
Am J Transl Res 2020;12(12):8147-8161
www.ajtr.org /ISSN:1943-8141/AJTR0126124

Original Article
Methyl-CpG-binding domain 3 (Mbd3) is an important 
regulator for apoptosis in mouse embryonic stem cells

Yujian Dai1, Jinshan Li1, Mingyang Li1, Zhihui Liu1, Jiao Liu1, Liyou An1, Fuliang Du1,2

1Jiangsu Key Laboratory for Molecular and Medical Biotechnology, College of Life Sciences, Nanjing Normal 
University, Nanjing 210046, PR China; 2Renova Life, Inc., College Park, Maryland 20742, USA

Received November 12, 2020; Accepted November 30, 2020; Epub December 15, 2020; Published December 
30, 2020

Abstract: Methyl-CpG-binding domain 3 (Mbd3) is a core repressor complex component. Although Mbd3 is required 
for the pluripotency of embryonic stem cells (ES), the role of Mbd3 in mouse ES (mES) cell apoptosis remains un-
defined. In this study naïve-state mES were derived and maintained in the presence of a selective protein kinase 
C pathway inhibitor (PKCi; Gӧ6983) to study the function of Mbd3 during mES apoptosis. Mbd3 overexpression in 
mES decreased the total cell number and viability, and it also dramatically increased the rate of apoptosis. Further 
investigation of Mbd3 overexpression revealed a 3-fold increase in the proapoptotic/prosurvival protein ratio (Bax/
Bcl-2) and elevated RNA expression levels of apoptosis-related genes, including Bim, Trail, Fasl, and caspase 3, 
with reduced Bcl-2 RNA expression levels. Removal of PKCi from the mES cell culture resulted in upregulated Mbd3 
expression and apoptosis, similar to the effects of Mbd3 overexpression. Furthermore, specific knockdown of en-
dogenous Mbd3 partially rescued the mES apoptosis induced by the removal of PKCi, thus increasing the total cell 
number and viability while decreasing the rate of apoptosis. Additionally, Bax, Bim, Trail, and caspase 3 RNA expres-
sion levels were partially reduced, and that of Bcl-2 was partially increased. Our findings support Mbd3 as a pivotal 
regulator of apoptosis in mES.
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Introduction

Embryonic stem cells (ES) are pluripotent cells 
derived from the inner cell mass of preimplan-
tation blastocysts, and mouse ES (mES) were 
first derived by Evans and Kaufman in 1981 [1]. 
ES cell pluripotency is defined as a naïve and 
primed state [2]. Although many different stem 
cell lines have been derived over the years, only 
mES and rat ES (rES) have the capability of 
germline transmission and are thus referred to 
as naïve ES. It has been reported that mES can 
be derived and maintained with leukemia in- 
hibitory factor (LIF), together with the inhibition 
of the mitogen-activated protein kinase (MAPK) 
and glycogen synthase kinase 3 (GSK3) path-
ways via selective small molecule inhibitors 
(termed 2iL), which elicit full pluripotency, in- 
cluding the capacity for germline transmission 
[3, 4]. The protein kinase C (PKC) family has 
been considered an intracellular mediator of 
several hormones, neurotransmitters, and tu- 
mor promoters, and it plays a vital role in grow- 

th regulation, differentiation, neurotransmissi- 
on, and cell death [5]. It has been reported th- 
at inhibition of PKCζ/nuclear factor kappa beta 
(NF-κB) signaling with PKCi to block the micro- 
RNA-21/microRNA-29 axis supports mES and 
rES cell self-renewal [6, 7].

Apoptosis or “programmed cell death” is essen-
tial for embryonic development and plays an 
important role in the maintenance of cellular 
homeostasis. There are two [8] main apoptotic 
pathways: the intrinsic pathway mediated by 
mitochondria and the extrinsic pathway that 
relies on death-receptor signaling. Both path-
ways lead to the activation of caspase 3, whi- 
ch mediates cell death through additional cell 
damage [9, 10]. In mammalian cells, death-
receptor signaling activates caspase 8, which 
further activates downstream effector caspase 
3, leading to cellular apoptotic commitment 
[11]. However, in the mitochondria-mediated 
pathway, the increased proapoptotic/prosurviv-
al factor ratio of B-cell leukemia/lymphoma 2 
protein associated X protein (Bax) to B-cell leu-
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kemia/lymphoma 2 protein (Bcl-2) (Bax/Bcl-2) 
results in the release of cytochrome c to ac- 
tivate caspase 9 and downstream effectors, 
including caspase 3, which then leads to cellu-
lar apoptosis. It has been reported that active 
Bax is maintained at the Golgi, rather than 
mitochondria, in human ES cells (hES) [12], and 
that hES express elevated levels of multiple 
proapoptotic Bcl-2 family members, such as 
Bcl-2-like 11 (Bim), Bcl-2-interacting killer (Bik), 
and p53-upregulated modulator of apoptosis 
(Puma) [13]. In contrast, it has also been sh- 
own that hES cells acquire responsiveness to 
tumor necrosis factor-related apoptosis-induc-
ing ligand (Trail) [14].

The DNA methyl-CpG-binding domain (Mbd) 
protein family consists of DNA methylation 
readers involved in heterochromatin formation 
and/or DNA methylation-mediated transcrip-
tional repression [15]. Mbd3 has been original-
ly identified in both mice and humans [16],  
and it directly regulates the expression of pluri-
potency genes in ES cells to modulate tran-
scriptional heterogeneity and to maintain ES 
cell lineage commitment [17]. It has also been 
reported that the Mbd3/NuRD complex blocks 
the reprogramming of induced pluripotent stem 
(iPS) cells [18]. However, there is little informa-
tion on the role of Mbd3 in mES cell apoptosis. 
In this study, we evaluated the specific func-
tions of Mbd3 in mES apoptosis using PKCi as 
well as the expression of several important 
genes related to mitochondria-mediated apop-
tosis, including Bax, Bcl-2, and Bim, and death-
receptor signaling-mediated apoptosis, includ-
ing Fasl, Trail, and downstream effector cas-
pase 3. We demonstrated that Mbd3 overex-
pression induced mES cell apoptosis in the 
presence of PKCi, and these effects were in- 
creased upon removal of PKCi from the mES 
cell culture. Furthermore, this phenomenon 
was partially reversed by Mbd3 knockdown.

Materials and methods

Chemicals and reagents

Unless otherwise declared, all chemicals and 
reagents were purchased from Sigma-Aldrich 
(St. Louis, MO, USA).

Animal maintenance, superovulation, and 
blastocyst collection

Animal experimental protocols were approved 
by the Animal Care and Use Committees of 

Nanjing Normal University (NSD-2013-30) and 
were performed according to the guidelines 
from the U.S. National Institutes of Health. 
Female C57BL/6J mice (6-8 weeks old) were 
intraperitoneally injected with 7.5 IU pregnant 
mare serum gonadotropin (PMSG; Ningbo Se- 
cond Hormone Factory, China). After 48 h, the 
mice were then intraperitoneally injected with 
7.5 IU human chorionic gonadotropin (hCG; 
Ningbo Second Hormone Factory) and mated 
with males (1:1). Blastocysts were flushed from 
the uterus on day 3.5 with M2 medium.

