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2-Methoxyestradiol combined with ascorbic acid facilitates the apoptosis of 
chronic myeloid leukemia cells via the microRNA-223/Fms-like tyrosine kinase 3/ 
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ABSTRACT
Chronic myeloid leukemia (CML) is a malignant myeloproliferative tumor. 2-Methoxyestradiol 
(2-ME) is an endogenous estrogen metabolite that shows efficacy in human malignancies. 
Ascorbic acid (AA) possesses antioxidant activity. This study explored the mechanism of 2-ME 
combined with AA in the apoptosis of CML cells. Firstly, human CML cell lines were treated 
with 2-ME and AA. The cell viability, apoptosis, reactive oxygen species (ROS), and mitochon-
drial membrane potential (MMP) were detected. miR-223 expression in CML cells was 
detected. In addition, CML cells were transfected with miR-223 inhibitor. The binding relation-
ship between miR-223 and FLT3 was verified. Subsequently, the FLT3 was overexpressed or 
silenced for the function rescue experiment to confirm the role of FLT3 in CML cell apoptosis. 
The expression levels of key factors of the PI3K/AKT pathway were detected. Finally, xenograft 
nude mouse models were established for in vivo verification. 2-ME + AA treatment inhibited 
CML cell viability and promoted apoptosis, elevated ROS content, and reduced MMP. 2-ME + 
AA treatment promoted miR-223 expression in CML cells. miR-223 targeted FLT3. Moreover, 
miR-223 inhibitor or FLT3 overexpression partially annulled the effect of 2-ME + AA on CML 
cells. 2-ME + AA inhibited the PI3K/AKT pathway via the miR-223/FLT3 axis. Furthermore, 2-ME 
+ AA suppressed CML xenograft growth in mice. Collectively, 2-ME + AA promoted miR-223 
expression and suppressed FLT3 and the PI3K/AKT pathway, thereby facilitating the apoptosis 
of CML cells and inhibiting CML xenograft growth in mice.
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1. Introduction

Chronic myeloid leukemia (CML) is regarded as 
a clonal myeloproliferative disease that is featured 
by a chromosomal translocation that produces 
breakpoint cluster region-Abelson (BCR-ABL) 
oncogene encoding constitutive kinase activity 
[1]. BCR-ABL kinase triggers the excessive pro-
duction and expansion of leukocytes in the bone 
marrow and eventually crowns out the normal 
cells in the bone marrow niche [2]. CML is tripha-
sic: most patients are in the chronic phase with 
easily controllable symptoms, but they may experi-
ence an unstable period called acceleration in the 
absence of effective intervention, which eventually 
leads to a blast crisis [3]. Up to 50% of CML 
patients scarcely exhibit obvious symptoms at the 
chronic phase and can only be diagnosed by blood 
routine examination such as thrombocytosis and 
leukocytosis [4]. Although tyrosine kinase inhibi-
tors targeting BCR-ABL possess remarkable effi-
cacy, some patients barely respond or relapse after 
the initial response, leading to a dismal prognosis 
[5]. Therein, the elucidation of the CML mechan-
ism and exploration of potent therapeutic agents 
are of great significance.

Apoptosis is a type of programmed cell death 
that enables the damaged cells to be removed 
orderly and effectively [6]. The deregulation of 
apoptosis is related to unchecked cell proliferation, 
tumor progression, and drug resistance, and con-
sequently, deregulation of apoptosis is viewed as 
a hallmark of human malignancies, including 
CML [7,8]. Deregulation of the apoptotic pathway 
contributes to the pathophysiology of hematologic 
malignancies, including CML [9,10]. Therefore, 
targeting the molecules implicated in apoptotic 
resistance becomes a promising strategy to restore 
the sensitivity of CML cells to apoptosis and 
improve the therapeutic effect [11].

2-methoxyestradiol (2-ME), a bioactive meta-
bolite of 17β-estradiol, has attracted increasing 
concerns due to its notably anti-tumor activity, 
and the application of 2-ME has achieved some 
promising results in clinical studies [12]. The 
effect of 2-ME on tumor suppression is attributed 
to the induction of apoptosis and the repression 
of superoxide dismutase (SOD), and inhibiting 
SOD causes free radical-mediated mitochondrial 

