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Abstract
Background Malignant gliomas exhibit rapid tumor progression and resistance to treatment, leading to high 
lethality. One of the causes is the reduced progression of apoptosis in glioma cells. Layilin is a type 1 transmembrane 
protein with a C-type lectin motif in its extracellular domain. We previously reported that layilin is mainly localized 
to mitochondria or their close proximity and that layilin is essential for maintaining of the fragmented type of 
mitochondria. This study investigates the effects of layilin on mitochondria-mediated apoptosis, focusing on B cell 
lymphoma (BCL)-2 family proteins in a glioma cell line of A172 cells.

Results We compared the levels of pro-apoptotic BCL-2 family proteins of BAD, BAK, BAX, and BIM and anti-
apoptotic BCL-2 family proteins of BCL-2 and BCL-XL between layilin- knockdown (KD) cells and control cells using 
western blot. The protein levels of BAD were significantly smaller in layilin-KD cells than in control cells, while 
those of BCL-2 were significantly larger. We then compared the mitochondrial membrane potential (ΔΨm) under 
p-trifluoromethoxyphenyl hydrazone (FCCP)-treated conditions using MT-1 staining. In layilin-KD cells, ΔΨm was 
significantly larger and FCCP-induced ΔΨm reduction was significantly lower than in control cells. Furthermore, 
we examined the levels of cell membrane-bound Annexin V and DNA-bound propidium idodide (PI) in layilin-KD 
cells with/without staurosporine (STS) treatment. Layilin-KD significantly decreased levels of cell membrane-
bound Annexin V with/without STS treatment. On the other hand, PI levels were not changed by layilin-KD. We 
also investigated the amounts of the active caspase (CASP)-3, CASP-6, CASP-7, and poly (ADP-ribose) polymerase-1 
(PARP1, cleaved form), as well as DNA fragmentation in layilin-KD cells under apoptotic conditions induced by 
STS, using western blot and the DNA ladder method, respectively. Under STS-treated conditions, the amounts of 
active CASP-3, CASP-7, and poly (ADP-ribose) PARP1 were significantly smaller in layilin-KD cells than in control cells. 
Accordingly, DNA fragmentation was significantly suppressed in layilin-KD cells compared to control cells under STS-
treated conditions.

Conclusion This study demonstrates that layilin contributes to ΔΨm reduction to promote apoptosis by 
up-regulating BAD and down-regulating BCL-2 in glioma cells. Our data elucidates a new function of layilin: regulation 
of mitochondria-mediated apoptosis.
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Background
Gliomas account for 25–30% of brain tumors and arise 
from glial cells, which support brain neuronal cells in the 
central nervous system [1]. Malignant gliomas (World 
Health Organization grades III and IV) exhibit rapid 
tumor progression and resistance to treatment, leading 
to high lethality [2, 3]. One of the causes of this is the 
reduced progression of apoptosis in glioma cells [4].

Layilin is a type 1 transmembrane protein known 
for containing a C-type lectin motif in its extracellular 
domain [5]. It has been reported to function as a hyal-
uronic acid receptor [6]. Previous studies have indicated 
interactions between layilin and cytoskeletal proteins 
including talin, merlin, and radixin [5, 7]. Layilin has 
been observed along the leading edge of migrating cells 
[5], and on the surface of immune cells [8], suggesting 
potential roles near or at the cell membrane. However, 
our previous research has demonstrated that layilin is 
primarily localized in the cytoplasm rather than on the 
cell surface [9]. Furthermore, we have reported that lay-
ilin is predominantly found in mitochondria or in close 
proximity to them, and it plays a crucial role in maintain-
ing the fragmented type of mitochondria [10].

Mitochondria are well known for their role in ATP 
production through oxidative phosphorylation. More 
recently, their involvement in cellular apoptosis has 
been highlighted. In response to apoptotic stimuli, the 
mitochondrial membrane potential (ΔΨm) decreases, 
accompanied by the release of cytochrome C from mito-
chondria, which activates the apoptosis process [11–13]. 
From the perspective of mitochondrial morphology, 
mitochondrial fission is increased during the induction of 
apoptosis [14]. In general, elongated mitochondria tend 
to show a high membrane potential, while fragmented 
mitochondria tend to show a low membrane potential 
[14, 15]. Thus, the condition and morphology of mito-
chondria is crucial for apoptosis.

