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Abstract. Mucin 1 (MUC1) is a membrane‑bound, highly 
glycosylated protein that is overexpressed in all stages of 
malignant transformation. Overexpression of MUC1 together 
with loss of polarization and hypoglycosylation are associ‑
ated with resistance to apoptosis, which is the process that 
results in efficient removal of damaged cells. Inhibition of the 
apoptotic process is responsible for tumor development, tumor 
progression and drug resistance. MUC1 is considered as an 
oncogenic molecule that is involved in various signaling path‑
ways responsible for the regulation of apoptosis. Based on this, 
the aim of the present study was to discuss the involvement of 
MUC1 in the divergent mechanisms regulating programmed 
cell death.
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1. Introduction

The epithelium is a layer of cells that separates an organism from 
the external environment; it is coated by mucous gel, which is 
mainly composed of mucins (MUCs). MUCs are high‑molec‑
ular‑weight O‑linked glycoproteins synthesized by goblet cells. 
The human MUC family contains 22 characterized members 
(MUC1 to MUC22), which are divided into secreted and trans‑
membrane glycoproteins  (1,2). Secreted gel‑forming MUCs, 
without a transmembrane domain, include MUC2, MUC5AC, 
MUC5B, MUC6, MUC7, MUC8 and MUC9. Membrane‑bound 
MUCs form rod‑like structures that extend from 200 to 500 nm 
beyond the glycocalyx, and members include MUC3A, MUC3B, 
MUC4, MUC12, MUC13, MUC15, MUC16, MUC17, MUC20, 
MUC21 and MUC22 (3‑6). To date, MUC1 is the best‑character‑
ized MUC. Cancer‑associated MUC1 notably differs from that of 
normal cells with regards to its function, biochemical features and 
cellular distribution (7,8). It has been reported that MUC1, which is 
present in epithelial cancer cells, is implicated in cell invasion, 
migration, adhesion, proliferation, and resistance to apoptosis and 
chemoradiotherapy (9). Therefore, MUC1 has been attracting 
considerable attention as an oncogenic molecule due to its crucial 
role in cancer progression  (10). Apoptosis is a fundamental 
biological process that allows organisms to remove unwanted 
cells. One of the features of malignant transformation is the altera‑
tion of the cell death pathways, which is associated with increased 
cell survival. MUC1‑dependent suppression of apoptosis causes an 
imbalance between cell proliferation and cell death, which in turn 
influences cancer progression (9). Therefore, the aim of the present 
study was to summarize the divergent mechanisms of action 
of MUC1 with regard to the alteration of programmed cell death.

2. Apoptosis

Among all types of cell death, apoptosis (also known as 
programmed cell death) is the most common; it is a genetically 
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controlled process, which eliminates unnecessary or damaged 
individual cells (11). The process is crucial in the regulation 
of cell death and survival during the development of multicel‑
lular organisms and during normal homeostasis. Apoptosis 
provides the conditions necessary for appropriate regulation 
of numerous physiological processes, such as embryonic 
development, immune system function and maintenance 
of body homeostasis (12). In cancerous diseases, an imbal‑
ance between cell division and death occurs due to a lack of 
appropriate signaling. For example, downregulation of the 
tumor suppressor gene p53 may result in continuous cancer 
cell proliferation. Therefore, changes in the ability of the cells 
to undergo apoptosis may cause malignant transformation. 
In this context, the development of novel drugs that target 
numerous steps of the apoptotic process is beneficial in cancer 
treatment (11,13,14). 

The induction of apoptosis is mediated via two main 
pathways, namely the receptor‑ and mitochondria‑mediated 
pathways of apoptosis. Both pathways are regulated by the 
B‑cell lymphoma (Bcl)‑2 family of proteins, which includes 
pro‑ and anti‑apoptotic members. Pro‑apoptotic proteins 
include Bcl‑2‑associated  X protein (Bax), Bcl‑2 antago‑
nist/killer 1  (Bak), BH3 interacting domain death agonist 
(Bid), Bad, Bax inhibitor motif (Bim), Bcl‑2 interacting killer, 
Bcl‑10, B‑lymphocyte kinase, NADPH oxidase activator 
and p53 upregulated modulator of apoptosis (PUMA), while 
anti‑apoptotic proteins mainly include Bcl‑2, apoptosis regu‑
lator Bcl‑x, B‑cell lymphoma‑extra large (Bcl‑xL), Bcl‑extra 
small, Bcl‑w, induced myeloid leukemia cell differentiation 
protein (Mcl‑1) and Bcl‑2‑associated athanogene (12,15,16).

The mitochondrial pathway is also known as the 
intrinsic pathway of apoptosis; it is initiated by various 
non‑receptor‑mediated stimuli, such as increased reactive 
oxygen species (ROS) or calcium ion levels, release of selected 
cytokines [e.g., interferon (IFN)] and immune cells (e.g., T cells), 
hormone deficiency, the presence of pathogens (e.g., viruses, 
bacteria and their products) or induction of DNA damage (12). 
Pro‑apoptotic signals induce the translocation of Bax and Bak 
to the mitochondrial outer membrane (MOM), where they 
form pores, thereby altering cell membrane permeability. The 
assembly of Bax/Bak oligomers within MOM is promoted by 
Bid and Bim (17). Subsequently, mitochondrial cytochrome c 
is released into the cytosol where it forms the apoptosome. The 
latter is a complex including cytochrome c, apoptotic protease 
activating factor‑1 (18,19), pro‑caspase‑9 and deoxyadenosine 
triphosphate (20). Other molecules released from the mito‑
chondria include second mitochondria‑derived activator of 
caspase/direct inhibitor of apoptosis‑binding protein with low 
pI (Smac/DIABLO) and the mitochondrial serine protease 
high temperature requirement factor A2, which contribute to 
activation of apoptosis inducing factor (AIF), endonuclease G 
and caspases. The activation of inactive caspase‑9 pro‑enzyme 
results in cleavage of effector pro‑caspases‑3, ‑6 and ‑7 (21).

