pharmaceuticals

Review

Mucinl and Mucin16: Therapeutic Targets for Cancer Therapy

Dong-Hee Lee !, Seunghyun Choi 2, Yoon Park >* and Hyung-seung Jin *

Citation: Lee, D.-H; Choi, S.; Park, Y;
Jin, H.-s. Mucinl and Mucin16:
Therapeutic Targets for Cancer
Therapy. Pharmaceuticals 2021, 14,
1053. https://doi.org/10.3390/
ph14101053

Academic Editors: Mary J. Meegan
and Niamh M O’Boyle

Received: 29 September 2021
Accepted: 14 October 2021
Published: 17 October 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Department of Convergence Medicine, Asan Institute for Life Sciences, Asan Medical Center, University of
Ulsan College of Medicine, Seoul 05505, Korea; dhlee3342@gmail.com

2 Center for Theragnosis, Biomedical Research Institute, Korea Institute of Science and Technology (KIST),

Seoul 02792, Korea; 221508@kist.re. kr

Correspondence: ypark@kist.re kr (Y.P.) and hsjin@amc.seoul.kr (H.-s.].)

Abstract: The mucin (MUC) family is a group of highly glycosylated macromolecules that are abun-
dantly expressed in mammalian epithelial cells. MUC proteins contribute to the formation of the
mucus barrier and thus have protective functions against infection. Interestingly, some MUC pro-
teins are aberrantly expressed in cancer cells and are involved in cancer development and progres-
sion, including cell growth, proliferation, the inhibition of apoptosis, chemoresistance, metabolic
reprogramming, and immune evasion. With their unique biological and structural features, MUC
proteins have been considered promising therapeutic targets and also biomarkers for human cancer.
In this review, we discuss the biological roles of the transmembrane mucins MUC1 and MUC16 in
the context of hallmarks of cancer and current efforts to develop MUC1- and MUC16-targeted ther-
apies.

Keywords: mucin; MUC1; MUC16; immunotherapy; cancer vaccine; CAR (chimeric antigen recep-
tor); ADC (antibody-drug conjugate)

1. Introduction

Mucins are large and highly glycosylated proteins that provide hydration and lubri-
cation to the epithelial luminal surface of body duct, including the gastrointestinal, res-
piratory, and reproductive tracts. Mucins also act as a physical barrier against various
pathogens in the epithelium [1,2]. Mucins are classified into two types: secreted or trans-
membrane (membrane-bound) mucins. Secreted mucins are comprised of gel-forming
and non-gel-forming mucins, and include MUC2, MUC5AC, MUC5B, MUC6, MUC?,
MUCS8, MUC9 (OVGP1), and MUC19. Transmembrane mucins, comprising a single mem-
brane-spanning domain and a cytoplasmic domain, have been identified as MUC1,
MUC3A, MUC3B, MUC4, MUC12, MUC13, MUC14 (endomucin), MUC15, MUC16,
MUC17, MUC20, MUC21 (epiglycanin), and MUC22 [3,4].

MUCT1 was the first mucin to be identified [5]. After its initial identification in human
pancreatic cancer [6,7], MUC1 expression has been detected in most epithelial cells [8]. In
addition, it has been reported that MUCI is overexpressed in a variety of cancer tissues
including in pancreatic, breast, ovarian, lung, and colon carcinomas [9]. The aberrant ex-
pression of MUC1 can induce a loss of polarity of epithelial cells and altered downstream
signals through its cytoplasmic domain [2,10]. Ectopically expressed MUC1 in rat fibro-
blasts induces their cellular transformation and tumor formation in the mouse [11]. In
addition, a series of findings have indicated that MUC1 is an attractive target for anti-
cancer treatment [12-15].

MUCI16 (also known as carbohydrate antigen 125, CA125) is the largest transmem-
brane mucin and is normally expressed in the epithelium of the upper respiratory tract,
ocular surface, mesothelium lining body cavities (pleural, peritoneal, and pelvic cavities),
internal organs, and male and female reproductive organs [16-18]. Since MUC16 is known
to be overexpressed on the surface of ovarian cancer cells and cleaved/shed into blood, it
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is a well-established serum biomarker for ovarian cancer [19]. Even though signaling
pathways via the MUC16 cytoplasmic domain are largely unknown, a strong correlation
between the serum CA125/MUCI16 level and ovarian cancer prognosis also suggests that
MUCT16 is a potential therapeutic target for the treatment of ovarian cancer [20].