De novo derivation of mES

Blastocysts (C57BL/6J) were seeded and co-
cultured with mitomycin C-treated mouse em- 
bryonic fibroblasts (MEF) in 0.1% gelatin-coat-
ed plates (ES-006-B, Millipore, Burlington, MA, 
USA) with PKCi (5 μM Gӧ6983, 133053-19-7, 
Selleck, Houston, TX, USA) and knockout Dul- 
becco’s modified Eagle medium (DMEM; 1082- 
9018, Gibco, Gaithersburg, MD, USA) contain-
ing 15% knockout serum replacement (KOSR; 
10828028, Gibco), 1% penicillin/streptomycin 
(PS; SV30010, HyClone, Logan, UT, USA), 2  
mM glutamine (35050061, Gibco), 1 mM sodi-
um pyruvate (11360088, Gibco), 0.1 mM 2- 
mercaptoethanol (ES-007-E, Millipore), and 5 
μM Gӧ6983. Seven days after seeding, cell out-
growths were picked and digested into single-
cell suspensions with accutase (A1110501, 
Gibco). The cells were then re-seeded into pl- 
ates with new MEF feeder cells. Cells were pa- 
ssaged by incubating colonies with accutase,  
followed by plating into a new 24-well plate wi- 
th feeder cells at a density of 1×103 cells/cm2 
every 3-4 days. Cell counting assay was per-
formed as previously described [19]. Briefly, 
mES were collected from the 24-well plate 
(area, 2 cm2/well) after accutase digestion, 
cells were counted under an inverted fluores-
cence microscope, and the total cell number 
was calculated per well. The collected mES we- 
re suspended in cryopreservation medium wi- 
th 90% fetal bovine serum (FBS; SH30070.03, 
HyClone) and 10% dimethyl sulfoxide (DMSO; 
D5879) and stored in liquid nitrogen.

Chimera generation and germline transmis-
sion

After superovulation, mating, and blastocyst re- 
covery, as described in detail above [20], 12- 
15 mES (C57BL/6J) were injected into the bl- 
astocoel of each blastocyst (ICR). The inject- 
ed blastocysts were then surgically transferred 
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into uterus of pseudopregnant ICR recipient 
female mice. Pseudopregnancy was achieved 
by mating with vasectomized males. The recipi-
ent females carried the pregnancies to term, 
and the offspring were weaned at 3 weeks. 
Chimeras (C57BL/6J mES with ICR embryos) 
were determined by coat color. Three male chi-
meras generated from ES cell injection were 
mated with adult female C57BL/6J mice to test 
for mES (C57BL/6J) originated germline trans- 
mission.

Mbd3 overexpression in mES

The Mbd3 overexpression plasmids, FUW-Mb- 
d3 (#52356) and control FUW-M2rtTA (#20- 
342), were purchased from Addgene. Lentiviral 
infection and overexpression were performed 
as previously described [21]. Briefly, 293T cells 
were cultured for 2 days in DMEM (C1199- 
5500BT, Gibco) supplemented with 10% FBS 
(v/v) at 37°C in 5% CO2. Cells at 70-80% conflu-
ency were transfected with either FUW-Mbd3 or 
control FUW-M2rtTA, along with the viral pack-
aging plasmids, psPAX and pMD2.G (5:3:2), 
using Lipofectamine 2000 reagent (1947415, 
Invitrogen, Grand Island, NY, USA) at a 1:2 ra- 
tio of DNA (g) to Lipofectamine 2000 (μL). The 
medium was replaced 6 h after infection, and 
viral supernatants were collected and filtered 
(0.45-µm pore size; Millipore) 48 h after trans-
fection, respectively. The filtered viral superna-
tants were used for mES cell infection. For len-
tiviral transfection, passage 5 mES at 70-80% 
confluency were infected with the viral super- 
natants (FUW-Mbd3 or FUW-M2rtTA) supple-
mented with an equal volume of fresh PKCi 
medium. After 12 h, the mES were repeatedly 
infected with the viral supernatants. If neces-
sary, the mES were infected with the viral 
supernatants up to four times within 48 h. 

RNA interference in mES

Lentiviral supernatants containing short hair-
pin RNA (shRNA) targeting mouse Mbd3 mRNA 
(shMbd3) or an shRNA negative control (shNC) 
were purchased from GenePharma (Shanghai, 
China). The shMbd3 target sequence was de- 
noted as GCCTCCTTATCATAGGACAAG, and the 
shNC sequence was TTCTCCGAACGTGTCACGT. 
RNA interference was performed according to 
the manufacturer’s instructions. Briefly, after 
passage 3 mES were cultured for 1-2 days in 
PKCi medium, lentiviral diluent was added to 

the mES culture medium, and mES were incu-
bated overnight at 37°C in 5% CO2. After 24 h, 
the medium was replaced with PKCi medium, 
and the cells were incubated for another 24 h 
at 37°C in 5% CO2. Infected mES cells were cul-
tured in PKCi removed ES medium for 48 h and 
collected for further analyses and for Western 
blot assay, respectively. The shNC infection 
was defined as knockdown control (-PKCi+ 
shNC).

Cell viability assay

Cell viability was assessed using the Cell Co- 
unting Kit-8 (CCK-8; 000208, EnoGene, Nan- 
jing, China), according to the manufacturer’s 
instructions. Briefly, mES were seeded into a 
96-well plate, 10 μL CCK-8 solution was added 
to each well, and the plate was incubated at 
37°C for 1-4 h in the dark. The optical density 
was measured at 450 nm using an automated 
microplate reader (BioTek, Winooski, VT, USA). 
The viability data from the PKCi group were nor-
malized and defined as 1.0 for comparisons 
among other treatments. 

Cell apoptosis assay

Cell apoptosis was measured using the Anne- 
xin V-kFluro594 Cell Apoptosis Kit (KAGV109, 
KeyGEN BioTECH, Nanjing, China), according to 
the manufacturer’s instructions. Briefly, mES 
were collected and resuspended with binding 
buffer. Annexin V-kFluro594 reagent was add- 
ed, and the cells were incubated for 5-15 min at 
room temperature in the dark. The cells were 
then washed with Dulbecco’s phosphate-buff-
ered saline (DPBS; SH30028.02, HyClone), 
counterstained with 5 μg/mL Hoechest33342 
(BD5011, Bioworld, Nanjing, China), incubated 
at 30°C for 5 min in the dark, and washed aga- 
in with DPBS. Apoptotic cells were visualized by 
red fluorescence, and the nuclei were visual-
ized by blue fluorescence. The cellular apopto-
sis rate (%) was calculated by dividing the num-
ber of apoptotic cells (Annexin V-stained cells; 
red) by the total number of cells (Hoechst-
stained nuclei; blue).

