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Abstract 

Background:  During cell apoptosis, the C-terminus of BAP31 is cleaved by caspase-8 
and generates p20BAP31, which has been shown to induce an apoptotic pathway 
between the endoplasmic reticulum (ER) and mitochondria. However, the underlying 
mechanisms of p20BAP31 in cell apoptosis remains unclear.

Methods:  We compared the effects of p20BAP31 on cell apoptosis in six cell lines and 
selected the most sensitive cells. Functional experiments were conducted, including 
Cell Counting Kit 8 (CCK-8), reactive oxygen species (ROS), and mitochondrial mem-
brane potential (MMP) assay. Then, cell cycle and apoptosis were investigated by flow 
cytometry and verified by immunoblotting. Next, NOX inhibitors (ML171 and apoc-
ynin), ROS scavenger (NAC), JNK inhibitor (SP600125), and caspase inhibitor (Z-VAD-
FMK) were used to further investigate the underlying mechanisms of p20BAP31 on cell 
apoptosis. Finally, apoptosis-inducing factor (AIF) translocation from the mitochondria 
to the nuclei was verified by immunoblotting and immunofluorescence assay.

Results:  We found that overexpression of p20BAP31 indeed induced apoptosis and 
had a much greater sensitivity in HCT116 cells. Furthermore, the overexpression of 
p20BAP31 inhibited cell proliferation by causing S phase arrest. Further study revealed 
that p20BAP31 reduced MMP, with a significant increase in ROS levels, accompanied by 
the activation of the MAPK signaling pathway. Importantly, the mechanistic investiga-
tion indicated that p20BAP31 induces mitochondrial-dependent apoptosis by activat-
ing the ROS/JNK signaling pathway and induces caspase-independent apoptosis by 
promoting the nuclear translocation of AIF.

Conclusions:  p20BAP31 induced cell apoptosis via both the ROS/JNK mitochondrial 
pathway and AIF caspase-independent pathway. Compared with antitumor drugs that 
are susceptible to drug resistance, p20BAP31 has unique advantages for tumor therapy.
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Introduction
B-cell receptor associated protein 31 (BAP31), a polytopic integral endoplasmic reticu-
lum (ER) membrane protein that is part of a complex that contains Bcl-2/Bcl-XL and 
procaspase 8, has been implicated in the ER sorting of diverse client membrane proteins 
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[1–4]. BAP31 has been reported to transport transmembrane proteins, such as MHC-1, 
CD11b/CD18, and cytochrome 450, from the ER to other cellular components [4–7]. 
Our previous study reported that BAP31 associates with the N-terminus of CFTRΔF508 
and promotes its retro-translocation from the ER and its degradation by the cytoplasmic 
26S proteasome system [8]. Our recent studies demonstrated that BAP31 is involved in 
T-cell activation [9], hepatic lipid accumulation, insulin resistance [10], and could com-
bine with p27kip1 and regulate its proteasome degradation [11]. Furthermore, BAP31 
depletion hindered human embryonic stem cell (hESC) proliferation by arresting cells in 
the G0/G1 phase and inducing caspase-independent cell death [12]. Recent studies have 
shown that BAP31 communicates with the ER and mitochondria through contact sites 
to regulate mitochondrial functions and autophagy [13] and is also considered a novel 
tumor suppression factor involved in metabolic stress, inducing cell death via the ER 
stress response [14].

The cytosolic domain of BAP31 contains two identical caspase recognition sites 
(AAVD.G). After activation of cell surface death receptors, BAP31 is cleaved by cas-
pase-8 and generates a membrane-embedded fragment called p20BAP31, which has 
been shown to direct proapoptotic signals between the ER and mitochondria when 
expressed ectopically [3, 15]. Previous studies have shown that p20BAP31 stimulates 
ER Ca2+ release, resulting in the activation of Drp1-dependent fission of mitochon-
dria and enhancing the release of cytochrome c (cyt.c) [16]. It is worth mentioning that 
p20BAP31 was shown to induce apoptosis even in the absence of endogenous BAP31 
[16], which can exert dominant-negative (DN) interference with the protein transport 
functions of full-length BAP31 [5, 8, 17]. Furthermore, a previous study identified that 
ER localized Bcl-2 protects against a Bax/Bak-independent paraptosis-like cell death 
pathway initiated by p20BAP31 [18]. In conclusion, p20BAP31 not only stimulates ER 
Ca2+ release, mitochondrial fission, and release of cyt.c to induce cell apoptosis [16], 
but also initiates a paraptosis-like cell death pathway [18]. However, the mechanism of 
p20BAP31-induced cell apoptosis is not fully understood, and whether p20BAP31 can 
trigger other types of cell death remains unclear.

Programmed cell death (PCD) plays a crucial role in many biological processes [19]. 
Among the different forms of programmed cell death, cell apoptosis is the most com-
mon and best studied and is divided into the extrinsic and intrinsic apoptotic pathways 
[20, 21]. Both pathways use caspases to carry out apoptosis through the cleavage of hun-
dreds of proteins [22]. In the caspase-dependent pathway, proapoptotic proteins of the 
Bcl-2 family cause changes in mitochondrial membrane permeability [23–25]. Previous 
studies have shown that p20BAP31 stimulates mitochondrial fission [16]; however, the 
change in mitochondrial membrane potential has not been documented. In the cas-
pase-independent pathway, apoptosis-inducing factor (AIF) was discovered as the first 
protein that regulates caspase-independent apoptosis, which is released from mitochon-
dria and then translocates to the nucleus, where it contributes to chromatin conden-
sation and DNA degradation [26–29]. In previous studies, p20BAP31 has been shown 
to induce the release of cyt.c from mitochondria [16], but whether AIF can be released 
from mitochondria is still unknown.