A variety of therapeutic agents have been explored to target onco-mucins for cancer
treatment. The extracellular domain of membrane-bound mucins on the surface of cancer
cells can be a potential target for monoclonal antibody-based cancer therapeutics [21,22].
It is also feasible to modulate signaling pathways directly through the cytoplasmic do-
main of mucins or to boost the host immune reaction against tumor via vaccinations with
mucin antigens [22]. The purpose of this review is to summarize both intrinsic and extrin-
sic roles of MUC1 and MUC16 in modulating tumorigenesis and the recent advances
made in exploiting the therapeutic potential of these transmembrane mucins.

2. Transmembrane Mucin Structure
2.1. Core structural Characteristics

Transmembrane mucins are type I membrane proteins with a single membrane span.
Their N-terminal extracellular region comprises a tandem-repeat (TR) domain, SEA (sea
urchin sperm protein enterokinase and agrin) domain, and/or an EGF (epidermal growth
factor)-like domain [2]. The TR domain contains a variable number of repeated amino acid
sequences and is rich in serine, threonine, and proline (S/T/P). These S/T/P residues are
the sites for O-linked N-acetylgalactosamine (GalNAc) addition to initiate further N-
linked glycosylation chain reactions [23]. The TR domain underlies the physical and chem-
ical features of these molecules, such as lubrication or immune protection, due to its highly
glycosylated structure. The SEA domain has a highly conserved cleavage site located close
to the outside of the cell membrane. Proteolytic cleavage of transmembrane mucins di-
vides them into an N-terminal subunit containing an extracellular TR and C-terminal sub-
unit harboring the transmembrane and cytoplasmic domains. These two subunits can
form a non-covalent and stable complex [10]. The EGF-like domain shares sequence ho-
mology with growth factors such as EGF or cytokines and interacts with growth factor
receptors such as the ErbB receptor [24]. The cytoplasmic domain of transmembrane mu-
cins is relatively short. Due to the presence of known protein-binding motifs and tyrosine
residues for phosphorylation, this domain is considered to have a role in signal transduc-
tion. The specific structures of MUC1 and MUCI16 are described below in more detail.

2.2. Structure of MUC1

MUC1, also known as EMA (tumor-associated epithelial membrane antigen) or
CD227, is a large, glycosylated protein with expected molecular weights ranging from 120
to 500 kDa, depending on the glycosylation status. A variable number tandem repeat
(VNTR) domain in MUCI1 consists of 20-125 repeats of a 20 amino acid sequence
(PAPGSTAPPAHGVTSAPDTR). MUC1 also contains a 110 amino acid long single SEA,
short transmembrane region, and 74 amino acids of cytoplasmic region (Figure 1A). Its
cytoplasmic domain has several short (4~9 amino acid long) protein-binding motifs that
facilitate its interaction with GSK3 (glycogen synthase kinase 3 beta), 3-catenin, GRB2
(growth factor receptor-bound protein 2), SRC, and ESR1 (estrogen receptor 1) [25-30]. It
also possesses a p53 binding region, which is a relatively long 37 amino acid sequence
[31]. MUC1 has several isoforms, some of which do not have TR regions, such as the J13
or Y variants [32-34].

2.3. Structure of MUC16

MUC16 is the largest transmembrane mucin and comprises ~14,000 amino acids with
molecular weights ranging from 1.5 to 5 MDa. MUC16 contains three major domains: an
N-terminal domain (MUC16-N), a tandem repeat domain (MUC16-TR), and a C-terminal
domain (MUC16-C) (Figure 1B). Its N-terminal domain contains multiple serine-rich
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A. MUC1

regions inside of a ~12,000 amino acid long threonine-rich region, which is exclusively O-
glycosylated. The TR domain contains 12~60 repeats of 156 amino acids with an inter-
spersed SEA domain, which harbors both O-linked and N-linked glycosylation sites [35].
Unlike MUC1, MUC16 has been known to contain 16 SEA modules [36]. The C-terminal
domain of MUC16 comprises an extracellular domain, short transmembrane region, and
a 32 amino acid cytoplasmic domain. The cytoplasmic domain of MUC16 contains a pol-
ybasic amino acid motif (RRRKK) that associates with ezrin/radixin/moesin (ERM) actin-
binding proteins [37]. The MUC16 cytoplasmic domain also contains several serine/thre-
onine/tyrosine residues; the third tyrosine residue of the cytoplasmic domain is known to
be phosphorylated by c-Src kinase [35,38].

