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Abstract. YY‑20394 (linperlisib), a highly specific PI3Kδ 
inhibitor, has demonstrated promising efficacy in a variety of 
hematological malignancies in clinical trials. ABT199 (veneto‑
clax) as a monotherapy shows limited effects in acute myeloid 
leukemia (AML), underscoring the need for novel combinato‑
rial therapeutic strategies. The drug sensitivity and potential 
synergistic effects of YY‑20394 and ABT199 were evaluated 
in three AML cell lines, MV‑4‑11, U937 and THP‑1, using a 
Cell Counting Kit‑8 assay. Apoptosis and cell cycle distribution 
were assessed using dual acridine orange/ethidium bromide 
staining and flow cytometry. Reverse transcription‑quantita‑
tive PCR and western blot analyses were employed to quantify 
the levels of Bcl‑2 apoptotic family members, c‑Myc, Akt and 
ERK. YY‑20394 inhibited the viability of MV‑4‑11, U937 and 
THP‑1 cells in a concentration‑dependent manner. In U937 
cells, the highest IC50 value was observed, and YY‑20394 
effectively suppressed their proliferation, induced apoptosis 
and caused cell cycle arrest. Furthermore, the combination of 
YY‑20394 and ABT199 demonstrated a synergistic effect in 
MV‑4‑11 cells, significantly enhancing apoptosis compared 
with either agent alone. Compared with the negative control 
group, the levels of c‑Myc and Akt phosphorylation were 
significantly reduced in the YY‑20394 group, and their inhibi‑
tory effects were retained in the combination group. ERK 
phosphorylation was significantly increased in the combination 
group. However, alterations in the Bcl‑2 pathways did not show 

a pattern consistent with the observed apoptotic phenotype. In 
summary, YY‑20394 is effective for inhibiting proliferation of 
AML cells, and its combination with ABT199 has synergistic 
pro‑apoptotic effects in MV‑4‑11 cells, which provides new 
insights and potential avenues for the treatment of AML and 
its subtypes. Further studies are warranted to explore the 
therapeutic efficacy and underlying molecular mechanisms of 
this combination in additional AML subtypes.

Introduction

Acute myeloid leukemia (AML) is a hematological malignancy 
characterized by the clonal expansion and differentiation 
blockade of myeloid progenitor cells  (1). The incidence of 
AML is age‑dependent, and a 5‑year relative survival rate 
among patients in the United States is only 30.5%  (1,2). 
Although most patients with AML receive induction and 
consolidation chemotherapy, 20‑50% eventually develop 
chemoresistance (3). Furthermore, the high relapse rate of 
AML leads to poor prognosis and low remission rates (4). 
Targeted therapies have shown efficacy in these refractory or 
relapsed patients (5). Due to the high heterogeneity of AML, 
identifying new targeted small‑molecule inhibitors remains 
critical (6).

Previous studies have shown that the PI3K‑Akt pathway 
is aberrantly activated in 50‑80% of patients with AML and 
serves a pivotal role in leukemic cell proliferation (6,7). PI3Kδ, 
a member of the Class I PI3K family, is highly expressed in 
leukocytes (8). Several PI3Kδ inhibitors have demonstrated 
anti‑proliferative and pro‑apoptotic effects in AML cells (9,10). 
YY‑20394 (linperlisib) is an oral and highly selective PI3Kδ 
inhibitor with less activity against PI3Kγ, giving a kinase 
inhibition profile that is nearly two orders of magnitude more 
selective for PI3Kδ, which may improve tolerability compared 
with other PI3K inhibitors (11). In clinical studies, YY‑20394 
has shown promising results in hematologic malignancies, 
including peripheral T‑cell lymphoma, B‑cell lymphoma and 
follicular lymphoma, with an overall response rate exceeding 
60% and a manageable safety profile (11‑13). However, the 
effects of YY‑20394 in AML remains unclear.

ABT199 (venetoclax), a Bcl‑2 inhibitor, has been approved 
in combination with hypomethylating agents or low‑dose 
cytarabine for newly diagnosed patients with AML who are 
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elderly or unfit for intensive chemotherapy (14). Nevertheless, 
resistance to ABT199 has been observed in a subset of patients 
with AML (15). For example, FMS‑like tyrosine kinase 3 
(FLT3)‑internal tandem duplications (ITDs) mutation could 
increase the expression of anti-apoptotic Bcl‑2 family proteins 
and is often associated with AML resistance to ABT199 (16). 
Research has suggested that targeting the PI3K/Akt pathway 
may enhance the efficacy of ABT199 in AML (17). In the 
present study, the sensitivity of different AML cell lines to 
YY‑20394 and ABT199 was investigated. Furthermore, the 
effects of YY‑20394 alone and in combination with ABT199 
on AML cells were assessed, providing new insights for the 
treatment of AML.

