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Myeloid ecotropic viral integration site-1 inhibition promotes apoptosis, 
suppresses proliferation of acute myeloid leukemia cells, accentuates the effects 
of anticancer drugs
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ABSTRACT
To investigate the effects of myeloid ecotropic viral integration site-1 (MEIS1) on the proliferation 
and apoptosis of acute myeloid leukemia (AML) cells and the anticancer effects of the drug, we 
screened Kasumi-6, KG-1, and Kasumi-1 cells using quantitative reverse transcription polymerase 
chain reaction. Kasumi-6 and Kasumi-1 cells were subjected to human antigen R (HuR)-mediated 
interference (IV). Hexokinase 2 (HK2) expression and phosphorylation of protein kinase B (p-AKT) 
and mammalian target of rapamycin (p-mTOR) were observed with Western blotting. Cell pro-
liferation was assessed using Cell Counting Kit-8, apoptosis was examined using Hoechst 33,258 
staining, and glucose uptake was detected with a colorimetric biochemical assay kit. We found 
that, among the three cell lines tested, MEIS1 expression was highest in Kasumi-1 cells, which 
were therefore selected for subsequent experiments. Kasumi-1 cells receiving IV showed signifi-
cantly decreased proliferation (p < 0.05) and increased apoptosis compared to the control group. 
Compared with the controls, IV significantly increased the expression of HK2, p-AKT, p-mTOR, 
multidrug resistance-associated protein 1 and P-glycoprotein (P < 0.05), but decreased glucose 
uptake. Treatment with adriamycin, daunorubicin and imatinib resulted in a progressive increase 
in inhibition of cell proliferation, with the IV group showing the highest inhibition rate among the 
three groups (P < 0.05). Thus, inhibition of MEIS1 activity promoted apoptosis, inhibited the 
proliferation of Kasumi-1 and Kasumi-6 cells, and increaseed the anticancer effect of the drugs, 
suggesting that inhibition of MEIS1 may be a potential strategy for the treatment of AML.
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Introduction

Acute myeloid leukemia (AML) is a malignant dis-
ease of myeloid hematopoietic stem/progenitor cells, 
caused mainly by the abnormal proliferation of pri-
mitive and naïve myeloid cells in the bone marrow 
and peripheral blood [1]. Anemia, bleeding, infec-
tion, and fever are typical clinical symptoms of AML. 
AML treatment is primarily based on chemotherapy, 
and commonly used chemotherapeutic drugs 
include doxorubicin (adriamycin), daunorubicin, 
imatinib, and idarubicin [2]. However, prolonged 
use of chemotherapeutic agents increases the like-
lihood of developing drug resistance, which weakens 
drug efficacy. Therefore it is critical to identify addi-
tional strategies to treat AML.

Tumor cells can evade normal apoptotic pro-
cesses through abnormal glycometabolic behavior, 
which enhances cell proliferation and migration. 

The primary glycometabolic perturbation in tumor 
cells is known as the Warburg effect, which is 
a key factor in the pathogenesis of tumors [3]. 
The Warburg effect provides growth advantages 
for cancer cells, allowing them to escape apoptosis 
and promote tumor metastasis [4]. In addition, the 
Warburg effect creates a microenvironment that 
favors the emergence of drug-resistant cancer cells 
[5]. Recent findings suggest that the family of 
protein kinase B/mammalian target of rapamycin 
(AKT/mTOR) signaling pathway is a major driver 
of altered glycometabolism in cancer cells, and 
that specifically inhibiting the glycometabolism of 
tumor cells can suppress their proliferation and 
decrease their aggressiveness [6-10].

The myeloid ecotropic viral integration site-1 
(MEIS1) gene, which is located on human 
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chromosome 2p13-p14, is a of the homeobox HOX 
branch gene that encodes a protein belonging to the 
‘three amino acid loop extension’ family [11,12]. The 
expression of MEIS1 in the bone marrow is closely 
associated with the development and progression of 
leukemia, and is positively correlated with poor 
prognosis [13,14]. MEIS1 is also closely related to 
cell metabolism, angiogenesis, and tumor resistance 
[15-19]. Arabanian et al. have observed that 
endothelin receptor type A (EDNRA) is a candidate 
for HOXA9 and MEIS1 as a downstream target of 
AML cells. MEIS1 combines with the EDNRA pro-
moter domain; overexpression of EDNRA can 
increase bone marrow cell proliferation and enhance 
the anti-apoptotic effect of these cells [20]. However, 
the impact of MEIS1 on the Warburg effect and the 
proliferation and apoptosis of AML cells have not yet 
been reported.