Reactive oxygen species (ROS) are produced through a variety of intracellular and 
extracellular activities. Excessive cellular levels of ROS cause damage to proteins, nucleic 
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acids, lipids, membranes, and organelles, leading to the activation of cell death processes 
such as apoptosis [30, 31]. ROS generation is regulated primarily by NADPH oxidase 
(NOX) enzymes, which predominantly release hydrogen peroxide (H2O2) and superox-
ide (O2

−); four NADPH oxidases (NOX1, NOX2, NOX4, and NOX5) play a prominent 
role in homeostasis and disease [32]. Furthermore, ROS-induced oxidative stress acti-
vates the mitogen-activated protein kinase (MAPK) signaling pathway [33]. Therefore, 
we explored the effect of p20BAP31 on ROS, the source of p20BAP31-induced ROS, and 
further explored whether it can activate the MAPK signaling pathway. The MAPK sign-
aling pathway is the key to triggering a variety of cellular responses, such as prolifera-
tion, apoptosis, differentiation, and survival. MAPKs, including ERK, JNK, and p38, play 
a critical role in chemical-triggered cell cycle arrest and apoptotic processes [34]. ERK 
is generally involved in proliferation and growth regulation. JNK activation is associated 
with transformation in many oncogene and growth factor-mediated pathways. Activa-
tion of p38 can promote cell proliferation or induce cell cycle arrest [33]. Consequently, 
it is necessary to explore the effects of p20BAP31 on cell cycle progression.

Previous studies have reported that p20BAP31 triggers at least two different proap-
optotic events: cristae remodeling, which sensitizes mitochondria to apoptosis, and 
opening of the protein tyrosine phosphatome (PTP), which alone is sufficient to trig-
ger apoptosis. Another interesting point is that there appears to be a BAP31-dependent 
setup in place that enables the ER to integrate/amplify apoptotic signals originating in 
mitochondria [35]. These reports suggest that p20BAP31 can induce an apoptotic path-
way between the ER and mitochondria, but how p20BAP31-induced apoptosis occurs, 
and which apoptosis-related pathways are involved, remains poorly understood. In 
this study, we found that p20BAP31 induced cell apoptosis in various cells, when the 
transduction efficiency of p20BAP31 in these cells was similar, HCT116 cells showed 
more sensitivity. Therefore, HCT116 cells were selected as model cells for further study. 
The overexpression of p20BAP31 promoted the production of ROS and activated the 
MAPK signaling pathway, and mitochondrial membrane potential (MMP) was also 
significantly decreased. Further investigation confirmed that p20BAP31 induced mito-
chondrial-dependent apoptosis by activating the ROS/JNK signaling pathway. In addi-
tion, we found that p20BAP31 induced cell cycle arrest in the S phase, different from 
knockdown of BAP31, which induced cell arrest in the G0/G1 phase [12]. We were also 
surprised to find that p20BAP31 induced AIF-mediated apoptosis, which was independ-
ent of caspase. In combination with previously published data that p20BAP31 initiates a 
paraptosis-like cell death pathway that does not depend on Bax/Bak [18], we concluded 
that p20BAP31 induces apoptosis through different pathways. Therefore, when certain 
apoptosis signaling pathways are inhibited, cell apoptosis can still occur through other 
pathways. This property of inducing cell apoptosis through multiple pathways makes 
p20BAP31 potentially valuable in the research of antitumor therapy.

Materials and methods
Reagents and antibodies

N-Acetyl-l-cysteine (NAC) and Z-VAD-FMK (caspase inhibitor) were purchased from 
Beyotime (Shanghai, China). SP600125 (JNK inhibitor) was purchased from Sigma‒
Aldrich (St. Louis, MO, USA). ML171 (NOX1 inhibitor) and apocynin (NOX2 inhibitor) 
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were purchased from ApexBio (Shanghai, China). Primary antibodies against BAP31, 
Bcl-2, Bax, caspase-3, cytochrome c, ERK, phospho-ERK, JNK, phospho-JNK, p38, 
phospho-p38, cyclin E1, CDK2, and p21 were purchased from Cell Signaling Technol-
ogy (Dancers, MA). Primary antibody against E2F1 and caspase-9 was purchased from 
Wanleibio (Shenyang, China). Primary antibodies against HA, β-actin, PARP, cyclin A2, 
and AIF were purchased from Beyotime (Shanghai, China). Primary antibodies against 
TOM20 and histone H3 were purchased from Absin Bioscience Inc. (Shanghai, China).

Cell culture

The human colorectal carcinoma cell line HCT116 (cat. no. TCHu99), the human non-
small cell lung cancer cell line A549 (cat. no. TCHu150), the human bladder transitional 
cell carcinoma cell line UM-UC-3 (cat. no. TCHu217), the human hepatocarcinoma cell 
line HepG2 (cat. no. TCHu72), and the human embryonic kidney cell line 293 T (cat. 
no. GNHu17) were obtained from the cell bank of the Chinese Academy of Sciences 
(Shanghai, China). The human gastric cancer cell line BGC823 (cat. no. LM-80054) was 
purchased from LMAI Bio (Shanghai, China). All the above cell lines were cultured in 
DMEM (Gibco, NY, USA) supplemented with 10% fetal bovine serum (FBS), 1% l-glu-
tamine and 1% penicillin‒streptomycin (Gibco) at 37 °C in a 5% CO2 incubator (Thermo 
Fisher Scientific, Waltham, MA, USA). All cell lines were confirmed to be mycoplasma 
free by the Hoechst DNA stain (indirect) method.

Plasmid construction and transfection

The pcDNA3.1(-) plasmid (Mock) was obtained from Thermo Fisher Scientific 
(Waltham, MA, USA), and the pEGFP-N1 vector was obtained from TaKaRa (Beijing, 
China). Standard polymerase chain reaction (PCR) techniques were used to generate 
cDNA encoding p20BAP31 (aa 1–164 of human BAP31) with a COOH-terminal HA tag 
that was cloned into the EcoRI and BamHI sites of the pcDNA3.1(-) and pEGFP-N1 vec-
tors (PCR primer sequences are shown in Additional file 5: Table S1). Cells were tran-
siently transfected using Lipo8000 transfection reagent (Beyotime, Shanghai, China). 
Briefly, 3 × 105 cells were plated in 6-well plates the day before transfection. The plasmid 
to Lipofectamine ratio was 1:1.5. Two micrograms of plasmids were mixed in 125  μL 
of Opti-MEM, and then 3  μL Lipo8000 transfection reagent was added. The solution 
was mixed gently and incubated at room temperature for 15 min. Then, the solutions 
were added to the plate dropwise. Six hours later, the medium was replaced with fresh 
medium, and the cells were harvested at appropriate times.