membrane damage, eventually resulting in apop-
tosis [13]. 2-ME induces CML cell apoptosis in 
a concentration-dependent manner. These find-
ings above indicate that 2-ME bears a broad 
application prospect in the treatment of CML 
[14,15]. Ascorbic acid (AA) serves as an electron 
donor that keeps iron in a ferrous state, thus 
keeping the full activity of collagen hydroxylase 
[16]. AA alone or in combination with clinical 
drugs (such as gefitinib, carboplatin, and pacli-
taxel) can play a beneficial role in various human 
tumor models [17]. The recommended intake of 
AA for healthy people is 120 mg/day and when 
the daily oral dose of AA is more than 250 mg, 
the plasma concentration of AA will maintain 
a stable level of 80 μmol/L; when the required 
dose of AA exceeds the maximum oral plasma 
concentration, the plasma concentration of AA 
can be increased by intravenous injection [18]. 
The anti-tumor effect of AA involves two promi-
nent mechanisms: oxidative stress induced by 
hydrogen peroxide and DNA demethylation 
mediated by TET activation [19]. AA functions 
as an antioxidant at the physiological concentra-
tion, but its therapeutic effect at pharmacological 
dose seems to be concerned with the pro-oxidant 
effect, ultimately facilitating tumor cell death 
[20]. AA combined with menadione bisulfite has 
been demonstrated to kill CML cells and repress 
tumor growth in mice [21]. The activity of cas-
pase 3 and the efficacy of nilotinib (a specific drug 
for CML) can be indirectly evaluated by monitor-
ing the changes of photocurrent induced by 
AA [22].

However, whether 2-ME combined with AA can 
produce a therapeutic effect on CML remains 
unknown. We speculated that 2-ME + AA might 
promote CML cell apoptosis via miR-223. 
Through in vitro and in vivo studies, 2-ME + AA 
treatment was found to downregulate B-cell leu-
kemia/lymphoma-2 (Bcl-2) and upregulate caspase 
3 expression, increase reactive oxygen species 
(ROS) content and decrease mitochondrial mem-
brane potential (MMP) by upregulating miR-223 
and suppressing the Fms-like tyrosine kinase 3/ 
phosphatidylinositol-3 kinase/protein kinase 
B (FLT3/PI3K/AKT) pathway, thereby repressing 
CML cell proliferation activity, facilitating cell 
apoptosis and inhibiting CML xenograft growth 
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in mice. This study shall confer a novel theoretical 
basis for the management of CML.

2. Materials and Methods

2.1. Ethics statement

All conducted animal experiments were approved 
by the animal ethics committee. Considerable 
efforts were made to minimize the number of 
animals and their pains.

2.2. Cell culture

(1) Human CML cells lines (K562 and KCL22) 
were purchased from American Type 
Culture Collection (Manassas, VA, USA) 
and cultured in Roswell Park Memorial 
Institute (-1640 medium (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) con-
taining 10% fetal bovine serum (Thermo 
Fisher) and 1% penicillin-streptomycin 
(Beyotime, Shanghai, China) at 37°C/5% 
CO2. The cells were cultured in 2-ME (0, 
2, 4, 6, 8 and 10 μM) and AA (0, 25, 50, 
62.5, 75, and 87.5 μM). A same amount of 
dimethyl sulfoxide (DMSO) was used as the 
control. AA, 2-ME, and DMSO were pro-
vided by Sigma-Aldrich (Merck KGaA, 
Darmstadt, Germany).

2.3 (4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT) assay

Cell viability under different treatments for 48 h 
was evaluated using MTT assay to calculate half 
maximal inhibitory concentration (IC50) value. 
Growth inhibition = (optical density (OD) con-
trol-OD treated sample)/OD control × 100% [23].

The K562 and KCL22 cells were seeded into 96- 
well plates (8 × 103 cells/well). After 24 h, cells 
were treated with different concentrations of 2-ME 
(0, 2, 4, 6, 8 and 10 μM) and AA (0, 25, 50, 62.5, 75 
and 87.5 μM). After 48 h, 20 μL MTT (5 mg/mL) 
solution was dripped into each well for 4 h-incuba-
tion at 37°C. Then, the medium was discarded and 
150 μL DMSO was supplemented. The plates were 
shaken in dark conditions for 10 min. The OD 

value at 490 nm was measured using a microplate 
reader (Bio-Rad, Hercules, CA, USA). The experi-
ment was replicated 3 times.

2.4. Cell transfection

K562 and KCL22 cells were seeded into 6-well 
plates (2 × 105 cells/well). After 24 h-incubation, 
cells were transfected with inhibitor NC, miR-223 
inhibitor, pcDNA3.1-NC, pcDNA3.1-FLT3, si-NC, 
or si-FLT3 (Genechem Co., Ltd., Shanghai, China) 
(siRNA 50 nM, miRNA-inhibitor 30 nM) using 
Lipofectamine 2000 (11668–019, Invitrogen, 
Carlsbad, CA, USA).

