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Abstract. The transformation of myelodysplastic syndrome 
(MDS) into acute myeloid leukemia (AML) poses a signifi‑
cant clinical challenge. The trimethylation of H3 on lysine 27 
(H3K27me3) methylase and de‑methylase pathway is involved 
in the regulation of MDS progression. The present study 
investigated the functional mechanisms of the MEK/ERK and 
PI3K/AKT pathways in the MDS‑to‑AML transformation. 
MDS‑AML mouse and SKM‑1 cell models were first estab‑
lished and this was followed by treatment with the MEK/ERK 
pathway inhibitor, U0126, the PI3K/AKT pathway inhibitor, 
Ly294002, or their combination. H3K27me3 methylase, 
enhancer of zeste homolog (EZH)1, EZH2, demethylase 
Jumonji domain‑containing protein‑3 (JMJD3) and ubiqui‑
tously transcribed tetratricopeptide repeat on chromosome 
X (UTX) and H3K27me3 protein levels were determined 
using western blot analysis. Cell viability, cycle distribution 
and proliferation were assessed using CCK‑8, flow cytometry, 
EdU and colony formation assays. The ERK and AKT phos‑
phorylation levels in clinical samples and established models 
were determined, and SKM‑1 cell behaviors were assessed. 
The levels of H3K27me3 methylases and de‑methylases and 
distal‑less homeobox 5 (DLX5) were measured. The results 
revealed that the ERK and AKT phosphorylation levels 
were elevated in patients with MDS and MDS‑AML, and in 
mouse models. Treatment with U0126, a MEK/ERK pathway 
inhibitor, and Ly294002, a PI3K/AKT pathway inhibitor, 
effectively suppressed ERK and AKT phosphorylation in mice 
with MDS‑AML. It was observed that mice with MDS treated 
with U0126/Ly294002 exhibited reduced transformation to 
AML, delayed disease transformation and increased survival 
rates. Treatment of the SKM‑1 cells with U0126/Ly294002 

led to a decrease in cell viability and proliferation, and to 
an increase in cell cycle arrest by suppressing ERK/PI3K 
phosphorylation. Moreover, treatment with U0126/Ly294002 
downregulated EZH2/EZH1 expression, and upregulated 
JMJD3/UTX expression. The effects of U0126/Ly294002 
were nullified when EZH2/EZH1 was overexpressed or when 
JMJD3/UTX was inhibited in the SKM‑1 cells. Treatment 
with U0126/Ly294002 also resulted in a decreased H3K27me3 
protein level and H3K27me3 level in the DLX5 promoter 
region, leading to an increased DLX5 expression. Overall, the 
findings of the present study suggest that U0126/Ly294002 
participates in MDS‑AML transformation by modulating 
the levels of H3K27me3 methylases and de‑methylases, and 
regulating DLX5 transcription and expression.

Introduction

Myelodysplastic syndrome (MDS) is a heterogeneous group 
of bone marrow disorders characterized by ineffective and 
dysplastic hematopoiesis, peripheral blood cytopenias and 
a high risk for transformation into acute myeloid leukemia 
(AML) (1‑3). MDS is considered a type of malignant neoplasm 
of the blood system and is genetically associated with AML, 
with ~30% of patients with MDS eventually developing 
AML (4). MDS is caused by abnormal bone marrow hemato‑
poietic stem cell function, bone marrow microenvironmental 
changes, genetic or chromosomal abnormalities, and epigen‑
etic abnormalities (5‑7). While the transformation of MDS into 
AML has been hypothesized to result from a single genetic or 
epigenetic event (8), the exact mechanisms behind the MDS 
initiation, progression and transformation into AML are not 
yet fully understood.

The mitogen extracellular kinase (MEK)/extracellular 
signal‑regulated kinase (ERK) and phosphatidylinositol‑3‑kinase 
(PI3K)/serine‑threonine protein kinase (AKT) pathways have 
been identified as central signaling pathways in numerous 
types of cancer, closely associated with cellular proliferation, 
invasion and metastasis (9‑11). It has also been suggested that 
these pathways may contribute to the transformation of MDS 
into AML (12,13). In particular, targeting these pathways has 
emerged as a potential therapeutic strategy for Ras‑driven 
malignancies, such as MDS (14,15). Notably, the activation of 
the MEK/ERK pathway has been shown to play a critical role 
in the transformation of hematopoietic cells, emphasizing its 
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potential as a therapeutic target for MDS (14,15). Therefore, it 
was hypothesized that targeting the MEK/ERK and PI3K/AKT 
pathways may be a promising approach for the treatment of 
MDS and preventing its transformation into AML.

Histone modifications, particularly methylation, play a 
pivotal role in gene expression regulation and the pathogen‑
esis of MDS (7,16). Histone methylation represents one of the 
most significant epigenetic mechanisms (17). Specifically, the 
histone lysine methyltransferases, enhancer of zeste homolog 
1/2 (EZH1/2), and the de‑methylases, ubiquitously transcribed 
tetratricopeptide repeat on chromosome X (UTX) and Jumonji 
domain‑containing protein 3 (JMJD3), are involved in histone 
H3 lysine 27 (H3K27) methylation and de‑methylation (18). 
Previous research has reported that EZH2 activity is repressed 
upon the inhibition of the PI3K/AKT pathway in myeloma 
cells, and the upregulation of EZH1 partly compensates for 
the loss of EZH2 activity (19). Additionally, ERK and AKT 
pathway suppression in metastatic colon cancer cells has been 
shown to result in a decreased expression of EZH2 (20). Based 
on these findings, it was hypothesized that the MEK/ERK and 
PI3K/AKT pathways may contribute to MDS progression and 
transformation into AML by modulating histone methyla‑
tion via the H3K27me3 level and associated methylases and 
de‑methylases.

Additionally, the association between the distal‑less 
homeobox 5 (DLX5) gene and MDS‑AML transformation has 
been established, with DLX5 exhibiting antitumor properties 
in both AML and MDS (21). However, the histone modifiers, 
EZH2 and EHMT2, have been found to inhibit DLX5 transcrip‑
tion through H3K27me3 and H3K9me2 catalysis, respectively, 
facilitating MDS‑AML transformation  (22). Therefore, it 
was hypothesized that MEK/ERK and PI3K/AKT pathway 
inhibitors may regulate DLX5 transcription via H3K27me3 
methylation/de‑methylation, thus manipulating MDS‑AML 
transformation. The present study aimed to elucidate the 
mechanisms of action of the MEK/ERK and PI3K/AKT path‑
ways in the MDS‑AML transformation, as well as to provide 
new evidence for the potential of these pathways as therapeutic 
targets in MDS, where there is currently a lack of documenta‑
tion regarding this hypothesis.