Cell proliferation assay

The mock and p20BAP31 groups were transiently transfected, as described above, the 
day after seeding in 96-well plates (3000 cells per well). The control group was directly 
seeded in 96-well plates (3000 cells per well), with five replicate wells per group, and 
the plate was incubated at 37 °C in a 5% CO2 incubator. After each treatment period (0, 
24, 48, and 72 h), 10 μL of CCK-8 (Cell Counting Kit 8) solution (Beyotime, Shanghai, 
China) was added to each well, and the plate was incubated for 2 h. The optical density 
(OD) of the samples was measured by a Synergy H1 microplate reader (Biotek, USA) at a 
wavelength of 450 nm.
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Cell apoptosis analysis

Cells (3 × 105 per well) were seeded in 6-well plates, harvested after 48 h of transfec-
tion, washed repeatedly with cold phosphate-buffered saline (PBS), and resuspended 
in 195 μL of binding buffer. Annexin V-FITC reagent (4 μL) and propidium iodide (PI) 
(8 μL, Beyotime) were added to the samples and mixed gently. After 15 min of incu-
bation in the dark at room temperature, the stained cells were analyzed immediately 
using a FACScan flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed 
with the annexin V-FITC/PI apoptosis method.

Western blot analysis

Cells (3 ×  105 per well) were seeded in 6-well plates and transfected for 48  h, cells 
were lysed in radioimmunoprecipitation assay (RIPA) buffer (Beyotime, Shanghai, 
China) containing 1% protease inhibitor cocktail and phenylmethylsulfonyl fluoride 
(PMSF) (1 mM, Sigma‒Aldrich, St. Louis, MO, USA) for 30 min. After centrifugation 
at 12,000 × g for 15 min, the supernatant was collected. Mitochondria proteins were 
isolated and lysed using a Cell Mitochondria Isolation Kit (Beyotime). The intranu-
clear and extranuclear proteins were extracted using Nuclear and Cytoplasmic Pro-
tein Extraction Kit (Beyotime) according to the manufacturer’s protocol. The protein 
concentration was determined by the bicinchoninic acid assay (BCA) method. BCA 
kits were purchased from Beyotime. After determination of the protein concentra-
tions, the lysates were mixed with the 5 × loading buffer and denatured by boiling for 
10 min. The lysates with equal amounts of protein were separated by 10–15% sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS‒PAGE), and then trans-
ferred to polyvinylidene difluoride (PVDF) membrane (Merk Millipore, Darmstadt, 
Germany). After blocking with 5% skimmed milk at room temperature for 0.5 h, the 
PVDF membrane was incubated with the corresponding antibodies at 4  °C over-
night and then with horseradish peroxidase (HRP)-conjugated secondary antibodies 
at room temperature for 1  h. Finally, the protein bands were visualized with a Bio-
Rad ChemiDoc imaging system using an ECL detection kit (Thermo Fisher Scientific, 
Waltham, MA, USA).

Hoechst staining

HCT116 cells (5 × 104 per well) were seeded in 24-well plates and transfected for 48 h. 
Afterward, the cells were washed three times with phosphate-buffered saline (PBS) 
and incubated with Hoechst 33342 (Beyotime, 2 μg/mL in medium) at room tempera-
ture for 5 min in the dark. The nuclear images were observed with a DMI3000B fluo-
rescence microscope (Leica, Germany), and the changes in nuclear morphology were 
evaluated and photographed.

Colony forming assay

HCT116 cells were seeded into six-well plates at a density of 2000 cells per well 
and transfected with the plasmid. All conditions were performed in triplicate using 
untreated cells as a reference control. Cells were cultivated for 7 days, at which point 
they were fixed with 4% formaldehyde for 30 min and stained with 0.1% crystal violet 
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for 15  min. Finally, the plates were washed with water and air-dried at room tem-
perature. The colony counts were determined using ImageJ software (v. 1.8.0) (NIH, 
Bethesda, MD, USA).

Mitochondrial membrane potential (MMP) assay

MMP was examined using a JC-1 mitochondrial membrane potential assay kit (Beyo-
time, Shanghai, China) according to the manufacturer’s instructions. Briefly, HCT116 
cells (3 ×  105 per well) were plated in six-well plates. After transfection with plasmid 
for 48 h, cells were collected and mixed with 1 mL of 1 × JC-1 working solution at 37 °C 
in the dark for 20 min. Subsequently, the cells were centrifuged (1000 rpm, 5 min) and 
washed twice with 1 × JC-1 staining buffer. The collected cells were resuspended in 500 
μL of JC-1 staining buffer and immediately analyzed by FACScan flow cytometry (BD 
Biosciences, San Jose, CA, USA).

MMP was also examined by fluorescence microscopy. HCT116 cells (5 × 104 per well) 
were plated in 24-well plates. After transfection with plasmid for 48  h, the cells were 
washed once with PBS. Afterward, 0.5 mL of the cell culture solution and 0.5 mL of JC-1 
working solution were successively added, thoroughly mixed, and incubated at 37 °C for 
20 min in the dark. The cells were washed twice with 1 × JC-1 staining buffer, and fresh 
culture medium was added. The images were observed with a DMI3000B fluorescence 
microscope (Leica, Germany).

Measurement of intracellular ROS levels

ROS levels were quantified in accordance with the protocol of the Reactive Oxygen Spe-
cies Assay Kit (Beyotime, Shanghai, China). The Reactive Oxygen Species Assay Kit 
allows for the quantitative measurement of ROS, namely superoxide radicals in cells 
undergoing oxidative stress. HCT116 cells (3 × 105 per well) were plated in 6-well plates. 
After transfection with plasmid for 48  h, the cells were stained with diacetyldichloro-
fluorescein (DCFH-DA 10 μM) at 37  °C for 20 min in the dark and then washed with 
serum-free Dulbecco’s Modified Eagle Medium (DMEM) three times. Finally, the cells 
were collected for ROS analysis using a FACScan flow cytometer (BD Biosciences, San 
Jose, CA, USA).