The cells were allocated into blank group, 
DMSO group, 2-ME group, AA group, 2-ME + 
AA group, 2-ME + AA + inhibitor NC group, 
2-ME + AA + miR-223 inhibitor group, 2-ME + 
AA + pcDNA3.1-NC group, 2-ME + AA + 
pcDNA3.1-FLT3 group, 2-ME+AA+miR-223 inhi-
bitor+si-NC group, and 2-ME+AA+miR-223 inhi-
bitor+si-FLT3 group. The concentrations of 2-ME 
and AA were the corresponding IC50 values.

2.5. Flow cytometry

The cells were collected by trypsin detachment and 
incubated with 100 μL binding buffer, 5 μL 
Annexin V-fluorescein isothiocyanate, and 5 μL 
propidium iodide for 10 min. The cells were resus-
pended in 400 μL binding buffer, and apoptosis 
rate was detected by FC500 MCL flow cytometer.

2.6. Xenograft nude mouse model

Total 32 male BALB/C nude mice (6-week-old, 
20 ± 2 g) provided by Charles River (Beijing, 
China) were fed in a sterile animal room with 
45% humidity at 25°C under 12-h light cycles of 
8:00–20:00, with free access to food and water.

Subsequently, the cell suspension of 1 × 107 

K562 cells resuspended at 50 mL phosphate-buf-
fered saline (PBS) and 50 mL matrix gel (356234; 
BD Biosciences, San Jose, CA, USA) was subcuta-
neously injected into the left dorsal side of BALB/c 
nude mice. After 48 h, the mice were arbitrarily 
assigned into the following 4 groups (N = 8 per 
group): 2-ME group: intravenously injected with 
280 mg/kg 2-ME [24]; AA group: intravenously 
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injected with 1 g/kg AA [21]; 2-ME + AA group: 
intravenously injected with 280 mg/kg 2-ME and 
1 g/kg AA; DMSO group: intravenously injected 
with an equivalent amount of DMSO. After 
a week, mice were euthanized by intraperitoneally 
injecting 100 mg/kg pentobarbital sodium. Next, 
the tumor tissues were removed, weighed, and 
photographed. The tumor volume was measured 
with a caliper following the formula: tumor 
volume = a2 × b × 0.4 (a, the minimum diameter; 
b, the diameter perpendicular to a). Tissue homo-
genates were made and then stored at −80°C.

2.7. Detection of reactive oxygen species (ROS)

ROS content in K562 and KCL22 cells was 
detected by dihydroethidium (DHE) dyeing 
(Beyotime). The cells were incubated with DHE 
dyeing at 37°C in dark conditions for 30 min and 
then observed under the fluorescence microscope 
(Leica, Wetzlar, Germany).

2.8. Detection of mitochondrial membrane 
potential (MMP)

MMP was measured by JC-1 staining. The cells or 
tissue homogenates were incubated with the JC-1 
working solution at 37°C in the dark for 30 min. 
The supernatant was removed, and the cells were 
washed twice with PBS and observed under the 
fluorescence microscope (Leica).

2.9. Western blotting

Total protein was extracted from the K562 and 
KCL22 cells or tissue homogenates using radio- 
immunoprecipitation lysis buffer (Beyotime) 
and quantified using the bicinchoninic acid 
assay kit (Beyotime). The protein was separated 
by electrophoresis on 8–12% sodium dodecyl-
sulfate-polyacrylamide gel and moved onto the 
polyvinylidene fluoride membranes, which were 
blocked with 3% bovine serum albumin, and 
then incubated with the primary antibodies 
and horseradish peroxidase (HRP)-labeled sec-
ondary antibody (1:5000, A11375/A11374, 
ThermoFisher). The bands were detected using 
the image analyzer Tanon 5200 (Shanghai, 
China). The primary antibodies were as follows: 

Bcl-2 (1:500, BMS1028, ThermoFisher), caspase 
3 (1:500, 43–7800, ThermoFisher), p-PI3K 
(1:1000, PA5-37820, ThermoFisher), p-AKT 
(1:1000, PA5-36728, ThermoFisher), and β- 
actin (1:1000, PA1-183-HRP, ThermoFisher).

2.10. Reverse transcription quantitative 
polymerase chain reaction (RT-qPCR)

Total RNA was extracted from cells using TRIzol 
reagent and reversely transcribed into cDNA using 
M-MLV reverse transcriptase (Clontech, Palo 
Alto, CA, USA) and PrimeScript® miRNA cDNA 
synthesis kit (TaKaRa, Dalian, China). RT-qPCR 
was performed on the instrument (7500, ABI Inc., 
Foster City, CA, USA), with GAPDH and U6 as 
internal references. The expressions of miR-223 
and FLT3 were calculated based on the 2-ΔΔCT 

method [25]. The experiment for each sample 
was repeated 3 times independently. PCR primers 
are shown in Table 1.