Immunocytochemical staining for pluripotency 
markers

Immunocytochemical staining was performed 
for seven pluripotency markers: Nanog (1:200 
dilution, Lannuo Biotechnologies, Jiangsu, Chi- 
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na), Oct4 (1:200 dilution, Lannuo Biotechno- 
logies), Sox2 (1:200 dilution, Lannuo Biotech- 
nologies), Klf4 (1:200 dilution, Lannuo Biote- 
chnologies), Rex1 (1:200 dilution, Lannuo Bio- 
technologies), Fgf4 (1:200 dilution, ab106355, 
Abcam, Cambridge, UK), and Fgf5 (1:200 dilu-
tion, ab88118, Abcam). The mES at passage 7 
were washed with DPBS three times and were 
then fixed with 4% paraformaldehyde for 10 
min at room temperature. The cells were then 
washed again with DPBS three times, permea-
bilized by incubation with 0.2% Triton X-100 
(T8200, Solarbio, Shanghai, China) for 5 min. 
The cells were incubated with 2% FBS for 30 
min at room temperature to block nonspecific 
binding, subsequently incubated with primary 
antibodies overnight at 4°C. The next day, cells 
were washed with DPBS, and incubated with 
FITC-conjugated secondary antibody (goat anti-
rabbit IgG (H+L), 1:300 dilution, AS011, AB- 
clonal, Wuhan, China) for 2 h at room tempe- 
rature. Afterwards, the cells were washed wi- 
th DPBS and stained with 100 ng/mL DAPI 
(BD5010, Bioworld) for 10 min at room temper-
ature in the dark. Finally, cells were washed 
with DPBS and observed under an inverted flu-
orescence microscope.

Quantitative PCR (qPCR)

Total RNA was extracted from mES samples 
with Trizol reagent (T9424). Reverse transcrip-
tion reactions were performed with 1 μg RNA 
using the HiScript II Reverse Transcriptase 
(R223-01, Vazyme, Nanjing, China). Comple- 
mentary DNA (cDNA) was used as the templa- 
te, and the 2xSYBR Green Fast qPCR Mix with 
High Rox (RM21206, ABclonal) was used for 
the qPCR reaction. The qPCR primers are sh- 
own in Table 1. Individual gene expression was 
normalized to Gapdh expression, and data from 
the PKCi group were defined as 1.0 for all gene 
expression levels. 

Western blot 

Total proteins were collected from mES using 
lysis buffer and were quantified using the BCA 
Kit (GK5012, Beyotime Biotechnology, Wuhan, 
China). Western blot analysis was performed as 
previously described [22]. Briefly, 6 μg of to- 
tal protein was loaded into each well of a 12% 
gel for SDS-PAGE. After electrophoresis, the 
separated proteins were transferred to a poly- 
vinylidene fluoride (PVDF) membrane (03010- 
040001, Roche, Basel, Switzerland) by elect- 
rotransfer. The membranes were blocked with 
5% non-fat powdered milk (A600669, Sangon 
Biotech, Shanghai, China) for 1 h, washed with 
tris-buffered saline with Tween 20 (9005-64- 
5, Sangon Biotech) (TBST), and then incubated 
with anti-Mbd3 (1:1,000 dilution, A2251, Lot 
0046180101, ABclonal), anti-Bax (1:1,000 di- 
lution, A19684, Lot 4000000164, ABclonal), 
or anti-Bcl-2 (1:1,000 dilution, A19693, Lot 
4000000173, ABclonal) antibodies overnight 
at 4°C. The next day, the membranes were 
washed with TBST and incubated with HRP-
conjugated goat anti-rabbit secondary antibo- 
dy (1:5,000 dilution, BS13278, Bioworld) for 1 
h. After washing with TBST, the membranes 
were processed using an enhanced chemilu- 
minescence reagent (E411-04, Vazyme), and 
the protein bands were visualized using a LAS-
4000 imager (Tanon, Shanghai, China). β-actin 
(1:1,000 dilution, AC026, Lot 9100026001, 
ABclonal) was used as an internal control. The 
Mbd3, Bax, and Bcl-2 protein expression levels 
were normalized to those of β-actin. The data 
from the PKCi group for all three proteins were 
defined as 1.0 and were used for comparisons 
with other treatments.

Statistical analysis

Every experiment was repeated at least three 
times. Data were analyzed using SPSS version 
18.0 (SPSS Inc., Chicago, IL, USA) and were  

Table 1. Sequences of primers used for qPCR
Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) PCR Condition Size (bp)
Mbd3 CAGCCATTGCGAGTGCTCTAC CTGTCACCATGAAGGCTTTGC 95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles 129

Bax CCGAAATGTTTGCTGACG AGCCGATCTCGAAGGAAGT 95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles 154

Bcl-2 TTCTTTGAGTTCGGTGGGG CCAGGAGAAATCAAATAGAGGC 95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles 195

Bim TATGGAGAAGGCATTGAC TGTGGTGATGAACAGAGG 95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles 207

Trail CCTGGAAAGCGACTGAAC ACCGAAAGTGTCTGTGGC 95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles 124

Fasl GGGTCTACTTACTACCTCAC CCCTCTTACTTCTCCGTTA 95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles 192

caspase 3 ACAGCACCTGGTTACTATTC CAGTTCTTTCGTGAGCAT 95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles 255

GAPDH GTGGCAAAGTGGAGATTGTTG CTCCTGGAAGATGGTGATGG 95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles 164
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provided as the mean ± standard deviation. 
Statistical comparisons were made by analysis 
of variance (ANOVA). Values of P<0.05 were 
considered significant (*), and values of P< 
0.01 were considered extremely significant 
(**). Significant difference was indicated by a, 
b, and c among the groups (P<0.05).

Results

Germline transmission was achieved using 
mES cultured in PKCi medium

Domed-shaped mES were cultured in PKCi 
medium and maintained in an undifferentiat- 
ed state for seven consecutive passages. The 
mES expressed core stem cell pluripotency 
markers, Nanog (Figure 1A1-A4), Oct4 (Figure 
1B1-B4), and Sox2 (Figure 1C1-C4), as well  
as naïve cell markers, Klf4 (Figure 1D1-D4), 
Rex1 (Figure 1E1-E4), and Fgf4 (Figure 1F1-
F4). However, the mES did not express the 
primed cell marker, Fgf5 (Figure 1G1-G4). 

Third-passage mES (XY) derived in PKCi medi-
um were transferred into recipient blastocysts 
to establish germline transmission. After ES 
injection, a total of 207 mES (C57BL/6J) inject-
ed embryos (ICR) were transferred into nine 
recipient female ICR mice. The recipient mice 
gave birth to a total of 38 (18.4% birth rate)  
offspring, consisting of 16 colored chimeras 
(42.1%). Three male chimera founders were 
mated with C57BL/6J female mice to examine 
the germline transmission. One chimera foun- 
der produced homozygous offspring, giving a 
transmission rate of 33.3%.