Materials and methods

Cell culture. Three AML cell lines, MV‑4‑11 (human leukemia 
cells; cat. no. CL‑0572), U937 (human monocytic leukemia 
cells; cat.  no.  CL‑0239) and THP‑1 (human histiocytic 
lymphoma cells; cat. no. CL‑0233), and their corresponding 
cell‑specific media were purchased from Procell Life Science 
& Technology Co., Ltd. All cells were authenticated by short 
tandem repeat profiling and grown at 37˚C under 5% CO2 and 
95% relative humidity. For U937 cells, 5 and 10 µM YY‑20394 
were used for treatment. For MV‑4‑11 cells, treatments 
included 120 nM YY‑20394, 30 nM ABT199 and a combina‑
tion of 120 nM YY‑20394 with 30 nM ABT199. The negative 
control (NC) group received an equal volume of drug‑free 
culture medium.

Half‑maximal inhibitory concentration (IC50) determined 
by cell counting Kit‑8 (CCK‑8) assay. A CCK‑8 assay 
was performed using the Cell Counting Kit‑8 (APeXBIO 
Technology LLC). A total of 100 µl cell suspension was spread 
into a 96‑well plate (1.5x104 cells per well) and incubated 
at 37˚C in a 5% CO2 environment. The cells were divided into 
two groups: The experimental group (As), which received the 
drug (YY‑20394 or ABT199), and the control group (Ac), which 
received no drug. Additionally, a blank group (Ab), consisting 
only of culture medium, was included. Following previous 
studies for reference, the concentration gradients for the drugs 
were as follows: For YY‑20394 (18), the concentrations used 
in MV4‑11 cells were 10, 50, 100, 500, 1,000 and 5,000 nM; 
in THP‑1 cells, they were 500, 1,000, 2,000, 5,000, 1x104 and 
2x104 nM; and in U937 cells, the concentrations were 1,000, 
5,000, 1x104, 2x104, 5x104 and 1x105 nM. For ABT199, the 
concentrations used in MV4‑11 cells were 5, 25, 100, 200, 300, 
400 and 600 nM (19,20); in THP‑1 cells, the concentrations 
used were 1,000, 1x104, 2x104, 3x104, 4x104 and 5x104 nM (21); 
and in U937, they were 1,000, 5,000, 8,000, 1x104, 1.5x104, 
2x104 and 4x104 nM.

Following cell adherence to the plate, the diluted drugs were 
incubated with the cells for either 24 or 48 h. Subsequently, 
10 µl CCK‑8 solution was added to each well and incubated for 
4 h. The optical density (OD) value at λ=450 nm was measured 
using a plate reader. The percentage of cell growth inhibition 
was calculated using the following formula: Cell growth 
inhibition (%)=1‑[(As‑Ab)/(Ac‑Ab)] x100%. The IC50 value of 
the drug was determined through linear regression analysis. 
Specifically, drug concentrations were transformed to their 

logarithmic (log) values, and the IC50 values were calculated 
using the ‘log(inhibitor) vs. normalized response‑variable 
slope’ model in GraphPad software (version 8; Dotmatics). 
Growth inhibition curves were also plotted based on this 
analysis.

Combination index (CI) value detected by CCK‑8 assay. 
The experimental groups were divided into the YY‑20394, 
ABT199 and YY‑20394+ABT199 combination groups. The 
drug concentration was a multiple of the IC50 value (1, 0.5, 0.25, 
0.125, 0.0625 and 0.03125 times). Cell growth inhibition was 
measured using a CCK‑8 assay as described. Subsequently, CI 
values were calculated using CompuSyn software (version 1.0; 
ComboSyn, Inc.), and Fa‑CI plots of equivalent dose‑effect 
ratios were drawn based on the obtained data. The strength of 
drug‑drug interactions in the combination of YY‑20394 and 
ABT199 could be quantitatively determined by the magnitude 
of the CI values: CI >1 was antagonistic, CI=1 was additive, 
0.7< CI <1 was weakly synergistic, 0.3< CI <0.7 was syner‑
gistic and CI <0.3 was strongly synergistic.

Determining apoptosis by the dual acridine orange/ethidium 
bromide (AO/EB) staining. According to the instructions, 
cell apoptosis was detected using dual AO/EB staining 
using a normal/apoptotic/necrotic cell detection kit (Jiangsu 
KeyGen Biotech Co., Ltd.). The results were observed under 
a fluorescence microscope at 510 nm. According to the cell 
morphology and staining results, the following four types of 
cells were counted (the total number of cells >200): i) Normal 
cells were defined as round cells with uniformly green‑stained 
nucleoplasm and consistent size and shape; ii) necrotic cells 
were ellipsoidal with uniformly orange‑yellow‑stained nucleo‑
plasm and consistent size and shape; iii) early apoptotic cells 
were indicated by green nucleoplasm and cells exhibiting 
irregular shapes, such as crescent‑like morphology; and 
iv)  late apoptotic cells where the nucleoplasm was orange, 
chromatin was condensed, the nucleus was fragmented into 
punctate structures of varying sizes and cytoplasmic blebbing 
was observed. Apoptosis rate=(early apoptotic cells + late 
apoptotic cells)/total number of cells x100%. Cell necrosis 
rate=necrotic cells/total number of cells x100%.