Materials and methods

Ethics statements. The present study was conducted in accor‑
dance with the guidelines of the Ethics Committee of Second 
Hospital of Shanxi Medical University (Taiyuan, China). 
Informed consent was obtained from all participants before 
sampling (Approval no. 2020‑YX‑056). The animal experi‑
ments were performed with the aim of minimizing the number 
of animals used and reducing their suffering (Approval 
no. 2020‑K52).

Patients and specimens. Bone marrow samples were 
collected from 45 patients between 2020 and 2021 via bone 
marrow puncture and/or biopsy. These included specimens 
from patients diagnosed with MDS (n=15), MDS‑AML 
(n=15) and cancer‑free individuals (normal group, n=15). 
MDS‑AML specimens were obtained from patients who 
initially presented with MDS and subsequently progressed 
to AML. Age and sex were matched between the patients 

with MDS and MDS‑AML. There were no significant 
differences in age, sex and body mass index (BMI) among 
the three groups (all P>0.05; Table I). The samples were 
separated using human peripheral blood lymphocyte sepa‑
ration solution (TBD, https://www.tbdscience.com) via the 
density gradient method. Western blot analysis was used 
to determine the expression levels of the MEK/ERK and 
PI3K/AKT pathways.

Patient inclusion and exclusion criteria. The inclusion 
criteria were as follows: i)  Patients were confirmed by 
morphological, immunological and cytogenetics examina‑
tions of myelocytes to meet the relevant diagnostic criteria 
for MDS and MDS‑AML according to the WHO classifi‑
cation of hematopoietic and lymphoid tissue tumors (23); 
ii) an age >18 years; iii) patients signed an informed consent 
form. The exclusion criteria were the following: i) Patients 
also had other malignant tumors concomitantly; ii) patients 
with severe liver and kidney dysfunctions; iii) patients with 
coagulation disorders; iv) patients with infectious diseases; 
and v) patients with concomitant autoimmune diseases.

Experimental animals. A total of 12 male C57BL/6 mice 
(3  weeks old, weighing 11.5±1.2  g) [Chengdu Dossy 
Experimental Animals, SCXK(Chuan)2019‑028] and 60 
male NHD13 mice (3  weeks old, weighing 10.2±1.3  g) 
(Jackson Laboratory) were housed in a speci f ic 
pathogen‑free animal facility and provided with free 
access to food and drinking water. Following 1 week of 
acclimatization, all mice (4 weeks old) were divided into 
six groups as follows (n=12 per group): i) The C57BL/6 
group; ii) NHD13 group; iii) NHD13 + dimethyl sulfoxide 
(DMSO) group (NHD13 mice were intraperitoneally 
injected with 0.3% DMSO (0.2 ml) as the solvent control for 
U0126 or Ly294002); iv) NHD13 + U0126 group (NHD13 
mice were intraperitoneally injected with the MEK/ERK 
pathway inhibitor, U0126 at 10 mg/kg/day); v) NHD13 + 
Ly294002 group (NHD13 mice were intraperitoneally 
injected with the PI3K/AKT pathway inhibitor, Ly294002, 
at 10 mg/kg/day); and vi) the NHD13 + U0126 + Ly294002 
group (NHD13 mice were intraperitoneally injected 
with U0126 and Ly294002 at 10 mg/kg/day). U0126 and 
Ly294002 were supplied by MedChemExpress, dissolved 
in DMSO and diluted with normal saline. The adminis‑
tration and dosage of U0126 and Ly294002 were based 
on previous studies (24,25), the manufacturer's protocol 
and a pre‑experiment (in the pre‑experiment, U0126 or 
Ly294002 at concentrations of 1 and 10 mg/kg/day were 
selected for treatment of the NHD13 mice for 2 months; 
U0126 or Ly294002 at concentrations of 10 mg/kg/day had 
a more prominent therapeutic effect; Data S1 and Fig. S1). 
Following 2 months of consecutive treatment, the mice 
were anesthetized with ether, and 0.2 ml peripheral blood 
samples were collected from the orbital venous plexus of 
each mouse (n=6 mice per group) to count the number 
of peripheral white blood cells (WBCs), red blood cells 
(RBCs) and platelets (PLTs) using an automatic animal 
blood cell analyzer BC2800Vet (Mindray), and the phos‑
phorylation levels of ERK and AKT were measured using 
western blot analysis. Peripheral blood samples were then 
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collected every 2 weeks to monitor the MDS to AML trans‑
formation in the NHD13 mice. AML was defined by the 
presence of myeloblasts ≥20% in peripheral blood (26,27). 
At 14  months (420  days), all mice were euthanized by 
an intraperitoneal injection of pentobarbital sodium 
(800 mg/kg) (22,28) after the final blood collection.

Cells, cell culture and cell grouping. The human MSD/AML 
cell line, SKM‑1 (cat. no. 151 BNCC341806, BeNa Culture 
Collection), was cultured in RPMI‑1640 medium containing 
10% fetal bovine serum at 37˚C in a 5% CO2 and 95% humid‑
ified air incubator. The SKM‑1 cells at the exponential phase 
were seeded in 12‑well plates at a density of 1x105 cells/well 
and the following groups were established: i) The SKM‑1 
group, SKM‑1 + DMSO group, SKM‑1 + U0126 group, 
SKM‑1 + Ly294002 group, and SKM‑1 + U0126 + Ly294002 
group (the SKM‑1 group did not receive any treatment, the 
SKM‑1 + DMSO group was a solvent control group with an 
equal amount of DMSO added, and the other groups were 
treated with U0126 and Ly294002 alone or in combination 
for 48 h, respectively); ii) the U0126 + oe‑negative control 
(NC) group and U0126 + oe‑EZH2 group [transfected with 
EZH2 overexpression plasmid (oe‑EZH2) or control plasmid 
(oe‑NC) for 48 h, followed by U0126 treatment for 48 h]; 
iii)  U0126 + si‑NC group and U0126 + si‑JMJD3 group 
[transfected with small interfering RNA (siRNA; si‑JMJD3) 
or negative control (si‑NC) of JMJD3 for 48 h, followed 
U0126 treatment for 48 h]; iv) Ly294002 + oe‑NC group and 
Ly294002 + oe‑EZH1 group (transfected with oe‑EZH1 or 
oe‑NC for 48 h, followed by Ly294002 treatment for 48 h); 
v) Ly294002 + si‑NC group and Ly294002 + si‑UTX group 
(transfected with si‑UTX or si‑NC for 48 h, followed by 
Ly294002 treatment for 48 h). DMSO was used as the solvent 
for both U0126 and Ly294002. The concentrations of U0126 
and Ly294002 (both 5 µM) were referred to in the litera‑
ture (24,29) and the pre‑experiment (Data S1 and Fig. S2). 
The plasmids, oe‑EZH1, si‑JMJD3 and oe‑EZH2 and 
si‑UTX, as well as their negative controls were designed and 
synthesized by GenePharma Co., Ltd. The dose of plasmid 
was 500 ng/well, and the dose of siRNA was 150 ng/well. 
The sequences of the siRNAs used were as follows: si‑NC, 
5'‑UUCUCCGAACGUGUCACGUTT‑3';  si‑JMJD3, 
5 '‑ G CUACACCU UGAG CACA A ATdT‑3';  s i ‑U T X, 
5'‑GGACUUGCAGCACGAAUUATT‑3'. Transfection was 
performed at 37˚C for 24  h using Lipofectamine 2000® 

(Invitrogen; Thermo Fisher Scientific, Inc.), followed by 
subsequent experiments 48 h later.

