idarubicin 
and AraC (4.2%) or AKT inhibitor (14.4%), co‑treatment 
with AKT inhibitor and idarubicin and AraC further reduced 
viability (26.6%) (Fig.  5C), without increasing Annexin 
V‑stained and Annexin V/PI double‑stained apoptotic cells 
(Fig. 5D). In conclusion, AKT inhibition enhances chemo-
therapeutic susceptibility in KG1α cells by suppressing the 
AKT signaling pathway and decreasing proliferative poten-
tial without inducing apoptosis.

Discussion

Resistance to intensive therapy is a major hurdle in the 
treatment of AML (36). Several new therapeutic approaches 
targeting mutant genes have been tested in an effort to over-
come drug resistance (36,37). Despite such efforts, however, 
the molecular mechanisms responsible for refractory drug 
responses remain unidentified. Importantly, treatments based 
on the different properties of R/R AML cells must be devel-
oped as a common chemotherapy for AML. The results of 
the present study suggest that inhibiting the activity of AKT, 
which is a prominent metabolic modulator in R/R AML, is a 
promising new therapeutic strategy.

Inhibition of anaerobic glycolysis is important in relapse and 
chemoresistance. For example, chemoresistant colon cancer 
cells exhibit defective mitochondrial ATP production and 
enhanced aerobic glycolysis (38). It has also been demonstrated 
that glycolysis is increased and the efficiency of mitochondrial 
oxidative phosphorylation is reduced in drug‑resistant HL60 
ADR cells compared with the drug‑sensitive HL60 cells (39). 
Consistent with those findings, the results of the present study 
demonstrated that glycolysis and mitochondrial oxidative 
phosphorylation activity were both increased in KG1α cells, 
which exhibited resistance to idarubicin and AraC, compared 
with control HL60 cells. Our data further suggested that this 
phenotype of KG1α cells may result from downregulation of 
PTEN, which is mutated in these cells.

Although PTEN mutations are rare in AML patients, they 
have been found to be correlated with refractory AML (20). 
Clinically, AML patients with a low level of PTEN and a high 
level of cyclin D1 expression have a high rate of relapse within 
1 year (40). In addition, elderly PTEN‑positive, CD44‑negative 
AML patients survive significantly longer compared with 
PTEN‑negative, CD44‑positive patients (21). Although the 
association between PTEN mutation/expression and R/R AML 
has been investigated, the metabolic status of PTEN‑mutated, 
refractory AML cells has not been fully elucidated. The present 
study demonstrated that PTEN affects metabolic flow and cell 
viability in refractory AML cell lines through inhibition of its 
downstream target, AKT. These results indicate that PTEN is 
a regulator of refractory AML cells through enhancement of 
glycolysis.

LSCs, which are capable of producing identical daughter 
cells as well as differentiated cells, are considered a major 

Figure 6. Model describing the effects of AKT inhibitors on chemotherapy in PTEN‑mutant, refractory AML cells. PTEN, phosphatase and tensin homologue; 
AML, acute myeloid leukemia; GLUT, glucose transporter; HK, hexokinase.
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cause of relapse and a serious obstacle to the successful 
treatment of AML  (41). As cells of the KG1α leukemic 
cell line are considered to be LSC‑like, they may also be 
used to evaluate whether the differential metabolic flow in 
LSCs underlies R/R AML. The metabolism of cancer cells 
is remodeled from oxidative phosphorylation to aerobic 
glycolysis even under aerobic conditions, a process termed 
the ‘Warburg effect’, which serves to support rapid growth 
and avoid hypoxia  (42). The Warburg effect was initially 
hypothesized to result from diminished mitochondrial 
function (43); however, despite utilizing aerobic glycolysis, 
most cancer cells also consume oxygen (44,45). Activation 
of mitochondrial metabolism through mitochondrial biogen-
esis and quality control has been reported to maintain the 
supply of macromolecules to cancer cells (46). Cancer cells 
use glutamate as an important alternative carbon source to 
glucose. Previous experimental studies have demonstrated 
that cancer cells use glutamate for protein anabolism, and that 
Krebs cycle intermediates, through glutaminolysis, may act 
as building blocks for macromolecules necessary for growth 
and proliferation (47,48). Moreover, glutamine‑driven oxida-
tive phosphorylation supports ATP production in murine 
renal epithelial cells (49). In leukemia, LSC‑positive cells 
are dependent on oxidative respiration rather than glycolysis 
for energy generation (11). AraC‑resistant pre‑existing and 
persisting cells display increased mitochondrial mass and 
retain active polarized mitochondria; this is consistent with a 
high oxidative phosphorylation status and not an LSC pheno-
type (13). In addition, upregulation of oxidative metabolism 
supports the survival of primitive CML cells, and combina-
tion treatment with imatinib and tigecycline, an antibiotic 
that inhibits mitochondrial protein translation, selectively 
eradicates CML LSCs in vitro as well as in vivo (50). KG1α 
cells with a highly oxidative respiratory capacity display 
characteristics of LSC‑like cells and expression of the refrac-
tory AML phenotype. This observation highlights the need 
for further studies on how the regulation of mitochondrial 
function contributes to the survival of PTEN mutant, refrac-
tory leukemia cells.

In clinical trials, AKT inhibitors have proven to be highly 
toxic or cause only incomplete response in patients with 
advanced acute leukemia (51). The present study demonstrated 
that conventional chemotherapy together with AKT inhibi-
tors, but not AKT inhibitors alone, reduce the viability of 
refractory AML cells by reducing mitochondrial OCR and 
glycolysis. Taken together, these findings suggest that meta-
bolic deterioration mediated by AKT inhibition is involved 
in promoting susceptibility to the drug‑refractory AML 
phenotype, providing a rationale for further study of targeted 
therapy (Fig. 6).
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