The B cell lymphoma (BCL)-2 family proteins play a 
significant role in regulating mitochondrial outer mem-
brane permeability and, therefore, apoptosis control [16, 
17]. Among these proteins, BCL-2 associated agonist 
of cell death (BAD), BCL-2 antagonist/killer 1 (BAK), 
BCL-2 associated X (BAX), and BCL-2 interacting medi-
ator of cell death (BIM) are known for their pro-apoptotic 
functions, while BCL-2 and BCL-XL have anti-apoptotic 
functions [16, 17]. Upon exposure to apoptotic stimuli, 
cytoplasmic BAX translocates to mitochondria, forming 
BAX/BAK pores across the mitochondrial outer mem-
brane. These pores allow the release of mitochondrial 
cytochrome C into the cytosol [18, 19]. BAK and BAX 
have also been shown to promote the mitochondrial 

permeability transition pore (mPTP) formation, which 
contributes to the release of cytochrome C into the cyto-
sol [20]. Released cytochrome C is known to form the 
apoptosome with apoptotic peptidase activating factor 
1 and CASP-9, thus activating the caspase signaling cas-
cade [21, 22]. Specifically, the activated cleaved form of 
CASP-9 triggers the activation of effector caspases such 
as CASP-3, CASP-6, and CASP-7. These active cleaved 
effector caspases further activate downstream pro-
teins like poly (ADP-ribose) polymerase-1 (PARP1) and 
Lamin-A/B1/B2, ultimately leading to apoptosis [21, 22]. 
Conversely, BCL-2 and BCL-XL on the mitochondrial 
outer membrane directly inhibit mPTP function and/or 
BAX/BAK pore formation by binding to BAX [17, 20, 23]. 
This process suppresses cytochrome C-mediated caspase 
cascade activation [17, 20, 23]. Additionally, BAD as well 
as BIM, forming a dimer with BCL-2 and with BCL-XL 
(BAD/BCL-2, BAD/BCL-XL, BIM/BCL-2, and BIM/BCL-
XL dimers), reduce the activity of BCL-2 and BCL-XL [24, 
25]. This promotes the activation of the BAX/BAK-medi-
ated caspase cascade [24, 25].

It is reported that layilin helps maintain mitochondrial 
fission and that mitochondrial fission increases during 
apoptosis [14], layilin possibly plays a role in the early 
stages of apoptosis. Thus, our study aimed to investigate 
the effects of layilin on mitochondria-mediated apopto-
sis, with a specific focus on the BCL-2 family proteins in 
glioma cells.

Methods
Cell culture
A172 cells, a human malignant glioma cell line (DS 
Pharma Biomedical Co., LTD, Osaka, Japan) were grown 
in an RPMI-1640 medium (Sigma-Aldrich, St. Louis, 
MO, USA). The culture medium was supplemented with 
10% fetal bovine serum (FBS), 100 units/ml penicillin, 
and 100  µg/ml streptomycin (Sigma-Aldrich). The cells 
were cultured at 37  °C and in a humidified atmosphere 
with 5% CO2.

Immunocytochemistry
A172 cells were cultured on φ35 mm type I collagen-
coated glass bottom dishes (AGC Techno Glass Co., Ltd., 
Shizuoka, Japan) and fixed with 4% paraformaldehyde in 
phosphate buffered saline (PBS) for 15  min. Next, cells 
were washed with PBS, permeabilized with PBS plus 
0.3% TritonX for 10 min, and blocked with PBS plus 5% 
bovine serum albumin for 1 h at room temperature. Cells 
were then reacted with primary antibodies overnight at 
4  °C. The primary antibodies used were anti-TOMM20 
(1:200, D8T4N, Cell Signaling Technology Inc. (CST)) 
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and anti-layilin (1:100, C7, Santa Cruz, Dallas, TX, USA). 
The cells, washed with PBS, were then reacted with goat 
anti-mouse IgG antibodies labeled with AlexaFluor488 
(Invitrogen, Carlsbad, CA, USA) and goat anti-rabbit IgG 
antibodies labeled with AlexaFluor 568 (Invitrogen) for 
1 h at room temperature. Finally, cells were stained with 
DAPI and coverslips were applied using ProLong Glass 
antifade mountant (Invitrogen). Super-resolution images 
of the cells were obtained by LSM900 Airyscan super-
resolution system (Carl Zeiss, Jena, Germany). Z-stack 
images were obtained at 0.19  μm intervals. To analyze 
the colocalization of layilin and TOMM20, we employed 
orthogonal projections with Fiji software [26].