Cell cycle assay. Drug‑exposed cells were washed with 
PBS and fixed homogeneously in pre‑cooled 95% ethanol 
at 4˚C overnight. After washing with PBS, the cells were 
stained with propidium iodide (PI) solution (Beijing Solarbio 
Science & Technology Co., Ltd.) containing RNase A and 
incubated in the dark at 37˚C for 30 min. The cell cycle 
distribution was analyzed using a flow cytometer (NovoCyte; 
Agilent Biosciences). Flow cytometry data were analyzed 
using FlowJo software (BD Biosciences). Briefly, target 
cell populations were first gated based on forward scatter 
(FSC) and side scatter (SSC) parameters to exclude debris 
and non‑viable fragments. Doublets and cell aggregates 
were subsequently excluded by gating on FSC‑A vs. FSC‑H. 
Cell cycle distribution was then determined based on DNA 
content in the PE channel. To ensure analytical accuracy and 
consistency across groups, a gating template was established 
from NC group and subsequently applied to all other experi‑
mental groups.
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Reverse transcription‑quantitative PCR (RT‑qPCR). The 
mRNA levels of Akt, mTOR, myeloid cell leukemia‑1 (Mcl‑1), 
Bcl‑2 interacting mediator of cell death (Bim), Bcl‑2, B‑cell 
lymphoma‑extra large (Bcl‑xL), Bcl‑2 antagonist killer 1 (Bak) 
and Bcl‑2 associated X (Bax) were assessed using RT‑qPCR 
in drug‑exposed cells. GAPDH was used as an internal refer‑
ence gene. Specific primers are presented in Table SI. Total 
RNA was extracted from cell samples using TRIzol reagent 
(Tiangen Biotech Co., Ltd.), and cDNA was synthesized using 
the FastQuant cDNA First Strand Synthesis Kit (Tiangen 
Biotech Co., Ltd.). The PCR reaction mixture was prepared 
by combining SuperReal PreMix Plus (SYBR Green; Tiangen 
Biotech Co., Ltd.) and specific primers, following the manu‑
facturer's instructions. The PCR amplification protocol was as 
follows: 95˚C for 15 min, followed by 40 cycles of 95˚C for 
10 sec, 55˚C for 30 sec and 72˚C for 32 sec. A final extension 
step was performed at 95˚C for 15 sec, 60˚C for 60 sec and 95˚C 
for 15 sec. The amplification results were detected using an 
ABI 7300 fluorescence quantitative PCR instrument (Applied 
Biosystems; Thermo Fisher Scientific, Inc.), and relative gene 
expression was analyzed using the 2‑ΔΔCq method (22).

Western blot analysis. The protein levels of Akt (Akt 
Polyclonal Antibody; 1:1,000; ImmunoWay Biotechnology 
Company; cat.  no. YT0185), phosphorylated (p)‑Akt [Akt 
(phospho Ser473) Polyclonal Antibody; 1:1,000; ImmunoWay 
Biotechnology Company; cat.  no. YP0006), ERK (Mouse 
Anti‑ERK1/2 antibody; 1:1,000; BIOSS; cat. no. bsm‑33337M), 
p‑ERK [Phospho‑ERK1/2 (Thr202/Tyr204) Antibody; 1:1,000; 
Affinity Biosciences; cat. no. AF1015), Mcl‑1 [MCL1 Rabbit 
mAb (hp7u); 1:1,000; Nature Biosciences; cat. no. A57858], 
Bim [Bim Rabbit mAb (7kqv); 1:1,000; Nature Biosciences; 
cat. no. A83449], Bcl‑2 (Rabbit Anti‑Bcl‑2 antibody; 1:1,000; 
BIOSS; cat.  no.  bs‑0032R), Bcl‑xL [Bcl‑xL Rabbit mAb 
(kn97); 1:1,000; Nature Biosciences; cat. no. A66923], Bak 
[Bak Rabbit mAb (RX7I); 1:1,000; Nature Biosciences; 
cat. no. A53931], Bax (Rabbit Anti‑Bax antibody; 1:1,000; 
BIOSS; cat. no. bs‑0127R) and c‑Myc [c‑Myc Rabbit mAb 
(paYu); 1:1,000; Nature Biosciences; cat. no. A23647] were 
assessed using western blot in drug‑exposed cells. Actin 
(1:3,000; BIOSS; cat. no. bs‑0061R) was used as an internal 
reference.