2.11. Dual-luciferase reporter gene assay

The binding site of miR-223 and FLT3 was pre-
dicted through Jefferson online website (https:// 
cm.jefferson.edu/). The wild-type (FLT3-WT) and 
mutant-type (FLT3-MUT) luciferase plasmids 
were constructed by cloning the binding sequence 
and mutant sequence into the luciferase vector 
pGL3 (Promega Corporation, Madison, WI, 
USA) respectively. The constructed plasmids 
were cotransfected with miR-233 mimic or 
mimic NC into HEK293T cells. The cells were 
collected and lysed after 48 h, and the luciferase 
activity was evaluated using the kit (Promega).

Table 1. Primer sequence for RT-qPCR.
Name of primer Sequences

miR-223-F CGTGTATTTGACAAGCTGAGTT
miR-223-R AACTCAGCTTGTCAAATACACG
FLT3-F ATGCCGGCGTTGGCGCGCGAC
FLT3-R TCACTCTTAATGGTGTAGATG
GAPDH-F CAAGCAACTGTCCCTGAG
GAPDH-R TAGACAGAAGGTGGCACA
U6-F ATTGGAACGATACAGAGAAG
U6-R GGAACGCTTCACGAATTTG
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2.12. Statistical analysis

Data were analyzed and introduced using SPSS 
21.0 (IBM Corp., Armonk, NY, USA) and 
GraphPad Prism 8.0 (GraphPad Software Inc., 
San Diego, CA, USA). Data are expressed as 
mean ± standard deviation. One-way analysis of 
variance (ANOVA) was employed for the compar-
isons among multiple groups, following Tukey’s 
multiple comparisons test. The p < 0.05 was indi-
cative of statistical significance.

3. Results

We conjectured that 2-ME + AA might facilitate 
CML cell apoptosis by miR-223. In vitro and 
in vivo studies revealed that 2-ME + AA reduced 
Bcl-2 and elevated caspase 3, increased ROS con-
tent, and decreased MMP by upregulating miR- 
223 and inhibiting the FLT3/PI3K/AKT pathway, 
thus suppressing CML cell proliferation activity, 
promoting cell apoptosis, and repressing CML 
xenograft growth in mice.

3.1. 2-ME + AA promoted apoptosis of CML cells

As regulators of the oxidative stress pathway, 
2-ME and AA promote apoptosis of CML cells 
[15,21]. However, the therapeutic effect of 2-ME 
+ AA on CML remains unclear. To explore the 
function of 2-ME + AA on CML cells, we cul-
tured human CML cell lines (K562 and KCL22) 
in gradient concentrations of 2-ME and AA, 
detected the cell viability using MTT assay, and 
determined the IC50 values of 2-ME (2.00 μM/ 
6.00 μM) and AA (62.50 μM/70.50 μM) in K562 
and KCL22 cells for the follow-up experiments 
(Figure 1(a)). The results unveiled that 2-ME + 
AA treatment significantly reduced cell viability 
and enhanced apoptosis rate of K562 and KCL22 
cells, decreased Bcl-2, and elevated caspase 3 (all 
p < 0.01; Figure 1(b–d)). Altogether, 2-ME + AA 
facilitated CML cell apoptosis.

3.2. 2-ME + AA promoted apoptosis by 
increasing ROS and decreasing MMP

Apoptosis is implicated with the changes of intracel-
lular ROS and MMP. 2-ME can induce the increase of 

ROS and the loss of MMP [26]. AA increases ROS 
content and facilitates hepatoma cell apoptosis 
induced by arsenic trioxide through oxidative path-
way [27]. Therefore, we speculated that 2-ME + AA 
affected apoptosis by influencing ROS and MMP. 
Then, we measured the levels of ROS and MMP 
(ΔΨm) in CML cells, and compared with the 2-ME 
or AA alone group, 2-ME + AA significantly 
enhanced ROS and reduced MMP (p < 0.001; 
Figure 2(a, b)). Briefly, 2-ME + AA promoted CML 
cell apoptosis by increasing ROS and decreas-
ing MMP.

3.3. 2-ME + AA upregulated intracellular 
miR-223 expression

2-ME can relieve pulmonary hypertension 
induced by chronic intermittent hypoxia by reg-
ulating miR-223 [28]. miR-223 expression is 
under-expressed in CML [29]. Therefore, we 
speculated that 2-ME + AA regulated the apop-
tosis of CML cells through miR-223. As RT- 
qPCR results showed, compared with the 2-ME 
or AA alone group, 2-ME + AA notably upre-
gulated miR-223 expression in K562 and KCL22 
cells (p < 0.001; Figure 3(a)). Next, we further 
confirmed the role of miR-223 in CML by trans-
fecting miR-223 inhibitor into 2-ME + AA- 
treated K562 and KCL22 cells. RT-qPCR results 
confirmed the transfection efficiency (p < 0.001; 
Figure 3(a)). miR-223 inhibitor markedly 
enhanced the proliferation ability and reduced 
apoptosis rate of CML cells (p < 0.001; 
Figure 3(b, c)), and elevated Bcl-2 and declined 
caspase 3 expression (p < 0.001; Figure 3(d)). 
Moreover, the ROS content was decreased and 
MMP was increased after miR-223 inhibitor 
transfection (p < 0.001; Figure 3(e, f)). Taken 
together, 2-ME + AA promoted the apoptosis 
of CML cells by upregulating miR-223.

