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Despite therapeutic advances, the effective treatment for relapsed or refractory diffuse large B-cell lymphoma 
(DLBCL) remains a major clinical challenge. Evasion of apoptosis through upregulating antiapoptotic B-cell 
lymphoma-2 (BCL-2) family members and p53 inactivation, and abnormal activation of B-cell receptor signal-
ing pathway are two important pathogenic factors for DLBCL. In this study, our aim is to explore a rational 
combination of BCL-2 inhibitor plus Bruton’s tyrosine kinase (BTK) blockade or p53 activation for treating 
DLBCL with the above characteristics. We demonstrated that a novel BCL-2 selective inhibitor APG-2575 
effectively suppressed DLBCL with BCL-2 high expression via activating the mitochondrial apoptosis path-
way. BTK inhibitor ibrutinib combined with BCL-2 inhibitors showed synergistic antitumor effect in DLBCL 
with mean expression of BCL-2 and myeloid cell leukemia-1 (MCL-1) through upregulating the expression 
level of BIM and modulating MCL-1 and p-Akt expression. For p53 wild-type DLBCL with high expression of 
BCL-2, APG-2575 showed strong synergic effect with mouse double minute 2 (MDM2)–p53 inhibitor APG-
115 that can achieve potent antitumor effect and markedly prolong survival in animal models. Collectively, our 
data provide an effective and precise therapeutic strategy through rational combination of BCL-2 and BTK or 
MDM2–p53 inhibitors for DLBCL, which deserves further clinical investigation.
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INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is the most 
common subtype of non-Hodgkin lymphoma (NHL), 
comprising about 30% of the NHL throughout the 
world1,2. Even with therapy development, some patients 
with relapsed or refractory DLBCL remain incurable3,4. 
Therefore, there is an urgent need to develop new treat-
ment for these patients.

B-cell lymphoma-2 (BCL-2) overexpression, which 
inhibits tumor cell apoptosis, is presented in about 25% 
of DLBCL and is associated with poor prognosis5,6. 
Previous studies suggested that BCL-2 may be a poten-
tial target for the treatment of DLBCL7,8. A series of BH3 
mimetic small molecules that bind to antiapoptotic pro-
teins such as BCL-2 and BCL-XL have been developed 
for tumor therapy9–12 and have shown promising results in 
phase I and II clinical trials in several types of cancer13–15. 
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However, several hematology-derived cell lines remain 
resistant to BCL-2 inhibitors, particularly the very het-
erogeneous DLBCL tumor cells. Aberrant activation of 
B-cell receptor (BCR) signaling pathway mediated by 
Bruton’s tyrosine kinase (BTK) is also another impor-
tant pathogenic factor in partial B-cell NHLs including 
DLCBL16–18. BTK inhibitors such as ibrutinib have been 
reported to show great potential in the treatment of B-cell 
NHLs19,20, but have limited efficacy as single agents16,21. 
It has been shown that BCL-2 inhibition can enhance 
the antitumor effect of ibrutinib, which is one of the 
approaches to overcome the limited efficacy of ibrutinib 
monotherapy22.

TP53 is an important tumor suppressor gene that is 
less mutated in DLBCL23. However, wild-type p53 func-
tions are frequently inhibited by mouse double minute 2 
(MDM2), which is another important pathway for cancer 
cells to escape apoptosis24,25. It has been suggested that 
high expression of myeloid cell leukemia-1 (MCL-1) may 
contribute to intrinsic and acquired resistance to BCL-2 
inhibitors26,27, while p53 activation can modulate MCL-1 
phosphorylation and promote its degradation28. Therefore, 
the combination of BCL-2 inhibitor and MDM2–p53 
inhibitor will provide a rational and effective treatment 
and achieve better antitumor efficacy.

The aim of this study was to investigate the antitumor 
effect of a novel selective BCL-2 inhibitor APG-2575 in 
combination with the BTK inhibitor ibrutinib or MDM2–
p53 inhibitor in a rational combination in DLBCL based 
on the molecular biological properties of DLBCL, and 
further to study its mechanism of action. Thus, we hope 
that these preclinical data can provide a more solid 
theoretical basis for improving the clinical treatment of 
DLBCL.

MATERIAL AND METHODS

Chemicals

A novel BCL-2 selective inhibitor APG-2575 and 
MDM2–p53 inhibitor APG-115 were provided by 
Ascentage Pharma Group Inc. (Taizhou, China). BCL-2 
selective inhibitor ABT-199 and BTK inhibitor ibrutinib 
were purchased from Selleck Chemicals (Houston, TX, 
USA). The binding affinities of APG-2575 and refer-
ence compounds ABT-199 and ABT-263 to BCL-2, 

BCL-XL, and MCL-1 are shown in Table 1. For in vitro 
assay, all compounds were dissolved in dimethyl sulfox-
ide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) at a 
stock concentration of 40 mM, stored at −20°C. The final 
concentration of DMSO to dilute compound in culture 
media did not exceed 0.1%. For in vivo study, APG-2575 
was formulated in 60% phosal 50 propylene glycol, 30% 
polyethylene glycol 400 (PEG 400), and 10% ethanol; 
ibrutinib was in 5% DMSO, 30% PEG 300, 5% Tween 
80, and ddH

2
O; APG-115 was formulated in 5% PEG 400 

and 95% 0.2% HPMC E5.