RIPA lysis buffer (Beyotime Biotechnology) was added to 
the cell samples, and proteins were extracted by ultrasound 
homogenization on ice. Protein concentration was determined 
using the BCA protein assay (Beijing Solarbio Science & 

Technology Co., Ltd.) and adjusted to 1.5 mg/ml (~21 µg/lane). 
Proteins were separated on 5  and  10% polyacrylamide 
gels and then transferred to activated PVDF membranes. 
A color‑pre‑stained protein marker (10‑180 kDa; Biodragon) 
was used to indicate the molecular weight of the target protein. 
The membrane was blocked with 5% bovine serum albumin 
(Wuhan Servicebio Technology Co., Ltd.) at room temperature 
for 1 h. The membrane was then incubated overnight at 4˚C 
with the primary antibody specific to the target protein. 
Subsequently, the membrane was incubated with the corre‑
sponding secondary antibody (1:5,000; Nature Biosciences; 
Goat Anti‑Mouse, cat.  no.  M00001; Goat Anti‑Rabbit, 
cat. no. R00001) at room temperature for 1 h, and the results 
were detected using an ECL reagent kit (Harbin HaiGene 
Biotech Co., Ltd.) through chemiluminescence.

Statistical analysis. One‑way analysis of variance followed by 
Tukey's post hoc test was performed using GraphPad Prism 
for multiple group comparisons. All pairwise comparisons 
were two‑tailed. All data are presented as the mean ± stan‑
dard deviation. A P‑value of <0.05 was considered to indicate 
a statistically significant difference.

Results

Differential sensitivity of YY‑20394 in different AML cell 
lines. The IC50 values of YY‑20394 were evaluated to assess 
the sensitivity in different AML cell lines. In THP‑1 cells, the 
24 and 48 h IC50 values of YY‑20394 were 6,020 and 2,420 nM, 
respectively (Fig. 1A). In U937 cells, the 24 and 48 h IC50 
values of YY‑20394 were 1.42x104 and 7,102 nM, respec‑
tively (Fig. 1B). The 24 and 48 h IC50 values of YY‑20394 
in MV‑4‑11 cells were 1,127  and  126.9  nM, respectively 
(Fig. 1C). Comparatively, MV‑4‑11 cells were more sensitive 
to YY‑20394, while THP‑1 and U937 cells were less sensitive. 
YY‑20394 exhibited a smoother dose‑response profile in U937 
cells, which were selected for further experiments.

YY‑20394 inhibits U937 cell proliferation, promotes apoptosis 
and arrests the G1/S phase. Cell apoptosis and the cell cycle are 
important biological processes that collectively determine the 
proliferation and survival of malignant cells. The dual AO/EB 
assay revealed that YY‑20394 significantly induced apoptosis 
in U937 cells (P<0.001), with the apoptosis rate being signifi‑
cantly higher in the 10 µM group compared with the 5 µM 
group (P<0.0001) (Fig. 2A and B). Flow cytometry analysis 

Figure 1. Three acute myeloid leukemia lines exhibit different sensitivities to YY‑20394. The dose‑response curves indicate the percentage growth inhibition of 
each cell line in response to increasing concentrations of YY‑20394 for 24 or 48 h, as measured using Cell Counting Kit‑8 assays. (A) THP‑1 cells were treated 
with YY‑20394 (500‑20,000 nM). (B) U937 cells treated with YY‑20394 (1,000‑10,0000 nM). (C) MV‑4‑11 cells were treated with YY‑20394 (10‑5,000 nM). 
Data are presented as mean ± SD from three independent experiments. IC50, half‑maximal inhibitory concentration.
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was used to assess the effects of YY‑20394 on the cell cycle 
(Fig. 2C and D). Compared with the NC group, treatment with 
5 and 10 µM of YY‑20394 significantly increased the propor‑
tion of cells in the G1 and S phases (P<0.01) while significantly 
reducing the population in the G2 phase (P<0.0001), indicating 
that YY‑20394 interfered with cell cycle progression at the 
G1/S transition and early S phase. Overall, YY‑20394 could 
inhibit U937 cell proliferation, promote apoptosis and induce 
arrest at G1/S transition and in early S phase.