In addition, ROS levels were also examined by fluorescence microscopy. HCT116 cells 
(5 ×  104 per well) were seeded into 24-well plates. After transfection with plasmid for 
48  h, the cells were stained with DCFH-DA (10  μM) at 37  °C for 20  min in the dark 
and then washed with serum-free DMEM three times. Finally, the images were observed 
with a DMI3000B fluorescence microscope (Leica, Germany).

Cell cycle analysis

For the cell cycle distribution analysis, HCT116 cells (3 ×  105 per well) were plated in 
six-well plates. After transfection with plasmid for 48  h, the cells were collected with 
growth medium, centrifuged, washed with cold PBS, and fixed with 70% ice-cold etha-
nol overnight at –20 °C. The next day, the cells were washed twice with cold PBS, and 
gently resuspended in 500 μL of PI working fluid (staining buffer: PI (20 ×): RNAase 
(50 ×) ratio is 100: 5: 2) (Meilun Biotechnology Co. Ltd., Dalian, China) and incubated 
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at 37 °C for 30 min in the dark. Cell cycle analysis was performed using a FACScan flow 
cytometer (BD Biosciences, San Jose, CA, USA).

Immunofluorescence assay

A total of 5 × 104 cells were plated in 24-well plates. After 48 h of transfection with plas-
mid, the cells were fixed in 4% paraformaldehyde for 30 min, permeabilized with 0.2% 
Triton X-100 for 30 min, blocked with 1% BSA-PBS for 30 min at room temperature, 
and then incubated with anti-AIF antibody (1:100 dilution) at 4 °C overnight. The fluo-
rescent secondary antibodies were incubated with the cells at room temperature for 2 h 
in the dark. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, 300 nM 
in PBS) for 5 min, and the images were captured using a DMI3000B fluorescence micro-
scope (Leica, Germany).

Statistical analysis

All results are presented as mean ± standard error (SE) from at least three independent 
experiments. Curve fittings, data, and statistical analysis were carried out by the Graph-
Pad Prism program (Prism 6, San Diego, CA, USA). Differences between groups were 
assessed by one-way analysis of variance (ANOVA). For all analyses, P values represent 
2-sided tests of statistical significance effects. P values < 0.05 were considered statisti-
cally significant. SPSS version 13.0 (IBM, NY, USA) was used to calculate the differences. 
Nonlinear regression was fitted to the data points using the GraphPad Prism program.

Results
p20BAP31 induced apoptosis and inhibited proliferation

To investigate the effects of p20BAP31 on cell apoptosis, five cancer cell lines (A549, 
HCT116, UC3, HepG2, and BGC823) and human embryonic kidney cells (HEK-293T) 
were transfected with HA-tagged p20BAP31 for 48 h. As shown in Additional file 1: Figs. 
S1A, S1B, the protein expression levels of p20BAP31 in these cells were similar, except 
for the 293T cells, as the cleavage product of BAP31, p20BAP31, can also be detected 
by BAP31 antibody. In addition, the transfection efficiency of p20BAP31-EGFP in these 
cells was further verified, as shown in the Additional file 1: Fig. S1C. Then, p20BAP31-
induced apoptosis in various cells was analyzed by flow cytometry (Fig. 1A). The results 
showed that the proportions of total apoptotic cells (including early and late apoptotic 
cells) were markedly increased after transfection with p20BAP31 in all the tested cells 
(Fig. 1B). The apoptosis proportion induced by p20BAP31 in the HCT116 cells was high-
est among all the tested cells, approximately 22.5%. Therefore, HCT116 cells were cho-
sen for the following research. Interestingly, the protein expression level of p20BAP31 
was higher in 293T cells than in HCT116 cells; however, the apoptosis proportion in 
293T cells was only 8.4%, which may indicate that the sensitivity of apoptosis activity 
induced by p20BAP31 was different in cancer cells and normal cells. In addition, we 
observed the effect of p20BAP31-induced apoptosis on cell morphology. The cells were 
stained with Hoechst 33342, which showed that the cells transfected with p20BAP31 
exerted the typical features of apoptosis, including chromatin shrinkage, membrane 
blebbing, and the formation of apoptotic bodies (Fig. 1C).



Page 8 of 22Jiang et al. Cellular & Molecular Biology Letters           (2023) 28:25 

To analyze the effect of p20BAP31 on cell proliferation, we initially determined the 
effects of p20BAP31 on growth by CCK-8 assay, as shown in Fig. 1D. Compared with the 
control and mock groups, overexpression of p20BAP31 significantly suppressed the pro-
liferation of HCT116 cells in a time-dependent manner. These results were further con-
firmed by a colony formation assay (Fig. 1E). Cells transfected with p20BAP31 revealed 
a significant decrease in colony number compared with the control and mock groups 
(Fig. 1F). These results verified that p20BAP31 could inhibit cell proliferation and induce 
cell apoptosis, and have a much greater sensitivity in HCT116 cells.

p20BAP31 induced cell cycle arrest at S phase in HCT116 cells

We first determined the optimal transfection time, and fluorescence microscopy was 
used to record the transfection efficiency and cell morphology changes at different 
time points after transfection of the p20BAP31-EGFP plasmid (Additional file  2: 