Cell Counting Kit‑8 (CCK‑8) assay. As previously 
reported (30), SKM‑1 cells in the logarithmic phase or SKM‑1 
cells (5x103/well) following transfection were seeded in 96‑well 
plates and grouped as previously described. The viability of 
the SKM‑1 cells at 24, 48 and 72 h was assessed using CCK‑8 
assay (cat. no. C0038, Beyotime Institute of Biotechnology). 
Subsequently, the SKM‑1 cells in the 96‑well plates were 
incubated with 100 µl CCK‑8 solution at 37̊C for 4 h, and 
the absorbance at 450 nm (OD450) was measured using the 
Multiskan SkyHigh Microplate Spectrophotometer (Thermo 
Scientific™ SkanIt Software, Thermo Fisher Scientific, Inc.). 
A total of three independent experiments were performed for 
each group.

Flow cytometry. The SKM‑1 cells were fixed in 70% ethanol 
at 4˚C overnight, stained with 300  ml propidium iodide 
(Hangzhou Multi Sciences (Lianke) Biotech Co., Ltd.) in the 
dark at 37˚C for 30 min, and subsequently analyzed for cell 
cycle distribution using a flow cytometer (MoFloAstrios EQ, 
Beckman Coulter) with FlowJo V10.8.1 software (Leonard 
Herzenberg Laboratory, Stanford University, USA), as previ‑
ously described (30).

5‑Ethynyl‑2'‑deoxyuridine (EdU) assay. The SKM‑1 
cells were rinsed with phosphate‑buffered saline (PBS) 
after removing the culture medium, and then incubated 
with 100 µl EdU staining solution (cat. no. CA1170‑100T, 
Shanghai Acmec Biochemical Co., Ltd.) for 2 h. Following 
1‑2 rinses with PBS, the cells were fixed with 50 µl 4% para‑
formaldehyde at room temperature for 30 min, followed by 
washing with PBS and incubation with 100 µl 0.5% Triton 
X‑100 (cat. no. HFH10, Invitrogen; Thermo Fisher Scientific, 
Inc.) at room temperature for 10 min. The cells were then 
washed with PBS, stained with 100 µl Apollo staining solu‑
tion (cat. no. CA1170‑100T, Shanghai Acmec Biochemical 
Technology Co., Ltd.) in the dark at room temperature for 
30 min, and then subjected to PBS washing and incubation 
with 100  µl 0.5% TritonX‑100 at room temperature for 
10 min. After rinsing with PBS, the cells were incubated 
with DAPI staining solution (cat. no. D1306, Invitrogen; 
Thermo Fisher Scientific, Inc.) at room temperature in the 
dark for 30 min, and then rinsed with PBS. Subsequently, a 

Table I. General information of the study participants.

Characteristic	 Normal (n=15)	 MDS (n=15)	 MDS‑AML (n=15)	 P‑value

Age (years)	 49.5±11.2	 48.9±12.4	 49.3±12.6	 0.9905
Sex (male/female)	 7/8	 7/8	 8/7	 0.9149
BMI (kg/m2)	 22.6±1.31	 22.8±1.53	 22.5±1.37	 0.8384

BMI, body mass index; MDS, myelodysplastic syndrome; AML, acute myeloid leukemia. Age and BMI are continuous variables and are 
expressed as the mean ± standard deviation. Multi‑group comparisons were performed using one‑way analysis of variance with Tukey's post 
hoc test. Sex is a categorical variable and is expressed as the number of cases. Multi‑group comparisons were performed using the Chi‑squared 
test. There were no significant differences in age, sex and BMI among the normal, MDS and MDS‑AML groups (all P>0.05).
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fluorescence microscope (Olympus Corporation) was used 
for observation and imaging, as previously described (31).

Colony formation assay. The SKM‑1 cells were seeded in 
12‑well plates at a density of 1x104 cells/well and cultured 
at 37˚C for 1 week until colony formation was visible. After 
rinsing with PBS, the cells were fixed with 500 µl 4% para‑
formaldehyde (cat. no. R37814, Invitrogen; Thermo Fisher 
Scientific, Inc.) at 37˚C for 60 min, washed with PBS, and 
stained with 0.1% crystal violet solution (cat. no. YT8810; Yita 
Biotech) at 37˚C for 30 min. The colonies were then observed 
and counted under a light microscope (BX53; Olympus 
Corporation), as previously described (31).

Chromatin immunoprecipitation (ChIP). ChIP was conducted 
using a kit (Diagenode Diagnostics) on the STAR compact 
automation system, as previously described (32). The SKM‑1 
cells were counted using a handheld automated cell counter 
based on the Coulter principle (Scepter 2.0, MilliporeSigma) 
following detachment with trypsin. For each treatment, 
~1x104 cells were used. The cells were fixed with formal‑
dehyde for 8 min at room temperature and cross‑linked for 
5 min using 1.25 M glycine (cat. no. G7126, MilliporeSigma) 
at room temperature. Chromatin was then fragmented into 
500 bp by ultrasound treatment, followed by ChIP at 4˚C. 
The cross‑linked cells were rinsed with PBS inhibitor solu‑
tion (NaBu, 20 mM; cat. no. B5887, MilliporeSigma) and the 
cell membranes were lysed using the HighCell ChIP kit (cat. 
no. C01010062, Diagenode). Chromatin was then prepared in 
TPX tubes with shearing buffer S1 and 1X protease inhibitor 
and then fragmented again into 500 bp by ultrasound. The 
fragment size was assessed on a 2% agarose gel, and the 
sheared chromatin was preserved at ‑80˚C. DNA was immu‑
noprecipitated using 2 µg anti‑H3K27me3 antibody (10 µg for 
25 µg chromatin, cat. no. ab6002, Abcam) or non‑immune 
IgG (2 µg, cat. no. ab171870, Abcam), and purified using DNA 
isolation buffer following the instructions provided with the 
HighCell ChIP kit. Each Auto‑ChIP sample was prepared 
using the Auto Histone ChIP‑seq kit, and 1 µg input chromatin 
was included. The reaction was incubated for 2 h for the 
antibody with protein A‑coated magnetic beads, followed by 
10 h of immunoprecipitation at 4˚C and centrifugation at 4˚C 