YY‑20394 and ABT199 have a synergistic effect in MV‑4‑11 
cells. The percentage of cell proliferation inhibition of ABT199 
was assessed to determine its sensitivity in different AML cell 
lines (Fig. 3A‑C). The results revealed that the IC50 values of 
ABT199 were 2.06x104, 1.36x104 and 161.80 nM for 24 h in 
THP‑1, U937 and MV‑4‑11 cells, respectively, and 1.17x104, 
7.90x103 and 30.47 nM for 48 h, respectively. To assess the 
potential synergistic effect of YY‑20394 and ABT‑199, three 
AML cell lines were treated with a range of doses based on 
the respective IC50 values of each drug. No significant syner‑
gistic effect was observed in THP‑1 cells (CI>1, Fig. 3D), and 

only a negligible synergistic effect was detected in U937 cells 
(CI=0.895, Fig. 3E). Notably, synergistic interactions were 
observed in MV‑4‑11 cells, with the CI value of the optimal 
dose combination being 0.17 (Fig. 3F). Based on these results, 
the concentration with the strongest synergistic effect was 
selected for further experiments with MV‑4‑11 cells.

YY‑20394 and ABT199 synergistically promote apoptosis 
in MV‑4‑11 cells without inducing cell cycle arrest. Dual 
AO/EB staining indicated that YY‑20394 and ABT199 alone 
significantly promoted apoptosis in MV‑4‑11 cells compared 
with the NC group (P<0.001) (Fig. 4A and B). Moreover, the 
combination of the two drugs exhibited a higher apoptosis 
rate than either drug alone. Flow cytometry analysis further 
revealed that ABT199 significantly reduced the S phase in 
MV‑4‑11 cells (P=0.0006), with YY‑20394 showing a similar 
trend (P=0.0510) (Fig. 4C and D). By contrast, there were no 
significant differences in G1 and G2 phases between the two 
drugs alone, in combination or compared with the NC group 
(all P>0.05). These findings suggest that YY‑20394 and 
ABT199 may influence DNA replication in MV‑4‑11 cells.

Figure 2. YY‑20394 could influence the apoptosis and cell cycle in U937 cells. (A) U937 cells were treated with 5 and 10 µM of YY‑20394 for 48 h. Early 
and late apoptotic cells were stained using the acridine orange/ethidium bromide dual staining method, and apoptosis was assessed based on the color and 
morphology of the cells. Magnification, x100; scale bar, 100 µm. (B) Quantification of total apoptotic cells. (C) Cell cycle distribution (G1, S and G2 phases) 
was analyzed using flow cytometry after PI staining. (D) Differences in cell cycle phase distribution were compared using statistical analysis and presented as 
bar charts. Data are presented as mean ± SD from three independent experiments. PI, propidium iodide; NC, negative control.
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YY‑20394 and ABT199 synergistically induce MV‑4‑11 cell 
apoptosis, which may be associated with c‑Myc. ABT199 
specifically targets Bcl‑2. Mcl‑1 and Bcl‑2 could inhibit 
apoptosis by binding to the BH3‑specific protein Bim, thereby 
preventing Bim from activating Bax and Bak (23). Whether 
YY‑20394 and ABT199 synergistically promote apoptosis via 
the Bcl‑2 pathway was investigated (Fig. 5A‑E). The results 
revealed changes in the levels of anti‑apoptotic proteins Mcl‑1, 
Bcl‑2 and Bcl‑xL that were inconsistent with the observed 
apoptotic phenotype in MV‑4‑11 cells (Fig. 5A, C and D). 
Specifically, Mcl‑1 transcription (P=0.001) and protein 
(P=0.0783) levels were increased in YY‑20394 alone compared 
with the NC group. Mcl‑1 transcription levels decreased while 
protein levels increased in the combination group compared 
with either agent alone. Furthermore, no inhibitory effects 
on Bcl‑2 or Bcl‑xL were observed at transcription level with 
ABT199 alone or in combination (all P>0.05) (Fig. 5B), while 
significant upregulations were observed in protein levels 
(P<0.05) (Fig. 5E). Bim and Bak transcription levels increased 
while protein levels decreased in the YY‑20394 group 
compared with the NC group. Additionally, levels of pro‑apop‑
totic factors Bim, Bak and Bax decreased in the combination 
group compared with NC or ABT199 alone, which contrasts 
with the observed pro‑apoptotic phenotype (Fig. 5C‑E).

Due to the critical role of c‑Myc in cancer cell survival 
and apoptosis regulation (24), the protein levels of c‑Myc were 
evaluated. The results demonstrated that the combination 

treatment significantly reduced c‑Myc protein levels compared 
with the NC (P=0.001) and ABT199 alone (P=0.0007) 
(Fig.  5F  and  G). Therefore, the synergistic pro‑apoptotic 
effects of the combined treatment may be associated with 
c‑Myc suppression.