Fig. 1  p20BAP31 induced cell apoptosis and inhibited cell proliferation. A Cells were transfected with 
p20BAP31 for 48 h, and apoptosis was assessed by flow cytometry. B Quantitative analysis of apoptosis rates 
by flow cytometry. C HCT116 cells were transfected with p20BAP31 for 48 h. Cell nuclei were observed by 
fluorescence microscopy. Typical apoptosis morphological changes were shown in treated cells, including 
chromatin condensation and DNA fragmentation. D HCT116 cells were transfected with p20BAP31 for 0, 
24, 48, and 72 h. The absorbance value was determined using the CCK-8 assay, the significant difference 
was compared between the mock group and the p20BAP31 group. E Colony formation was assayed on a 
6-well plate for 7 days, and then, the HCT116 cells were fixed with 4% formaldehyde for 30 min and stained 
with 0.1% crystal violet for 15 min. Representative images, which are shown at × 1 magnification E, and the 
bar graph of the quantitation F indicate the colony formation of HCT116 cells. The data are shown as the 
mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. S2). The results showed that p20BAP31 was expressed from 12 h, the expression 
levels remained basically stable for over 48  h, and the cells began to show obvious 
apoptotic morphology at 48 h. Therefore, we chose 48 h as the optimal transfection 
time for subsequent experiments. To further explore the effect of p20BAP31 on the 
proliferation of HCT116 cells, flow cytometry of propidium iodide staining was per-
formed to analyze the cell cycle distribution. The results indicated that the cells trans-
fected with p20BAP31 showed a significant increase in the number of cells in the S 
phase (Fig. 2A, B). A similar result was obtained after transfected with p20BAP31 for 
36  h (Additional file  3: Fig. S3C, S3D), which was not obvious for 24  h (Additional 

Fig. 2  p20BAP31 induced cell cycle arrest at S phase. A Flow cytometry was used to determine the cell 
cycle distribution of HCT116 cells transfected with p20BAP31 for 48 h. B Statistical analysis of the cell cycle 
distribution of HCT116 cells. C, D The expression levels of cyclin A2, cyclin E1, and CDK2 in HCT116 cells were 
measured by western blot analysis after transfection with p20BAP31 for 48 h. *P < 0.05, **P < 0.01, ***P < 0.001
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file 3: Fig. S3A, S3B). Specifically, we found that p20BAP31 could increase the relative 
proportion of sub-G1 (Fig. 2A, B), which is a hallmark of apoptosis [36].

Cyclins and cyclin-dependent kinases (CDKs) play an important role in regulating 
the cell cycle [37]. In the late G1 stage, the complex of cyclin E and CDK2 is formed to 
induce a phase transition between G1 and S [38]. In the S phase, cyclin A binds CDK2 
to accelerate the cell cycle. To confirm this change, we performed western blot analysis 
to examine the levels of cell cycle-related proteins. The results showed that p20BAP31 
significantly decreased the expression of cyclin A2, cyclin E1, and CDK2 in HCT116 
cells (Fig. 2C, D). Previous studies have identified cyclin A2 and cyclin E1 as transcrip-
tional target genes of E2F transcription factor 1 (E2F1) [39]. E2F1 regulated the activity 
of cyclin A2-CDK2 and cyclin E1-CDK2 complexes, which play crucial roles in the G1-S 
transition [40, 41]. Therefore, we detected the change in E2F1 after transfection with 
p20BAP31 in HCT116 cells. The results showed that p20BAP31 effectively reduced the 
levels of E2F1 (Fig. 2C, D). These data indicate that p20BAP31 inhibits the proliferation 
of HCT116 cells via E2F1-regulated S phase cell cycle arrest.

p20BAP31 reduced MMP with a significant increase in ROS levels in HCT116 cells

It has been reported that the mitochondria dysfunction is responsible for apoptosis [42, 
43]. To explore the mechanism of p20BAP31-induced apoptosis, we first tested whether 
p20BAP31 could induce mitochondrial damage. In the process of mitochondrial apop-
tosis, intracellular ROS is highly induced [44, 45]. Therefore, we detected the produc-
tion of ROS, as illustrated in Fig. 3A, and compared with the control and mock groups, 
the green fluorescence intensity of HCT116 cells transfected with p20BAP31 was sig-
nificantly enhanced. Likewise, the results of flow cytometry showed the accumulation of 
ROS (Fig. 3B, C). To further examine the source of ROS induced by p20BAP31, we used 
ML171 (a NOX1 inhibitor), and apocynin (a NOX2 inhibitor). We found that apocynin 
significantly attenuated p20BAP31-induced ROS production (Fig. 3D, E). Western blot 
analysis also showed that apocynin inhibited p20BAP31-induced activation of apopto-
sis-related proteins to a certain extent (Fig. 3F, G). These results suggest that ROS pro-
duction plays an important role in p20BAP31-induced apoptosis in HCT116 cells, and 
NOX2 may be the main ROS source induced by p20BAP31.

Mitochondrial membrane potential (MMP) is one of the important indicators 
for maintaining normal mitochondrial configuration and function [46]. Decreased 
MMP is one of the important factors leading to apoptosis [47]. To further investi-
gate the effect of p20BAP31 on mitochondrial function, we investigated the ability of 
p20BAP31 to induce the loss of MMP. The JC-1 staining results revealed that MMP 
was obviously decreased in HCT116 cells transfected with p20BAP31 (Fig.  3H–J). 
The intensity of green fluorescence was significantly increased and the intensity of 
red fluorescence was decreased in the cells transfected with p20BAP31 (Fig. 3H). The 
evident red-to-green shift in fluorescence suggested a shift from JC-1 dimers to JC-1 
monomers. The results of flow cytometry revealed that the ratio of red and green 
fluorescence decrease by approximately 50% in the cells transfected with p20BAP31 
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when compared with the control and mock groups (Fig.  3J). Meanwhile, the MMP 
levels drastically dropped to 80.7% in HCT116 cells transfected with p20BAP31 
(Fig. 3I). These observations suggested that p20BAP31 induced depolarization of the 

Fig. 3  p20BAP31 reduced MMP with a significant increase in ROS levels in HCT116 cells. A After transfection 
with p20BAP31 for 48 h, the cells were collected, and DCFH-DA fluorescence was observed by fluorescence 
microscopy. B Flow cytometry was used to determine the alteration of ROS content in HCT116 cells. C 
Quantitative analysis of ROS in HCT116 cells. D HCT116 cells were pretreated with 10 μM ML171 and 10 μM 
Apocynin for 1 h, and then transfected with p20BAP31 for 48 h. DCFH-DA fluorescence was observed by 
fluorescence microscopy. E Quantitative analysis of the DCFH-DA fluorescence intensity in HCT116 cells. 
F HCT116 cells were pretreated with 10 μM ML171 and 10 μM apocynin for 1 h and then transfected with 
p20BAP31 for 48 h. Western blotting was used to detect Bcl-2 and Bax levels. G The relative quantification 
of the protein levels was analyzed by ImageJ software. H The JC-1 fluorescence distribution in HCT116 cells 
transfected with p20BAP31 for 48 h was observed under a fluorescence microscope. I Changes in MMP 
levels in HCT116 cells were detected by flow cytometry analysis. J Quantitative analysis of the mitochondrial 
membrane potential of HCT116 cells. *P < 0.05, **P < 0.01 and ***P < 0.001
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mitochondrial membrane, which could be linked to the induction of apoptosis in 
HCT116 cells.