Cell Culture

The cell lines OCI-LY1, OCI-LY3, OCI-LY19, and 
SU-DHL4 were purchased from Leibniz-Institut DSMZ-
German Collection of Microorganisms and Cell Cultures 
(DSMZ, Braunschweig, Germany) and the American 
Type Culture Collection (ATCC; Manassas, VA, USA) 
provided by Cobioer Biological Technology Co. Ltd. 
(Nanjing, China). The SU-DHL2 and OCI-LY8 cell lines 
were provided by Professor Wenqi Jiang in Sun Yat-
sen University Cancer Center. All these cell lines were 
identified by genomic short tandem repeat (STR) profile 
detection, which was provided by Cobioer Biological 
Technology Co. Ltd. (Nanjing, China). All cells were cul-
tured at 37°C, in a humidified atmosphere containing 5% 
CO

2
. OCI-LY8, SU-DHL2, and SU-DHL4 cells were cul-

tured in RPMI-1640 medium containing 10% fetal bovine 
serum, while OCI-LY3 cells were cultured in RPMI-1640 
medium containing 20% fetal bovine serum. OCI-LY1 
cells were maintained in IMDM medium supplemented 
with 20% fetal bovine serum, while OCI-LY19 cells were 
maintained in a-MEM medium supplemented with 10% 
FBS. All culture media contained 100 IU/ml penicillin 
and 100 mg/ml streptomycin. All experiments were per-
formed in the logarithmic growth phase of the cells.

Cell Viability Assay and IC
50

 Determination

Cell viability was determined by using the Cell 
Counting Kit-8 (CCK-8; Dojindo, Japan) according to the 
manufacturer’s instructions. Briefly, cells were seeded at 
20,000 to 50,000 cells/well in a 96-well plate in the pres-
ence of single drugs or drug combinations for 48 h. After 
48 h, CCK-8 reagent (10 μl/well) was added and incu-
bated at 37°C for 1–2 h, and absorbance readings were 

Table 1.  Binding Affinities of APG-2575 and Reference Compounds to BCL-2, BCL-XL, and MCL-1

Target Drugs
BCL-2 (nM)

K
i

BCL-XL (nM)
K

i

BCL-W (nM)
K

i

MCL-1 (nM)
K

i

BCL-2/BCL-XL ABT-263* 1 <0.5 1 No binding affinity
BCL-2 ABT-199* <0.1 <0.5 No No binding affinity
BCL-2 APG-2575 <0.1 <0.5 No No binding affinity

*Data from Selleck (https://www.selleck.cn/).
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taken at 450 nm. The IC
50

 value was calculated by using 
GraphPad Prism version 6.0.0 for Windows (GraphPad 
Software, San Diego, CA, USA). Combination index 
(CI) is a marker to reflect the drug interaction, which was 
evaluated by using the CalcuSyn software (BIOSOFT, 
Ferguson, MO, USA). The criteria for the CI value are as 
follows: 0.8 £ CI < 1 for low synergy, 0.6 £ CI < 0.8 for 
moderate synergy, 0.4 £ CI < 0.6 for high synergy, and 
0.2 £ CI < 0.4 for strong synergy effect.

Cell Apoptosis Assays and Mitochondrial Membrane 
Potentials Detection

Cell apoptosis was determined with an Annexin-V–
propidium iodide (PI) apoptosis detection kit (KGA108; 
KeyGen Biotech, Nanjing, China) by flow cytometry 
(Beckman Coulter, Fullerton, CA, USA). Cells were har-
vested and suspended in 500 μl of binding buffer contain-
ing 2.5 μl of annexin V fluorescein isothiocyanate (FITC) 
and 5 μl of PI. Experiments were analyzed after incubat-
ing out of light in the staining solution for 10 min.

Flow cytometry was used for the detection of mito-
chondrial membrane potential change. Briefly, after APG-
2575 treatment, the cells were incubated with 5 mg/L 
JC-1 (Beyotime Biotech, Jiangsu, China) for 20 min at 
37°C, and then cells were washed twice with JC-1 stain-
ing buffer (1×). Using some JC-1 staining buffer (1×), 
resuspended cells were analyzed by flow cytometry.

Detection of Caspase 3 Activity

The activity of caspase 3 was determined using the cas-
pase 3 activity kit (Beyotime Institute of Biotechnology, 
Haimen, China). After treatment of APG-2575, cell lysates 
were prepared by incubating 2 × 106 cells/ml in extrac-
tion buffer (25 mM Tris HCl, pH 7.5, 20 mM MgCl

2
, and 

150 mM NaCl, 1% Triton X-100, 25 μg/ml leupeptin, 
and 25 μg/ml aprotinin) for 30 min on ice. Lysates were 
centrifuged at 12,000 × g for 15 min, the supernatants 
were collected, and protein concentration was deter-
mined by Bradford Protein Assay Kit (Beyotime Institute 
of Biotechnology, Haimen, China). Cellular extracts (30 
μg) were then incubated in a 96-well plate with 20 ng of 
Ac-DEVD-pNA for 2 h at 37°C. Caspase 3 activity was 
measured by cleavage of the Ac-DEVD-pNA substrate 
to pNA, the absorbance of which was measured at 405 
nm. Relative caspase activity was calculated as a ratio of 
emission of treated cells to untreated cells.