Caspases are cysteine proteases, which are divided into 
inflammatory (caspase‑1, ‑4 and ‑5) and apoptotic proteins. 
The latter include initiator enzymes, such as caspase‑2, ‑8 
and ‑9, and executioner enzymes, such as caspase‑3, ‑6 and 
‑7  (17,20,22). Caspases are synthesized as pro‑enzymes. 
Following apoptotic stimuli, they are converted into mature 
enzymes. Caspase substrates include both enzymatic and 

structural proteins. Specific examples include cytokeratins, the 
plasma membrane cytoskeletal protein α‑fodrin (spectrin‑like 
protein found in most cells) and microtubule‑binding proteins, 
which are involved in the formation of the spindle poles and the 
segregation of chromosomes during mitosis (nuclear mitotic 
apparatus protein). These ultimately lead to the morphological 
and biochemical changes of the apoptotic cells. Proteolytic 
cleavage of caspase substrates, such as poly (ADP‑ribose) poly‑
merase, renders DNA repair impossible (22‑24). Eventually, 
activation of caspases results in cell death (14,21).

The initiation of the receptor‑associated pathway of 
apoptosis, which is also known as the extrinsic pathway of 
apoptosis, involves receptor‑ligand interactions. These ligands 
belong to cytokines of the tumor necrosis factor (TNF) super‑
family, which are termed cognate ligands. Approximately 40 
ligand‑receptor pairs have been characterized to date. The 
most widely known ligands are fatty acid synthetase ligand 
(FasL), which binds to the fatty acid synthetase receptor, 
TNF‑α and TNF‑related apoptosis‑inducing ligand or Apo2 
ligand (TRAIL/Apo2L). TNF‑α can bind to TNF‑receptor 1 
(TNF‑R1) and TNF‑R2, and TRAIL/Apo2L interacts with 
four cell surface receptors, namely TRAIL receptor‑1 
(TRAIL‑R1), TRAIL‑R2, TRAIL‑R3 and TRAIL‑R4 (25,26). 
These receptors are also termed death receptor DR4, 
DR5/TRICK2/KILLER, decoy receptor (DcR)1/TRID/LIT 
and DcR2/TRUNDD, respectively. The majority of these 
receptors contain a C‑terminal region, which includes an 
80‑amino acid (aa) death domain, an extracellular N‑terminal 
region and a transmembrane domain. The signal transduc‑
tion machinery has been described in detail using FasL/Fas 
and TNF‑α/TNF‑R1 models (26). Receptor‑ligand binding 
results in receptor trimerization and the recruitment of adapter 
proteins, which contain similar death domains. FasL activa‑
tion occurs following binding of this ligand with Fas, which 
leads to the interaction of the receptor with the adapter protein 
FAS‑associated with death domain (FADD/MORT1). TNF‑α 
binding to TNF‑R allows the recruitment of the adapter protein 
TNF receptor type 1‑associated death domain (TRADD), 
FADD and receptor‑interacting protein  (20,26). TRADD 
participates in signal transduction mediated by TNF‑R, but not 
by TRAIL and Fas (25). Subsequently, FADD aggregates with 
pro‑caspase‑8 via the death effector domain (DED) sequence, 
leading to formation of the death‑inducing signaling complex 
(DISC). Following proteolytic cleavage of its precursor, active 
caspase‑8 is released and triggers activation of executive 
caspases, primarily caspase‑3  (12). In addition, caspase‑8 
cleaves and activates Bid to t‑Bid, which is its truncated form. 
The latter induces the release of mitochondrial cytochrome 
c and pro‑apoptotic factors, and links the extrinsic with the 
intrinsic pathway of apoptosis (27‑29). Cellular FADD‑like 
IL‑1β‑converting enzyme‑inhibitory protein (FLIP) can bind 
to FADD and caspase‑8, causing their inactivation and, conse‑
quently, the inhibition of the apoptotic response (12). 

Anoikis is a type of programmed cell death that prevents 
epithelial cells from seeding to abnormal sites and takes place 
when cells lose adhesion to the extracellular matrix (30,31). 
During anoikis, both apoptotic pathways are activated (32,33). 
Detachment from the surrounding matrix induces transloca‑
tion of the pro‑apoptotic protein Bim to the mitochondria, 
where it binds to Bcl‑xL, neutralizing its anti‑apoptotic 
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functions. Moreover, decreased proteosomal degradation 
of Bim promotes Bax/Bak oligomerization, whereas matrix 
detachment results in upregulation of FasL and Fas expres‑
sion, FLIP downregulation and consequent activation of 
caspase‑8 (34‑36). 