RNA interference
A172 cells were transfected with 200 pmol of siRNA per 
100  mm dish using Lipofectamine RNAiMAX (Invit-
rogen). Two different siRNA sequence were employed 
to target human layilin mRNA: siL1 (nucleotides 1019–
1043,  A A G C U G C C U U G A A U C U G G C C U A C A U) and 
siL2 (nucleotides 1564–1588,  C A C A G A A G G U C U A U 
G A A C A A G C U U A) based on NM_001258390.1 (Invi-
trogen). As a negative control, A172 cells were similarly 
transfected with a control siRNA (siC, Stealth™ RNAi 
Negative Control Medium GC Duplex, Invitrogen).

Western blotting
The cultured A172 cells, collected and washed with PBS, 
were sonicated in a lysis buffer composed of 20 mM Tris-
HCl, 250 mM NaCl, 1% NP-40, 1 mM dithiothreitol, 
and a protease inhibitor cocktail (Roche, Basel, Switzer-
land). Following centrifugation, the supernatants were 
used as whole-cell protein samples. Western blotting 
was conducted as previously described [9]. The protein 
samples, separated using 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, were subsequently 
transferred onto polyvinylidence difluoride membranes. 
Goat polyclonal antibodies against human layilin (R&D 
Systems Inc., Minneapolis, MN, USA), mouse monoclo-
nal antibodies against human BAD (SantaCruz, Dallas, 
TX, USA), BAK (SantaCruz), BAX (SantaCruz), BIM 
(SantaCruz), BCL-2 (SantaCruz), BCL-XL, (SantaCruz), 
and β-actin (Sigma) were used as primary antibod-
ies. Additionally, rabbit monoclonal antibodies against 
human cleaved CASP-3 (abcam, Cambridge, UK), PARP1 
(abcam), and CASP-7 (CST, Danvers, MA, USA), as well 
as rabbit polyclonal antibodies against human cleaved 
CASP-6 (CST) were used as primary antibodies. Horse-
radish peroxidase (HRP)-conjugated rabbit anti-goat 
IgG antibodies (Agilent/DAKO, Santa Clara, CA, USA), 
anti-mouse IgG antibodies (CST), and anti-rabbit IgG 
antibodies (CST) were used as secondary antibodies. The 
bound antibodies were visualized using ImmunoStar® LD 
(Fuji Film, Osaka, Japan).

RNA extraction, reverse transcription, and quantitative 
PCR (qPCR)
RNA extraction and RT-PCR were conducted as previ-
ously outlined [27]. To summarize, RNA extraction and 
purification from A172 cells, as well as reverse tran-
scription of the RNA samples, were carried out using 
RNeasy (Qiagen, Venlo, The Netherlands) and High-
Capacity cDNA Reverse Transcription Kits (Life Tech-
nologies, Rockville, MD, USA), respectively, following 
the manufacturer’s instructions. qPCR was performed 
using the ABI Prism 7000 Sequence Detection System 
(Applied Biosystems, Foster city, CA, USA). To measure 
mRNA levels for layilin and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), a mixture containing 2  µg of 
total RNA-derived cDNA, 300 nM of each forward and 
reverse primer, and Power SYBR® Master Mix (Applied 
Biosystems) was subjected to qPCR. The nucleotide 
sequences of the primers are as follows: layilin: 5’- C A C 
A G C C T G C C A G G A C C T T T A and 5’- T G C A C C G G T C A 
T C A T T C C A, while GAPDH: 5’- T G G T A T G G T G G A A G 
G A C T C A and 5’- A T G C C A G T G A G C T T C C C G T T. For 
the measurement of mRNA for BAD and BCL-2, a mix-
ture of 2  µg of total RNA-derived cDNA, a solution of 
TaqMan® Gene Expression Assays (Hs00188930_m1 and 
Hs04986394_s1, respectively, Applied Biosystems), and 
TaqMan® Gene Expression Master Mix (Applied Biosys-
tems) were subjected to qPCR. The thermal cycling con-
ditions were as follows: 95 °C for 10 min, followed by 40 
cycles of 95 °C for 15 s and 60 °C for 60 s.