Western Blot Analysis

Western blot analysis was performed by standard 
methods as previously described29. The antibodies against 
BCL-2, BCL-XL, MCL-1, BAX, BAK, cleaved caspase 
3, cytochrome c, glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), Akt, p-Akt, and b-tubulin were pur-
chased from Cell Signaling Technology. The antibodies 

against PARP, BIM, p53, MDM2, and PUMA were 
purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). The antibody against BTK was purchased 
from ImmunoWay Biotechnology (JiangSu, China). The 
secondary anti-mouse and anti-rabbit antibodies were 
purchased from Santa Cruz Biotechnology. Antigen–
antibody complexes were detected using Bio-Rad Clarity 
western ECL substrate, and protein level was quantified 
by ImageJ (Bio-Rad Laboratory, Hercules, CA, USA).

Mitochondrial Cytochrome c Release Assay

Cells were pretreated with 20 nmol/l of APG-2575 
for 0, 0.5, 1, 3, and 6 h. Cytoplasmic fractionation was 
isolated using the Cytosol/Mitochondria Fractionation 
kit (#QIA88; Merck Millipore, Darmstadt, Germany). 
Cytosolic fractions were isolated from OCI-LY8 cells 
following the manufacturer’s instruction. The amount 
of cytochrome c in cytosol and mitochondria fraction 
was determined by Western blot analysis as described 
above.

In Vivo Treatment of Xenografts With APG-2575

All animal studies were performed with the approval 
from the Institutional Animal Care and Use Committee 
(IACUC) of Sun Yat-sen University Cancer Center 
(IACUC Approval No. 17040M). To develop OCI-LY8, 
OCI-LY1, and OCI-LY19 xenograft, 4- to 6-week-old 
female nonobese diabetic severe combined immunodefi-
ciency (NOD/SCID) mice (Beijing Vital River Laboratory 
Technology Co. Ltd, Beijing, China) were implanted sub-
cutaneously in the right side of the axillary with 1 × 107 
tumor cells suspended in 100-μl volume of PBS contain-
ing Matrigel (Corning, Corning, NY, USA) at 1:1 ratio. 
OCI-LY8 models were used for APG-2575 single-drug 
efficacy studies; when mean tumor volume reached 
approximately 100~200 mm3, mice were randomized 
into four groups (six mice per group) with approximately 
equivalent tumor volume. The mice were treated with 
vehicle or APG-2575 (25 mg/kg, 50 mg/kg, and 100 mg/
kg body weight) daily by oral gavage for 10 days. In OCI-
LY1 models applied to study, the combination efficacy 
of APG-2575 and ibrutinib, mice were randomly divided 
into four groups (five mice per group) with approximately 
equivalent tumor volume, and the treatment was started 
on day 1. Mice were treated with 15 mg/kg ibrutinib or 
vehicle at day 1 by intraperitoneal injection once a day for 
13 consecutive days, while 100 mg/kg APG-2575 admin-
istered via oral gavage started at day 8 of six consecutive 
days. OCI-LY19 models were used to study the combina-
tion antitumor effect of APG-2575 and APG-115; mice 
were randomized into four groups (five mice per group) 
with approximately equivalent tumor volume. Vehicle, 50 
mg/kg APG-2575, 50 mg/kg APG-115, and combination 
are administered orally once every day for 6 days. Tumor 
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sizes were measured by caliper equipment, and animal 
body weights were recorded two to three times per week. 
Tumor volume (mm3) = 1/2 × (length × width2).

Immunohistochemical Analyses

Tumor tissues from the NOD/SCID mice were immu-
nohistochemically stained for Ki-67 using previously 
reported protocols30. TUNEL staining was performed 
with an in situ cell death detection kit (Roche Diagnostics 
Corp., Mannheim, Germany) according to the manu-
facturer’s instructions. The representative images were 
taken using an Olympus FV1000 microscope (Olympus, 
Tokyo, Japan).

Statistical Analysis

Statistical analyses were performed in the GraphPad 
Prism version 6.0.0 for Windows (GraphPad Software). 

Unless indicated otherwise, results are presented as 
mean ± standard deviation (SD) of three independent 
experiments. Correlation was analyzed by nonparametric 
Spearman correlation. Differences between two groups 
were analyzed using unpaired sample t-test. Comparison 
among more than two groups was analyzed by one-way 
analysis of variance (ANOVA) and two-way ANOVA. CI 
was calculated using CalcuSyn software (BIOSOFT). The 
Kaplan–Meier method was used to plot survival curves, 
and log-rank was used to compare survival differences. A 
value of p < 0.05 was considered statistically significant.