3.4. miR-223 targeted FLT3

To explore the downstream mechanism of miR-223 
in promoting CML cell apoptosis, we predicted the 
targets of miR-223 through the Jefferson website 
(https://cm.jefferson.edu/). Among them, FLT3 is 
highly expressed in CML [30]. According to the 
binding site of miR-223 and FLT3 (Figure 4(a)), 
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the dual-luciferase assay was designed and con-
firmed the binding relation between miR-223 and 
FLT3 (p < 0.001; Figure 4(b)). FLT3 expression in 
K562 cells was remarkably reduced after 2-ME + AA 
treatment and increased after further miR-223 inhi-
bitor transfection (p < 0.001; Figure 4(c)). Briefly, 
miR-223 targeted FLT3.

3.5. Upregulation of FLT3 partially reversed the 
promoting effect of 2-ME + AA on apoptosis of 
K562 cells

To further determine the function of FLT3 in 
CML, we successfully upregulated FLT3 expres-
sion in K562 cells treated with 2-ME + AA 

Figure 1. 2-ME combined with AA promotes CML cell apoptosis. K562 and KCL22 cells were treated with 2-ME and AA. (a) Viability of 
cells treated with different concentrations of 2-ME and AA for 48 h was measured using MTT assay, and IC50 was calculated. IC50 
doses of 2-ME and AA were used for subsequent cell treatment. (b) Cell proliferation activity at different time points examined using 
MTT assay. (c) Cell apoptosis measured using flow cytometry. (d) Levels of Bcl-2 and Caspase 3 measured using Western blotting. Cell 
experiment was conducted 3 times independently. Data were described as mean ± standard deviation. Data were analyzed using 
one-way ANOVA, followed by Tukey’s multiple comparison test, **p < 0.01 vs. DMSO group.
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(p < 0.001, Figure 5(a)), and found that cell 
proliferation activity was notably enhanced and 
apoptosis rate was reduced (p < 0.001; Figure 5 
(b, c)); Bcl-2 expression was elevated and cas-
pase 3 was declined (p < 0.001; Figure 5(d)). 
Additionally, ROS content was decreased and 
MMP was increased (p < 0.001; Figure 5(e, f)). 
Taken together, overexpression of FLT3 attenu-
ated the effect of 2-ME + AA on CML cell 
apoptosis.

3.6. 2-ME + AA repressed the PI3K/AKT pathway 
via the miR-223/FLT3 axis

The previous experiments had confirmed that 2-ME + 
AA promoted K562 cell apoptosis via the miR-233/ 
FLT3 axis. FLT3 mediates the PI3K/Akt pathway 
transduction in acute myeloid leukemia (AML) 
[31], and the PI3K/AKT pathway participates in 
CML as a typical apoptosis-related pathway [32]. 
Therefore, we speculated that the PI3K/AKT pathway 

Figure 2. 2-ME combined with AA promotes apoptosis by increasing ROS content and decreasing MMP. K562 and KCL22 cells were 
treated with 2-ME and AA. (a) Content of ROS. (b) Change of MMP. Cell experiment was conducted 3 times independently. Data were 
described as mean ± standard deviation and analyzed using one-way ANOVA, followed by Tukey’s multiple comparison test, 
**p < 0.01.
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participated in K562 cell apoptosis induced by 2-ME + 
AA. The results revealed that compared with the 2-ME 
or AA alone group, 2-ME + AA treatment suppressed 
the levels of p-PI3K and p-AKT, which was partially 
annulled by miR-223 inhibitor or pcDNA3.1-FLT3. 
Finally, K562 cells treated with 2-ME + AA, miR-223 
inhibitor, and si-FLT3 exhibited reduced levels of 
p-PI3K and p-AKT (all p < 0.05; Figure 6). In brief, 
2-ME + AA promoted K562 cell apoptosis via the 
miR-233/FLT3/PI3K/AKT axis.