In this study, human AML cell lines Kasumi-6, 
KG-1, and Kasumi-1 and normal human peripheral 
blood mononuclear cells were cultured in vitro, and 
cells with abnormally high expression of MEIS1 were 
screened. Molecular and cellular experiments were 
performed to determine the influence of MEIS1 on 
the Warburg effect in AML cells and to provide 
novel strategies for the clinical management of 
AML. This study is aimed to explore the role of 
MEIS1 in the Warburg effect in AML cells as well 
as its effect on the proliferation and drug resistance 
of tumor cells, in an attempt to provide a new ther-
apeutic strategy for tumors.

Materials and methods

Cell culture

The AML cell lines Kasumi-6, KG-1, and Kasumi- 
1 were obtained from the American Type Culture 
Collection (ATCC, Virginia, USA), and normal 
peripheral blood THP-1 monocytes were pur-
chased from the Stem Cell Bank, Chinese 
Academy of Sciences. Cells were cultured in 
RPMI 1640 medium (SH30809.01B, Hyclone) or 
Iscove’s Modified Dulbecco’s Medium 
(SH30228.01B, Hyclone) supplemented with 10% 
or 20% fetal bovine serum (10,270–106, Gibco) in 
an incubator containing 5% CO2 and 95% air, at 
37°C for 24 h. Cells were passaged or cryopre-
served when they reached 70–80% density [21].

Construction of MEIS1 interference vector

Full-length cDNA of human MEIS1 (Gene ID: 
4211) was obtained from the NCBI database. 
Kasumi-1 and Kasumi-6 cells were transfected 
with MEIS1 siRNA (5ʹ-CCATCCTTCAAG 
TGAACAA-3ʹ, Addgene) using Lipofectamine 
2000 reagent, according to the manufacturer’s 
instructions of the. At 24 hours before transfec-
tion, seeded 0.5–2 × 105 cells were seeded 500 µL 
anti-resistant medium, and the number of cells 
was adjusted to 4–8 × 105/well during transfection. 
A total of 1 μL siRNA (10 µM) was diluted in 
50 µL Opti-MEM, diluted with 3 μL 
Lipofectamine® RNAiMAX in 50 µL Opti-MEM, 
mixed and incubated at 4°C for 5 min. The cell 
culture plate was then placed in a 37°C, 5% CO2 
incubator for 24 h. The cell experiments were 
divided into three groups: control, empty vector 
(EV), and MEIS1 siRNA (IV). Transfection effi-
ciency was determined by quantitative reverse 
transcription-polymerase chain reaction (qRT- 
PCR) and Western blotting [22].

RNA isolation and qRT-PCR

Total RNA was extracted from Kasumi-1 and 
Kasumi-6 cells using TRIzol reagent according to 
the manufacturer’s instructions, and reverse- 
transcribed into cDNA using the RevertAid First 
Strand cDNA Synthesis Kit (639,505, TAKARA). 
The synthesized cDNA was subjected to qRT-PCR 
using the SYBR Green PCR Master Mix according 
to the manufacturer’s instructions (KM4101, 
KAPA Biosystems). Data were collected and ana-
lyzed using the 2-ΔΔCt method. The primers were 
designed and configured by Nanjing Kingsy 
Biotechnology Co., Ltd. (Table 1). All parts of the 
experiment were performed in strict according 
with the manufacturer’s instructions.

Table 1. Primer sequences.
Primer Sequence (5ʹ-3ʹ)
Meis1-F AGTGAGCAAGGTGATGGC
Meis1-R CAGAAGGGTAAGGGTGTG
HOXA9-F TGCTTGTGGTTCTCCTCC
HOXA9-R TCTTGACCTGCCTCTCGG
GAPDH-F CCACTCCTCCACCTTTG
GAPDH-R CACCACCCTGTTGCTGT
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Cell counting kit-8 (CCK-8)

Cells (5 × 103) were seeded in a 96-well plate in 
RPMI 1640 medium containing 10% fetal bovine 
serum. The cells were treated with different con-
centrations of adriamycin (0, 0.25, 0.75, 1.5, 3.0, 
6.0, and 12.0 µmol/L), daunorubicin (0, 0.01, 
0.025, 0.05, 0.25, and 1.25 µg/mL, and imatinib 
(0, 0.25, 0.5, 1.0, 2.0, and 5.0 μM) for 24 h, as 
previously described in literature [21-23]. Next, 
10 μL of CCK-8 solution was added to each well, 
and the cells were cultured at 37°C for 4 h. The 
optical density was measured at 450 nm. The 
experiments were performed in strict accordance 
with the manufacturer’s instructions.