Assessment of mitochondrial membrane potential MT-1 
staining
The fluorescent dye MT-1 used in this study is a cell-
permeable cation that selectively accumulates in mito-
chondria in the presence of a ΔΨm gradient. Therefore, 
recently, dyes of this class are commonly used to 
assess  ΔΨm, similarly to TMRE and JC-1 [28, 29]. Spe-
cifically, mitochondrial membrane potential was assessed 
using MT-1 MitoMP Detection Kit (DOJINDO LABO-
RATORIES, Kumamoto, Japan), according to the man-
ufacturer’s instructions. A172 cells, which had been 
transfected with siL-1, siL-2 or siC (8.0 × 104 cells) in 
RPMI containing 10% FBS, were seeded onto 35  mm 
glass-based dishes (ASAHI GLASS, Tokyo, Japan). After 
a 24 h incubation, the culture medium was replaced with 
serum-free RPMI containing MT-1. Following a 30  min 
incubation, the cells were washed with Hanks’ balanced 
salt solution (HBSS) and expose to serum-free RPMI 
containing 5  µM carbonyl cyanide p-trifluoromethoxy-
phenyl hydrazone (FCCP) of a protonophore for 30 min. 
Subsequently, the cells were washed with HBSS and 
fixed in PBS containing 4% paraformaldehyde. The MT-1 
signal was visualized using a fluorescence microscope 
(BIOREVO (BZ-9000), KEYENCE, Jena, Germany). The 
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fluorescence intensity of MT-1 in each pixel was quanti-
fied using the BZ-II Analyzer Ver. 1.42 (KEYENCE). The 
brightness levels were calculated by summing the fluo-
rescence intensity from all the pixels.

Annexin V and propidium idodide (PI) assay
A172 cells, seeded onto a 96 well plate (Corning Inc., 
Corning, NY, USA), were transfected with siL-1, siL-2 or 
siC (7.5 × 103 cells) in RPMI containing 10% FBS. After 
24  h, the culture medium was replaced RPMI with/
without 50  µM STS. Three hours later, cell membrane-
bound Annexin V and DNA-bound PI were assessed 
using RealTime-Glo™ Apoptosis and Necrosis Assay 
(Promega, Madison, WI, USA) according to the manu-
facturer’s instructions. Cell membrane-bound Annexin V 
is detected with a luminescence signal, and DNA-bound 
PI is detected with a fluorescent signal using a microplate 
reader (Varioskan LUX, Thermo Fisher Scientific Inc., 
Waltham, MA, USA).

Detection of fragmented DNA
DNA fragmentation was assessed using the ApopLadder 
Ex™, Apoptotic DNA Fragments Extraction Kit (Takara, 
Shiga, Japan), following the manufacturer’s instructions. 
Isolated fragmented DNA from cells was then subjected 
to agarose gel electrophoresis. The DNA within the gels, 
was made visible through ethidium bromide staining and 
exposure to ultraviolet light, were photographed, after 
which photographs were taken.

Statistical analysis
Statistical analysis involved using the student’s t-test and 
one-way analysis of variance, followed by Tukey’s hon-
est significant difference post hoc test for multiple com-
parisons to determine statistical differences. A significant 
level of p < 0.05 was adopted to identify statistically sig-
nificant results.

Results
A considerable part of layilin localized to mitochondria or 
in close proximity to them in A172 cells
We have reported that layilin is predominantly found in 
mitochondria or in close proximity to them in HEK293T 
cells [6]. To confirm layilin is found in mitochondria 
or in close proximity to them in A172 cells similarly as 
HEK293T cells, we investigated co-localization of lay-
ilin with a mitochondrial marker, TOMM20 by dou-
ble immunostaining (Fig.  1A and B). As a result, layilin 
mainly localized to cytoplasm (Fig. 1A and B). A consid-
erable part of layilin co-localized with TOMM20 not only 
in 2D images but also in Z-stack images (Fig. 1A and B). 
These data indicate that layilin localizes to mitochondria 
or in their close proximity in A172 cells.