The apoptotic response of the cells may be deregulated by 
various factors. One of the features of human cancer is the high 
level of MUC1 expression. Accumulating evidence has shown 
that MUC1 can modulate the apoptotic response in different 
ways as a result of its interaction with multiple proteins that 
participate in the regulation of this process (37,38).

3. MUC1 as a cancer‑associated membrane‑bound molecule 

MUC1 localization and structure. MUCs are highly glycosyl‑
ated proteins, and are the most abundant components of mucus 
on the epithelial surface. Among transmembrane MUCs, 
MUC1 has been widely investigated due to its role in oncogen‑
esis (39‑43). MUC1 is also known as episialin, polymorphic 
epithelial MUC, H23 antigen, mucin‑like carcinoma‑associated 
antigen, epithelial membrane antigen, cluster of differentiation 
227, Krebs von den Lungen‑6, peanut‑reactive urinary mucin, 
carcinoma antigen CA15.3 and CA27.29 (the commonly used 
serum markers for breast cancer), human milk fat globule 
antigen, carcinoma‑associated MUC and peanut‑reactive 
urinary MUC (44). MUC1 (for humans) and Muc1 (for other 
species) are the most commonly used names assigned at the 
1st International Workshop on Carcinoma‑Associated Mucins 
(San Francisco, USA; 1990) and are in accordance with the 
Human Genome Project mapping conventions (45). 

MUC1 is a heterodimeric transmembrane protein that 
normally resides at the apical borders of epithelial cells of the 
respiratory and gastrointestinal tracts, as well as in the ducts 
of organs such as the liver, kidney, pancreas and mammary 
gland  (46,47). MUC1 is also expressed by non‑epithelial 
cells, such as hematopoietic cells, T cells and male germ 
cells (48‑51). 

The MUC1 structure contains two distinctive subunits, 
one large N‑terminal subunit (MUC1‑N; subunit α) and one 
short C‑terminal subunit (MUC1‑C; subunit β) derived from 
autoproteolytic cleavage of a single polypeptide chain at the 
sea‑urchin sperm protein enterokinase and agrin domain in 
the endoplasmic reticulum. These subunits are bound by 
non‑covalent interactions (stable hydrogen bonds; Fig. 1) (5,52). 
The MUC1‑N domain contains an N‑terminus (104 aa) and a 
variable number of tandem repeat (VNTR) segment (20 aa) 
sequence (PDTRPAPGSTAPPAHGVTSA), which is repeated 
20‑200 times. The domain is also rich in serine and threonine 
residues that constitute potential sites of O‑glycosylation, 
and contains a large C‑terminus 170 aa in length (5,52). The 
molecular mass range of MUC1 is estimated to 1‑40x106 
Da. The majority of the protein modifications include sugar 
moieties, which constitute 60‑80% of the total weight of the 
protein and are principally O‑glycans. The complex synthesis 
of these polysaccharides is based on enzymatic attachment 
of monosaccharides to a polypeptide chain by ≥30 or more 
glycosyltransferase enzymes (53,54). The detailed synthesis 
of the O‑glycan basic core structure is presented in Fig. 2. 
The VNTR region is followed by a segment containing five 
N‑linked glycosylation sites (5). The MUC1‑C is composed 

of three regions, including the extracellular domain (ECD), 
composed of 58 aa, which is responsible for anchoring MUC1 
to the cell membrane, the transmembrane domain, composed 
of 28 aa, and a cytoplasmic tail (MUC1‑CT), composed of 72 
aa. Moreover, the MUC1‑C ECD contains asparagine residues 
that are used as N‑glycosylation sites (41,55). The MUC1‑C 
cysteine‑glutamine‑cysteine (CQC) motif is located below 
the transmembrane region and is crucial for the formation of 
homodimers (42). 

Functions of MUC1 in physiology. In the past years, a consid‑
erable amount of data has been gathered regarding MUC1 
functions. It has been shown that this MUC participates in 
complex interactions and is involved in the regulation of a wide 
variety of cellular pathways, affecting both physiological and 
pathological processes. Substantial glycosylation of the MUC1 
extracellular subunit in normal tissues aims to protect them 
from the entry of harmful substances and provide lubrication 
to the underlying epithelia (55). Therefore, the N‑terminal 
subunit can be shed from the cell surface and released into the 
extracellular space as a result of proteolytic cleavage in order 
to provide a barrier to invading pathogens. Such events may be 
induced by a number of inflammatory stimuli, such as IFN‑γ 
and TNF‑α (56,57). This process is also mediated by specific 
enzymes, such as TNF‑α‑converting enzyme/a disintegrin and 
metalloproteinase 17 (56,57). Therefore, MUC1‑N can act as 
a receptor when transmitting stress signals to the interior of 
the cell (41). Furthermore, glycans can participate in cell‑cell 
and cell‑matrix interactions and are involved in the recogni‑
tion of normal cells by the immune system (58). Moreover, 
glycans participate in the appropriate distribution of proteins, 
which are newly synthesized in the endoplasmic reticulum. 
By affecting proteolysis, they protect proteins from intra‑ or 
extracellular degradation (58). In addition, MUC1‑CT may be 
phosphorylated by multiple kinases, including the epidermal 

Figure 1. Structure of MUC1. MUC1, mucin 1.
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growth factor receptor (EGFR), glycogen synthase kinase‑3β, 
tyrosine‑protein kinase MET, non‑receptor tyrosine kinase 
(Src), protein kinase C (PKC), glycogen synthase kinase 3 
(GSK3) and tyrosine‑protein kinase Abl. Previous studies 
have shown that MUC1 interacts with diverse molecules and 
modulates their activity (41,55).