B. MUC16
MUC16-N
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MUC1-N MUC16-TR
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Figure 1. Schematic representation of the MUC1 and MUC16 structures. (A) MUC1 is a stable heterodimeric complex with
an N-terminal subunit (MUC1-N) and C-terminal subunit (MUC1-C). The variable number tandem repeat (VNTR) region
in MUCI-N is composed of a 20 amino acid repeat sequence that is extensively O-glycosylated at the serine and threonine
residues. SEA domain is auto-cleaved and non-covalently linked to the extracellular domain (ECD) of the MUC1-C subu-
nit. MUC1-C is anchored in the plasma membrane of cells via its transmembrane domain (TMD). The cytoplasmic domain
(CD) of MUCI contains potential binding motifs for various signaling proteins with phosphorylation sites. (B) MUC16 is
a single transmembrane glycoprotein consisting of a large N-terminal domain (MUC16-N) and tandem repeat domain
(MUC16-TR) that is interspersed with an SEA domain and C-terminal domain (MUC16-C).

3. The Role of Transmembrane Mucins in Tumorigenesis

Transmembrane mucins have long been considered promising anti-cancer targets be-
cause they are abnormally overexpressed in various carcinomas of the lung [39-41], breast
[42—44], pancreas [45—47], digestive tract [48-51], and ovary [52,53]. Among the transmem-
brane mucin family, MUC1 and MUC16 are the most well-studied in terms of their clinical
significance in tumorigenesis. To determine differences of MUC1 and MUC16 expression
in tumor and normal tissues, the MUCI and MUC16 mRNA levels in multiple types of
tumor tissues were analyzed in the cancer genomics database TCGA (The Cancer Genome
Atlas) (Figure 2). MUCI expression was higher in BRCA (breast invasive carcinoma),
CESC (cervical squamous cell carcinoma and endocervical adenocarcinoma), GBM (glio-
blastoma), LGG (brain lower grade glioma), DLBC (lymphoid neoplasm diffuse large B-
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cell lymphoma), PAAD (pancreatic adenocarcinoma), OV (ovarian serous cystadenocar-
cinoma), THYM (thymoma), and UCEC (uterine corpus endometrial carcinoma) com-
pared with adjacent normal tissues. On the contrary, lower expression was observed in
ACC (adrenocortical carcinoma), KIRC (kidney renal clear cell carcinoma), KIRP (kidney
renal papillary cell carcinoma), LAML (acute myeloid leukemia), LUSC (lung squamous
cell carcinoma), SKCM (skin cutaneous melanoma), and TGCT (testicular germ cell tu-
mors). MUC16 expression was significantly higher in the LUAD (lung adenocarcinoma),
OV, PAAD, UCEC, and UCS (uterine carcinosarcoma) compared with adjacent normal
tissues.

Tumorigenesis is a complex process involving a variety of events inside and outside
of transformed cells. Abnormal alterations of these biological events are well-character-
ized as “hallmarks of cancer” [54]. Although each hallmark of cancer is initiated by a spe-
cific gene, some genes are known as multifunctional master regulators of several hall-
marks. Many reports have suggested that transmembrane mucins may play multiple roles
in tumorigenesis and tumor progression. We here summarize the detailed tumorigenic
roles of MUC1 and MUC16 in the context of cancer hallmarks.
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10 4
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Figure 2. MUC1 and MUC16 mRNA expression in tumor and normal tissues. Pan-cancer expression analysis of MUC1
and MUC16 genes was conducted using the GEPIA2 web server [55]. Tumor tissues (T, red dots) represent TCGA tumors.
Normal tissues (N, green dots) represent TCGA and GTEx normal tissues. Expression values are presented as log-normal-
ized transcripts per million (TPM) with median values (horizontal black bar). The red and green colors of the cancer type
abbreviations denote that MUC1I or MUC16 gene expression in significantly higher or lower in these tumor tissues com-
pared with normal tissues. (A) MUCT is overexpressed in tumors of the breast (BRCA), cervix (CESC), brain (GBM, LGG),
B-cell (DLBC), pancreas (PAAD), ovary (OV), thymus (THYM), and uterus (UCEC). (B) MUC16 is overexpressed in tumors
of the lung (LUAD), ovary (OV), pancreas (PAAD), and uterus (UCEC and UCS).
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3.1. Uncontrolled Proliferation