Effects of p20BAP31 on apoptosis‑related proteins in HCT116 cells

The loss of MMP can lead to alterations in mitochondrial permeability and the release 
of proapoptotic proteins [23, 25]. It has been reported that p20BAP31 enhances the 
release of cytochrome c [16]. To further determine the mechanism of the p20BAP31-
induced apoptosis pathway, we tested the expression of apoptosis-related proteins. 
The results showed that the cyt.c was released from the mitochondria to cytosol, the 
expression level of the antiapoptosis protein Bcl-2 was downregulated, while that of 
the proapoptotic protein Bax was elevated after transfected with p20BAP31 (Fig. 4A, 
B). It is generally believed that the elevated ratio of Bax and Bcl-2 leads to the acti-
vation of caspases. As shown in Fig.  4A, p20BAP31 significantly increased the pro-
duction of cleaved caspase-9 and cleaved caspase-3. Caspase-3 is the most important 
terminal splicing enzyme in the process of cell apoptosis. The cleavage of caspase-3 is 
known to activate its proteolytic activity, which cleaves and thereby inactivates poly 
(ADP-ribose) polymerase (PARP) [48]. The results showed that p20BAP31 effectively 
increased the production of cleaved PARP (Fig.  4A). Considering the observed evi-
dence, p20BAP31 could induce mitochondrial-dependent apoptosis in HCT116 cells.

Fig. 4  p20BAP31 induces mitochondrial apoptosis by activating the MAPK signaling pathway. A The 
expression levels of Bcl-2, Bax, caspase-3, cleaved caspase-3, PARP, cleaved PARP, caspase-9, cleaved caspase-9, 
and cyt.c proteins in HCT116 cells were determined by western blot after transfection with p20BAP31 for 
48 h. B Relative quantity analysis of Bax/Bcl-2 in HCT116 cells. C Western blotting was used to detect p-ERK, 
ERK, p-JNK, JNK, p-p38, and p38 levels in HCT116 cells transfected with p20BAP31 for 48 h. D The relative 
quantification of the protein levels was analyzed by ImageJ software. *P < 0.05, **P < 0.01 and ***P < 0.001
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The MAPK signaling pathway is involved in p20BAP31‑induced apoptosis

The MAPK signaling pathway has been shown to play essential roles in regulating a vari-
ety of cellular processes, including cell growth, cell cycle regulation, migration, differen-
tiation, development, and apoptosis [34]. To investigate the effect of p20BAP31 on the 
MAPK signaling pathway, we used western blot analysis to investigate the expression 
of p38, ERK, and JNK in HCT116 cells. As shown in Fig. 4C and D, compared with the 
control and mock groups, the phosphorylation levels of p38, ERK, and JNK were obvi-
ously increased in the cells transfected with p20BAP31. These results indicated that the 
MAPK signaling pathway is involved in the apoptosis induced by p20BAP31.

p20BAP31‑induced apoptosis is mediated via activation of the ROS‑JNK pathway

ROS have been shown to participate in the regulation of apoptosis [49]. To further 
confirm the role of ROS in p20BAP31-induced cell apoptosis, the cells were pretreated 

Fig. 5  Roles of ROS generation in apoptosis induced by p20BAP31. Cells were transfected with p20BAP31 
for 48 h, with or without pretreatment, with 5 mM NAC for 2 h. A Apoptosis of cells was assessed by flow 
cytometry analyses of annexin V-FITC/PI double-staining after treatment. B Quantitative analysis of apoptosis 
rates by flow cytometry. C The protein expression levels of Bcl-2, Bax, caspase-3, and cleaved caspase-3 in 
HCT116 cells were determined by western blotting. D Relative quantities analysis of Bax/Bcl-2 and cleaved 
caspase-3 in HCT116 cells. E Western blotting was used to detect p-ERK, ERK, p-JNK, JNK, p-p38, and p38 
levels in HCT116 cells. F Relative quantities analysis of p-ERK, p-JNK, and p-p38 in HCT116 cells. *P < 0.05, 
**P < 0.01 and ***P < 0.001
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with 5  mM NAC (a ROS scavenger). As expected, the green fluorescence intensity 
and the results of flow cytometry both showed that NAC significantly reduced the 
accumulation of intracellular ROS caused by p20BAP31 (Additional file 4: Fig. S4A-
C). Furthermore, flow cytometry assay indicated that NAC significantly attenu-
ated p20BAP31-induced apoptosis, while NAC itself had no effect on cell apoptosis 
(Fig.  5A, B). Western blot results showed that NAC could inhibit the p20BAP31-
induced elevated ratio of Bax/Bcl-2 and the cleavage of caspase-3 to a great extent 
(Fig. 5C, D). In addition, NAC strongly blocked p20BAP31-induced JNK phosphoryl-
ation, partly inhibited p38 phosphorylation, and slightly blocked ERK phosphoryla-
tion (Fig. 5E, F). Taken together, these results demonstrated that p20BAP31-elicited 
ROS triggered the intrinsic mitochondrial pathway of apoptosis in HCT116 cells, 
which may be closely related to JNK activation.

To further determine the contribution of activated JNK to p20BAP31-induced 
apoptosis, we used the specific JNK inhibitor SP600125. Flow cytometry assays indi-
cated that SP600125 attenuated p20BAP31-induced apoptosis (Fig.  6A, B). Western 
blot analysis showed that SP600125 inhibited p20BAP31-induced JNK phosphoryla-
tion and activation of apoptosis-related proteins to a certain extent (Fig. 6C, D). These 
results suggest that the activation of JNK is required for p20BAP31-induced apop-
tosis. Taken together, these results reveal that the ROS-JNK pathway is involved in 
p20BAP31-induced apoptosis.