RESULTS

High BCL-2 Expression Predicts Sensitivity to BCL-2 
Inhibitor

First, we found that the BCL-2 gene expression was 
higher in DLBCL tumor tissue than the normal tissue 

Figure 1.  High B-cell lymphoma-2 (BCL-2) expression predicts sensitivity to APG-2575 and APG-1252 in diffuse large B-cell lym-
phoma (DLBCL). (a) BCL-2 gene expression in DLBCL tissue and normal tissue; data obtained from the GEPIA (Gene Expression 
Profiling Interactive Analysis) database (http://gepia.cancer-pku.cn/). Statistical significance was determined by unpaired t-test. 
*p < 0.05. (b) BCL-2, BCL-XL, MCL-1, BAK, and BAX protein expression were measured by Western blot in DLBCL cell lines with 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the loading control. (c) The relative protein expression of BCL-2, BCL-XL, 
and MCL-1 were normalized against GAPDH. (d) Cell viability of DLBCL cell lines treated with APG-2575 and ABT-199 for 48 h, 
compared to cells treated with dimethyl sulfoxide (DMSO) (100%). The results represent the average and standard deviation (SD) for 
at least three independent experiments.
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by analyzing the data in the GEPIA (Gene Expression 
Profiling Interactive Analysis) database (http://gepia.
cancer-pku.cn/) (Fig. 1a). We then determined the basic 
protein expression levels of BCL-2 family members in a 
panel of six DLBCL cell lines by Western blot analysis. 
The relative protein expressions of BCL-2, BCL-XL, and 
MCL-1 were normalized to GAPDH. We found that OCI-
LY19, OCI-LY8, and OCI-LY1 had high BCL-2 protein 
expression, whereas SU-DHL2 and SU-DHL4 had low 
BCL-2 expression and high MCL-1 expression (Fig. 1b 
and c). We further verified that DLBCL cells (OCI-LY19, 
OCI-LY8, and OCI-LY1) with higher BCL-2 expres-
sion were more sensitive to the BCL-2 selective inhibi-
tor APG-2575 by CCK-8 assay; the IC

50
 values ranged 

from 10 to 50 nM (Fig. 1d, Table 2). However, OCI-LY3 
and SU-DHL4 cells showed modest response to APG-
2575. The inhibitory effect of APG-2575 on BCL-2 high 
expression cell lines was the same or even better than that 
of ABT-199. Taken together, DLBCL cell lines with high 
expression of BCL-2 are sensitive to APG-2.

APG-2575 Induces DLBCL Cell Apoptosis via 
Activating the Mitochondrial Apoptotic Pathway

After treating with increasing concentrations of APG-
2575 for 24 h, we found the apoptosis rate significantly 
increased in OCI-LY8 and OCI-LY19 cells in a dose-
dependent manner (Fig. 2a). APG-2575 induced rapid 
apoptosis within 4 h in OCI-LY8 and OCI-LY19 cells with 
high expression of BCL-2 in a time-dependent manner 
(Fig. 2b). Furthermore, Western blot analysis suggested 
APG-2575 induced a dose-dependent increase in cleaved 
PARP and cleaved caspase 3 in OCI-LY8 and OCI-LY19 
cells, the well-known characteristic of apoptosis (Fig. 2c).

To determine whether the antitumor effect induced 
by APG-2575 was associated with the mitochondrial 
apoptotic pathway, we first measured the mitochondrial 
membrane potential, which can be measured by flow 
cytometry using JC-1 staining because mitochondrial 
membrane potential is affected before membrane evagi-
nation occurs in apoptotic cells. The mitochondrial outer 
membrane permeabilization (MOMP) was significantly 
decreased by APG-2575 treatment both in OCI-LY8 and 

OCI-LY19 (Fig. 2d). Next, we assessed the activity of key 
apoptosis regulator caspase 3 in OCI-LY8 and OCI-LY19 
cells. Activity of caspase 3 was significantly increased 
after APG-2575 treatment (Fig. 2e). Significant activa-
tion of caspase 3 and PARP indicated loss of mitochon-
drial membrane potential. Furthermore, we observed that 
cytochrome c was released from the mitochondria into 
the cytoplasm after APG-2575 treatment (Fig. 2f and g), 
which induced irreversible apoptosis. In summary, APG-
2575 leads to cell death via activating the mitochondrial 
apoptotic pathway in BCL-2-overexpressing DLBCL 
cells.