Overexpression of Mbd3 induced mES cell 
apoptosis

To understand the role of Mbd3 in mES ce- 
ll apoptosis, Mbd3 overexpression using the 
FUW-Mbd3 plasmid was performed in mES cul-
tured in PKCi medium. Compared with the PK- 
Ci and control groups, both the Mbd3 mRNA 
(Figure 2A) and protein (Figure 2B) expression 
levels were significantly increased (P<0.01). 
Mbd3 overexpression dramatically reduced the 
total cell number (0.23×104) compared with  
the PKCi (0.85×104) and control (FUW-M2rtTA; 
0.79×104) groups (P<0.01; Figure 2C). Addi- 
tionally, Mbd3 overexpression resulted in a  
significant reduction in cell viability 0.55 (P< 

0.01; Figure 2D) compared with the PKCi and 
control groups (100%) and a significant increa- 
se in the cell apoptosis rate (54.8%) compar- 
ed with those of the PKCi (0.9%) and control 
(1.1%) groups (P<0.01; Figure 2E). 

Western blot analysis indicated that the rela-
tive Bcl-2 protein expression levels were dra-
matically decreased (0.3 Bcl-2/β-actin inten- 
sity ratio) in response to Mbd3 overexpression 
compared with the PKCi (1.0) and control (1.0) 
groups (P<0.01), whereas the Bax protein ex- 
pression levels were similar among the three 
groups (Figure 2F). In turn, Mbd3 overexpres-
sion resulted in a 3-fold increase in the Bax/
Bcl-2 ratio. Moreover, Mbd3 overexpression 
significantly increased the relative mRNA ex- 
pression of proapoptotic genes, including Bax 
(from 1.0 for the PKCi and control groups to 
3.1) and Bim (from 1.0 for the PKCi and control 
groups to 2.6), as well as death-receptor ligand 
genes, including Trail (from 1.0 for the PKCi 
group and 1.1 for the control group to 6.0), Fasl 
(from 1.0 for the PKCi and control groups to 
3.4), and caspase 3 (from 1.0 for the PKCi and 
control groups to 2.1), whereas the expression 
of prosurvival Bcl-2 mRNA was decreased (from 
1.0 for the PKCi and control groups to 0.5) 
(Figure 2G). Similar RNA expression levels we- 
re observed for all six genes between the con-
trol and PKCi groups.

PKCi removal resulted in increased Mbd3 
expression and cell apoptosis, which were par-
tially reversed by Mbd3 knockdown

When PKC inhibitor Gӧ6983 was removed from 
the mES cell culture medium for 48 h, the Mbd3 
mRNA (Figure 3A) and protein (Figure 3B) lev-
els increased (P<0.05). This also caused a re- 
duction in the total cell number from 0.9×104 
cells to 0.1×104 cells (Figure 3C) as well as the 
cell viability from 1 to 0.29 (Figure 3D; P<0.05). 
However, knockdown of Mbd3 mRNA in mES 
under culture without PKCi addition reduced 
the Mbd3 mRNA level from 2.6 to 1.6 and pro-
tein level from 1.8 to 1.3, respectively, com-
pared with the PKCi control group (normalized 
as 1.0) (P<0.05), but these levels were still 
higher than those of the PKCi group (Figure 3A 
and 3B). As a result, the total number of mES 
increased from 0.1×104 to 0.4×104 cells (Figure 
3C; P<0.05), and the cell viability was partial- 
ly recovered from 0.29 to 0.48 (Figure 3D; 
P<0.05). Moreover, Mbd3 mRNA knockdown 
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Figure 1. Immunochemistry of mES derived and maintained in PKCi medium. Immunostaining indicated that core 
pluripotency markers, Nanog (A1-A4), Oct4 (B1-B4), and Sox2 (C1-C4), naïve ES cell makers, Klf4 (D1-D4), Rex1 
(E1-E4), and Fgf4 (F1-F4), but not primed cell marker, Fgf5 (G1-G4), were expressed in seventh-passage mES main-
tained in PKCi medium. Scale bar =400 μm.
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without PKCi did not fully recover the total cell 
number or cell viability of mES to the levels 
observed with PKCi (Figure 3A-D; P<0.05). Wh- 
en PKCi was removed from the culture medi- 
um, the rate of apoptosis increased from 5.7% 
to 63.0% (Figure 3E; P<0.05), whereas the 
knockdown control group exhibited a similar 
level (61.1%) as that of the control group wi- 
thout PKCi (P>0.05). In contrast, knockdown 
Mbd3 reduced the apoptosis rate to 40.0%, 
which was lower than that of the knockdown 
control group (-PKCi+shNC) as well as the con-
trol group without PKCi (P<0.05); however, this 
level was still higher in the PKCi group (Figure 
3E; P<0.05). 

Western blot analysis showed that PKCi remov-
al resulted in elevated Bax protein levels (from 
1.0 to 1.6) with reduced Bcl-2 protein levels 
(from 1.0 to 0.7) in mES (P<0.05). In addition, 
the knockdown control group (-PKCi+shNC) 

exhibited similar Bax and Bcl-2 levels to those 
of the group without PKCi (Figure 3F). Mbd3 
knockdown significantly reduced Bax levels to 
1.3 compared with the knockdown control gr- 
oup (1.6) and the group without PKCi (1.6) 
(P<0.05), but the Bax levels were still higher in 
the PKCi group (1.0) (P<0.05; Figure 3F). In 
contrast, the Bcl-2 protein levels (0.7) with 
Mbd3 knockdown were similar to those of the 
knockdown control group and the group with-
out PKCi (P>0.05); however, the levels were not 
as high as the levels of the PKCi group (1.0) 
(P<0.05; Figure 3F). 