One of the essential hallmarks of cancer cells is an unlimited proliferative potential
sustained by abnormal growth signaling pathways. Constitutive activation of growth fac-
tor signaling is conferred by oncogenic mutations or by the overexpression of receptor
tyrosine kinases (RTKs), followed by protein—protein interactions that transmit down-
stream signals [56]. The cytoplasmic domain of MUC1 has several protein-binding motifs
and phosphorylation sites that are important for protein—protein interactions. RTKs are
known to interact directly with MUC1 for oncogenic signaling. ErbB is a family of RTKSs
consisting of ErbB1 (also known as EGF receptor), ErbB2 (also known as HER2/Neu),
ErbB3, and ErbB4. MUC1 interacts with all of the ErbB family receptors to transmit onco-
genic signaling reciprocally. The cytoplasmic domain of MUC1 was found in breast cancer
cell lines to be phosphorylated by ErbB1 at the YEKV motif, resulting in c-Src and {3-
catenin recruitment and downstream signaling [57]. Reciprocally, MUC1 also potentiates
ErbB signaling. The increased expression of MUC1 activates MAPK signaling through a
physical interaction with ErbB1 and inhibition of ErbB1 degradation in breast cancer cells
[58,59]. MUC1 also binds to fibroblast growth factor receptor 3 (FGFR3), another key RTK
in tumorigenesis. Upon FGF1 ligand stimulation, FGFR3 interacts with MUC1 and phos-
phorylates the YEKV motif of the MUC1 cytoplasmic domain. This phosphorylated
MUCI1 forms a complex with p-catenin and translocates into the nucleus [60]. MUC1 also
increases cytosolic [3-catenin levels by inhibiting GSK3B-mediated phosphorylation and
degradation. A serine-rich motif (SRM) of MUC1 interacts directly with the Armadillo
repeats of 3-catenin [61].

Estrogen receptor alpha (ERa) is a nuclear receptor that acts as an oncogene in a spe-
cific type of hormone-dependent (ER+) breast cancer. The nuclear localization and dimer-
ization of ERa by estrogen stimuli activates the transcription of genes that contain an es-
trogen response element (ERE) within their regulatory regions. MUC1 interacts with the
DNA-binding domain of ERa directly and thereby stabilizes ERa by blocking pro-
teasomal degradation, resulting in enhanced ERa response gene transcription and the
proliferation of breast cancer cells [29].

3.2. Evading Cell Death and Resistance to Stress

Another important hallmark of cancer is resistance to apoptotic cell death. Fast pro-
liferating cancer cells face various stress conditions arising from internal (e.g., DNA rep-
lication, protein translation and degradation, and mitochondrial respiration) or external
(e.g., tumor microenvironment and anti-cancer drugs) factors. Cellular stress pathways
usually accompany apoptotic signals to eliminate damaged or transformed cells. Cancer
cells evade stress-induced apoptosis through various mechanisms, and MUCI has a pro-
tective role that contributes to this survival. First, MUC1 attenuates the genotoxic stress
induced by DNA damage from DNA replication mechanisms or the actions of anti-cancer
drugs. MUC1 regulates p53-dependent gene transcription through its direct association
with the p53 regulatory domain and p53-responsive element. Upon treatment of cancer
cells with DNA damage inducing agents (e.g., cisplatin and etoposide), MUC1 promotes
transcription of growth arrest genes and suppresses p53-dependent apoptotic genes,
thereby promoting the survival of these cells upon exposure to anti-cancer agents [31]. On
the other hand, MUCI1 directly exploits the drug efflux system through the transcription
of multidrug resistance (MDR) genes, which has been reported to protect both lung and
pancreatic cancer cells from chemotherapeutics [62,63].

MUCT1 attenuates mitochondrial apoptotic factors such as cytochrome c or Bel-xL (B-
cell lymphoma-extra-large), protecting cancer cells from anti-cancer genotoxins such as
cytarabine, gemcitabine, and cisplatin [64,65]. Upon genotoxic stress, c-Abl combined
with 14-3-3 protein localizes in the nucleus where it activates the proapoptotic c-Jun N-
terminal kinase (JNK) pathway [66]. MUC1 blocks this nuclear translocation of the c-Abl
protein and thereby inhibits the apoptotic response to genotoxic anti-cancer drugs [67].
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The constitutive activation of the NF-kB pathway is another anti-apoptotic mechanism
activated by genotoxic stress. Oncogenic MUC1 promotes the phosphorylation and deg-
radation of IxkBa via an association with IKK{3 and IKKy [68].