APG-2575 Alone Effectively Suppresses Tumor Growth 
in BCL-2-Overexpressing DLBCL Xenograft Models

We next tested the antitumor efficacy of APG-2575 
as monotherapy in vivo. We established a human xeno-
graft DLBCL animal model using the OCI-LY8 cell line 
with high expression of BCL-2 and low expression of 
BCL-XL and MCL-1 protein level. Daily oral adminis-
tration of APG-2575 inhibited OCI-LY8 subcutaneous 
xenograft tumor growth in a dose-dependent manner. 
Daily dose of 50 and 100 mg/kg APG-2575 for 10 days 
resulted in 35.8% and 63.3% tumor inhibition, respec-
tively, compared with the vehicle control group with a 
mean tumor volume of 2025.3 ± 195.9 mm3 (Fig. 3a). The 
measurement of tumor weight at the end of the experi-
ment was also consistent with the above results (Fig. 3b 
and c). APG-2575 was well tolerated without significant 
weight loss or other obvious toxicity signs in NOD-SCID 
mice (Fig. 3d). In situ TUNEL staining further demon-
strated that APG-2575 also promoted apoptosis of tumor 
cells in vivo. TUNEL-positive cells showed typical apop-
totic morphology, such as condensation and nuclear frag-
mentation. Compared to the control group, the number of 
TUNEL-positive cells was significantly increased in the 
treatment group, which was consistent with the in vitro 
results (Fig. 3e and f). In addition, Western blot analysis 
revealed that APG-2575 led to a dose-dependent increase 
in cleaved PARP and cleaved caspase 3 in vivo (Fig. 3g).

BCL-2 Inhibition Can Effectively Enhance the Inhibitory 
Effect of BTK Inhibitor

BTK is a potential therapeutic target for DLBCL. The 
data generated from the GEPIA database also showed 
higher expression of BTK genes in DLBCL tissues than in 
normal tissues (Fig. 4a). Even though the BTK inhibitor 
ibrutinib has been approved for NHL treatment, its clinical 
efficacy remains limited. We examined the basic protein 
expression of BTK in six DLBCL cell lines by Western 
blot. We found that SU-DHL4 and OCI-LY8 cells had 
high expression of BTK, while OCI-LY1 and SU-DHL4 
cells had slight BTK expression (Fig. 4b). We next tested 
the IC

50
 of ibrutinib against DLBCL cell lines by CCK-8 

Table 2.  Cell Killing Activity of APG-2575 and ABT-199 
Against Diffuse Large B-Cell Lymphoma Cell Lines

Subtype Cell Line
APG-2575 IC

50 

(µM) [Mean (SD)]
ABT-199 IC

50 

(µM) [Mean (SD)]

ABC SU-DHL-2 10.343 (1.719) 12.147 (0.379)
GCB SU-DHL-4 1.110 (0.537) 3.047 (1.171)
ABC OCI-LY-3 0.383 (0.059) 0.650 (0.090)
GCB OCI-LY-19 0.041 (0.006) 0.073 (0.007)
GCB OCI-LY-8 0.017 (0.006) 0.029 (0.012)
GCB OCI-LY-1 0.014 (0.002) 0.021 (0.008)
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Figure 2.  APG-2575 induces apoptosis associated with mitochondria-dependent pathway. (a) OCI-LY8 and OCI-LY19 cells were 
treated with indicated concentrations of APG-2575 for 24 h and then detected apoptosis by annexin V/propidium iodide (PI) staining 
and analyzed using flow cytometry. (b) APG-2575 induced a time-dependent apoptosis in OCI-LY8 and OCI-LY19 cells determined 
by flow cytometry at 25 nM of APG-2575. (c) Western blot analysis to evaluate the protein expression of PARP/cleaved PARP and 
cleaved caspase 3 change in OCI-LY8 and OCI-LY19 cells treated with indicated concentrations of APG-2575 for 24 h. b-Tubulin was 
the loading control. (d) Mitochondrial membrane potential detected by JC-1 staining of OCI-LY8 and OCI-LY19 cells treated with 
indicated concentrations of APG-2575 for 24 h and quantification of the percentages of cells shift. (e) Caspase 3 activity was measured 
24 h after adding APG-2575 and was plotted relative to the DMSO control. (f) Cytochrome c (Cyt. c) abundance in mitochondrial and 
cytosolic fractions of OCI-LY8 were determined by Western blot after 6 h of treatment with increasing concentrations of APG-2575. 
BCL-2 and GAPDH serve as protein loading controls for the mitochondria and cytosol, respectively. (g) Quantification analysis of Cyt. 
C relative expression in (f). The data are presented as the mean ± SD of triplicate experiments. Statistical significance was determined 
by one-way analysis of variance (ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3.  APG-2575 exhibits antitumor activity in DLBCL xenograft models with BCL-2 overexpression. (a) Tumor volumes of 
OCI-LY8 xenograft models treated with vehicle or APG-2575 (25, 50, and 100 mg/kg). Data are shown as mean ± standard error of 
the mean (SEM) of six mice in each group. Statistical significance was determined by two-way ANOVA. **p < 0.01, ***p < 0.001. 
(b) Tumor weight of the four separate groups was recorded at the end of experiment. Data are shown as mean ± SD of six mice in each 
group. Statistical significance was determined by one-way ANOVA. **p < 0.01, ***p < 0.001. (c) Photographs of harvested tumors 
of OCI-LY8 tumor-bearing mice. (d) Mice weight of four separate groups was recorded. Data are shown as mean ± SD of six mice in 
each group. (e) Representative photomicrographs of TUNEL-positive cells and DAPI in xenograft tumors from four separate groups of 
mice. All images were collected at the same magnification. (f) The mean percentage of TUNEL-positive cells for four groups treated 
with vehicle, APG-2575 (20 mg/kg), APG-2575 (50 mg/kg), and APG-2575 (100 mg/kg) from three microscopic fields. The data are 
plotted as mean ± SD. ***p < 0.001. (g) Western blot analysis of BCL-2, PARP/cleaved PARP, and cleaved caspase 3 protein expres-
sion in OCI-LY8 xenograft tumors.
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assay. The result showed that the IC
50