3.7. 2-ME + AA inhibited CML xenograft growth 
in mice

Next, we established xenograft nude mouse mod-
els to further verify the role of 2-ME + AA in CML 
cells. The results unraveled that 2-ME or AA alone 
notably decreased the tumor volume and weight of 
mice, and 2-ME + AA treatment augmented these 
anti-tumor effects (p < 0.01; Figure 7(a–c)). 
Western blotting revealed that 2-ME or AA alone 

Figure 3. 2-ME combined with AA upregulates intracellular miR-223 expression. 2-ME + AA treated K562 and KCL22 cells were 
delivered with miR-223 inhibitor, with inhibitor NC as control. (a) miR-223 expression tested using RT-qPCR. (b) Cell proliferation at 
different times measured using MTT assay. (c) Cell apoptosis measured using flow cytometry. (d) Protein levels of Bcl-2 and Caspase 
3 measured using Western blotting. (e) Content of ROS. F: Change of MMP. Cell experiment was conducted 3 times independently. 
Data were described as mean ± standard deviation. Data were analyzed using one-way ANOVA, followed by Tukey’s multiple 
comparison test, ***p < 0.001. inhi-NC: 2-ME + AA + inhibitor NC; inhibitor: 2-ME + AA + miR-223 inhibitor.
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prominently lowered Bcl-2 and elevated caspase 3 
expression, and 2-ME + AA treatment further 
amplified the changes (p < 0.01; Figure 7(d)). 
Collectively, 2-ME + AA suppressed CML xeno-
graft growth in mice.

4. Discussion

Leukemia is common blood cancer, whose treat-
ment usually requires chemotherapy, radiotherapy, 
and bone marrow transplantation to induce apop-
tosis, inhibit cell growth and proliferation, thus 
preventing leukemia progression [33]. Several 
miRNAs exert inhibitory roles by suppressing cell 
proliferation and promoting cell apoptosis in AML 
[34,35]. Prolonging the lifespan of CML patients 
needs the understanding of molecular pathogen-
esis and the development of targeted agents [4]. 
2-ME represents a promising anti-tumor agent 
with minimal toxicity [36]. AA exerts synergistic 

effects on the targeted therapy of chronic lympho-
blastic leukemia [37]. This study demonstrated 
that the combination of 2-ME and AA facilitated 
apoptosis of CML cells.

2-ME and AA are considered modulators of oxida-
tive stress with substantial involvement in promot-
ing cancer cell apoptosis in CML treatment [15,21]. 
2-ME induces leukemia cell apoptosis via free radi-
cal-mediated mechanism [38]. 2-ME is not only 
a microtubule dynamics inhibitor but also 
a promising anticancer agent [39,40]. 2-ME is rela-
tively nontoxic to normal tissues [41,42]. 2-ME, 
which preferentially kills tumor cells by inducing 
accumulation of ROS in cancer cells, is a well- 
tolerated small molecule and possesses an oral activ-
ity, being superior to other leukemia chemothera-
peutic agents [43]. High-dose vitamin C was first 
proposed as a potential anticancer agent by Pauling 
and Cameron in the 1970s [44]. Recent studies have 
confirmed the anticancer effect of AA against dif-
ferent human cancers and its selective cytotoxicity 

Figure 4. miR-223 targets FLT3. (a) Binding site of miR-223 and FLT3 predicted through Jefferson website. (b) Binding relation 
between miR-223 and FLT3 verified using dual-luciferase assay. (c) FLT3 expression in K562 and KCL22 cells tested using RT-qPCR. 
Cell experiment was conducted 3 times independently. Data were described as mean ± standard deviation. Data in panel C were 
analyzed using one-way ANOVA, and data in panel B were analyzed using independent t test, following Tukey’s multiple comparison 
test, ***p < 0.001. inhi-NC: 2-ME + AA + inhibitor NC; inhibitor: 2-ME + AA + miR-223 inhibitor.
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in vitro and in vivo [45–47]. In hematologic malig-
nancies, AA is toxic to leukemia cells [48,49] but less 
harmful to healthy cells [20,50]. The pathogenesis of 
CML involves the formation of BCR/ABL proteins 
with abnormal tyrosine kinase activity encoded by 
the BCR/ABL fusion gene [51,52]. Chromosomal 
translocation occurs in most CML individuals, and 
the presence of the Ph chromosome and BCR/ABL 
fusion gene contribute to drug resistance of leukemia 
cells to chemotherapy drugs [53]. Although tyrosine 
kinase inhibitors are effective and widely used in CML 
treatment [54,55], approximately 25% of patients 
develop resistance or intolerance, limiting their further 

use in some patients [56–60]. Therefore, CML therapy 
requires new, low toxicity, low cost, and relatively safe 
therapeutic strategies. We have noticed that cancer 
cells often exhibit poor antioxidant status, thus 
increasing the likelihood of killing cancer cells by 
oxidative stress [61–64]. Therefore, we mainly con-
ducted an exploratory study on the role of 2-ME + 
AA in CML cell (K562/KCL22) apoptosis to find 
a novel therapeutic approach for the clinical treatment 
of CML. 