Results from qPCR indicated that PKCi remo- 
val increased Bax (from 1.0 to 3.1), Bim (from 
1.0 to 3.5), Trail (from 1.0 to 4.1), Fasl (from 1.0 
to 2.5), and caspase 3 (from 1.0 to 5.6) RNA 
expression levels (P<0.05), but reduced Bcl-2 
levels (from 1.0 to 0.7) (Figure 3G). However, 
compared with knockdown control group (-PK- 

Figure 2. Mbd3 overexpression induced cellular apoptosis. A. Overexpression of Mbd3 RNA levels was achieved by 
transfection with the FUW-Mbd3 plasmid in fifth-passage mES. The FUW-M2rtTA plasmid and the PKCi group were 
used as controls. B. Mbd3 protein expression was evaluated by Western blot in fifth-passage mES (upper panel). 
Quantitative density analysis showed that Mbd3 overexpression resulted in its increased protein levels compared 
with the PKCi control (lower panel). C. Mbd3 overexpression significantly reduced the total number of fifth-passage 
mES. D. CCK8 assay revealed that Mbd3 overexpression decreased mES cell viability. E. Apoptosis was evaluated 
by Annexin V staining in fifth-passage mES. The thick arrow indicates cell nuclei (blue), and the thin arrow indicates 
apoptotic cells (red). Scale bar =100 μm (left panel). The apoptosis rate was significantly increased with Mbd3 
overexpression (right panel). F. Bax, Bcl-2, and β-actin protein levels were evaluated by Western blot in fifth-passage 
mES (left panel). Quantitative density analysis showed similar levels of Bax in all three groups (middle panel) and 
significantly reduced Bcl-2 levels with Mbd3 overexpression (right panel). G. Mbd3 overexpression increased the 
expression of Bax, Bim, Trail, Fasl, and caspase 3 RNA, but reduced the expression of Bcl-2 RNA, in fifth-passage 
mES. The data are represented as mean ± SD (n=3). *P<0.05, **P<0.01. 
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Ci+shNC), Mbd3 knockdown without PKCi 
resulted in decreased Bax (from 3.3 to 1.8), 

Bim (from 3.4 to 2.4), Trail (from 4.2 to 2.4), 
and caspase 3 (from 5.3 to 1.5) RNA expr- 

Figure 3. Mbd3 knockdown partially reversed the cellular apoptosis induced by PKCi removal. A. Mbd3 RNA expres-
sion levels were increased in third-passage mES when PKCi was removed for 48 h from the culture medium, but 
they were only partially decreased with Mbd3 knockdown. B. Mbd3 protein levels were assessed by Western blot in 
third-passage mES (upper panel). Quantitative density analysis showed a significant increase in Mbd3 upon PKCi re-
moval, and a partial reduction was observed with Mbd3 knockdown. C. The total number of third-passage mES was 
dramatically decreased upon PKCi removal and increased with Mbd3 knockdown, but it was still lower than that of 
the PKCi group. D. Cell viablility was improved by Mbd3 knockdown. E. Cellular apoptosis was assessed by Annexin 
V staining in third-passage mES. The thick arrow indicates cell nuclei (blue), and the thin arrow indicates apoptotic 
cells (red). Scale bar =100 μm (left panel). The apoptosis rate was significantly increased upon PKCi removal, but 
it was partially reduced with Mbd3 knockdown (right panel). F. Bax, Bcl-2, and β-actin levels were evaluated by  
Western blot in third-passage mES with Mbd3 knockdown (left panel). Quantitative density analysis showed in-
creased levels of Bax after PKCi removal, but only partially reduced levels were observed with Mbd3 knockdown 
(middle panel). Bcl-2 expression was reduced upon PKCi removal, and similar levels were observed with Mbd3 
knockdown (right panel). G. PKCi removal resulted in increased expression levels of Bax, Bim, Trail, Fasl, and cas-
pase 3 RNA, with reduced Bcl-2 levels, in third-passage mES. Mbd3 knockdown resulted in partially reduced Bax, 
Bim, Trail, and caspase 3 RNA levels, unchanged Fasl levels, and increased Bcl-2 levels. The data are represented 
as mean ± SD (n=3). The letters a, b, c indicate significant differences among the groups (P<0.05).
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ession levels (P<0.05), but the Fasl levels 
remained the same (from 2.5 to 2.5; P>0.05). 
Additionally, Mbd3 knockdown without PKCi 
increased Bcl-2 RNA expression levels (from 
0.6 to 0.9; P<0.05), but these levels were still 
lower than those of the PKCi group (1.0; 
P<0.05). The knockdown control (-PKCi+shNC) 
did not exhibit any changes in the RNA expr- 
ession levels for all six genes compared with 
those of the group without PKCi (Figure 3G).

Discussion

In this study, we demonstrated Mbd3 as an 
important regulator of apoptosis in mES using 
PKCi. The mES maintained an undifferentiated 
state in the presence of PKCi in the culture 
medium compared with the conventional 2iL 
method [6]. Mbd3 overexpression with PKCi 
induced apoptosis in the mES. Mbd3 expres-
sion at both the RNA and protein levels was dra-
matically upregulated upon PKCi removal. This 
subsequently resulted in the elevated expres-
sion of key proapoptotic genes, including Bax 
and Bim, as well as death-receptor ligand 
genes, including Trail and Fasl, and also cas-
pase 3. Additionally, the reduced expression of 
prosurvival gene Bcl-2 was also observed. The- 
se changes resulted in an increased cellular 
apoptosis rate and a decreased total cell num-
ber and viability. In contrast, Mbd3 knockdown 
by RNA interference partially reversed these 
effects due to the removal of PKCi in mES. The- 
refore, our results strongly indicate that Mbd3 
plays a pivotal role in mES cell apoptosis.

Cellular apoptosis is a highly complex and so- 
phisticated process that involves two main 
apoptotic pathways, death-receptor signaling 
and mitochondria-mediated apoptosis. The ex- 
trinsic (death-receptor signaling) and intrinsic 
(mitochondria-mediated apoptosis) pathways 
trigger apoptosis by activating different cas-
pase cascades and by converging to the execu-
tor of apoptosis, caspase 3 [23], subsequently 
leading to a series of cellular responses, such 
as DNA fragmentation, degradation of nuclear 
and cytoskeletal proteins, crosslinking of pro-
teins, cell shrinkage, and membrane blebbing. 
The extrinsic signaling pathway initiates apop-
tosis by transmembrane receptor-mediated in- 
teractions between ligands and homologous 
death receptors, such as Fasl/CD95 and Trail/
DR4 [11, 24-27]. Fasl and Trail ligand binding to 
their respective receptors results in the recruit-