Flow cytometry

For apoptosis, discard the culture broth was dis-
carded, and the residual broth using PBS. This was 
then centrifuge and the cells collected, and the super-
natant discarded. The cells were resuspended in 
200 µL PBS. Annexin V-FITC (10 µL) and PI 
(10 µL) were added, mixed gently, and incubated 
for 30 min at 4°C in the dark. A total of 300 µL of 
PBS was added, followed by flow cytometry [23]. For 
cell cycle analysis, cells were collected and resus-
pended in 300 µL PBS, then 700 µL anhydrous etha-
nol was added and fixed for more than 24 h in 
a − 20°C freezer. The fixed samples were removed 
and centrifuged at 700 × g for 5 min at 4°C, and the 
supernatant was discarded. The samples were washed 
twice with PBS (1 mL). Cells were resuspended in 
100 μL of RNase A solution at a concentration of 
1 mg/mL, and RNA was digested at 37°C for 30 min. 
PI (400 μL at a concentration of 50 μg/mL) was 
added and incubated for 10 min at 4°C in the dark. 
Cellular DNA content was then measured using flow 
cytometry to determine the proportion of cells in 
each part of the cell cycle [24]. All results were 
analyzed using NovoExpress software for results.

Measurement of glucose uptake rate

Glucose uptake was measured using a kit accord-
ing to the manufacturer’s instructions (KA4086, 
Abnova). Detection was performed in strict accor-
dance with the kit instructions.

Western blot

Protein extracts (20 μg) prepared from the Kasumi-1 
and Kasumi-6 cells were separated by 12% SDS- 
PAGE and transferred to PVDF membranes 
(Millipore, USA). The membranes were blocked for 
120 min in a skim milk blocking buffer, washed five 
times with Tris-buffered saline with 0.1% Tween 20 
detergent (TBST) containing 0.1% Tween 20, and 
probed with primary antibodies against hexokinase 
2 (HK2, 1:1000, PAB30271, Bioswamp), AKT 
(1:1000, PAB30596, Bioswamp), p-AKT (1:1000, 
ab38449, Abcam), mTOR (1:1000, PAB30674, 
Bioswamp), p-mTOR (1:1000, PAB36313-P, 
Bioswamp), Multidrug resistance-associated protein 
1 (MRP1) (1:1000, ab23338, Abcam), P-glycoprotein 
(P-gp, 1:1000, 22,336-1-AP, Proteintech), and 
GAPDH (1:1000, PAB36269, Bioswamp) overnight 
at 4°C. The membranes were washed three times 
with TBST and incubated with secondary antibodies 
(goat anti-rabbit IgG, 1:20,000, PAB160011, 
Bioswamp) for 60 min [25]. Protein bands were 
examined using enhanced chemiluminescence 
(Tanon-5200, TANON) and analyzed using 
AlphaEase FC gel image analysis software.

Statistical analysis

Data are expressed as the mean ± standard devia-
tion. To analyze the differences between the 
groups, data comparisons were performed with t- 
tests and one-way analysis of variance using SPSS 
22 statistical software. P < 0.05 was considered 
statistically significant.

Results

MEIS1 mRNA expression in Kasumi-6, KG-1, 
Kasumi-1, and THP-1 cells

In order to screen the cell line that are most 
suitable and this experiment, the expression of 
MEIS1 in the three cell lines was detected using 
qPCR. As illustrated in Figure 1, with respect to 
THP-1 cells, the mRNA expression of MEIS1 was 
significantly increased in the KG-1, Kasumi-1, and 
Kasumi-6 cells; the Kasumi-1, and Kasumi-6 cell 
lines had the highest expression (P < 0.001). 
Therefore, Kasumi-1 and Kasumi-6 cells were 
used for subsequent experiments.
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Controls for interference expression

After characterization of transfection efficiency 
(Figure 2a and Figure 2b), the expression of 
MEIS1 mRNA was measured in the control, EV, 
and IV groups in order to confirm MEIS1 

inhibition by the interference vector. In compar-
ison to the control and EV groups, MEIS1 expres-
sion was significantly decreased in the IV group 
(P < 0.001) in Kasumi-1 and Kasumi-6 cells 
(Figure 2c and Figure 2d).