and 1,000 x g for 30 sec, and the supernatant was removed. 
The precipitate was washed with 500 µl low‑salt wash buffer, 
high‑salt wash buffer, LiCl wash buffer and TE buffer, respec‑
tively and centrifuged at 1,000 x g and 4˚C for 30 sec; this 
was followed by the addition of 500 µl eluent (100 µl 10% 
SDS, 100 µl 1 M NaHCO3, 800 µl ddH2O, a total of 1 ml), 
shaking upside down at room temperature for 15 min, and 
was then allowed to stand for 10 min, and centrifuged at 4˚C 
and 1,000 x g for 1 min. The centrifugation tube was supple‑
mented with 20 µl 5 M NaCl, mixed well with the samples, 
and then de‑cross‑linked at 65˚C overnight. The DNA samples 
from immunoprecipitation were recovered, and immuno‑
precipitated DNA (IP DNA) or total DNA Input, along with 
1X SYBR‑Green Supermix (Applied Biosystems; Thermo 
Fisher Scientific, Inc.) and the TSH2B promoter (pp‑1041‑500, 
Diagenode; positive control for methylation), were used for 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) to detect the binding, with the DLX5 promoter 
region sequence as the primer (Table II).

RT‑qPCR. Total RNA was extracted from differently treated 
cells using the single‑step method with TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), as previously 
described  (30). High‑quality RNA was verified by UV 
analysis and formaldehyde denaturing gel electrophoresis. 
Following the instructions provided with the reverse transcrip‑
tion kit (code no. FSQ‑201, Toyobo Life Science), cDNA was 
synthesized, and the RT‑qPCR kit (cat. no. F410L, Thermo 
Fisher Scientific, Inc.) was used for fluorescence qPCR on 
an ABI 7500‑type RT fluorescence qPCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The process 
included pre‑denaturation at 94˚C for 2 min, and 35 cycles of 
denaturation at 94˚C for 30 sec, annealing at 55˚C for 30 sec, 
and extension at 72˚C for 1 min. PCR primers were designed 
and synthesized by Sangon Biotech Co., Ltd. (Table  II). 
Relative expression was calculated using the 2‑ΔΔCq method 
with GAPDH as the internal reference (33).

Western blot analysis. The cells were lysed in a cold radio‑
immunoprecipitation assay lysis solution [Beijing Solarbio 
Science & Technology Co., Ltd.; main components: 50 mM 
Tris (pH 7.4), 150 mM NaCl, 1% TritonX‑100, 1% sodium 

Table II. Sequences of primers used in RT‑qPCR.

Gene	 Primer sequence

GAPDH	 F: 5'‑GGGAGCCAAAAGGGTCAT‑3'
	 R: 5'‑GAGTCCTTCCACGATACCAA‑3'
DLX5	 F: 5'‑ATGACAGGAGTGTTTGACAGAAG‑3'
	 R: 5'‑CTAATAGAGTGTCCCGGAGGCCA‑3'
DLX5 ChIP primer 1	 F: 5'‑TTCTACACTCGCCTTTGGTG‑3'
	 R: 5'‑CAGCACAAGGCTCTGTGATG‑3'
DLX5 ChIP primer 2	 F: 5'‑CCCACTCCACAACAAGCAA‑3'
	 R: 5'‑GCACAGCCTTGGTTAAATCC‑3'

RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase; DLX5, 
distal‑less homeobox gene 5; ChIP, chromatin immunoprecipitation; F, forward; R, reverse.
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deoxycholate, 0.1% SDS, and 2  mM sodium pyrophos‑
phate, 25  mM β‑glycerophosphate, 1  mM EDTA, 1  mM 
Na3VO4, 0.5 µg/ml leupeptin] supplemented with protease 
inhibitor mixture (MilliporeSigma) for 30  min, as previ‑
ously reported (31). Following centrifugation at 16,000 x g 
for 30 min at 4˚C, the supernatant was collected. The protein 
concentration was determined using bicinchoninic acid 
protein detection kits (cat. no. P0012S, Beyotime Institute of 
Biotechnology). The 30 µg obtained protein lysate was sepa‑
rated by 10% SDS‑PAGE, transferred onto PVDF membranes 
(MilliporeSigma), and blocked with 5% non‑fat milk at 
room temperature for 2 h. The membranes were incubated 
overnight at 4˚C with primary antibodies, followed by incuba‑
tion with HRP‑coupled IgG H&L (1:2,000, cat. no. ab6721, 
Abcam) secondary antibody at room temperature for 1 h. 
The protein bands were visualized using chemiluminescence 
reagent and Gel Dol EZ Imager (Bio‑Rad Laboratories, Inc.), 
and the gray value of the target protein band was analyzed 
using ImageJ V1.8.0 software (Institutes of Health). The 
primary antibodies used and their concentrations were as 
follows: ERK (1:10,000, cat. no. ab184699), p‑ERK (1:1,000, 
cat. no. ab214036), AKT (1:1,000, cat. no. ab238477), p‑AKT 
(1:1,000, cat. no. ab183556), EZH1 (1:1,000, cat. no. ab289887), 
EZH2 (1:1,000, cat. no.  ab150433), JMJD3 (1  µg/ml, cat. 
no. ab169197), UTX (1:1,000, cat. no. ab300513), H3K27me3 
(1:1,000, cat. no. ab6002), DLX5 (1:5,000, cat. no. ab109737) 
and GAPDH (1:2,500, cat. no. ab9485) (all from Abcam).

Statistical analysis. Statistical analyses were performed using 
SPSS 21.0 (IBM Corp.). Cell experiments were conducted 
in triplicate and animal experiments involved 6 mice per 
group. Categorical variables are presented as frequencies 
(number, n), and multi‑group comparisons were assessed using 
the Chi‑squared (χ2) test. Continuous variables were assessed 
for normality using the Shapiro‑Wilk test, and are presented 
as the mean ± standard deviation. Pairwise comparisons were 
performed using independent sample t‑tests, while multi‑group 
comparisons were made using one‑way analysis of variance 

(ANOVA) with Tukey's post hoc test. Kaplan‑Meier curves 
were used to analyze MDS‑AML transformation and mouse 
survival, and differences were analyzed using the log‑rank 
test. All P‑values were two‑tailed, and P<0.05 was considered 
to indicate a statistically significant difference.

Results

Activation of MEK/ERK and PI3K/AKT pathways in patients 
with MDS and MDS‑AML. The phosphorylation levels of 
ERK and AKT in bone marrow specimens from the normal, 
MDS and MDS‑AML groups were assessed using western 
blot analysis. The results revealed that the patients with MDS 
had significantly higher levels of p‑ERK and p‑AKT than the 
healthy volunteers, whereas the patients with MDS‑AML 
exhibited significantly higher levels of p‑ERK and p‑AKT 
compared with the patients with MDS (all P<0.05, Fig. 1). 
These findings indicate the abnormal activation of the 
MEK/ERK and PI3K/AKT pathways in patients with MDS 
and MDS‑AML.