Knock-down (KD) of layilin decreased protein levels of 
BAD, but increased those of BCL-2
Previously, we demonstrated that several malignant gli-
oma cell lines including A172 cells expressed high levels 
of layilin, compared to astrocytes [9]. Therefore, we here 
used a knockdown system to assess roles of layilin. To 
investigate the roles of layilin in the regulation of BCL-2 
family proteins, we prepared layilin-KD A172 cells using 
2 different siRNAs targeting layilin mRNA (siL1 and 
siL2). After 24  h of KD, we conducted a western blot-
ting analysis on cell proteins. Firstly, we confirmed that 
the protein levels of layilin were fully reduced by both 
siL1 and siL2 (Fig. 2A and B and Additional file 1). Sub-
sequently, we explored the effects of layilin-KD on the 
levels of pro-apoptotic BCL-2 proteins, including BAD, 
BAK, BAX, and BIM. We observed a significant decrease 
in BAD protein levels by nearly half with both siL1 and 
siL2 (Fig. 2A and C and Additional file 1). However, lay-
ilin-KD did not have a significant impact on the levels 
of BIM and BAK (Fig.  2A and C and Additional file 1). 
Notably, BAX protein levels were significantly increased 
by siL-2 but not by siL-1 (Fig. 2A and C and Additional 
file 1). We also investigated the effects of layilin-KD on 
the levels of anti-apoptotic BCL-2 proteins, including 
BCL-2 and BCL-XL. We found that BCL-2 protein levels 
were significantly increased by approximately 2-fold with 
both siL1 and siL2 (Fig. 2A and C and Additional file 1). 
Protein levels of BCL-XL showed a tendency to decrease 
with siL-1 and siL-2 (Fig. 2A and C and Additional file 1). 
Based on these findings, it was suggested that laylin-KD 

Fig. 1 (A) Localization of laylin in A172 cells. Representative super-resolu-
tion images were obtained from double immunostaining for layilin (green) 
and TOMM20 (red) as a mitochondrial marker. Scale bar = 20 μm. (B) In the 
Z-stack analysis, orthogonal projections of the area enclosed by a dotted 
line in the right panel of Fig. 1 (A) were enlarged. Scale bar = 2 μm
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may specifically regulate at least BCL-2 and BAD in 
A172 cells. Next, we examined the effects of layilin-KD 
on BCL-2 and BAD protein levels in U251MG glioma 
cell line, in addition to A172. The results were consistent 
with those obtained in A172 cells, which strengthens the 
possibility that layilin contributes to apoptosis in glioma 
cell lines (Additional file 2 and 3). The ratio of BCL-2 to 
BAX (BCL-2/BAX ratio), often used as an anti-apoptotic 
index, was significantly increased by 1.6-fold or more 
with siL1 and siL2 (Fig.  2D). These results suggest that 
layilin either maintains or up-regulates the pro-apoptotic 
protein BAD and down-regulates the anti-apoptotic pro-
tein BCL-2. In light of these findings, layilin is implicated 
in promoting apoptosis.

Moving forward, we assessed the impact of layilin-KD 
on mRNA levels of BAX and BCL-2. We confirmed that 
the expression of layilin mRNA was fully suppressed 
by both siRNAs (Fig.  2E). Subsequently, we found that 
mRNA levels for BAD were significantly decreased 
by siL-2 and exhibited a decreasing trend with siL-1. 
Conversely, mRNA levels for BCL-2 were significantly 
increased by both siL1 and siL2. (Fig.  2E). These find-
ings indicate that layilin up-regulates BCL-2 mRNA lev-
els, consistent with the increased BCL-2 protein levels 
described as above.

Layilin-KD increased the ΔΨm and suppressed FCCP-
induced ΔΨm reduction
Given that a reduction in ΔΨm is a response to apop-
totic stimuli, we investigated impact of layilin-KD on 

ΔΨm using MT-1 staining (Fig. 3A). Under non-treated 
condition (FCCP (-)), we observed a significant increase 
in ΔΨm in siL1-transfected cells and a tendency for an 
increase in siL2-transfected cells when compared to siC-
transfected cells (Fig. 3B, closed bars). In siC-transfected 
cells, treatment with FCCP resulted in a significant ~ 30% 
reduction in ΔΨm (Fig. 3B, closed vs. open bars). How-
ever, in siL1- and siL2- transfected cells, the reduction 
in ΔΨm due to FCCP treatment was only 10%. Conse-
quently, in the presence of FCCP, a statistically significant 
increase of approximately 50% in ΔΨm was observed in 
siL1- and siL2-transfected cells compared to siC-trans-
fected cells (Fig.  3B, open bars). These findings indicate 
that layilin-KD appears to enhance ΔΨm, even under 
non-apoptotic condition, and significantly suppresses the 
reduction of ΔΨm during apoptosis. This suggests that 
layilin plays a role in decreasing ΔΨm.