Figure 1. MEIS1 mRNA expression was quantified by qRT-PCR in THP-1, Kasumi-6, KG-1 and Kasumi-1 cells. *P < 0.05, **P < 0.01, 
***P < 0.001 vs. control (n = 3).

Figure 2. MEIS1 repression in Kasumi-1 and Kasumi-6 cells. (a) MEIS1 mRNA expression in Kasumi-1 cells. (b) MEIS1 mRNA expression 
in Kasumi-6 cells. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (n = 3).
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Inhibition of MEIS1 promotes cell apoptosis and 
inhibits cell proliferation

Next, we next performed a CCK-8 assay to evalu-
ate the role of MEIS1 in cell proliferation 
(Figure 3a). Compared with the control group, 
the proliferation rate in the IV group was signifi-
cantly decreased (P < 0.001). Flow cytometry was 
performed carried out in order to quantify apop-
tosis in Kasumi-1 and Kasumi-6 cells. As shown in 
Figure 3b, the apoptotic rate in the IV group was 
higher than that in the control and EV groups 
(P < 0.001). We further examined the expression 
of glucose-metabolizing proteins and pathways 
associated with proliferation. As shown in 
Figure 4a, the rate of glucose uptake in the IV 
group was significantly lower than that in the 

control and EV groups (P < 0.01 and P < 0.001, 
respectively). Figure 4b shows that the expression 
of HK2, p-AKT, and p-mTOR proteins in the IV 
group was significantly decreased (P < 0.01 and 
P < 0.001, respectively). Together, these results 
suggest that the inhibition of MEIS1 expression 
may inhibit cell proliferation via its effect on glu-
cose metabolism in Kasumi-1 and Kasumi-6 cells.

Effect of MEIS1 on drug sensitivity in Kasumi-1 
cells

To further investigate the resistance of si-MEIS1 to 
AML cells, we next examined the expression of the 
resistance-related proteins, MRP1 and P-gp. 
Figure 5a shows that MRP1 and P-gp levels were 

Figure 3. Proliferation of Kasumi-1 and Kasumi-6 cells in control, EV, and IV groups. (a) The extent of cell proliferation in control, EV, 
and IV groups was detected using a CCK-8 assay. (b) Apoptosis was detected by flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001 
vs. control (n = 3).
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Figure 4. Effect of MEIS1 knockdown on the Warburg effect in Kasumi-1 and Kasumi-6 cells. (a) Glucose uptake rate was evaluated 
using a glucose uptake assay kit. (b) Expression of HK2, p-AKT, and p-mTOR proteins was measured by Western blot. *P < 0.05, 
**P < 0.01, ***P < 0.001 vs. control (n = 3).

Figure 5. Effect of MEIS1 on drug resistance of Kasumi-1 and Kasumi-6 cells. (a) The expression of MRP1 and P-gp proteins was 
measured by Western blot. (b) The extent of cell proliferation inhibition (%) in control, EV, and IV groups treated with different 
concentrations of Adriamycin (0–12 µmol/L), daunorubicin (0–1 µg/mL) and imatinib (0–5 μM) was evaluated using a CCK-8 assay. 
*P < 0.05, **P < 0.01, ***P < 0.001 vs. control (n = 3).
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lower in the IV group than in when compared 
with the control and EV groups (P < 0.05). We 
also observed a dose-dependent reduction in pro-
liferation in response to adriamycin, daunorubicin, 
and imatinib, which was significantly higher in the 
IV group (Figure 5b, p < 0.05). These results 
suggest that inhibition of MEIS1 expression 
enhances the anti-proliferative effects of these 
anticancer agents.

Discussion

Drug resistance is a frequent problem in AML 
treatment and is mainly manifested as a decrease 
in the sensitivity of cancer cells to chemotherapeu-
tic drugs after a few sessions of treatment [26]. As 
a result, the efficacy of chemotherapeutic drugs 
progressively decreases, ultimately leading to fail-
ure of chemotherapy failture.