Inhibition of MEK/ERK and PI3K/AKT pathways attenuates 
MDS‑AML transformation in mice. The peripheral blood 
samples of normal C57BL/6 and NHD13 mice at the age of 
3 months were collected to count the number of RBCs, WBCs 
and PLTs. The results revealed a significant decrease in in these 
parameters in the peripheral blood of NHD13 mice compared 
to the normal C57BL/6 mice (all P<0.05, Fig. 2A‑C). Western 
blot analysis revealed a substantial increase in the phosphory‑
lation levels of ERK and AKT in the NHD13 mice, indicating 
the abnormal activation of the MEK/ERK and PI3K/AKT 
pathways (all P<0.05, Fig. 2D).

Following treatment of the NHD13 mice with the 
MEK/ERK or/and PI3K/AKT pathway inhibitors, U0126 and 
Ly294002, respectively for 2 months, a significant increase in 
RBCs, WBCs, and PLTs in peripheral blood was observed, 
with combined treatment with U0126 and Ly294002 exhibiting 
the most favorable efficacy (all P<0.05, Fig. 2A‑C). Western 

Figure 1. Abnormal activation of the MEK/ERK and PI3K/AKT pathways in patients with MDS and MDS‑AML. Western blot analysis was performed to 
determine the phosphorylation levels of ERK and AKT in bone marrow samples of patients with MDS and MDS‑AML and cancer‑free individuals. Multi‑group 
comparisons were performed using one‑way ANOVA, followed by Tukey's multiple comparisons test. ***P<0.001. MDS, myelodysplastic syndrome; AML, 
acute myeloid leukemia.
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blot analysis indicated that treatment with U0126 suppressed 
ERK phosphorylation, while treatment with Ly294002 inhib‑
ited AKT phosphorylation in the NHD13 mice. Combined 
treatment with U0126 and Ly294002 led to more prominent 
inhibitory effects on the phosphorylation of ERK and AKT 
(all P<0.05, Fig. 2D).

Moreover, both U0126 and Ly294002 reduced the number 
of NHD13 mice undergoing the MDS‑AML transformation and 
delayed the transformation time within 14 months (420 days), 
while the effects of U0126 in combination with Ly294002 
were superior (all P<0.05, Fig. 2E). The Kaplan‑Meier survival 
curve demonstrated an upward trend in NHD13 mouse survival 

Figure 2. MEK/ERK and PI3K/AKT pathway inhibitors attenuate the MDS‑AML transformation in NHD13 mice. (A‑C) The numbers of WBCs, RBCs 
and PLTs in C57B/L6 mice or NHD13 mice in the different groups were counted using a full‑automatic blood cell analyzer. (D) The protein levels of ERK, 
p‑ERK, AKT and p‑AKT in the peripheral blood of C57B/L6 mice or NHD13 mice in the different groups were determined using western blot analysis. 
(E) The numbers of NHD13 mice in which MDS transformed to AML within 14 months (420 days) and the transformation time. (F) The survival rates of 
NHD13 mice were analyzed using Kaplan‑Meier survival curves. (A‑D) n=6; multi‑group comparisons were performed using one‑way ANOVA, followed by 
Tukey's multiple comparisons test. *P<0.05, **P<0.01 and ***P<0.001. (E and F) n=12; comparisons between groups were performed using the log‑rank test. p‑, 
phosphorylated; MDS, myelodysplastic syndrome; AML, acute myeloid leukemia; WBC, white blood cells; RBC, red blood cell; PLT, platelet.
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after U0126 and Ly294002 treatment, and the survival rates 
were further increased after the combined treatment of U0126 
and Ly294002 (Fig.  2F, all P<0.05). On the whole, these 
findings suggest that the MEK/ERK inhibitor, U0126, and 
the PI3K/AKT pathway inhibitor, Ly294002, attenuated the 
transformation of MDS into AML in NHD13 mice.

MEK/ERK and PI3K/AKT pathway inhibitors regulate the 
cell cycle progression and proliferation of SKM‑1 cells. To 
investigate the effects of the MEK/ERK and PI3K/AKT 
pathway inhibitors on SKM‑1 cells, an in vitro experiment 
was conducted in which the SKM‑1 cells were treated with 

U0126 and Ly294002 either alone or in combination. Western 
blot analysis revealed that treatment with U0126 reduced the 
phosphorylation level of ERK, while treatment with Ly294002 
reduced the phosphorylation level of AKT. Treatment with 
both U0126 and Ly294002 resulted in a significant decrease 
in the phosphorylation levels of ERK and AKT, with a more 
potent inhibitory effect compared to either inhibitor alone (all 
P<0.05, Fig. 3A).

The results of CCK‑8 assay revealed that U0126 or 
Ly294002 inhibited SKM‑1 cell viability, and the combina‑
tion of both inhibitors exerted a more prominent inhibitory 
effect (all P<0.05, Fig. 3B). Flow cytometry demonstrated that 

Figure 3. MEK/ERK and PI3K/AKT pathway inhibitors regulate the SKM‑1 cell cycle and proliferation. (A) Western blot analysis was performed to determine 
the protein levels of ERK, p‑ERK, AKT and p‑AKT in SKM‑1 cells. (B) SKM‑1 cell viability was assessed using CCK‑8 assay. (C) SKM‑1 cell cycle progres‑
sion was evaluated using flow cytometry. (D and E) SKM‑1 cell proliferation was assessed using EdU and colony formation assays. Each cell experiment was 
repeated three times. The results are expressed as the mean ± standard deviation. Multi‑group comparisons were performed using one‑way ANOVA, followed 
by Tukey's multiple comparisons test. *P<0.05 and ***P<0.001.
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treatment with U0126 or Ly294002 induced SKM‑1 cell cycle 
arrest in the G0/G1 phase and decreased the number of cells in 
the S phase, indicating that both inhibitors suppressed SKM‑1 
cell cycle progression (all P<0.05, Fig. 3C). Combined treat‑
ment with U0126 and Ly294002 exerted a more prominent 
effect on cell cycle arrest.

Furthermore, the results of EdU and colony formation 
assays revealed that treatment with U0126 or Ly294002 
decreased SKM‑1 cell proliferation, with cell proliferation 
being further inhibited by U0126 used in combination with 
Ly294002 (all P<0.05, Fig. 3D and E). Overall, these findings 
indicate that the MEK/ERK pathway inhibitor, U0126, and the 
PI3K/AKT pathway inhibitor, Ly294002, suppress SKM‑1 cell 
cycle progression and proliferation.