Layilin-KD suppressed STS-induced apoptosis
To evaluate the impact of layilin-KD on apoptosis, we 
examined the levels of cell membrane-bound Annexin V 
and DNA-bound PI in layilin-KD cells with/without STS 
treatment. As a result, layilin-KD significantly decreased 
levels of cell membrane-bound Annexin V, and also sig-
nificantly decreased STS-induced cell membrane-bound 
Annexin V (Fig. 4A, left). On the other hand, no change 
in DNA-bound PI was observed in layilin-KD cells with/
without STS (Fig.  4A, right). We demonstrated that 
layilin-KD suppressed apoptosis rather than necrosis. 
Next, we examined the levels of active apoptosis-related 

Fig. 2 Effects of laylin-KD on the levels of BCL-2 family proteins in A172 cells. (A) A172 cells were transfected with control siRNA (siC) and 2 kinds of lay-
ilin siRNA (siL1 and siL2). The protein samples extracted from whole cells underwent western blotting. (B and C) Band intensities were quantified using 
densitometry. The intensities of layilin, BAD, BAK, BAX, BIM, BCL-2, and BCL-XL bands were normalized to β-actin bands. The average normalized intensity 
in the ‘siC’ samples set as 1.0. (D) The BCL-2/BAX ratios were calculated with the “siC” samples as the reference (defined as 1.0). (E) RNA extracted from the 
cells used for reverse transcription and subject to qPCR to estimate the mRNA levels of layilin, BAD, BCL-2, and GAPDH. Measured mRNA levels of layilin, 
BAD, and BCL-2 were normalized to GAPDH. In each panel, the average of the normalized or corrected values in siC-transfected samples was defined as 
1.0 (n = 3 in each condition). Mean values with SD are presented. *p < 0.05, ** p < 0.01
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Fig. 3 (See legend on next page.)
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proteins of CASP-3, CASP-6, CASP-7, and PARP1 (active 
form), as well as the presence of fragmented DNA in 
layilin-KD cells during STS-induced apoptosis. We first 
verified that the protein levels of layilin were completely 
suppressed by both siRNAs (Fig. 4B and C and Additional 
file 4). Subsequently, we observed a substantial increase 
in the amounts of cleaved apoptosis-related proteins of 
CASP-3, CASP-6, CASP-7, and PARP1 in cells undergo-
ing apoptosis triggered by STS (Fig. 4B and C and Addi-
tional file 4). Moreover, in the STS-treated conditions, 
layilin-KD cells exhibited significantly smaller amounts 
of cleaved CASP-3, CASP-7, and PARP1 (by 35–50%) 
compared to control cells (Fig. 4B and C and Additional 
file 4). Consequently, the levels of fragmented DNA were 
also notably reduced in layilin-KD cells, compared to 
control cells under the STS-induced apoptosis conditions 
(Fig. 4E). These findings strongly suggest that layilin pro-
motes apoptosis.

Discussion
Our findings can be summarized as follows: (1) Layilin 
plays a role in maintaining or up-regulating the pro-
apoptotic protein of BAD while down-regulating the 
anti-apoptotic protein of BCL-2. (2) Layilin contributes 
to decrease of the ΔΨm.  (3) Consequently, layilin pro-
motes to apoptosis (Fig. 5).