 value ranged from 
1 to 26 μM (Fig. 4c), implying a less pronounced inhibi-
tory effect on tumor cell growth. Therefore, we wanted to 
verify whether the BCL-2 inhibitor APG-2575 combined 
with ibrutinib had a stronger antitumor proliferative effect 

in DLBCL. We observed that APG-2575 in combination 
with ibrutinib exhibited synergistic growth inhibition 
on BCL-2-overexpressing or BCL-2-intermediate and 
MCL-1-overexpressing cell lines OCI-LY8, OCI-LY1, 
and SU-DHL4, and the CI values of each cell line also 

Figure 4.  BCL-2 inhibition combined with BTK blockade show synergistic antitumor effect. (a) BTK gene expression in DLBCL 
tissue and normal tissue; data obtained from the GEPIA (Gene Expression Profiling Interactive Analysis) database (http://gepia.cancer-
pku.cn/). Statistical significance was determined by unpaired t-test. *p < 0.05. (b) BTK protein expression were measured by Western 
blot in DLBCL cell lines with b-tubulin as the loading control. (c) Cell viability detection for IC

50
 of DLBCL cell lines treated with 

BTK inhibitor ibrutinib for 48 h, relative to cells treated with DMSO (100%). The results represent the average and SD for at least 
three independent experiments. (d) Cell viability of OCI-LY8 cells after treatment with ibrutinib, APG-2575, or the combination at 
indicated concentrations for 48 h. (e) Cell viability of OCI-LY1 cells after treatment with ibrutinib, APG-2575, or the combination at indicated 
concentrations for 48 h. (f) Cell viability of SU-DHL4 cells after treatment with ibrutinib, APG-2575, or the combination at indicated 
concentrations for 48 h. (g) Combination index (CI) value of ibrutinib and APG-2575 combination in OCI-LY8, OCI-LY19, and 
SU-DHL4 cells. (h) OCI-LY8 cells were treated with DMSO, APG-2575 (10 nM), ibrutinib (1 μM), or combination of both agents 
for 24 h, and drug effect on apoptosis was determined by annexin V/PI staining and analyzed using flow cytometry. (i) OCI-LY1 cells 
were treated with DMSO, APG-2575 (10 nM), ibrutinib (1 μM), or combination of both agents for 24 h, and drug effect on apoptosis 
was determined by annexin V/PI staining and analyzed using flow cytometry. (j) SU-DHL4 cells were treated with DMSO, APG-2575 
(50 nM), ibrutinib (1 μM), or the combination of both agents for 24 h, and drug effect on apoptosis was determined by annexin V/PI 
staining and analyzed using flow cytometry. The data are presented as the mean ± SD of triplicate experiments. For combination group 
compared to the single-agent group, unpaired t-test was used. ***p < 0.001. CI was calculated using CalcuSyn.
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showed synergistic effects (Fig. 4d–g). The combination 
of APG-2575 and ibrutinib significantly induced apopto-
sis compared with either drug alone, suggesting signifi-
cant lethality of the combination (Fig. 4h–j).

We further explored the underlying mechanism of syn-
ergic effect between BCL-2 inhibition and BTK blockade. 
Western blot analysis revealed that ibrutinib treatment 
alone upregulated the expression of proapoptotic proteins 
Bax and Bim. Hence, combination of APG-2575 and ibru-
tinib could induce more obvious apoptosis with increas-
ing expression of cleaved PARP and cleaved caspase 3 
(Fig. 5a). Intriguingly, OCI-LY1 cells treated with APG-
2575 could slightly upregulate the protein expression of 
MCL-1 and p-Akt, which could be reversed by ibrutinib 
treatment in the combination group (Fig. 5b). However, 

this phenomenon was not obvious in SU-DHL4 cells. In 
order to test the synergistic antitumor effect of cotreat-
ment of APG-2575 and ibrutinib, the OCI-LY1 xenograft 
model was established. APG-2575 single agent could 
effectively delay tumor growth than vehicle and ibrutinib 
single agent. In addition, APG-2575 combined with ibru-
tinib significantly delayed tumor growth and prolonged 
mice survival than either agent alone (Fig. 5c and d). In 
addition, the mice body weight increased steadily even in 
the combination group of the two agents (Fig. 5e), which 
indicated the cotreatment of APG-2575 and ibrutinib was 
well tolerated. Altogether, these data demonstrated that 
BCL-2 inhibition combined with BTK blockade showed 
synergistic antitumor effect in DLBCL both in vitro and 
in vivo.