Modulation of H3K27me3 methylases and de‑methylases by 
MEK/ERK and PI3K/AKT pathway inhibitors. To further inves‑
tigate the mechanisms of action of MEK/ERK and PI3K/AKT 
pathway inhibitors on SKM‑1 cells, the present study examined 
whether these inhibitors can regulate the levels of H3K27me3 
methylases and de‑methylases. The results of western blot 
analysis revealed that treatment with U0126, the MEK/ERK 
pathway inhibitor, decreased the level of EZH2 (H3K27me3 
methylase) and increased the level of JMJD3 (H3K27me3 
de‑methylase) in the SKM‑1 cells (all P<0.05, Fig. 4). There were 
no significant changes in the levels of EZH1 (H3K27me3 meth‑
ylase) or UTX (H3K27me3 de‑methylase) following treatment 
with U0126 (all P>0.05). By contrast, treatment with Ly294002, 
the PI3K/AKT pathway inhibitor, decreased the level of EZH1 
and increased the level of UTX in the SKM‑1 cells (all P<0.05), 
with no significant changes in the EZH2 and JMJD3 levels (all 
P>0.05). Moreover, treatment with both U0126 and Ly294002 
led to a more notable decrease in the EZH1 and EZH2 levels, 
and an increase in the JMJD3 and UTX levels compared to 
treatment with U0126 or Ly294002 alone.

Further analyses revealed that both inhibitors resulted in 
a significant decrease in the H3K27me3 protein levels, with 
the combined treatment exerting a more prominent inhibitory 
effect (all P<0.05, Fig. 4). Taken together, these findings suggest 
that MEK/ERK and PI3K/AKT pathway inhibitors can modu‑
late the levels of H3K27me3 methylases and de‑methylases, 
which may contribute to their inhibitory effects on SKM‑1 cell 
proliferation and cycle progression.

EZH2 overexpression or JMJD3 knockdown partially abro‑
gates the MEK/ERK pathway inhibitor‑mediated effects on 
SKM‑1 cells. Based on the aforementioned results, it was 
hypothesized that U0126 may affect the SKM‑1 cell cycle and 
proliferation by modulating the H3K27me3 levels by down‑
regulating EZH2 and upregulating JMJD3 expression. To 
examine this hypothesis, SKM‑1 cells were transfected with 
EZH2 overexpression plasmid or JMJD3 interference plas‑
mids, followed by treatment with U0126. Western blot analysis 
confirmed the successful overexpression of EZH2 (P<0.05, 
Fig. 5A) and the knockdown of JMJD3 (P<0.05, Fig. 5B). 
Furthermore, EZH2 overexpression or JMJD3 knockdown 
led to an increase in the H3K27me3 protein levels (all P<0.05, 
Fig. 5A and B). The results of CCK‑8 assay demonstrated 
that both EZH2 overexpression and JMJD3 knockdown 
enhanced SKM‑1 cell viability following treatment with 
U0126 (all P<0.05, Fig. 5C). Flow cytometry revealed that 
EZH2 overexpression and JMJD3 knockdown counteracted 
the U0126‑induced SKM‑1 cell cycle arrest in the G0/G1 
phase (all P<0.05, Fig. 5D). EdU and colony formation assays 
demonstrated that EZH2 overexpression or JMJD3 knockdown 
enhanced the proliferation of U0126‑treated SKM‑1 cells (all 
P<0.05, Fig. 5E and F). These findings suggest that EZH2 
overexpression or JMJD3 knockdown can partially reverse the 
effects of MEK/ERK pathway inhibition on SKM‑1 cell cycle 
in G0/G1 phase and proliferation.

Figure 4. MEK/ERK and PI3K/AKT pathway inhibitors modulate the expression levels of H3K27me3 methylases and de‑methylases. Western blot analysis 
was performed to determine the protein levels of H3K27me3 methylases EZH1, EZH2, and de‑methylases JMJD3 and UTX, and H3K27me3 in SKM‑1 cells. 
Each cell experiment was repeated three times. The results are expressed as the mean ± standard deviation. Multi‑group comparisons were performed using 
one‑way ANOVA, followed by Tukey's multiple comparisons test. *P<0.05 and ***P<0.001. H3K27me3, trimethylation of H3 on lysine 27; EZH, enhancer of 
zeste homolog; JMJD3, demethylase Jumonji domain‑containing protein‑3; UTX, ubiquitously transcribed tetratricopeptide repeat on chromosome X.
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EZH1 overexpression or UTX knockdown partially annul the 
suppressive effects of PI3K/AKT pathway inhibitors on SKM‑1 
cells. In order to investigate the mechanisms through which the 
PI3K/AKT pathway inhibitor, Ly294002, affects SKM‑1 cell 

cycle and proliferation, the present study examined the hypoth‑
esis that Ly294002 regulates EZH1 and UTX. To examine this 
hypothesis, SKM‑1 cells were transfected with EZH1 overexpres‑
sion plasmid or UTX interference plasmid, which respectively 

Figure 5. EZH2 overexpression or JMJD3 knockdown partially reverses the suppressive effects of MEK/ERK pathway inhibitors on SKM‑1 cells. SKM‑1 
cells were transfected with EZH2 overexpression plasmid oe‑EZH2 or JMJD3 interference plasmid si‑JMJD3 for 48 h and then treated with the MEK/ERK 
inhibitor, U0126 (5 µM) for 48 h. (A and B) The protein levels of EZH2 or JMJD3 and H3K27me3 were measured using western blot analysis. (C) SKM‑1 
cell viability was assessed using CCK‑8 assay. (D) SKM‑1 cell cycle distribution was analyzed using flow cytometry. (E and F) SKM‑1 cell proliferation 
was evaluated using EdU and colony formation assays. Each cell experiment was repeated three times. The results are expressed as the mean ± standard 
deviation. Pairwise comparison were analyzed using an independent t‑test. *P<0.05. EZH2, enhancer of zeste homolog 2; JMJD3, demethylase Jumonji 
domain‑containing protein‑3; H3K27me3, trimethylation of H3 on lysine 27.
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overexpressed EZH1 or silenced UTX, and the cells were then 
treated with Ly294002. Western blot analysis confirmed the 
successful overexpression of EZH1 (P<0.05, Fig. 6A) and the 
knockdown of UTX (P<0.05, Fig. 6B). Additionally, it was found 
that EZH2 overexpression or UTX silencing led to an increase in 
the H3K27me3 protein level (all P<0.05, Fig. 6A and B). CCK‑8 
assay further revealed that both EZH1 overexpression and UTX 

knockdown enhanced the viability of the SKM‑1 cells treated 
with Ly294002 (all P<0.05, Fig. 6C). Flow cytometry revealed 
that both EZH1 overexpression and UTX knockdown partially 
reversed the Ly294002‑induced SKM‑1 cell cycle arrest in the 
G0/G1 phase (all P<0.05, Fig. 6D). EdU and colony forma‑
tion assays demonstrated that EZH1 overexpression or UTX 
knockdown increased the proliferation of Ly294002‑treated 