Synergistic effect of YY‑20394 and ABT199 in MV‑4‑11 cells 
is associated with inhibition of p‑Akt and increase of p‑ERK. 
Previous studies have suggested that the effects of PI3Kδ 
inhibitors on tumor cell proliferation or apoptotic signaling 
may be mediated through the regulation of PI3K/Akt and 
ERK pathways  (25,26). Whether the synergistic effects of 
YY‑20394 and ABT199 on MV‑4‑11 cells are associated with 
these pathways was investigated (Fig. 6A). Compared with the 
NC, p‑Akt levels were reduced in both the YY‑20394 alone 
(P=0.0074) and in combination (P=0.0149) (Fig. 6B‑D). By 
contrast, p‑ERK levels increased in the ABT199 alone and in 
combination compared to the NC (P=0.0253). Additionally, 
the p‑ERK/ERK ratio was higher in the combination group 
than in the ABT199 alone (P=0.0291) (Fig. 6E‑G).

Discussion

PI3K inhibitors have demonstrated limited clinical success due 
to the adverse effects of inhibiting other isoforms, highlighting 
the need to develop subtype‑specific PI3K inhibitors (27). 
PI3Kδ is commonly expressed in most AML cells  (21), 

Figure 3. Combination of YY‑20394 and ABT199 has a synergistic effect on MV‑4‑11 cells. The dose‑response curves indicate the percentage growth inhibi‑
tion of (A) THP‑1, (B) U937 and (C) MV‑4‑11 cells in response to increasing concentrations of ABT199 for 24 or 48 h, as measured using CCK‑8 assays. 
(D) THP‑1, (E) U937 and (F) MV‑4‑11 cells were treated with YY‑20394, ABT199 alone or YY‑20394/ABT199 combination at a constant ratio relative to the 
IC50 value for 48 h. Cell inhibition was assessed using the CCK‑8 assay, and CI values were calculated to evaluate the effects of YY‑20394 and ABT199 in three 
acute myeloid leukemia cell lines. Data are presented as mean ± SD from three independent experiments. CCK‑8, Cell Counting Kit‑8; IC50, half‑maximal 
inhibitory concentration; Fa, fraction affected; CI, combination index.
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making it a therapeutically relevant target. YY‑20394, a 
highly selective PI3Kδ inhibitor, has demonstrated efficacy 
in various hematologic malignancies (28). However, its role 
in AML remains unclear. The present study demonstrated 
that YY‑20394 could inhibit cell viability in MV‑4‑11, THP‑1 
and U937 cells, consistent with the effects of other PI3Kδ 
inhibitors (29,30). Although U937 cells exhibited the lowest 
sensitivity, YY‑20394 suppressed their proliferation, promoted 
apoptosis, and induced G1/S and early S phase arrest in a 
concentration‑dependent manner. These effects contribute to 
its antitumor activity in AML cells.

Due to the issue of acquired resistance to ABT199, it is often 
not recommended as a monotherapy for AML (20). The present 
findings demonstrate that the combination of YY‑20394 and 
ABT199 exerts synergistic effects in MV‑4‑11 cells, reducing 

cell survival and enhancing apoptosis more effectively than 
either agent alone. MV‑4‑11 cells are an AML cell line positive 
for FLT3‑ITDs, a common driver mutation associated with poor 
prognosis and present in ~25% of AML cases (31,32). While 
ABT199 monotherapy has limited efficacy in FLT3‑ITD‑mutated 
AML (33), the combination of ABT199 and PI3Kδ inhibitors 
has shown promise in preclinical studies (21,34). The present 
study supports previous research, suggesting that FLT3‑ITD 
status may be associated with increased sensitivity to this 
combination strategy. Due to clonal variability among different 
FLT3‑ITD‑positive AML cell lines, the broader applicability of 
these findings should be further validated in additional models, 
such as MOLM‑13 and MOLM‑14.

Changes in apoptosis‑related molecules were explored 
following treatment with YY‑20394 and ABT199. The results 