This study revealed that 2-ME + AA treatment 
reduced the proliferation, enhanced the apoptosis 

Figure 5. Upregulation of FLT3 partially reverses the promoting effect of 2-ME + AA on apoptosis of K562 cells. 2-ME + AA treated 
K562 cells were delivered with pcDNA3.1-FLT3, with pcDNA3.1-NC as control. (a) FLT3 expression tested using RT-qPCR. (b) Cell 
proliferation at different times measured using MTT assay. (c) Cell apoptosis measured using flow cytometry. (d) Protein levels of Bcl- 
2 and Caspase 3 examined using Western blotting. (e) Content of ROS. (f) Change of MMP. Cell experiment was conducted 3 times 
independently. Data were described as mean ± standard deviation. Data were analyzed using one-way ANOVA, followed by Tukey’s 
multiple comparison test, ***p < 0.001. pc-NC: 2-ME + AA + pcDNA3.1-NC; pc-FLT3: 2-ME + AA + pcDNA3.1-FLT3.
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of CML cells, and inhibited CML xenograft growth 
in mice through in vitro and in vivo experiments. 
Consistently, a previous study has unveiled that 
AA and α-tocopherol synergistically induce apop-
tosis of human acute promyelocytic leukemia cells 
[65]. High ROS level is cytotoxic by causing 
damages to DNA and mitochondria, thus activat-
ing the apoptosis pathway [66]. The main mechan-
ism underlying the anti-tumor effect of AA is the 
pro-oxidant damage caused by auto-oxidation, 
which results in the production of cytotoxic 
hydrogen peroxide (i.e. ROS) [37]. 2-ME-induced 
apoptosis is implicated with the increased ROS 
level; 2-ME generates ROS and causes mitochon-
dria damage [15]. Mitochondria-mediated apopto-
sis is largely modulated by the balance between 
pro – and anti-apoptotic proteins, and the unba-
lanced condition may contribute to the disruption 
of MMP, thereby triggering apoptosis [67]. 
Therefore, we speculated that 2-ME + AA affected 
apoptosis by affecting ROS and MMP. The results 
revealed that 2-ME + AA notably enhanced ROS 

and reduced MMP. 2-ME treatment leads to the 
production of ROS and lack of MMP in neuro-
blastoma cells, implying the mediation of ROS in 
2-ME-induced apoptosis [26]. 2-ME preferentially 
kills leukemia cells by generating ROS, without 
exerting obvious cytotoxicity to normal lympho-
cytes [68]. AA triggers AML cell apoptosis through 
a hydrogen peroxide-mediated mechanism [69]. 
Briefly, 2-ME + AA facilitated CML cell apoptosis 
by increasing ROS and decreasing MMP.

Then, we investigated the molecular mechanism 
of 2-ME + AA in CML cell apoptosis. Hao et al. have 
indicated that 2-ME can attenuate hypoxic pulmon-
ary hypertension by regulating miR-223 [28]. miR- 
223 acts a prominent role in the immune system, 
which is commonly deregulated in hematological 
malignancy [70]. The miR-223 is notably downregu-
lated in CML cells [29]. BCR-ABL mediates the 
repression of miR-223 in CML [71]. Therefore, we 
speculated that 2-ME + AA regulated the apoptosis 
of CML cells through miR-223. The results revealed 
that 2-ME + AA treatment prominently upregulated 

Figure 6. 2-ME combined with AA repressed the PI3K/AKT pathway via the miR-223/FLT3 axis. Protein levels of the PI3K/AKT 
pathway were tested using Western blotting. Cell experiment was conducted 3 times independently. Data were described as mean ± 
standard deviation and analyzed using one-way ANOVA and Tukey’s multiple comparison test, ***p < 0.001, *p < 0.05. inhi-NC: 2-ME 
+ AA + inhibitor NC; inhibitor: 2-ME + AA + miR-223 inhibitor; pc-NC: 2-ME + AA + pcDNA3.1-NC; pc-FLT3: 2-ME + AA + 
pcDNA3.1-FLT3; inhibitor+si-NC: 2-ME + AA + miR-223 inhibitor + si-NC; inhibitor+si-FLT3: 2-ME + AA + miR-223 inhibitor + si-FLT3.
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miR-223 in CML cells. miR-223 inhibitor remark-
ably enhanced proliferation and reduced apoptosis 
of CML cells. Moreover, miR-223 inhibitor reduced 
ROS and enhanced MMP. miR-223 reduces prolif-
eration and enhances apoptosis of AML cells [72]. 
miR-223 silencing results in poor prognosis and dis-
ease invasiveness in CML [73]. Briefly, 2-ME + AA 
promoted the apoptosis of CML cells by upregulat-
ing miR-223.