Fig. 6  Roles of JNK in apoptosis induced by p20BAP31. Cells were transfected with p20BAP31 for 48 h, with 
or without pretreatment, with 10 μM SP600125 for 2 h. A Apoptosis of cells was assessed by flow cytometry 
analyses of annexin V-FITC/PI double-staining after treatment. B Quantitative analysis of apoptosis rates by 
flow cytometry. C The protein expression levels of p-JNK, caspase-3, cleaved caspase-3, Bcl-2, and Bax in 
HCT116 cells were determined by western blotting. D Relative quantities analysis of p-JNK, cleaved caspase-3, 
and Bax/Bcl-2 in HCT116 cells. **P < 0.01 and ***P < 0.001
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p20BAP31 induced both caspase‑dependent and AIF‑mediated caspase‑independent 

apoptosis

Due to the production of ROS, the loss of MMP can result in caspase-independent cell 
death with subsequent release of mitochondrial apoptosis proteins such as apoptosis-
inducing factor (AIF). As a caspase-independent apoptotic effector, AIF promotes cell 
death when it is released from the mitochondria and translocates into the nucleus to 
destroy cellular DNA, resulting in apoptosis [50, 51]. Moreover, AIF-induced apopto-
sis cannot be blocked by the general caspase inhibitor Z-VAD-FMK [52]. To investigate 
whether p20BAP31 induces caspase-independent apoptosis, we performed flow cytom-
etry to test the apoptosis proportion of HCT116 cells treated with Z-VAD-FMK, the 
pan-caspase inhibitor, before transfection with p20BAP31. As shown in Fig. 7A and B, 
compared with the control and mock groups, the apoptosis proportion was significantly 
increased in the cells transfected with p20BAP31. Z-VAD-FMK, given alone, did not 

Fig. 7  p20BAP31 induced AIF-mediated caspase-independent apoptosis. A HCT116 cells were pretreated 
with Z-VAD-FMK (20 μM) before transfection with p20BAP31 for 48 h, and the apoptosis rate was assessed by 
flow cytometry. B Quantitative analysis of apoptosis rates by flow cytometry. C Western blot analysis detected 
the protein expression of whole cellular, mitochondria, and nuclear AIF after transfection with p20BAP31 for 
48 h. D The relative quantification of the protein levels was analyzed by ImageJ software. E Immunostaining 
of HCT116 cells was carried out with an anti-AIF antibody and a FITC secondary antibody (green) to 
localize AIF. Hoechst 33,342 staining (blue) was used to visualize the nuclei, and the merged images clearly 
demonstrate the nuclear localization of AIF. ***P < 0.001
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change the apoptosis proportion; however, pretreatment of HCT116 cells with Z-VAD-
FMK only partly reversed the apoptosis proportion of p20BAP31 (Fig.  7A, B). These 
results showed that Z-VAD-FMK cannot completely block cell apoptosis, which means 
that p20BAP31 may induce caspase-independent cell apoptosis.

To further examine the role of AIF in apoptosis induced by p20BAP31, we extensively 
analyzed the protein levels of AIF by western blotting. The whole cellular AIF was basi-
cally unchanged after transfection with p20BAP31. The content of AIF in the mito-
chondria decreased, in accordance with the increased accumulation of AIF in the nuclei 
(Fig. 7C, D). Immunofluorescence staining of AIF in nuclei showed the same tendency 
(Fig. 7E). These results suggest that p20BAP31 triggers caspase-independent apoptosis 
that is dependent on the nuclear translocation of AIF.

Discussion
Previous studies have reported that p20BAP31 causes an early release of Ca2+ from the 
ER, leading to mitochondrial fission and the release of cyt.c [16], and initiates the Bax/
Bak-independent paraptosis-like cell death pathway, which can be resisted by ER-local-
ized Bcl-2 [18]. However, the underlying mechanisms of p20BAP31-induced cell apop-
tosis remain poorly understood. In the present study, we demonstrated that p20BAP31 

Fig. 8  Schematic drawing of the proposed mechanisms of p20BAP31-induced apoptosis. See text for details
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significantly inhibited cell growth and induced S phase cell cycle arrest. A mechanistic 
study revealed that p20BAP31 induces apoptosis mediated by the ROS/JNK intrinsic 
mitochondrial pathway and the AIF-mediated caspase-independent pathway (Fig. 8).

To explore the mechanisms of p20BAP31-induced cell apoptosis, we first verified the 
effects of p20BAP31-induced apoptosis on various cell lines, and the results showed that 
the apoptosis rate of the HCT116 cells was highest in all the tested cells. Through Hoe-
chst 33,342 staining, we clearly observed the obvious morphological features of apop-
tosis induced by p20BAP31 in HCT116 cells. Colorectal cancer (CRC) is one of the 
deadliest cancers worldwide [53], the mortality of which is the third highest among all 
cancers [54]; however, effective therapies remain limited. At present, targeting apopto-
sis is the most successful method to treat cancer, in addition to surgery. Therefore, it is 
of great significance to explore the potential mechanisms of apoptosis in HCT116 cells 
induced by p20BAP31.