The Warburg effect describes the switch to 
anaerobic respiration even under oxygen-replete 
conditions; this adaptive metabolism is exploited 
by tumor cells to produce a large amount of ATP 
[4]. The Warburg effect is often observed in tumor 
cells that are affected by local hypoxia, which 
partially inhibits mitochondrial oxidative phos-
phorylation [3]. The ensuing anaerobic metabo-
lism of glucose generates a large amount of lactic 
acid, leading to microenvironment acidification 
[27]. Acidified microenvironments enhance 
hypoxia-inducible factor-1 (HIF-1) expression 
and promote the survival, proliferation, and 
metastasis of cancer cells [28]. Tumor cell meta-
bolism requires a large amount of glucose, thus 
reducing the concentration of glucose in the inter-
nal environment. Paradoxically, the enhanced uti-
lization of glucose can lead to rapid apoptosis in 
some tumor cells [29]. In this study, we found that 
glucose content and cell proliferation rate 
decreased significantly following inhibition of 
MEIS1 expression. This was accompanied by 
a significant increase in apoptosis, suggesting that 
MEIS1 inhibition suppresses the Warburg effect by 
reducing glucose uptake, which in turn inhibits 
tumor cell proliferation and facilitates apoptosis.

PI3K/AKT/mTOR signaling is one of the most 
important regulators of the Warburg effect in cancer 
cells. PI3K phosphorylation can activate AKT, which 
then upregulates the expression of HIF-1a through 

mTOR, thereby upregulating the expression of pyr-
uvate dehydrogenase kinase isoenzyme 1 (PDK1), 
a key enzyme in glucose metabolism. PDK1 inhibits 
pyruvate dehydrogenase (PDH) activity [30] and 
initiates the switch from aerobic glucose metabolism 
to increased glycolysis and lactate production 
[31,32]. Consistent with this, PI3K/AKT signaling 
promotes the Warburg effect in tumor cells [7], 
while inhibitors of PI3K (LY294002) and mTOR 
(A-443654) effectively inhibit the Warburg effect 
and tumor cell proliferation [33,34]. In this study, 
AKT/mTOR signaling was significantly attenuated 
after MEIS1 expression was inhibited, suggesting 
that MEIS1 drives the Warburg effect in tumors 
via the AKT/mTOR signaling pathway.

Many anti-neoplastic drugs induce irreversible 
cellular damage by affecting nucleic acid formation 
and protein synthesis by directly damaging DNA or 
by disrupting the balance of hormone levels. After 
a certain number of course of treatment, most 
patients will develop drug resistance. The main 
mechanisms underlying drug resistance include 
inhibition of cellular drug uptake, promotion of 
drug efflux, enhanced enzymatic activity of drug 
targets, enhanced DNA repair, and elevated expres-
sion of molecules associated with drug resistance or 
anti-apoptosis. Enhanced glycolysis in tumor cells 
leads to higher production of ATP and NADPH, 
and high concentrations of ATP can activate ATP- 
binding cassette transporters, thereby promoting 
drug efflux [32] and upregulation of HIF-1 expres-
sion. Enhanced activity of key enzymes in glycolysis 
reduces the generation of reactive oxygen species by 
the tricarboxylic acid cycle, prevents DNA damage, 
and inhibits tumor cell apoptosis [35,36]. NADPH 
is an important antioxidant that inhibits oxidative 
damage induced by chemotherapeutic drugs 
[37,38]. Here, we observed that the exposure of 
resistance-associated proteins MRP1 and P-gp in 
the IV group was markedly lower than that in the 
control, suggesting that inhibition of MEIS1 may 
suppress drug resistance in Kasumi-1 cells. To verify 
this conclusion, we knocked down MEIS1 in 
Kasumi-1 cells before treatment them continuously 
with different concentrations of adriamycin, dau-
norubicin, and imatinib. This revealed that all 
three drugs were significantly more effective in 
MEIS1-knockdown cells than in control cells. The 
vendor of the cell lines we used in our study 
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(ATCC) did not indicate that any of them exhibited 
a drug resistance phenotype. Therefore we cannot 
conclusively determine whether MEIS1 inhibition is 
a bona fide strategy for abrogating drug resistance, 
or whether it sensitizes cells to these drugs by 
another mechanism. This will be addressed in 
future studies. This study has some limitations. 
We did not study the survival rate of leukemia 
cells in chemotherapy after MEIS1 knockout to 
investigate whether MEIS1 can overcome drug 
resistance.

Conclusions

Inhibition of MEIS1 significantly increases the 
anticancer effect of drugs by inhibiting prolifera-
tion and promoting apoptosis, which may be due 
to disruption of MEIS1-dependent stimulation of 
the Warburg effect.

Highlights

Due to drug resistance of tumor cells, the therapeutic effect of 
AML is not presently ideal.

MEIS1 may be a key protein that regulates AML cell 
resistance.

Inhibiting MEIS1 activity can promote apoptosis, inhibit 
proliferation, and increase the drug sensitivity of Kasumi-1 cells.
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