Figure 4. YY‑20394 and ABT199 synergistically promote apoptosis in MV‑4‑11 cells without inducing cell cycle arrest. MV‑4‑11 cells were treated with 
120 nM of ABT199, 30 nM of YY‑20394 or a combination of both for 48 h. (A) Early and late apoptotic cells were assayed using the acridine orange/ethidium 
bromide dual staining method. Magnification, x400; scale bar, 20 µm. (B) Quantification of total apoptotic cells. (C) Cell cycle distribution (G1, S and G2 
phases) was analyzed using flow cytometry after PI staining and (D) the statistical results were presented as bar charts. Data are presented as mean ± SD from 
three independent experiments. PI, propidium iodide; NC, negative control.
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Figure 5. Effect of YY‑20394 and ABT199 on apoptotic pathways in MV‑4‑11 cells. MV‑4‑11 cells were treated with 120 nM of ABT199, 30 nM of YY‑20394 
or a combination of both for 48 h. (A) The mRNA levels of anti‑apoptotic factors Mcl‑1, Bcl‑2 and Bcl‑xL were assessed using RT‑qPCR. (B) The mRNA levels 
of pro‑apoptotic factors Bim, Bak and Bax were assessed using RT‑qPCR. (C) The protein results of Mcl‑1, Bcl‑2, Bcl‑xL, Bim, Bak and Bax were assessed 
using western blotting. (D) The protein levels of Mcl‑1, Bcl‑2, and Bcl‑xL were semi‑quantified using densitometric analysis. (E) The protein levels of Bim, 
Bak and Bax were semi‑quantified using densitometric analysis. (F) The protein results of c‑Myc were assessed using western blotting and (G) the statistical 
result of densitometric analysis. Data are presented as mean ± SD from three independent experiments. RT‑qPCR, reverse transcription‑quantitative PCR; 
Mcl‑1, myeloid cell leukemia‑1; Bim, Bcl‑2 interacting mediator of cell death; Bcl‑xL, B‑cell lymphoma‑extra large; Bak, Bcl‑2 antagonist killer 1; Bax, Bcl‑2 
associated X.
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showed inconsistent changes between the transcriptional 
and protein levels of several apoptosis‑related molecules 
in the combination group, suggesting the involvement of 
post‑transcriptional regulation (35). For example, A‑1210477 
has been reported to disrupt the Mcl‑1‑Bim complex while 
stabilizing Mcl‑1 protein, thereby promoting Mcl‑1 accumu‑
lation independently of transcription (36). Consistent with 
the findings of Yao et al (21), inhibition of Bcl‑2 or Bcl‑xL 
by either ABT199 alone or in combination was not observed. 
Instead, significantly increased protein levels of Mcl‑1, Bcl‑2 
and Bcl‑xL were observed. ABT199 primarily functions as a 
BH3 mimetic that binds to Bcl‑2 and inhibits its functional 
activity, rather than reducing its transcription or protein abun‑
dance. One possible explanation for this increase is activation 
of compensatory survival signaling pathways in parallel 
cascades (37,38), which may be associated with the increased 
p‑ERK protein levels observed in the present study. A previous 
study has shown that ABT199 can induce compensatory 
activation of ERK1/2 and subsequently promote downstream 
Mcl‑1 expression, a phenomenon frequently observed in 
FLT3‑ITD AML cells (39). Meanwhile, PI3K inhibition has 
also been reported to induce compensatory ERK activation 
through the RAS/RAF/MEK/ERK pathway (38). ERK acti‑
vation has been shown to maintain cellular homeostasis by 
regulating cell cycle‑associated pathways (such as cyclin D1) 
and promoting anti‑apoptotic signaling (such as Mcl‑1) (40). 
Previous research showed that such adaptive signaling may 
enable cancer cells to tolerate therapeutic stress and poten‑
tially contribute to treatment resistance (41). Therefore, future 
studies could explore whether MEK or ERK inhibition may 

further enhance the synergistic pro‑apoptotic effects of 
YY‑20394 and ABT199.

In addition, although the transcriptional levels of the 
pro‑apoptotic proteins Bim, Bak and Bax did not change 
significantly in the combination group, their protein levels 
were markedly decreased. We hypothesize that there may be 
two possible explanations. First, Bax and Bak are terminal 
effectors of mitochondrial apoptosis, and the reduction in 
total protein levels may reflect extensive apoptosis  (42). 
Further studies are needed to investigate the expression of 
other BH3‑only proteins (such as p53 upregulated modulator 
of apoptosis and phorbol‑12‑myristate‑13‑acetate‑induced 
protein 1), as well as to assess Bax/Bak conformational changes 
or mitochondrial translocation to determine whether this 
decrease is secondary to apoptosis activation. Second, alterna‑
tive cell death‑related mechanisms may also contribute to this 
effect, including stress‑induced apoptosis such as endoplasmic 
reticulum stress, caspase‑independent apoptosis mediated by 
AIF and Endo G, death receptor‑mediated extrinsic apoptosis, 
or even non‑apoptotic programmed cell death pathways such 
as necroptosis (43).

c‑Myc is known to be highly expressed in AML and is asso‑
ciated with poor prognosis and therapeutic resistance (44,45). 
Downregulation of c‑Myc has been shown to enhance the 
activity of ABT199 more effectively than Mcl‑1 inhibition (46). 
Compared with treatment with the PI3K/HDAC inhibitor 
CUDC‑907 alone, its combination with ABT‑199 did not result 
in further downregulation of c‑Myc  (47,48). Nevertheless, 
c‑Myc served a critical role in the synergistic effect of 
CUDC‑907 and ABT‑199, as the combination caused marked 