MUC1 in cancer. Tumor progression is associated with a 
notable increase in MUC1 expression, which has been reported 
in diverse cancer types, such as colon, breast, lung, pancreatic 
and prostate cancer, as well as in hematological malignan‑
cies (59‑62). 

The changes in the oligosaccharide structure of glycopro‑
teins have received considerable attention due to the key role of 
glycans in processes such as cell proliferation, differentiation, 
invasion, metastasis and immune surveillance (63‑66). It has 
been shown that, during the process of neoplasia, the MUC1 
ECD undergoes significant modifications, including changes 

in the glycosylation profile via the following main mecha‑
nisms: Incomplete synthesis and synthesis of atypical forms of 
glycans (67). The attachment of the truncated oligosaccharides 
to the VNTR region changes the MUC1 spatial structure and 
increases the availability of the peptide backbone to other 
proteins, which in turn affects potential protein‑protein inter‑
actions and intracellular signaling (52,68,69). 

The majority of human carcinomas, including gastric 
and colorectal cancer, contain truncated forms of glycans, 
such as N‑acetylgalactosamine (GalNAcα)1‑O‑serine 
(Ser)/ th reon ine (Th r)  (Tn)  and ga lactose (Ga l)
β1‑3GalNAcα1‑O‑Ser/Thr (T) antigens and their sialylated 
forms Neu5Acα2‑6GalNAcα1‑O‑Ser/Thr (sTn) and 
Neu5Acα2‑3Galβ1‑3GalNAcα1‑O‑Ser/Thr (sT). These forms 
are combined with decreased levels of core 3 and core 4 
structures (6,69,70) (Fig. 2); their presence is predominantly 
associated with changes in the expression levels of different 
glycosyltransferases  (71,72). For example, the activity of 

Figure 2. Mucin‑type O‑glycan synthesis. O‑glycosylation is initiated by attachment of GalNAc to the hydroxyl groups of the Ser/Thr of the protein chain. 
The reaction is catalyzed by ppGalNAcT enzymes and results in the formation of the Tn antigen (GalNAcα1‑O‑ Ser/Thr). The four basic core structures are 
generated in the Golgi apparatus by specific glycosyltransferases. The Tn antigen can be elongated through galactose addition catalyzed by C1GalT1 or core 1 
synthase, which results in the synthesis of the T antigen or core 1. The antigen can also be elongated by B3GNT6, which transfers GlcNAc to the GalNAc‑Ser/Thr 
structure to form core 3. Subsequent GlcNAc addition to core 3 forms core 4. Core structures can be further elongated or terminated by attachment of fucose 
or sialic acid. GalNAc, N‑acetylgalactosamine; Ser, serine; Thr, threonine; ppGalNAcT, N‑acetylgalactosaminyltransferase; C1GalT1, N‑acetylgalactosamine 
β‑1,3‑galactosyltransferase; Galβ1, galactosamine β1; T, Galβ1‑3GalNAcα1‑O‑Ser/Thr; Tn, GalNAcα1‑O‑Ser/Thr.



INTERNATIONAL JOURNAL OF ONCOLOGY  59:  68,  2021 5

the core 1 synthase, also known as N‑acetylgalactosamine 
β‑1,3‑galactosyltransferase (C1GalT1), depends on the 
co‑expression of the specific chaperone core 1 β3GalT‑specific 
molecular chaperone (COSMC). C1GalT1 is an enzyme 
that catalyzes galactose addition to the Tn antigen. In the 
absence of COSMC, the enzyme loses its function, resulting 
in higher levels of Tn antigen than those noted in normal 
cells (52). Moreover, abnormal expression of sialyltransferases, 
including N‑acetylgalactosaminide α‑2,6‑sialyltransferase 1 
and β‑galactoside α‑2,3‑sialyltransferase 1, may be associated 
with increased MUC1 sialylation and the formation of sTn and 
sT antigens (52). The transfer of fucose residues to oligosac‑
charides and proteins is catalyzed by fucosyltransferases. 
Aberrant fucosylation is associated with neoplasia and may 
lead to EGFR stimulation, which in turn affects the functions 
of integrins and selectins, and the induction of apoptosis or 
oncogenesis. Large amounts of sialylated and fucosylated 
core 1 and 2 structures have been detected in gastric, ovarian, 
renal, colon and prostate cancer  (73‑78). Sialylated and 
fucosylated glycans (Lewis‑type antigens) are composed of 
free monosaccharides, namely N‑acetylglucosamine, Gal and 
fucose, which differ in terms of their corresponding glycosidic 
bonds. Core 1 structures contain the Galβ1‑3GlcNAc bond 
(Lewis a, Lewis b), whereas core 2 structures contain the 
Galβ1‑4GlcNAc bond (Lewis x, Lewis y). Further addition of 
sialic acid leads to formation of their sialylated forms (sLea 
and sLex); their expression may be associated with intensifica‑
tion of the neoplastic transformation of cells (69,74). The sLex 
and sLea carbohydrate ligands have been shown to adhere to 
E‑selectin in vascular endothelial cells. The expression of this 
protein may be induced by proinflammatory agents, such as 
cytokines (69). 