On the first point, we found that layilin-KD signifi-
cantly decreased the levels of BAD. BAD is known to 
reduce the activity of anti-apoptotic proteins such as 
BCL-2 and BCL-XL by forming dimers with them (BAD/
BCL-2 and BAD/BCL-XL dimers, respectively) [30]. Con-
sequently, the decrease in BAD due to layilin-KD would 
result in lower amounts of BAD/BCL-2 and BAD/BCL-
XL dimers. As a result, a relatively larger pool of free 
BCL-2 and BCL-XL would be available to form dimers 
with BAX. Furthermore, we found that layilin-KD sig-
nificantly increased the protein levels of BCL-2, which 
would further enhance the formation of BCL-2/BAX 
dimers. In this context, layilin may increase the lev-
els of BAD, leading to an increase in the formation of 
BAD/BCL-2 dimers. Additionally, layilin may decrease 
the levels of BCL-2, leading to a decrease in the forma-
tion of BCL-2/BAX dimers (Fig.  5). This reduction in 
BCL-2/BAX dimers would increase free BAX available to 
form BAX/BAK dimers in response to apoptotic stimuli 
(Fig. 5). From this perspective, it appears that layilin pro-
motes the BAX/BAK-mediated caspase cascade (Fig. 5).

Since layilin localizes to mitochondria and their vicin-
ity, it is possible that layilin directly interacts with BCL-2 
or BAD. Therefore, we investigated the protein-protein 
interaction between layilin and BCL-2, as well as between 
layilin and BAD, using Co-IP. However, direct binding 
between layilin and BCL-2 or BAD was not evidenced 
(data not shown). Thereby the regulation is not likely due 
to direct binding of layilin. On the other hand, BCL-2 
mRNA levels significantly increased by layilin-KD, while 
BAD mRNA levels slightly decreased (Fig.  2E). This 
suggests that specific regulation at the transcriptional 
level may be involved. We would like to investigate the 
upstream regulatory mechanisms of the BCL-2 gene by 
layilin in future studies.

On the second point, we observed that layilin-KD sup-
pressed FCCP-induced reduction in ΔΨm. Additionally, 
we found that layilin-KD significantly increased the pro-
tein levels of BCL-2. BCL-2 on the mitochondrial outer 
membrane has been reported to directly inhibit mPTP 
function and/or BAX/BAK pore formation by binding to 
BAX [17, 20, 23]. BCL-2 has been also reported to pre-
vent FCCP-induced apoptosis by protecting mitochon-
dorial membranes against depolarization [31]. It has been 
reported that FCCP-induced depolarization can lead to 
the fragmentation of mitochondorial membranes [31]. 
Consequently, BCL-2 might protect the mitochondorial 
membranes from fragmentation not only by suppressing 
mPTP and BAX/BAK pores formation but also by coun-
teracting depolarization itself. In this study, effects of lay-
ilin on mPTP opening were not investigated. We would 
like to investigate effects of layilin on mPTP opening and 
if involved, the detailed molecular mechanisms in the 
future.

Regarding the third point, we found that layilin-KD 
suppressed STS-induced cell membrane-bound Annexin 
V, caspase cascade activation, and DNA fragmentation. 
The influx of Ca2+ into mitochondria induced by the 
treatment with STS is known to promote the opening of 
mPTP and induce mitochondorial membrane fragmen-
tation due to the reduction in ΔΨm [32, 33]. Therefore, 
layilin-KD might suppress apoptosis by decreasing mito-
chondrial membrane permeability through the up-regu-
lation of BCL-2, as discussed in the second point. On the 
other hand, it has been recently reported that mPTP can 
open without mitochondrial depolarization [34]. Taking 
this fact into account, we consider that further investiga-
tion on this point is necessary in the future.