Figure 6. Effect of YY‑20394 and ABT199 on p‑AKT and p‑ERK signaling pathways in MV‑4‑11 cells. MV‑4‑11 cells were treated with 120 nM of ABT199, 
30 nM of YY‑20394 or a combination of both for 48 h. (A) The protein levels of AKT, p‑AKT (Ser473), ERK and p‑ERK (Thr202/Tyr204) were examined 
using western blot. Densitometric analysis of western blot of (B) AKT, (C) p‑AKT, (D) p‑AKT/AKT, (E) ERK, (F) p‑ERK and (G) p‑ERK/ERK. Data are 
presented as mean ± SD from three independent experiments. p‑, phosphorylated.
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dysregulation of MYC target genes, which may contribute to 
AML cell apoptosis through regulation of mitochondrial func‑
tion and induction of DNA damage. Consistent with the present 
results, the PI3K/HDAC inhibitor CUDC‑907 synergistically 
induces apoptosis in AML cells in combination with ABT199, 
partially through c‑Myc inhibition (47). Furthermore, preclin‑
ical research has reported that FLT3‑ITD can specifically 
activate c‑Myc through the PI3K/Akt signaling pathway (49). 
Based on these findings, the combinatory effects of YY‑20394 
and ABT199 may be linked to c‑Myc downregulation.

Studies have suggested that the in vitro potency of drugs 
for hematological malignancies is more comparable to the 
average clinical exposure concentration (C‑unbound, average), 
and such direct comparisons may better reflect clinical trans‑
lational potential than other cancers (50). Pharmacokinetic 
studies in B cell malignancies have shown that both 
single‑dose (20‑140 mg) and multiple‑dose (20‑200 mg) admin‑
istration of YY‑20394 resulted in dose‑dependent increases in 
drug exposure parameters [such as Cmax, area under the curve 
(AUC)0‑t and AUC0‑∞]  (11). For ABT199, the reported Cmax 
under the standard 400 mg QD regimen is ~2.1 µg/ml (51). 
However, although higher drug exposure is generally associ‑
ated with improved clinical response, it may also increase the 
risk of adverse events (52). Consistent with previous reports, 
the present results demonstrated substantial heterogeneity in 
ABT199 sensitivity among different AML cell lines (17,53). 
However, due to the clinically achievable unbound drug 
exposure, the relatively high IC50 values observed in U937 
and THP‑1 cells may suggest limited efficacy of YY‑20394 or 
ABT199 monotherapy in these clinical subtypes (54). Notably, 
the 48 h IC50 values were 2‑10‑fold lower than those at 24 h, 
indicating that prolonged drug exposure may enhance antileu‑
kemic activity. Therefore, optimization of dosing schedules to 
maintain effective exposure may help broaden the therapeutic 
window and improve translational potential.

The present study has several limitations. First, all experi‑
ments were conducted in vitro using a limited panel of AML cell 
lines, which may not fully reflect the biological heterogeneity 
of AML in patients. Second, the mechanistic findings regarding 
the involvement of the c‑Myc/Akt and ERK pathways are 
primarily correlative and require further functional validation. 
The precise contribution of Bcl‑2 family proteins to the syner‑
gistic pro‑apoptotic effects remains incompletely understood. 
Further studies are needed to investigate the functional status of 
these proteins, including their conformational activation, mito‑
chondrial translocation and post‑translational modifications. 
Fourth, no in vivo studies or primary patient‑derived AML 
samples were included to evaluate the therapeutic efficacy and 
translational relevance of YY‑20394 alone or in combination 
with ABT199. Future studies incorporating animal models, 
primary AML samples and more comprehensive mechanistic 
investigations will be necessary to further validate and extend 
the present findings.

An emerging strategy to enhance the therapeutic index 
of targeted agents in AML is nanocarrier based delivery. 
Nanoparticle formulations can improve pharmacokinetics, 
enable co‑delivery of synergistic drug pairs, enhance 
tumor/bone marrow targeting and reduce off‑target hemato‑
logic toxicity. Recent advances in nanoparticle design, including 
zein‑based carriers for in vivo antitumor delivery (55), antibody 

functionalized lipid nanocarriers for targeted RNA/drug 
delivery (56) and next‑generation lipid nanocarriers enabling 
novel administration routes (57), illustrate the translational 
potential of these platforms. In the context of YY‑20394 and 
venetoclax, a nanocarrier approach could allow lower systemic 
doses while maintaining effective intratumoral concentrations, 
facilitate synchronized drug exposure and potentially overcome 
microenvironment mediated resistance. Preclinical evaluation 
of such co‑delivery formulations in FLT3 ITD AML models 
would therefore be a promising translational step.

In conclusion, YY‑20394 exhibits potential growth‑inhib‑
itory effects across different AML cell lines, making it a 
promising therapeutic candidate for AML. Moreover, the 
combination of YY‑20394 and ABT199 demonstrates syner‑
gistic antitumor activity in MV‑4‑11 cells.
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