MUC1 function in cancer is associated with its cellular 
localization. Loss of cell polarity during epithelial transfor‑
mation causes the translocation of the MUC1‑N/MUC1‑C 
complex from the apical to the entire surface of the cell 
membrane (5). Therefore, MUC1 may interact with molecules 
normally expressed at the basolateral membrane, such as 
receptor tyrosine kinases (RTKs), including EGFR. These 
RTKs, in turn, activate several signaling pathways, including 
the PI3K/protein kinase B/Akt, the p38 mitogen‑activated 
protein (MAP) kinase, the c‑Jun N‑terminal kinases (JNK), 
the Janus kinase/signal transducers and activators of transcrip‑
tion (JAK/STAT) and the Src pathways, which are involved 
in cell proliferation, survival and differentiation under normal 
and pathological conditions  (79). Formation of extracel‑
lular connections between MUC1 and EGFR requires the 
MUC1‑C/galectin‑3 interaction (80). Galectin‑3 is member 
of a family of β‑galactoside‑binding lectins, which influence 
biological processes, such as cell adhesion, proliferation, differ‑
entiation, inflammation, angiogenesis and oncogenesis (81,82). 
In addition, altered glycosylation may also affect appropriate 
oligomerization of cell surface receptors and, therefore, their 
sensitivity to stimulation (55,83).

In vitro studies have shown that MUC1‑C can translocate 
from the cell membrane to the mitochondria, where it most 
likely localizes to the MOM (84). The process may be stimu‑
lated by phosphorylation of the MUC1‑CT tyrosine induced 
by fibroblast growth factor‑1 (FGF‑1), which results in MUC1 
binding to the heat shock protein HSP90 chaperone and its 

consequent translocation to the mitochondria (85). It is still not 
fully understood how these proteins are targeted and anchored 
to the MOM. However, it has been shown that Bcl‑xL and Bcl‑2 
integrate with MOM by their C‑termini (84). In cancer cells, 
MUC1‑C is also imported into the nucleus, where it directly 
interacts with specific transcription factors, such as nuclear 
factor‑κB (NF‑κB), and stimulates their transcription (86‑89). 
In addition, MUC1 hypoglycosylation affects its subcellular 
localization via increased intracellular MUC endocytic traf‑
ficking by clathrin‑coated pits (10).

Kufe (83) and Li et al (90) demonstrated that MUC1‑C 
participated in signal transmission from the Wnt/β‑catenin 
pathway to the nucleus. This was facilitated following its  
interactions with p53, STAT3 and estrogen receptor α (ERα) 
(91). The aforementioned pathways are associated with onco‑
genesis (41). In addition, MUC1 can contribute to constitutive 
stimulation of various processes. For example, Ahmad et al 
(92) demonstrated that MUC1‑C interacted with TNF‑R1 
in mammary epithelial MCF‑10A cells and participated in 
TAK1‑mediated phosphorylation of IκB kinase β  (IKKβ), 
formation of the IKKβ‑inhibitor of NF‑κB kinase subunit γ 
(IKKγ) complex and autophosphorylation of IKKβ. Further
more, MUC1 can be regulated by hormone receptors, such as 
ERα, nuclear retinitis pigmentosa GTPase regulator and the 
androgen receptor. Estrogen treatment combined with MUC1 
knockdown results in increased cell death in aromatase 
inhibitor‑resistant cells (93).

4. Role of MUC1 in apoptosis

Several articles have been published regarding the effects of 
MUC1 on apoptosis. In the present study, the diverse interac‑
tions of MUC1 with different factors that lead to the inhibition 
of this process were assessed (Fig. 3).

Role of MUC1 in the intrinsic apoptotic pathway. The 
intrinsic (mitochondrial) pathway of apoptosis is activated in 
response to various stimuli. It has been previously mentioned 
that the treatment of cells with genotoxic anticancer agents 
leads to the release of cytochrome c from the mitochondria 
and the activation of the intrinsic pathway of apoptosis (12,94). 
Ren et al (84) revealed that MUC1‑C expression was associ‑
ated with decreased release of apoptogenic proteins, including 
cytochrome c, Smac/DIABLO and AIF, as well as attenuated 
activation of caspase‑3 and PKC δ type (PKCδ) following cispl‑
atin treatment. It was shown that PKCδ may induce apoptosis 
in lipopolysaccharide‑activated macrophages via regulation 
of TNF production (95). Similar results were obtained when 
HCT116 colon carcinoma cancer cells were treated with 
etoposide (84). Moreover, the release of the aforementioned 
molecules was associated with loss of the mitochondrial 
membrane potential. Therefore, MUC1‑C‑dependent impair‑
ment of mitochondrial pro‑apoptotic factor release attenuates 
the apoptotic response, notably the intrinsic pathway of apop‑
tosis, in response to DNA damage. In contrast to this finding, 
cisplatin treatment of A549 and ZR‑75‑1 cells with transiently 
downregulated MUC1 expression increased the apoptotic 
response (84).