(See figure on previous page.)
Fig. 3 Effects of laylin-KD on mitochondrial membrane potential. (A) A172 cells, transfected with siL1, siL2 or siC, were plated on 35 mm glass-based 
dishes. After 24 h, the culture medium was replaced with serum-free RPMI containing MT-1. Following a 30 min incubation, the cells were washed with 
HBSS, cultured with serum-free RPMI containing 5 µM FCCP for 30 min, and then fixed in PBS containing 4% paraformaldehyde. MT-1 was visualized using 
a fluorescence microscope. Scale bars: 100 μm. (B) The fluorescence intensity of MT-1 was measured using the BZ-II Analyzer Ver. 1.42. Brightness levels 
were quantified by calculating the sum of fluorescence intensity for all pixels. The average of brightness levels in the ‘siC, FCCP (-)’ samples, which were 
transfected with siC, were defined as 1.0 (n = 3 in each condition). Mean values with SD are presented. * p < 0.05, ** p < 0.01 (closed bars vs. open bars), †† 
p < 0.01 (vs. siC, closed bars), ‡‡p < 0.01 (vs. siC, open bars)
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Our present data suggest that layilin contributes to 
apoptosis by up-regulating of BAD and down-regulating 
of BCL-2. On the other hand, we previously reported 
that layilin induced metastasis-associated protein 3/snail 
family transcriptional repressor 1 (SNAI1)-mediated 
epithelial mesenchymal transition (EMT)-like change in 
glioblastoma cell lines such as A172 cells, enhancing their 
invasive ability [9]. Consequently, layilin appears to play 
dual roles in promoting EMT and apoptosis. Similar phe-
nomena have been reported for tumor necrosis factor-α 
(TNF-α). Specifically, TNF-α has been reported to induce 
EMT through the transcriptional activation and protein 
stabilization of SNAI1 in MCF-7 cells, a human breast 
cancer cell line [35, 36]. On the other hand, TNF-α is 

well known to promote apoptosis in various cell types, 
including MCF-7 cells [37–39]. This suggests that certain 
proteins likely possess dual functions in both EMT and 
apoptosis. However, the factors that determine whether 
layilin promotes EMT or apoptosis remain unclear and 
warrant further investigation.

Present data suggest that layilin contributes to apop-
tosis in malignant glioma cells. Given that glioma cells 
are characterized by hyperproliferation and resistance to 
apoptosis, the induction of apoptosis represents a prom-
ising therapeutic strategy. Layilin can serve as a key ther-
apeutic target in the treatment of malignant gliomas.

Fig. 4 Effects of laylin-KD on apoptosis-related proteins and DNA fragmentation. A172 cells were transfected with control siRNA (siC) and 2 kinds of layilin 
siRNA (siL1 and siL2). After 24 h, the culture medium was replaced with RPMI containing 50 µM STS. (A) Three hours later, cells were subjected to Annexin 
V and PI assay. The intensity of cell membrane-bound Annexin V and DNA-bound PI were expressed in RLU (relative luminescence units) and RFU (relative 
fluorescence units), respectively. (B) Four hours later, the protein samples extracted from the whole cells were subjected to western blotting. (C and D) 
Intensity of detected bands was measured by densitometry. The measured intensity of the layilin, cleaved CASP-3, cleaved CASP-6, cleaved CASP-7, and 
cleaved PARP1 bands was normalized using that of β-actin bands. The average of the normalized intensity of the layilin, cleaved CASP-3, cleaved CASP-6, 
cleaved CASP-7, and cleaved PARP1 bands in the ‘siC, STS (-)’ samples was defined as 1.0. Mean values with SD are presented. * p < 0.05, ** p < 0.01. (E) 
A172 cells, transfected with siL-1, siL-2 or siC (1.0 × 106 cells) in RPMI containing 10% FBS, were plated on Φ100 mm dishes. The cells were cultured with 
RPMI containing 400 µM STS for 4 h. Then, fragmented DNA isolated from the cells was subjected to agarose gel electrophoresis (left). DNA in the gels 
was visualized under ultraviolet light after staining with ethidium bromide and photographed. The intensity of the detected DNA bands was measured 
by densitometry. The average of the DNA fragmentation levels in the ‘siC, STS (-)’ samples was defined as 1.0 (n = 3 in each condition). Mean values with 
SD are shown. * p < 0.05, ** p < 0.01 (siC vs. siL1, closed), † p < 0.05, †† p < 0.01 (siC vs. siL2, closed)
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Conclusion
In this study, we have demonstrated that layilin plays 
a role in reducing ΔΨm, thereby promoting apoptosis 
through the up-regulation of BAD and the down-regu-
lation of BCL-2. This research uncovers a novel function 

of layilin, specifically its involvement in the regulation of 
mitochondria-mediated apoptosis.

Abbreviations
BAD  BCL-2 associated agonist of cell death
BAK  BCL-2 antagonist/killer 1
BAX  BCL-2 associated X

Fig. 5 Model derived from the results of this study. The results obtained in this study are shown in black text and solid lines. The parts supporting the 
explanation in the Discussion are shown in gray text and dashed lines, enclosed in parentheses
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