Subsequently, we focused on the downstream 
mechanism of miR-223 in CML cell apoptosis. 
The targets of miR-223 were predicted through 
Jefferson website, among which FLT3 is usually 
mutated and overexpressed in various hematolo-
gical malignancies such as CML, myelodysplasia, 
and mainly AML [30,74,75]. FLT3 is a proto- 

oncogene implicated in critical hematopoiesis 
steps, which is primarily expressed in lympho-
hematopoietic organs including bone marrow, 
lymph nodes, thymus, liver, and spleen [76]. 
FLT3 expression was significantly reduced after 
2-ME + AA treatment and was increased after 
miR-223 inhibitor transfection. Briefly, miR-223 
targeted FLT3. Overexpression of FLT3 attenu-
ated the effect of 2-ME + AA on CML cell 
apoptosis. Inhibition of FLT3 facilitates apopto-
sis of AML cells by promoting degradation of 
Mcl-1 proteasome [77]. FLT3 contributes to the 
initiation and progression of AML via the PI3K/ 
AKT signaling [31]. PI3K/AKT pathway func-
tions as a survival-promoting factor for leukemia 
stem cells, and targeting the PI3K/AKT pathway 

Figure 7. 2-ME combined with AA inhibited CML xenograft growth in mice. CML xenograft nude mouse models were established, 
and then intravenously injected with 2-ME, AA alone, or a combination of 2-ME and AA. (a) Image of mouse tumors. (b) Average 
tumor volume. (c) Average tumor weight. (d) Protein levels of Bcl-2 and Caspase 3 examined using Western blotting. N = 8, data 
were presented as mean ± standard deviation. Data among multiple groups were analyzed using one-way ANOVA, followed by 
Tukey’s multiple comparison test, **p < 0.01.
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exhibits pro-apoptotic and anti-proliferative 
effects on hematological malignancies [78]. 
Accordingly, our results unveiled that 2-ME + 
AA treatment restrained the levels of p-PI3K 
and p-AKT, which was partially reversed 
by miR-223 inhibitor or pcDNA3.1-FLT3. 
Additionally, FLT3 silencing reduced p-PI3K 
and p-AKT levels. Inactivation of the PI3K/ 
AKT pathway retards the progression and inva-
sion of CML [79–81]. 2-ME induces apoptosis 
and autophagic cell death of glioma cells via the 
PI3K/AKT pathway in vitro [82]. AA kills thyr-
oid cancer cells by suppressing the PI3K/AKT 
pathway via ROS-mediated mechanism [83]. In 
brief, 2-ME + AA promoted CML cell apoptosis 
via the miR-233/FLT3/PI3K/AKT axis.

To sum up, this study revealed a novel mechan-
ism of 2-ME + AA in the treatment of CML. 2-ME 
+ AA facilitates CML cell apoptosis by inhibiting 
FLT3 expression and inactivating the PI3K/AKT 
pathway. Although CML is a very treatable disease 
with long-term cures approaching over 90%, once 
CML patients miss the best period of treatment, 
the number of primordial and immature granulo-
cytes in the body is increased and accumulated, 
and the disease enters the period of rapid change 
and becomes increasingly insensitive to the treat-
ment of chemotherapy drugs, and even shows 
drug resistance. As mentioned in reference 1, the 
positive expression of FLT3 was as high as 55.9% 
in CML accelerated phase and blastic phase. It is 
believed that our research may provide new treat-
ment ideas for CML patients who miss the best 
treatment period. However, the clinical application 
of 2-ME + AA and whether miR-223 can be 
employed as a biomarker for early screening of 
CML still need further exploration. Moreover, for 
the study of combination drugs, isobologram ana-
lyses should be performed for the combination 
experiments. A combination index should be 
given for the drugs. Synergism, additive effect, or 
antagonism should be indicated according to the 
combination index. Software such as Calcusyn or 
Compusyn should be used for the combined ana-
lyses, but we did not carry out in-depth research 
on this aspect, which warrants further researches. 
In the future, we will investigate the effect of 2-ME 
+ AA on other miRNAs, the other targets of miR- 
223 in CML, and the specific function of the PI3K/ 

AKT pathway in the treatment of 2-ME + AA 
on CML.

5. Conclusion

In conclusion, 2-ME + AA lowered Bcl-2 and 
increased caspase 3, elevated ROS content, and 
reduced MMP by upregulating miR-223 and repres-
sing the FLT3/PI3K/AKT pathway, thereby facilitat-
ing CML cell apoptosis and inhibiting CML 
xenograft growth in mice.
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