The mitochondrial localization of MUC1 impacts signal 
transduction from the cell membrane to the mitochondria, 
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leading to decreased activation of the intrinsic apoptotic 
pathway (96,97). Bax plays a crucial role among other members 
of the Bcl‑2 protein family in the activation of the mito‑
chondrial pathway of apoptosis (98). During the apoptotic 
process, Bax localizes from the cytosol to MOM, where it 
undergoes conformational changes followed by oligomeriza‑
tion to form a pore necessary for cytochrome c release (99). 
Bax is composed of nine α‑helices. The α2 helix contains 
the Bcl‑2 homology BH3 domain, which is essential for Bax 
homo‑ or hetero‑dimerization with other cysteine‑containing 
proteins, such as the Bcl‑2, Bcl‑xL and Mcl proteins (99,100). 
Ahmad et al (101) showed that MUC1 interacted directly with 
Bax in breast and colon cancer cells. Two cysteines present 
in the MUC1‑C CQC motif participated in the formation of 
MUC1‑C heterodimers. Studies have demonstrated that the 
MUC1‑C CQC motif binds to Cys‑62 in the BH3 domain 
of Bax. This interaction may block the ability of Bax to 
dimerize. It is not currently known whether MUC1‑C binds 
to a secondary Bax BH3 cysteine residue at position 126. 
It has been shown that oxidative stress may promote the 
association between MUC1‑C and Bax (101‑103). In conclu‑
sion, the current data indicate that MUC1‑C attenuates Bax 
dimerization, translocation to MOM and, in turn, the release 
of cytochrome  c, which suppresses the activation of the 

intrinsic apoptotic pathway. Mutations in the MUC1‑C CQC 
motif impair MUC1‑C transport to the nucleus and MOM. 
This mutation abolishes the oncogenic function of MUC1‑C 
and can be used for the development of molecules that may 
block homodimerization and, in turn, MUC1‑C signal trans‑
duction (55).

Nickel acetate (Ni2+) is an agent with genotoxic abili‑
ties  (104,105). The study by Castorina and Giunta  (106) 
revealed that cell death resistance of human bronchial epithe‑
lial cells (Beas‑2B) exposed to Ni2+ was associated with direct 
stimulation of the EGFR by MUC1. This glycoprotein had 
the ability to activate EGFR/ERK1/2 signaling. Decreased 
levels of cleaved caspase‑3 were also noted  (106). These 
results are consistent with those reported in the study by 
Schroeder et al (107), which examined the ability of MUC1 
to enhance EGF binding to the EGFR in breast tumors. In 
non‑small lung cancer, MUC1 promoted activation of the 
PI3K/Akt pathway (108), which was necessary for NF‑κB 
signaling activation  (109). Previous studies have shown 
that the interaction of MUC1‑C with IKKβ/IKKγ complex 
activates NF‑κB signaling  (92,110). Moreover, Akt has 
demonstrated an anti‑apoptotic effect by inhibiting the func‑
tions of specific Bcl‑2 proteins, such as Bad, which interact 
with chaperone protein 14‑3‑3, resulting in the release of 

Figure 3. Schematic representation of the role of MUC1 in apoptosis. MUC1 interacts with FADD DED, blocking the formation of DISC and suppressing 
the induction of the extrinsic apoptotic pathway. Direct association with caspase‑8 inhibits its activation. In addition, MUC1‑C suppresses Bax translocation 
to the MOM and cytochrome c release. Binding of MUC1 to the HSP90/HSP70 complex weakens the activation of the mitochondrial pathway. Moreover, 
direct binding of MUC1 to the p53 regulatory domain is associated with stimulation of growth‑arresting gene transcription, thereby inhibiting apoptosis. 
Bcl, B‑cell lymphoma; Bax, Bcl‑2‑associated X protein; Bcl‑xL, Bcl‑extra large; MUC1, mucin 1; FADD, FAS‑associated with death domain; DED, death 
effector domain; DISC, death inducing signaling complex; MUC1‑C, MUC1 C‑terminal subunit; MOM, mitochondrial outer membrane; HSP, heat shock 
protein; FasL, fatty acid synthetase ligand; FLIP, FLICE (FADD‑like IL‑1β‑converting enzyme)‑inhibitory protein; Bid, BH3 interacting domain death 
agonist; Mcl‑1, induced myeloid leukemia cell differentiation protein; NOXA, NADPH oxidase activator; PUMA, p53 upregulated modulator of apoptosis; 
Smac, second mitochondria‑derived activator of caspase; XIAP, X‑linked inhibitor of apoptosis protein.
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specific anti‑apoptotic proteins (111,112). Therefore, it has 
been hypothesized that chronic exposure to nickel compounds 
in combination with increased MUC1 expression enhances 
epithelial cell resistance to apoptosis and promotes the devel‑
opment of carcinogenesis (106).

An additional study has revealed that MUC1 overex‑
pression may protect cells from oxidative stress‑induced 
apoptosis (85). The abundance of ROS, which are derived from 
the mitochondria, leads to the activation of cell death path‑
ways (113,114). Yin et al (115) observed an increase in MUC1 
transcription and translation in vitro following exposure to 
H2O2. MUC1‑positive cells further demonstrated higher levels 
of antioxidant enzymes. Since H2O2 easily diffuses across the 
cell membrane, it was hypothesized that its transmembrane 
subunit may be associated with a decrease in ROS levels 
in the cells. These results indicated that MUC1 inhibited 
the apoptotic response to oxidative stress by decreasing the 
concentration levels of oxidative molecules (85). The increase 
in ROS levels following MUC1‑C inhibition was recently 
confirmed in mouse embryonic stem cells (116).