ment of adapter protein Fas-associated prote- 
in with death domain (FADD) [28, 29]. Subse- 
quently, an association with procaspase 8 via 
the dimerization of the death effector domain 
and the formation of a death-inducing signaling 
complex [9] results in the autocatalytic activa-
tion of procaspase 8. Activated caspase 8 th- 
en induces apoptosis by two parallel cascades. 
One cascade activates caspase 8 either by di- 
rectly cleaving and activating caspase 3 or by 
cleaving BH3-interacting domain death agonist 
(Bid) [30], which is a proapoptotic protein of the 
Bcl-2 family. Truncated Bid (tBid) then induces 
the mitochondrial translocation of Bcl-2 homol-
ogous antagonist/killer (Bak), which induces 
cytochrome c release and finally activates ca- 
spase 9 and caspase 3. The Bcl-2 family is 
known to modulate cellular apoptosis through 
the mitochondria-mediated pathway [31]. Bim, 
Bax, Bik, Bcl-2 agonist of cell death (Bad), Bak, 
and Harakiri Bcl-2-interacting protein (Hrk) [32] 
are all proapoptotic proteins, whereas Bcl-2 is  
a prosurvival protein. Proapoptotic proteins pr- 
omote cellular apoptosis, whereas prosurvival 
proteins inhibit it [32-34]. Bim belongs to the 
Bcl-2 family and encodes a BH3-only protein 
and induces apoptosis through the mitochon-
dria-mediated pathway. In viable cells, Bax re- 
sides as its monomeric form in the cytosol or 
membrane, whereas prosurvival proteins Bcl- 
2 and Bcl-xL exist in the outer mitochondrial 
membrane and inhibit the release of cytoch- 
rome c. The intrinsic pathway is activated by 
several stimuli, including the translocation of 
monomeric Bad from the cytosol to mitochon-
dria, where it forms a proapoptotic complex 
with Bcl-xL. The inner mitochondrial membrane 
is then destroyed, resulting in the opening of 
the mitochondrial permeability transition pore 
and the loss of the mitochondrial membrane 
potential, which is accelerated by the open- 
ing of mitochondrial voltage-dependent anion 
channels. The open anion channels allow cyto-
chrome c to pass, which then binds and acti-
vates apoptotic peptidase activating factor 1 
(Apaf1) and caspase 9, eventually activating 
effector caspase 3 and resulting in cellular 
apoptosis [35, 36]. Overall, during this regula-
tory process, the balance between Bax/Bcl-2 
determines the apoptotic cell fate [37]. It has 
been reported that FoxO1 upregulation due to 
oxidative stress causes an increase in the ex- 
pression of downstream apoptosis-related ge- 
nes, including Fasl, Trail, Bim, and caspase 3, 
leading to apoptosis in granulosa cells [23].
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Mbd3 is located in the nucleus, where it func-
tions as a repressor by recruiting additional 
chromatin-remodeling proteins and by reading 
and binding to methylated DNA and its associ-
ated histones [38]. It plays an important role in 
chromatin assembly, gene stability, and in par-
ticular, gene silencing [39-41]. Mbd3 regulates 
cell cycle progression and cell death by medi- 
ating important cell cycle genes, including cy- 
clin B1 (Ccnb1), 1-phosphatidylinositol 4-kina- 
se (PIk1), and survivin in cancer cells [42]. 
However, there is little information on the role 
of Mbd3 in the regulation of key proapoptotic 
genes, such as Fasl, Trail, Bim, Bax, and effec-
tor caspase 3, or prosurvival genes, such as 
Bcl-2, in mES. In this study, naïve-state mES 
were cultured in the presence of PKCi, and chi-
mera generation with these cells elicited germ-
line transmission in F1 progeny. In PKCi medi-
um, the rate of apoptosis of the mES was very 
low. Mbd3 overexpression resulted in an in- 
crease in both its RNA and protein expression 
levels. Furthermore, Bcl-2 protein levels were 
significantly reduced, whereas Bax levels re- 
mained consistent, resulting in a 3-fold increa- 
se in the Bax/Bcl-2 ratio. Mbd3 overexpressi- 
on also resulted in the increased expression  
of Bax, Bim, Trail, Fasl, and caspase 3 mRNA; 
however, the expression of Bcl-2 was decreas- 
ed. It has been reported that cisplatin upregu-
lates the expression levels of Trail, initiator cas-
pase 8, and effector caspase 3, leading to ap- 
optosis in hES [14]. The upregulation of p53, 
caspase 9, and caspase 3 and an increased 
Bax/Bcl-2 ratio have also been observed dur-
ing apoptosis induced by zearalenone (ZEN) in 
mES and hES [43]. Neural stem cells may pos-
sess direct anti-glioma properties via the down-
regulation of caspase 3 and p53 [44]. During 
apoptosis, activated Bax is translocated from 
the Golgi to mitochondria in a p53-dependent 
manner in hES [12], and mES expressing mu- 
tations of the Abl nuclear localization signals 
(AblμNLS) exhibit delayed Bax activation, re- 
duced cytochrome c release, and decreased 
caspase 9 activity [45]. 

We found that apoptosis was accompanied by 
elevated levels of Bax, Bim, Trail, Fasl and cas-
pase 3, along with reduced levels of Bcl-2 in 
response to Mbd3 overexpression. In contrast, 
when PKCi was removed from the culture medi-
um, a dramatic increase in both the RNA and 
protein levels of Mbd3 occurred. Along with this 

increase, the Bax levels also increased to 1.5, 
whereas the Bcl-2 levels decreased to 0.7, re- 
sulting in a 2.14-fold increase in the Bax/Bcl-2 
ratio. As a result, a significant decrease in the 
total cell number and viability occurred, along 
with a significant increase in the rate of apop- 
tosis. Inhibition of PKCζ/NF-κB signaling has 
been shown to inhibit the microRNA-21/micro- 
RNA-29 axis, thus maintaining ES cell-specific 
epigenetic modifications and supporting ES ce- 
ll self-renewal [6, 7]. It is reasonable to consid-
er that PKCi removal may increase the microR-
NA-21/microRNA-29 levels, thus inhibiting the 
translation of some pluripotency genes. How- 
ever, PKCi removal did not inhibit Mbd3 tran- 
slation, of which the inherent mechanism re- 
mains unknown. Therefore, we assume that 
there may be the other mechanisms regulat- 
ing Mbd3 expression at both the transcripti- 
onal and translational levels. As expected, the 
increased Mbd3 expression that occurred in 
response to PKCi removal caused a significant 
increase in the RNA expression levels of five 
key proapoptotic genes, Bax, Bim, Trail, Fasl, 
and caspase 3, but a decrease in the expres-
sion levels of prosurvival Bcl-2. Overall, our 
study demonstrated that Mbd3 overexpres-
sion, either by viral transfection or by PKCi re- 
moval, resulted in these gene expression ch- 
anges. Because Mbd3 is a well-known repres-
sor that directly binds to DNA to repress gene 
transcription, we hypothesize that Bcl-2 tran-
scription may be regulated by the direct bind- 
ing of Mbd3 protein to its regulatory promotor 
region, thus resulting in its decreased expres-
sion upon increased Mbd3 expression. In con-
trast, Mbd3 indirectly upregulates the expres-
sion of Bax, Bim, Trail, Fasl, and caspase 3 by 
binding to and inhibiting their transcription fa- 
ctor repressors/corepressors. This regulatory 
mechanism of Mbd3 requires further inves- 
tigation.

Interestingly, Mbd3 knockdown by RNA interfer-
ence without PKCi did not alter the Bcl-2 pro-
tein levels in mES. However, the Bax protein 
levels were decreased, resulting in a reduced 
Bax/Bcl-2 ratio. As a result, the mRNA expres-
sion levels of Bax, Bim, Trail, Fasl, and caspase 
3 were reduced, but the Bcl-2 expression le- 
vels were increased compared with those of 
the control group without PKCi. It has been 
shown that Bcl-2 overexpression improves gr- 
owth rates, increases clonogenicity, and reduc-
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es apoptosis in hES [46]. In our study, although 
Mbd3 knockdown did not result in increased 
Bcl-2 protein levels, the decreased Bax/Bcl-2 
ratio improved the cell number and viability and 
reduced the apoptosis rate of the mES com-
pared with the group without PKCi. These re- 
sults support that Mbd3 regulates apoptosis-
related gene expression and apoptosis in mES.