Figure 5.  Combination of APG-2575 and ibrutinib induces decreased expression of MCL-1 and p-AKT. (a) OCI-LY1 and SU-DHL4 
cells were treated with DMSO, APG-2575 (10 nM for OCI-LY1, 50 nM for SU-DHL4), ibrutinib (1 µM), or both agents for 24 h. 
Expression of BCL-2 family members and apoptosis proteins were determined by Western blot. b-Tubulin was used as a loading con-
trol. (b) Western blot was performed to detect the expression of Akt and p-Akt in OCI-LY1 and SU-DHL4 cells treated with DMSO, 
APG-2575 (10 nM for OCI-LY1, 50 nM for SU-DHL4), ibrutinib (1 µM), or both agents for 24 h. (c) Tumor growth of OCI-LY1 
model treated with vehicle, APG-2575 (100 mg/kg), ibrutinib (15 mg/kg), and Combo. Data are shown as mean ± SEM of five mice 
in each group. Statistical significance was determined by two-way ANOVA. ***p < 0.001. (d) Kaplan–Meier survival curves of mice 
between the four groups. n = 5 per group; statistical significance was evaluated by the log rank test. **p < 0.01, *p < 0.05, ***p < 
0.001. (e) Mice weight of the four separate groups was recorded. Data are shown as mean ± SD of five mice in each group of triplicate 
experiments.
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BCL-2 Inhibition Combined With p53 Activation 
Exhibited Potent Antitumor Activity in p53 Wild-Type 
DLBCL With High Expression of BCL-2

The inactivation of p53 function is another important 
way for cancer cells to escape apoptosis. MDM2–p53 
inhibitor can effectively relieve the inhibition of MDM2 
on p53 and steadily restore the anticancer effect of p53. 
We first tested the antiproliferation of a novel MDM2–
p53 inhibitor APG-115 in two p53 wild-type cells OCI-
LY3 and OCI-LY19 as well as p53 mutant cells OCI-LY8 
and SU-DHL2. We found that APG-115 could potently 
suppress cell proliferation in two p53 wild-type DLBCL 
cells but was less effective in p53 mutant cells (Fig. 6a 
and b), which demonstrated that APG-115 inhibited cell 
viability depending on wild-type p53. APG-115 could 
trigger a time- and dose-dependent cell apoptosis as well 
as p53 accumulation in OCI-LY19 (Fig. 6c). In addition, 
APG-115 could deregulate the expression of MCL-1, 
which is a key factor affecting the effectiveness of BCL-2 
inhibitors (Fig. 6d).

Based on the above results, we considered to further 
explore whether the combination of BCL-2 inhibitor 
and activation of p53 pathway can achieve better anti-
tumor effect in wild-type p53 DLBCL cells with BCL-2 
overexpression. We treated two p53 wild-type OCI-
LY3 and OCI-LY19 cells with increasing concentration 
of APG-2575 and APG-115 at a fixed proportion. We 
found that APG-2575 combined with APG-115 could 
synergistically reduce the cells’ viability, and the mean 
CI values in OCI-LY3 and OCI-LY19 were 0.101 and 
0.395, respectively (Fig. 6e–g). When used as a single 
agent at a lower concentration, APG-2575 and APG-115 
could only produce weak apoptosis induction in OCI-
LY19 cells. The combination of the two agents could 
induce more significant cell apoptosis in a time-depen-
dent manner (Fig. 6h). Western blot analysis revealed 
that APG-115 alone could activate the p53–PUMA 
pathway, which is associated with apoptosis (Fig. 6i). 
APG-115 could synergize APG-2575 to upregulate the 
expression of BAK, cleaved PARP, and cleaved caspase 
3 and decrease the expression of BCL-XL and MCL-1 
(Fig. 6i). We further investigated the inhibitory effect of 
APG-2575 combined with APG-115 on OCI-LY19 trans-
planted tumor model of p53 wild-type cells. APG-115 
alone significantly inhibited tumor growth, and tumor 
growth was rapidly increased after drug withdrawal 
(Fig. 6j). To our surprise, all the xenograft tumors in the 
combined group regressed after 6 days of treatment, and 
none recurred after 35 days of continuous observation 
(Fig. 6j). Compared with the vehicle and the APG-2575 
group, APG-115 single agent significantly prolonged 
mice survival, and the combination therapy can cure the 
mice (Fig. 6k).

DISCUSSION

DLBCL is a molecularly heterogeneous disease in 
which approximately 20% of DLBCL patients have a 
translocation involving BCL-2/t (14;18). In our study, 
we first demonstrated a novel BCL-2 selective inhibitor, 
APG-2575, which was developed by Ascentage Pharma 
Group Inc (Taizhou, China), that exerted a potent anti
tumor effect in DLBCL.