Figure 6. EZH1 overexpression or UTX knockdown partially annuls the suppressive effects of PI3K/AKT pathway inhibitors on SKM‑1 cells. SKM‑1 cells 
were transfected with EZH1 overexpression plasmid oe‑EZH1 or UTX interference plasmid si‑UTX for 48 h and then treated with the PI3K/AKT inhibitor, 
Ly294002 (5 µM) for 48 h. (A and B) The protein levels of EZH1 or UTX and H3K27me3 were measured using western blot analysis. (C) SKM‑1 cell viability 
was assessed using CCK‑8 assay. (D) SKM‑1 cell cycle distribution was analyzed using flow cytometry. (E and F) SKM‑1 cell proliferation was evaluated 
using EdU and colony formation assays. Each cell experiment was repeated three times. The results are expressed as the mean ± standard deviation. Pairwise 
comparison was analyzed using an independent t‑test. *P<0.05. EZH1, enhancer of zeste homolog 1; H3K27me3, trimethylation of H3 on lysine 27; UTX, 
ubiquitously transcribed tetratricopeptide repeat on chromosome X.
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SKM‑1 cells (all P<0.05, Fig. 6E and F). Taken together, these 
findings suggest that EZH1 overexpression or UTX knockdown 
can partially overcome the inhibitory effects of Ly294002 on 
SKM‑1 cell cycle and proliferation.

MEK/ERK and PI3K/AKT pathway inhibitors facilitate DLX5 
transcription and expression by downregulating H3K27me3. 
As demonstrated above, U0126 and Ly294002 can modulate 
the expression of H3K27me3 methylases and de‑methylases. 
ChIP analysis revealed that treatment with U0126 or Ly294002 
decreased the enrichment of H3K27me3 in the DLX5 promoter 
region, and the reduction was more pronounced following 
combined treatment with U0126 and Ly294002 (all P<0.05, 
Fig. 7A). Furthermore, treatment with U0126 or Ly294002 alone 
increased the DLX5 levels, and their combination produced 
a more potent promoting effect (all P<0.05, Fig. 7B and C). 
Overall, these findings indicate that the MEK/ERK and 
PI3K/AKT pathway inhibitors, U0126 and Ly294002, respec‑
tively, can affect DLX5 transcription and expression by 
regulating the H3K227me3 levels through EZH2/JMJD3 and 
EZH1/UTX, respectively. Consequently, these pathways may 
play a crucial role in the progression of MDS and AML (Fig. 8).

Discussion

MDS is a severe hematological disorder that affects ~87,000 
individuals worldwide each year. Unfortunately, in approxi‑
mately one‑third of patients, MDS eventually progresses 
to AML, which is associated with a poor prognosis  (34). 
Previous research has indicated that MEK inhibitor can 
reverse resistance to bortezomib in patients with MDS, while 
PI3K inhibitor can enhance the apoptotic rates of SKM‑1 
cells (35,36). The pathogenesis of MDS involves DNA meth‑
ylation and histone modifications, which are key pathological 
events (37). To the best of our knowledge, the present study 

is the first to demonstrated that MEK/ERK and PI3K/AKT 
pathway inhibitors modulate the transformation of MDS to 
AML by regulating DLX5 transcription and expression, and 
H3K27me3 levels via EZH2/JMJD3 and EZH1/UTX, respec‑
tively.

In the quest to identify effective treatments for MDS, 
numerous researchers have focused on the MEK/ERK and 
I3K/AKT signaling pathways. Wheeler et al (38) highlighted 
the potential of targeting the MEK/ERK pathway as a prom‑
ising therapy for patients with MDS with mutations in splicing 
factors, while the activation of the PI3K/AKT pathway has 
been shown to play a role in the suppression of apoptosis in 
patients with high‑risk MDS (39). The present study found that 
both patients with MDS and MDS‑AML exhibited elevated 
levels of MEK/ERK and PI3K/AKT pathway activity, with 
patients with MDS‑AML exhibiting particularly high levels; 
this was also observed in NHD13 mice, a commonly used 
animal model for MDS‑AML  (40). The inhibition of the 
PI3K/AKT pathway has been suggested as a possible treatment 
strategy for AML‑MDS (13), and clinical trials have shown 
promise for MEK inhibition in patients with AML (41). In 
the present study, NHD13 mice were treated with U0126 or 
Ly294002, and the results were notable: Treatment resulted in 
a substantial increase in the number of RBCs, WBCs and PLTs, 
with decreased phosphorylation levels of ERK and AKT, the 
attenuated transformation of MDS into AML, and improved 
survival rates. The combined use of U0126 and Ly294002 
was found to have a more prominent effect than the use of 
either inhibitor alone. In fact, MEK inhibition has been found 
to produce growth inhibitory and pro‑apoptotic activities in 
AML preclinical models, particularly when used alongside 
other pathway inhibitors (42). The dual inhibition of PI3K/AKT 
and MEK pathways has also been found to be effective against 
RAS signaling‑dependent tumors (43), and higher levels of 
SHIP1, a negative regulator of PI3K/AKT signaling, have been 

Figure 7. MEK/ERK and PI3K/AKT pathway inhibitors facilitate DLX5 transcription and expression by downregulating H3K27me3. (A) The level of DLX5 
promoter region binding to H3K27me3 was examined using ChIP assay, and the graph shows RT‑qPCR analysis of the binding content of the DLX5 promoter 
in DNA IP after ChIP, which is expressed as the content relative to control DNA input; the columns revealed the detection results of DLX5 ChIP primer 1, 
and the results were validated using DLX5 ChIP primer 2. The detection results of the two primers were similar. (B and C) DLX5 mRNA and protein levels 
in SKM‑1 cells were measured using RT‑qPCR and western blot analysis. Each cell experiment was repeated three times. The results are expressed as the 
mean ± standard deviation. Multi‑group comparisons were performed using one‑way ANOVA, followed by Tukey's multiple comparisons test. *P<0.05 and 
***P<0.001. DLX5, distal‑less homeobox 5; H3K27me3, trimethylation of H3 on lysine 27; RT‑qPCR, reverse transcription‑quantitative PCR.
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found to be associated with a longer overall survival of patients 
with AML (44). Combined with these findings, the results of 
the present study suggest that targeting the MEK/ERK and 
PI3K/AKT pathways can effectively decelerate the progres‑
sion of MDS to AML in mice. In addition, previous research 
has demonstrated that the inhibition of MEK/ERK pathway 
can impede the progression of AML cells from the G1 to 
the S phase, which is a crucial step in the cell cycle  (45). 
Furthermore, Ly294002, a PI3K inhibitor, has been shown to 
function in synergy with SPAG6 shRNA lentivirus to induce 
the apoptosis of SKM‑1 cells (36). In the present study, in vitro 
experiments using the SKM‑1 cells also revealed that U0126 
or Ly294002 were able to significantly suppress cell viability, 
promote cell cycle arrest in the G0/G1 phase, and decrease the 
cell proliferative ability, with combined treatment producing 
a more notable effect. Overall, these findings suggest that 
targeting the MEK/ERK and PI3K/AKT pathways may be an 
effective strategy with which to attenuate the progression of 
MDS into AML; this strategy may have potential as a treat‑
ment for patients with these conditions.