In summary, we found that Mbd3 upregulation 
decreased the total cell number and viability 
and increased the apoptosis rate of mES. Ad- 
ditionally, it increased the expression of Bim, 
Trail, Fasl, and caspase 3, but reduced the ex- 
pression Bcl-2 RNA, resulting in an increas- 
ed Bax/Bcl-2 ratio. These effects were partially 
reversed by Mbd3 knockdown. All of these fin- 
dings support Mbd3 as a pivotal regulator of 
apoptosis in mES. 

Acknowledgements

This study was supported in part by the Natu- 
ral Science Foundation of China (NSFC) (Grant 
No. 31872353, 32072732, 31340041, and 31- 
471388), and priority Academic Program Deve- 
lopment of Jiangsu Higher Education Institu- 
tions to FD; NSFC Grant No. 31701285 to LA.

Disclosure of conflict of interest

None.

Address correspondence to: Drs. Fuliang Du and 
Liyou An, Jiangsu Key Laboratory for Molecular and 
Medical Biotechnology, College of Life Sciences, 
Nanjing Normal University, #1 Wenyuan Rd, Nanjing 
210046, PR China. Tel: +86-25-85898011; E-mail: 
fuliangd@njnu.edu.cn (FLD); anliyou@njnu.edu.cn 
(LYA)

References

[1]	 Evans MJ and Kaufman MH. Establishment in 
culture of pluripotential cells from mouse em-
bryos. Nature 1981; 292: 154-156. 

[2]	 Nichols J and Smith A. Naive and primed plu-
ripotent states. Cell Stem Cell 2009; 4: 487-
492.

[3]	 Silva J and Smith A. Capturing pluripotency. 
Cell 2008; 132: 532-536.

[4]	 Ying QL, Wray J, Nichols J, Batlle-Morera L, 
Doble B, Woodgett J, Cohen P and Smith A. The 
ground state of embryonic stem cell self-re-
newal. Nature 2008; 453: 519-523.

[5]	 Nishizuka Y. Protein kinase C and lipid signal-
ing for sustained cellular responses. FASEB J 
1995; 9: 484-496.

[6]	 Dutta D, Ray S, Home P, Larson M, Wolfe MW 
and Paul S. Self-renewal versus lineage com-
mitment of embryonic stem cells: protein ki-
nase C signaling shifts the balance. Stem Cells 
2011; 29: 618-628.

[7]	 Rajendran G, Dutta D, Hong J, Paul A, Saha B, 
Mahato B, Ray S, Home P, Ganguly A, Weiss ML 
and Paul S. Inhibition of protein kinase C sig-
naling maintains rat embryonic stem cell pluri-
potency. J Biol Chem 2013; 288: 24351-
24362.

[8]	 Dlamini Z, Mbita Z and Zungu M. Genealogy, 
expression, and molecular mechanisms in 
apoptosis. Pharmacol Ther 2004; 101: 1-15.

[9]	 Elmore S. Apoptosis: a review of programmed 
cell death. Toxicol Pathol 2007; 35: 495-516.

[10]	 Choudhary GS, Alharbi S and Almasan A. 
Caspase-3 activation is a critical determinant 
of genotoxic stress-induced apoptosis. Me- 
thods Mol Biol 2008; 1219: 1-9.

[11]	 Ashkenazi A and Dixit VM. Death receptors: 
signaling and modulation. Science 1998; 281: 
1305-1308.

[12]	 Dumitru R, Gama V, Fagan BM, Bower JJ, 
Swahari V, Pevny LH and Deshmukh M. Human 
embryonic stem cells have constitutively active 
Bax at the Golgi and are primed to undergo 
rapid apoptosis. Mol Cell 2012; 46: 573-583.

[13]	 Madden DT, Davila-Kruger D, Melov S and 
Bredesen DE. Human embryonic stem cells ex-
press elevated levels of multiple pro-apoptotic 
BCL-2 family members. PLoS One 2011; 6: 
e28530.

[14]	 Peskova L, Vinarsky V, Barta T and Hampl A. 
Human embryonic stem cells acquire respon-
siveness to trail upon exposure to cisplatin. 
Stem Cells Int 2019; 2019: 4279481.

[15]	 Rao X, Zhong J, Zhang S, Zhang Y, Yu Q, Yang P, 
Wang MH, Fulton DJ, Shi H, Dong Z, Wang D 
and Wang CY. Loss of methyl-CpG-binding do-
main protein 2 enhances endothelial angio-
genesis and protects mice against hind-limb 
ischemic injury. Circulation 2011; 123: 2964-
2974.

[16]	 Hendrich B and Bird A. Identification and char-
acterization of a family of mammalian methyl 
CpG-binding proteins. Mol Cell Biol 1998; 18: 
6538-6547.

[17]	 Reynolds N, Latos P, Hynes-Allen A, Loos R, 
Leaford D, O’Shaughnessy A, Mosaku O, 
Signolet J, Brennecke P, Kalkan T, Costello I, 
Humphreys P, Mansfield W, Nakagawa K, 
Strouboulis J, Behrens A, Bertone P and 
Hendrich B. NuRD suppresses pluripotency 
gene expression to promote transcriptional 

mailto:fuliangd@njnu.edu.cn
mailto:anliyou@njnu.edu.cn


Mbd3 is important for mES cell apoptosis

8160	 Am J Transl Res 2020;12(12):8147-8161

heterogeneity and lineage commitment. Cell 
Stem Cell 2012; 10: 583-594.

[18]	 Luo M, Ling T, Xie W, Sun H, Zhou Y, Zhu Q, 
Shen M, Zong L, Lyu G, Zhao Y, Ye T, Gu J, Tao 
W, Lu Z and Grummt I. NuRD blocks repro-
gramming of mouse somatic cells into pluripo-
tent stem cells. Stem Cells 2013; 31: 1278-
1286.

[19]	 Zipf G, Chiappa M, Porter KS, Ostchega Y, 
Lewis BG and Dostal J. National health and  
nutrition examination survey: plan and opera-
tions, 1999-2010. Vital Health Stat 1 2013; 
1-37.

[20]	 Ukai H, Kiyonari H and Ueda HR. Production of 
knock-in mice in a single generation from em-
bryonic stem cells. Nat Protoc 2017; 12: 2513-
2530.

[21]	 Soldner F, Hockemeyer D, Beard C, Gao Q, Bell 
GW, Cook EG, Hargus G, Blak A, Cooper O, 
Mitalipova M, Isacson O and Jaenisch R. 
Parkinson’s disease patient-derived induced 
pluripotent stem cells free of viral reprogram-
ming factors. Cell 2009; 136: 964-977.