We verified that in DLBCL cell lines, increased 
BCL-2 expression was associated with increased sensi-
tivity to APG-2575, which was similar to that previously 
reported for BCL-2 inhibitors9,31. We found that APG-
2575 induced cell apoptosis in a concentration- and time-
dependent manner via upregulation of cleaved PARP and 
cleaved caspase 3. We also investigated the mechanism 
underlying the antitumor activity of APG-2575, and the 
result was consistent with a previous study12. Normally, 
pores in the mitochondrial membrane that caused MOMP 
and cytochrome c release into the cytosol are critical 
signal of caspase activation32. After treatment with APG-
2575, the mitochondrial membrane potential changes and 
permeability increases, and cytochrome c is released into 
the cytosol, which rapidly triggers apoptosis. Since the 
release of cytochrome c is generally considered a feature 
of irreversible apoptosis, APG-2575 has a strong tumor-
killing effect on sensitive DLBCL cell lines. These data 
suggest that APG-2575 induces apoptosis via activating 
the mitochondrial apoptotic pathway. In in vivo studies, 
we found that daily oral administration of APG-2575 
inhibited the growth of OCI-LY8 subcutaneous xenografts 
in a dose-dependent manner. Even at 100 mg/kg, it was 
still well tolerated. APG-2575 effectively induced tumor 
cell apoptosis in vivo, which was consistent with in vitro 
studies. Therefore, BCL-2 inhibitor APG-2575 alone can 
effectively inhibit those DLCBL with high expression of 
BCL-2 and low expression of MCL-1.

It has been confirmed that BTK is one of the key 
molecules in the pathogenesis of B-cell malignancies 
including chronic lymphocytic leukemia (CLL) and ABC 
subtype of DLBCL, and many inhibitors for this target are 
developed33. However, BTK inhibitor ibrutinib has lim-
ited efficacy and can eventually cause drug resistance16,21. 
Combination therapy is one of the ways to overcome these 
obstacles22. A strong synergism between ibrutinib and 
BCL-2 inhibitor has been previously reported33,34. Similar 
results were observed in our study. We found that APG-
2575 could significantly enhance the inhibitory effect of 
ibrutinib on DLBCL and increase apoptotic cell death, 
even in the GCB subtype DLBCL. In the OCI-LY1 cell 
transplantation model, APG-2575 can significantly sen-
sitize the tumor growth suppression of ibrutinib. For the 
synergistic action of BCL-2 and BTK inhibitors, previ-
ous studies have proposed several possible mechanisms, 
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including increased BIM levels and decreased abundance 
or function of MCL-135,36. In our study, the combination 
of APG-2575 and ibrutinib induced increasing expres-
sion of apoptotic proteins, including PARP and cleaved 
caspase 3. We also discovered the MCL-1 protein levels 
decreased in OCI-LY1 with the cotreatment of APG-2575 
and ibrutinib. It has also been suggested that ibrutinib 
may inhibit MCL-1 function but not necessarily reduce 
its levels37. To our surprise, our study showed for the first 
time that combination therapy could reverse the increased 
p-Akt level caused by APG-2575 or ibrutinib in OCI-LY1 
and SU-DHL4 cells, but the exact mechanism remains 
to be further explored. These data suggested that BCL-2 
inhibition by APG-2575 can overcome the limitations of 
BTK inhibition and exert better antitumor effects.

TP53 is an important tumor suppressor gene, which is 
mutated in about 50% of human solid tumors, but rarely 
in hematologic malignancies23. The function of wild-
type p53 is usually inhibited by MDM2, an E3 ubiquitin 
ligase targeting p53 for proteasome degradation24. The 
upregulation of antiapoptosis BCL-2 family members 
and inactivation of p53 function are two typical methods 
for tumor cells to escape apoptosis. It has been shown 
that high expression of MCL-1 is one of the reasons for 
poor efficacy of BCL-2 inhibitors, while p53 activation 
can negatively regulate the Ras/Raf/MEK/ERK pathway, 
activate GSK3 to regulate MCL-1 phosphorylation, and 
promote its degradation28. Therefore, we verified that 
the BCL-2 inhibitor APG-2575 in combination with the 
MDM2-P53 inhibitor APG-115 has a synergistic inhibi-
tory effect and induced more significant apoptosis in the 
wild-type p53 DLBCL with BCL-2 overexpression and 
MCL-1 mean expression. APG-115 can induce cell cycle 
arrest and upregulate apoptosis-related protein PUMA by 
activating the function of p53, and APG-2575 can rapidly 
induce apoptosis in tumor cells through cell cycle arrest, 
achieving a synergistic effect. In addition, we also found 
that APG-115 combined with APG-2575 decreased the 
expression of antiapoptotic proteins BCL-2, BCL-XL, 
and MCL-1 and upregulated the expression of apoptotic 
effector BAK. In OCI-LY19 models, we saw a signifi-
cant antitumor effect of the combination of APG-2575 
and APG-115 on rapidity and radicality. Therefore, for 
those p53 wild-type DLBCL with BCL-2 overexpres-
sion and MCL-1 expression, the combination of BCL-2 
inhibitor APG-2575 and MDM2-P53 inhibitor APG-115 
resulted in a strong antitumor effect. However, the types 
of cell lines used in this study are limited and may require 
further validation in more DLBCL cell lines or even in 
patient-derived models.

Collectively, these data may provide preclinical evi-
dence of an effective and precise therapeutic strategy for 
rational combination of APG-2575 and BTK inhibitor 

ibrutinib or MDM2-P53 inhibitor APG-115 in DLBCL, 
which warrants further clinical investigation.
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