Previous studies have provided evidence that H3K27me3 
levels play a role in the MDS transformation into AML (22), and 
the MEK/ERK and PI3K/AKT pathways are involved in the 
regulation of histone methylation and de‑methylation (20,46). 
Specifically, the knockdown of EZH1 and EZH2 can reduce 
H3K27me3  (47), while JMJD3 and UTX can catalyze the 
de‑methylation of H3K27me3  (48,49). The present study 

demonstrated that treatment with U0126 decreased the EZH2 
levels and increased the JMJD3 levels in SKM‑1 cells, while 
Ly294002 decreased the EZH1 levels and augmented the 
UTX levels. Moreover, combined treatment with U0126 and 
Ly294002 led to the downregulation of EZH1 and EZH2, and 
the upregulation of JMJD3 and UTX expression. Furthermore, 
treatment with either U0126 or Ly294002 suppressed the 
protein level of H3K27me3, and combined treatment had a 
more prominent inhibitory effect. In cancer cells, a high EZH2 
expression can increase the H3K27me3 levels by activating the 
MEK/ERK pathway (50), and EZH2 can manipulate the PI3K 
pathway in an H3K27me3‑dependent manner (51). Therefore, 
inhibitors of the MEK/ERK and PI3K/AKT pathway can 
modulate the expression levels of H3K27me3 methylases and 
de‑methylases and suppress the downstream protein level of 
H3K27me3. Herein, it was observed that the combined use of 
the MEK/ERK and PI3K/AKT inhibitors had more signifi‑
cant regulatory effects on EZH1, EZH2, JMJD3, UTX and 
H3K27me. Studies have demonstrated that the activation of the 
PI3K/AKT pathway can inhibit the activation of the MEK/ERK 
pathway, while the inhibition of the MEK/ERK pathway can 
lead to the activation of the PI3K/AKT pathway (52,53). There 
may be some competitive association between the PI3K/AKT 
pathway and the MEK/ERK pathway, where there may be 
signal interference and interaction between them (54,55). In 
some tumor studies, it has been observed that the simulta‑
neous inhibition of the MEK/ERK and PI3K/AKT pathways 

Figure 8. Schematic diagram of the role of the MEK/ERK and PI3K/AKT pathways in MDS‑AML. The MEK/ERK and PI3K/AKT pathway inhibitors, 
U0126 and Ly294002, respectively, regulated te H3K27me3 level by mediating the levels of EZH2/JMJD3 and EZH1/UTX, thus affecting the transcription 
and expression of DLX5, and ultimately participating in the regulation of MDS and AML progression. MDS, myelodysplastic syndrome; AML, acute myeloid 
leukemia; EZH, enhancer of zeste homolog; H3K27me3, trimethylation of H3 on lysine 27; UTX, ubiquitously transcribed tetratricopeptide repeat on chromo‑
some X; JMJD3, demethylase Jumonji domain‑containing protein‑3; JMJD3, demethylase Jumonji domain‑containing protein‑3.
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has synergistic effects. For example, in multiple myeloma, 
U0126 and Ly294002 have been shown to exert synergistic 
effects (56). In liver cancer, U0126 and Ly294002 can synergis‑
tically inhibit cell proliferation and promote cell apoptosis (57). 
Therefore, U0126 and Ly294002 may have a synergistic effect, 
while inhibiting the MEK/ERK and PI3K/AKT pathways 
can further downregulate EZH1, EZH2 and H3K27me3, and 
upregulate the protein levels of JMJD and UTX compared to 
the use of a single inhibitor. Moreover, DLX5 methylation has 
been shown to participate in leukemogenesis via the PI3K/AKT 
pathway (21). The present study revealed that treatment with 
either U0126 or Ly294002 suppressed the H3K27me3 protein 
level, inhibited H3K27me3 expression in the DLX3 promoter 
region, and enhanced the DLX5 mRNA and protein levels. 
Previous research has indicated that DLX5 transcription and 
expression are regulated by H3K27me3 regulation, and are 
associated with MDS progression (22). Therefore, inhibitors of 
the MEK/ERK and PI3K/AKT pathways, such as U0126 and 
Ly294002, may modulate DLX5 transcription and expression 
through the regulation of H3K27me3.

The overexpression of EZH2 is frequently observed 
in high‑risk MDS and AML (58), while JMJD3 has been 
shown to have oncosuppressor activity in AML (59). The 
present study revealed that EZH2 overexpression or JMJD3 
knockdown resulted in increased H3K27me3 protein levels, 
SKM‑1 cell viability and proliferation, and abolished cell 
cycle arrest following treatment with U0126. EZH1 plays a 
significant role in EZH2‑inadequate MDS (60), while UTX 
mutation can potentiate MDS and AML (61). In the presents 
study, EZH1 overexpression or silencing UTX increased the 
H3K27me3 protein levels, enhanced SKM‑1 cell viability 
and proliferation, and counteracted cell cycle arrest 
following treatment with Ly294002. The MER/ERK/Elk‑1 
pathway leads to EZH2 overexpression in breast cancer 
cell lines (62), and mTet1 upregulates JMJD3 to decrease 
H3K27me3, thus suppressing the MEK/ERK pathway in 
male germline stem cells (50). Additionally, EZH1 knock‑
down enhances the sensitivity of multiple myeloma cells to 
AKT inhibition (19), while UTX increases PTEN expression 
to downregulate p‑AKT and p‑mTOR in somatic cells (63). 
Taken together, the overexpression of EZH2 and EZH1 or 
the knockdown of JMJD3 or UTX can partially counteract 
the effects of U0126 or Ly294002 on SKM‑1 cell cycle and 
proliferation.

In conclusion, the present study highlights the potential of 
MEK/ERK and PI3K/AKT pathway inhibitors as therapeutic 
targets for MDS and AML. By modulating the EZH2/JMJD3 
and EZH1/UTX levels, these inhibitors can affect H3K27me3 
and ultimately, DLX5 transcription and expression. However, 
the present study is limited by the small sample size in clinical 
and animal experiments, the lack of result validation in animal 
experiments, and the need to explore other regulatory mecha‑
nisms of DLX5, such as the influence of the pathway inhibitors 
on H3K9me1/2. Further studies are thus warranted to address 
these gaps and fully elucidate the functional mechanisms of 
DLX5 in the MDS‑AML transformation.
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