Moreover, MUC1 can interact with forkhead box class O 
(FOXO)3a, which is also known as forkhead in rhabdomyo‑
sarcoma‑like 1. FOXO3a is a member of the FOXO family of 
transcription factors that mediate gene transcription following 
dephosphorylation in the nucleus (115,117). MUC1 decreases 
its phosphorylation by attenuating activation of the PI3K/Akt 
pathway. Downregulation of MUC1 in breast cancer cells 
causes inactivation of FOXO3a, which increases the necrotic 
cell response to oxidative stress  (115). Therefore, MUC1 
can play a role in protecting the epithelium from apoptosis 
following injury (84).

The tumor suppressor p53 protein is a product of the 
TP53 gene. This gene is located in humans at the short arm 
of chromosome 17 (17p13.1) (118). p53 plays a role in induc‑
tion of the cell apoptotic response by stimulation of Bax/Bak 
oligomerization or inhibition of anti‑apoptotic Bcl‑2 family 
member function. Loss of p53 activity prevents cells from 
forming a normal response to DNA damage or stress (119). 
Wei et al  (120) reported that MUC1 inhibited the cellular 
response to DNA damage mediated by p53. MUC1 direct 
binding to the regulatory domain of p53 was associated with 
enhanced transcription of growth arrest genes and in turn 
depletion of apoptosis.

Additional evidence has confirmed that MUC1 interacts 
with small non‑coding RNA molecules and microRNAs 
(miR/miRNAs). It is known that miRNAs, such as miR‑136, 
are implicated in specific biological processes, such as the 
cell cycle, proliferation, migration and apoptosis (121,122). 
For example, miR‑136 may function as a suppressor in the 
development of multiple cancer types and its decreased levels 
in human glioma cells can stimulate apoptosis via inhibi‑
tion of astrocyte elevated gene‑1 and Bcl‑2 proteins. It was 
demonstrated that miR‑136 upregulation contributed to the 
induction of apoptosis in esophageal squamous cell carcinoma 
cells via MUC1 inhibition (121). An additional study indicated 
that miR‑145 decreased ovarian cancer cell proliferation and 
invasion by suppressing MUC1 (123). Moreover, breast cancer 
cells with silenced MUC1 expression and overexpression of 
miR‑485‑5p demonstrated inhibition of cell proliferation, 
invasiveness and migration (124).

Role of MUC1 in the extrinsic apoptotic pathway. Cleavage 
of the pro‑apoptotic protein Bid is mediated by caspase‑8 
and results in the formation of tBid, which may induce the 
mitochondrial release of cytochrome c. This allows the 
interaction between the receptor‑mediated and mitochon‑
drial pathways  (27,28,125). Therefore, the modulation of 
the extrinsic pathway response by MUC1 is important. 
Ren et  al  (84) demonstrated that in HCT116 cells MUC1 
attenuated TRAIL‑induced apoptosis. This effect was reversed 
by the addition of cycloheximide. It has also been shown that 
MUC1‑C may inhibit caspase‑8 activation induced by TRAIL, 
TNF‑α and FasL, and consequently block death‑receptor 
signaling (91). Caspase‑8 is composed of an N‑terminal region 
containing two DEDs (1‑183 aa). The p18 (217‑374 aa) and p10 
(385‑480 aa) fragments are derived following cleavage of each 
region. The association of the adaptor protein FADD with 
caspase‑8 via DEDs leads to caspase‑8 dimerization and its 
cleavage to the p18/p10 fragments (91,126). It has been shown 
that MUC1‑C can bind directly to caspase‑8 p18 via its specific 
regions, which contain the aa residues 270‑322 and 1‑20, 
respectively. This binding occurs by interactions other than 
disulfide bonds. MUC1 binding to the p18 region may inter‑
rupt interdimer processing and block caspase activation (91).

MUC1 competition with caspase‑8 for binding to the FADD 
DED may interrupt formation of DISC in vitro. The same 
region of MUC1‑C can bind to other protein partners, such as 
β‑catenin, IKKγ or the HSP90/HSP70 complex (40,92,127). 
Based on this evidence, Agata et al (91) suggested that MUC1‑C 
may have both transmembrane receptor and chaperone‑like 
functions. Moreover, MCF‑10A cells with downregulated 
MUC1 expression exhibited an increase in caspase‑8 activity 
following TNF‑α, FasL and TRAIL stimulation in comparison 
to non‑transformed MCF‑10A cells. Therefore, the ability of 
MUC1‑C to attenuate caspase‑8‑mediated activation of apop‑
tosis could be used by normal epithelial or malignant cells to 
protect them from cell death under inflammatory conditions or 
to enable their survival in an adverse environment (91).

Certain enzymes, such as c‑Jun N‑terminal kinase  1 
(JNK1), are involved in the regulation of the apoptotic process. 
Chen et al  (128) reported that MUC1‑C (1‑45 aa) directly 
binds to JNK1. JNK1 belongs to the superfamily of MAP 
kinases (129). The three following isoforms of JNK have been 
identified: JNK1, JNK2 and JNK3. The first two are expressed 
in a variety of tissues, whereas JNK3 is mainly limited to the 
neurons and heart (130). The JNK signaling pathway can be 
activated by different stimuli, including genotoxic agents, 
TNF‑α, MAP kinase 4 (MKK4) or MKK7. Following its acti‑
vation, JNK1 localizes to the nucleus and phosphorylates the 
effector protein c‑Jun, which in turn influences transcription 
of multiple target genes, including activator protein 1. MUC1 
overexpression contributes to increased activation of JNK1 
and its target c‑Jun following treatment of the cells with geno‑
toxic anticancer agents, such as cisplatin or doxorubicin (128). 
This process decreases the cellular response to apoptotic 
stimuli (128).