[22]	 Hayashi Y, Furue MK, Okamoto T, Ohnuma K, 
Myoishi Y, Fukuhara Y, Abe T, Sato JD, Hata RI 
and Asashima M. Integrins regulate mouse 
embryonic stem cell self-renewal. Stem Cells 
2007; 25: 3005-3015.

[23]	 Shen M, Lin F, Zhang J, Tang Y, Chen WK and 
Liu H. Involvement of the up-regulated FoxO1 
expression in follicular granulosa cell apopto-
sis induced by oxidative stress. J Biol Chem 
2012; 287: 25727-25740.

[24]	 Chicheportiche Y, Bourdon PR, Xu H, Hsu YM, 
Scott H, Hession C, Garcia I and Browning JL. 
TWEAK, a new secreted ligand in the tumor ne-
crosis factor family that weakly induces apop-
tosis. J Biol Chem 1997; 272: 32401-32410.

[25]	 Peter ME and Krammer PH. Mechanisms of 
CD95 (APO-1/Fas)-mediated apoptosis. Curr 
Opin Immunol 1998; 10: 545-551.

[26]	 Suliman A, Lam A, Datta R and Srivastava RK. 
Intracellular mechanisms of TRAIL: apoptosis 
through mitochondrial-dependent and -inde-
pendent pathways. Oncogene 2001; 20: 2122-
2133.

[27]	 Rubio-Moscardo F, Blesa D, Mestre C, Siebert 
R, Balasas T, Benito A, Rosenwald A, Climent J, 
Martinez JI, Schilhabel M, Karran EL, Gesk S, 
Esteller M, deLeeuw R, Staudt LM, Fernandez-
Luna JL, Pinkel D, Dyer MJ and Martinez-
Climent JA. Characterization of 8p21.3 chro-
mosomal deletions in B-cell lymphoma: 
TRAIL-R1 and TRAIL-R2 as candidate dosage-
dependent tumor suppressor genes. Blood 
2005; 106: 3214-3222.

[28]	 Muzio M, Chinnaiyan AM, Kischkel FC, O’Rour- 
ke K, Shevchenko A, Ni J, Scaffidi C, Bretz JD, 
Zhang M, Gentz R, Mann M, Krammer PH, 

Peter ME and Dixit VM. FLICE, a novel FADD-
homologous ICE/CED-3-like protease, is re-
cruited to the CD95 (Fas/APO-1) death--induc-
ing signaling complex. Cell 1996; 85: 817-827.

[29]	 Sprick MR, Rieser E, Stahl H, Grosse-Wilde A, 
Weigand MA and Walczak H. Caspase-10 is  
recruited to and activated at the native TRAIL 
and CD95 death-inducing signalling complex-
es in a FADD-dependent manner but can not 
functionally substitute caspase-8. EMBO J 
2002; 21: 4520-4530.

[30]	 Kantari C and Walczak H. Caspase-8 and bid: 
caught in the act between death receptors  
and mitochondria. Biochim Biophys Acta 2011; 
1813: 558-563.

[31]	 Cory S, Huang DC and Adams JM. The Bcl-2 
family: roles in cell survival and oncogenesis. 
Oncogene 2003; 22: 8590-8607.

[32]	 Story M and Kodym R. Signal transduction dur-
ing apoptosis; implications for cancer therapy. 
Front Biosci 1998; 3: d365-375.

[33]	 Dixon SC, Soriano BJ, Lush RM, Borner MM 
and Figg WD. Apoptosis: its role in the develop-
ment of malignancies and its potential as a 
novel therapeutic target. Ann Pharmacother 
1997; 31: 76-82.

[34]	 Cory S and Adams JM. The Bcl2 family: regula-
tors of the cellular life-or-death switch. Nat Rev 
Cancer 2002; 2: 647-656.

[35]	 Hill MM, Adrain C, Duriez PJ, Creagh EM and 
Martin SJ. Analysis of the composition, assem-
bly kinetics and activity of native Apaf-1 apop-
tosomes. EMBO J 2004; 23: 2134-2145.

[36]	 Chinnaiyan AM. The apoptosome: heart and 
soul of the cell death machine. Neoplasia 
1999; 1: 5-15.

[37]	 Wang XW, Zhan Q, Coursen JD, Khan MA, 
Kontny HU, Yu L, Hollander MC, O’Connor PM, 
Fornace AJ Jr and Harris CC. GADD45 induc-
tion of a G2/M cell cycle checkpoint. Proc Natl 
Acad Sci U S A 1999; 96: 3706-3711.

[38]	 Zhu H, Wang G and Qian J. Transcription fac-
tors as readers and effectors of DNA methyla-
tion. Nat Rev Genet 2016; 17: 551-565.

[39]	 Hu G and Wade PA. NuRD and pluripotency: a 
complex balancing act. Cell Stem Cell 2012; 
10: 497-503.

[40]	 Lai AY and Wade PA. Cancer biology and NuRD: 
a multifaceted chromatin remodelling com-
plex. Nat Rev Cancer 2011; 11: 588-596.

[41]	 Le Guezennec X, Vermeulen M, Brinkman AB, 
Hoeijmakers WA, Cohen A, Lasonder E and 
Stunnenberg HG. MBD2/NuRD and MBD3/
NuRD, two distinct complexes with different 
biochemical and functional properties. Mol 
Cell Biol 2006; 26: 843-851.

[42]	 Noh EJ, Lim DS and Lee JS. A novel role for 
methyl CpG-binding domain protein 3, a com-



Mbd3 is important for mES cell apoptosis

8161	 Am J Transl Res 2020;12(12):8147-8161

ponent of the histone deacetylase complex, in 
regulation of cell cycle progression and cell 
death. Biochem Biophys Res Commun 2009; 
378: 332-337.

[43]	 Cao H, Zhi Y, Xu H, Fang H and Jia X. Ze- 
aralenone causes embryotoxicity and induces 
oxidative stress and apoptosis in differentiated 
human embryonic stem cells. Toxicol In Vitro 
2019; 54: 243-250.

[44]	 An J, Yan H, Li X, Tan R, Chen X, Zhang Z, Liu Y, 
Zhang P, Lu H and Liu Y. The inhibiting effect of 
neural stem cells on proliferation and invasion 
of glioma cells. Oncotarget 2017; 8: 76949-
76960.

[45]	 Preyer M, Shu CW and Wang JY. Delayed acti-
vation of Bax by DNA damage in embryonic 
stem cells with knock-in mutations of the Abl 
nuclear localization signals. Cell Death Differ 
2007; 14: 1139-1148.

[46]	 Ardehali R, Inlay MA, Ali SR, Tang C, Drukker M 
and Weissman IL. Overexpression of BCL2 en-
hances survival of human embryonic stem 
cells during stress and obviates the require-
ment for serum factors. Proc Natl Acad Sci U S 
A 2011; 108: 3282-3287.