The inhibition of cell survival and proliferation through apoptotic pathways is a prom-
ising therapeutic strategy for cancer therapy [55]. In our study, the CCK-8 assay and col-
ony formation experiments revealed that p20BAP31 has a significant inhibitory effect on 
the proliferation of HCT116 cells. The common biological feature of tumors is uncon-
trolled growth, the main molecular mechanism of which is cell cycle disorder that leads 
to excessive cell proliferation and less apoptosis [56]. Our previous experiments have 
proven that p20BAP31 can induce apoptosis and inhibit cell proliferation; therefore, we 
further explored whether it is related to cell cycle disorders. Cell cycle analysis and west-
ern blot assays both showed that p20BAP31 induced S phase cycle arrest in HCT116 
cells, which verified our hypothesis. In addition, apoptotic cells are recognized as having 
diminished DNA content (noted sub-G1) or morphologic changes [36], and our results 
showed that p20BAP31 could significantly increase the sub-G1 population. E2F tran-
scription factor 1 (E2F1), one of the E2F family of transcription factors, is a key regulator 
of numerous genes involved in cell cycle progression [57]. Previous studies have shown 
that E2F1 regulates the activity of cyclin A2-CDK2 and cyclin E1-CDK2 complexes [39], 
and we found that p20BAP31 effectively reduced the protein levels of E2F1. These data 
indicate that p20BAP31 inhibits the proliferation of HCT116 cells via E2F1-regulated 
S phase cell cycle arrest. Furthermore, E2F transcription factors (E2Fs) can activate 
or silence many oncogenes or tumor suppressor genes in various malignancies, which 
have been shown to be involved in cell proliferation, differentiation, apoptosis, metasta-
sis, and chemoresistance in colorectal cancer [58]. E2F1 has been found to promote the 
proliferation of cancer cells by transactivating cell cycle-related kinases. Therefore, we 
hypothesized that p20BAP31 induction of apoptosis was more sensitive in cancer cells, 
possibly because p20BAP31 inhibited the expression of E2F1, which in turn inhibits can-
cer cell proliferation by inhibiting the expression of tumor-related factors. The difference 
in the induction of apoptosis by p20BAP31 in cancer cells and normal cells will be fur-
ther investigated in our future experiments.

The apoptosis pathway is widely divided into two major types: the intrinsic pathway 
(mediated by mitochondria) and the extrinsic pathway (mediated by death receptors) 
[59]. BAP31 itself is a target of regulation during the cellular response to death receptor 
stimulation [15, 60]. To identify the type of p20BAP31-induced apoptosis, we observed 
the change in intracellular mitochondrial membrane potential by JC-1. The results 
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suggest that p20BAP31 caused the collapse of mitochondrial membrane potential. Then, 
we examined the expression levels of apoptosis-associated proteins. As we expected, 
p20BAP31 induced the release of cyt.c, inhibited the expression of the apoptosis protein 
Bcl-2, increased the expression of the apoptosis protein Bax, and further activated the 
downstream apoptosis-inducing caspase-9, caspase-3, and cleaved PARP, which eventu-
ally led to apoptosis. These results indicate that p20BAP31 could induce intrinsic mito-
chondrial pathway apoptosis.

Next, we explored the upstream pathways. Intracellular ROS participate in the regu-
lation of cell apoptosis. Therefore, we first detected the production of ROS and found 
that p20BAP31 significantly increased intracellular ROS content. The ROS production of 
p20BAP31 may be mainly from NOX2. Moreover, the ROS inhibitor NAC significantly 
reduced p20BAP31-induced ROS production and apoptosis, suggesting that ROS gen-
eration is involved in the mechanism of p20BAP31-induced apoptosis in HCT116 cells. 
It is well-documented that excessive generation of ROS could interfere with various cel-
lular signaling pathways. Mitogen-activated protein kinases (MAPKs) are a family of 
proteins that play essential roles in regulating many cellular processes [61]. The present 
study showed that overexpression of p20BAP31 resulted in the activation of ERK, JNK, 
and p38. Furthermore, we also found that NAC blocks the activation of the MAPK path-
way and mainly inhibits the JNK phosphorylation induced by p20BAP31. Therefore, we 
further examined the effect of a JNK inhibitor (SP600125) on cell apoptosis induced by 
p20BAP31 and found that the JNK inhibitor significantly reversed p20BAP31-induced 
cell apoptosis, which revealed that JNK is critical in p20BAP31-induced apoptosis. In 
addition, JNK phosphorylation was potently abolished by NAC, implying that ROS 
are the proximal event of JNK. These data suggest that p20BAP31 induced apoptosis 
through the ROS/JNK signaling pathway.

Many studies have shown that high levels of ROS can change the mitochondrial per-
meability transition pores, leading to the translocation of AIF from mitochondria to the 
nucleus [62, 63]. It has been reported that AIF plays a central role in regulating caspase-
independent pathways in cells [64]. We verified that p20BAP31 could induce changes in 
ROS content and mitochondrial membrane potential; therefore, we wanted to further 
identify whether p20BAP31 induces AIF-mediated apoptosis. We found that the pan-
caspase inhibitor Z-VAD-FMK can partly block cell apoptosis induced by p20BAP31, 
which means that p20BAP31 may induce caspase-independent cell apoptosis. Western 
blotting and immunofluorescence assays both showed that AIF was released from the 
mitochondria to the nucleus. These results confirm that p20BAP31 also induces AIF-
mediated caspase-independent apoptosis. The mechanisms of AIF-mediated apoptosis 
induced by p20BAP31 need to be further studied in the future.

In conclusion, the data presented herein suggested several aspects of the mechanisms 
of p20BAP31-induced apoptosis in HCT116 cells. A schematic drawing of the proposed 
mechanisms of p20BAP31-induced apoptosis is shown in Fig.  8. We propose that (i) 
p20BAP31 can effectively inhibit the proliferation of HCT116 cells via E2F1-regulated S 
phase cell cycle arrest, (ii) p20BAP31 induces intrinsic mitochondrial-dependent apop-
tosis by activating the ROS/JNK signaling pathway, and (iii) p20BAP31 induces AIF-
mediated caspase-independent apoptosis by changing the mitochondrial permeability 
transition pores, leading to the translocation of AIF from mitochondria to the nucleus. 
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These results provide valuable insights for the comprehensive study of p20BAP31-
induced apoptosis and the in-depth exploration of its molecular mechanism.

Conclusions
We demonstrated that p20BAP31 induced different levels of apoptosis in various cells 
and further examined the potential molecular mechanisms of apoptosis induced by 
p20BAP31. p20BAP31 induced mitochondrial-dependent apoptosis in HCT116 cells by 
activating the ROS/JNK signaling pathway, and induced S phase cell arrest and inhibited 
cell proliferation. Furthermore, p20BAP31 was also found for the first time to induce 
AIF-mediated apoptosis independent of caspase. Collectively, the results revealed that 
p20BAP31 could induce apoptosis through diverse pathways and may be a promising 
candidate for cancer therapy.
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