Several other studies have also confirmed the significant 
role of MUC1 in apoptosis. Zhang et al (131) demonstrated 
that cell proliferation, invasion, migration, epithelial‑mesen‑
chymal transition and apoptosis in oral squamous cell 
carcinoma (OSCC) may be affected by the activity of specific 
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transcription factors, such as Snail and Slug. Slug is an inva‑
sion‑promoting factor that plays a major role in the inhibition 
of E‑cadherin transcription and the repression of the function 
of the pro‑apoptotic protein PUMA, which in turn leads to 
the induction of cell survival (132,133). It has been shown 
that MUC1 expression in OSCC is positively correlated with 
the expression of Slug, whereas MUC1 gene silencing is 
correlated with a decrease in Slug levels. Therefore, is has 
been suggested that MUC1 silencing is associated with the 
induction of apoptosis and the inhibition of cell proliferation, 
invasion and migration via downregulation of Slug expres‑
sion (131).

The JAK/STAT signaling pathway plays an important 
role in transferring signals from cell membrane receptors 
to the nucleus (134). Overexpression of MUC1 was associ‑
ated with decreased caspase‑3 activation, resulting in a 
decreased apoptotic response in the irradiated hepatocellular 
carcinoma (HCC) SMMC‑7721 cell line. An increase in the 
expression levels of the anti‑apoptotic proteins Mcl‑1 and 
Bcl‑xL was also observed. Yi and Lu  (135) reported that 
resistance to irradiation‑induced apoptosis was associated 
with JAK2/STAT3 signaling pathway activation by MUC1. 
Therefore, this protein contributed to the radioresistance of 
the HCC cells. Escher et al  (93) demonstrated the role of 
MUC1 in enhancing the activity of JAK/STAT, which stimu‑
lated IFN‑induced transmembrane protein 1 expression and 
an aggressive phenotype in breast cancer cells resistant to 
aromatase inhibitors.

Kato  et  al  (136) demonstrated that cells treated with 
polyinosinic:polycytidilic acid exhibited increased activation 
of caspase‑3 and ‑8, IFN regulatory factor 3, NF‑κB and IFN‑β 
following MUC1 silencing in comparison to MUC1‑expressing 
cells. This study further showed that MUC1‑CT attenu‑
ated Toll‑like receptor 3 (TRL3)‑induced apoptosis in lung 
epithelial cells by blocking the interaction between TRL3 
and TIR‑domain‑containing adapter‑inducing IFN‑β (136). 
Moreover, inhibition of MUC1 significantly increased the 
sensitivity of lung and pancreatic cancer cells to the induction 
of apoptosis by anticancer drugs (137,138).

Role of MUC1 in anoikis. Loss of cell adhesion to the 
surrounding matrix or its inappropriate adherence results 
in the activation of a specific type of apoptosis, termed 
anoikis (139). Cell resistance to anoikis is a biological process 
that precedes metastasis. Despite the current understanding 
of the apoptotic process, the mechanism by which metastatic 
cancer cells evade anoikis remains poorly defined. It has been 
previously shown that MUC1 overexpression, which occurs 
mainly in the ECD, blocks anoikis activation. This effect 
may be associated with extensive glycosylation, which forms 
a specific microenvironment on the cell surface and protects 
from activation of anoikis‑initiating factors and death recep‑
tors, such as integrins and Fas, respectively (32,33). One of the 
key enzymes in the O‑glycosylation process is C1GalT1; its 
deficiency leads to the formation of abnormal shortened forms 
of O‑linked sugar chains and is associated with increased 
availability of cell surface receptors for integrin1β, E‑cadherin 
or FasL. These molecular events result in activation of the 
extracellular pathway of apoptosis (31,52). Piyush et al (140) 
demonstrated that suppression of C1GalT1 expression resulted 

in increased expression of the Tn antigen in MUC1‑negative 
HCT116 cells (human colon cancer). However, activation of 
anoikis with a concomitant increase in caspase‑8 activity due 
to binding of FasL to Fas was only noted in MUC1‑positive 
cells (SW620). Therefore, an evident association between 
excessive O‑glycosylation of MUC1 and anoikis resistance 
was observed, primarily due to inhibition of anoikis‑initiating 
molecule activation.

5. Conclusions

MUC1 is a component of mucus that plays a protective role in 
normal epithelial cells. However, during malignant transfor‑
mation, the changes in the expression and glycosylation pattern 
of MUC1 modulate its interactions with other proteins, which 
in turn regulate signal transmission. High levels of MUC1 are 
correlated with a poor prognosis and shorter survival time in 
patients with cancer. In addition, aberrant expression of this 
protein may block drug diffusion through the cell membrane 
and promote survival of cancerous cells, since it has been 
shown to impact both extrinsic and intrinsic apoptotic 
pathways. Therefore, the upregulation of MUC1‑dependent 
attenuation of apoptotic response indicates the potential role 
of this protein in cancer therapy. Despite extensive evidence 
reported on the mechanism of action of MUC1 with regard to 
cell death, a number of aspects remain unresolved. Therefore, 
additional studies are necessary to further elucidate such 
interactions.
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