MUCI1 provides survival advantage to cancer cells by scavenging oxidative stress.
MUC1 dephosphorylates and activates FOXO3a, which is tightly regulated by the
PI3K/AKT pathway. FOXO3a activation induces its nuclear localization and the subse-
quent transcription activation of ROS scavenging genes. The stable downregulation of
MUCT1 has been shown to increase the intracellular ROS levels and sensitize breast cancer
cells to ROS-induced necrosis [69].

Cancer cells are exposed to Fas (CD95/APO-1) and the Fas ligand (FasL) mediated
apoptosis pathway when engaged by tumor-killing lymphocytes. The MUC1 cytoplasmic
domain binds to Fas-associated death domain (FADD) and regulates FADD-induced
caspase-8 activation. Hence, MUC1-high expressing cancer cells can evade the extrinsic
apoptosis pathway [70].

MUCI16 is also known to play an anti-apoptotic role in cancer cells. The ectopic ex-
pression of the c-terminal domain of MUC16 induces cisplatin resistance in ovarian cancer
cells [71]. Lakshmanan et al. have also previously demonstrated a chemoresistant role of
MUC16 in lung cancer cells that is mediated through the suppression of p53 [72]. Alt-
hough its binding partners and precise molecular mechanisms underlying the resistance
phenotypes are still unknown, the cytoplasmic domain of MUC16 is believed to have a
signaling role that is comparable to MUC1.

3.3. Reprogramming Energy Metabolism

Since aerobic glycolysis was proposed as a unique glucose metabolic process in can-
cer, reprogramming pathways for acquiring nutrients and their subsequent metabolism
are also an accepted cancer hallmark [54,73]. The altered expression of mucins in various
cancer tissues is additionally suggested as a mediator of this reprogramming of energy
metabolism. Chaika et al. demonstrated in an earlier study that MUCI increases the glu-
cose metabolism levels in pancreatic cancer. MUC1 overexpression also showed an asso-
ciation with increased glucose uptake, and with HIF-1a, GLUT1, and LDHA protein ex-
pression, in an orthotopic mouse model of pancreatic cancer. MUC1, together with HIF-
1a, binds to the hypoxia response element (HRE) in the promoter region of the key gly-
colysis enzymes ENO1 and PGM2. Furthermore, a prior metabolomics study has illus-
trated a global metabolic shift, including amino acid metabolism and the TCA cycle, as
well as glycolysis, in MUC1-overexpressing pancreatic cells [74]. MUC16 also has a similar
role in metabolic reprogramming in pancreatic cancer through the mTOR (mammalian
target of rapamycin) and c-MYC pathways [75]. Another study has suggested a role of the
cytoplasmic domain of MUCT in these processes. Rat fibroblasts transformed via the ec-
topic expression of MUC1 show altered glucose uptake and lactate production. MUC1
stimulates pyruvate kinase M2 (PKM2), a key mediator of anaerobic glycolysis, through a
direct association [76]. MUC1 also contributes to altering the pentose phosphate pathway
(PPP) and the nucleotide metabolism of pancreatic cancer cells. Inducing sufficient DNA
damage is necessary to kill cancer cells during radiation therapy. However, cancer cells
can be protected from DNA damage stress by an upregulated PPP and stronger nucleotide
metabolism to secure a larger nucleotide pool [77]. High MUC1 expression also reduces
cancer cell sensitivity to radiation in vitro and in vivo. This resistance is reverted by in-
hibiting glycolysis and the PPP with 3-bromopyruvate (BrPA) and 6-amino nicotinamide
(6AN), respectively [78].

Altered lipid metabolism is also associated with cancer progression. Since cancer cells
use lipids as signaling molecules as well as building blocks or an energy source, altered
lipid metabolism is observed in the pathogenesis of cancer [79]. Pitroda et al. proposed a
38-gene set, designated as MLMS (MUC1-induced lipid metabolism signature), that con-
sists of differentially expressed genes associated with lipid metabolism in MUCl1-trans-
formed 3Y1 cells. The MLMS contains genes involved in cholesterol metabolism, lipid
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transport, and fatty acid synthesis. MLMS overexpression is associated with a poor prog-
nosis in tamoxifen-treated breast cancer patients, suggesting that altered lipid metabolism
may induce tamoxifen resistance [80]. MLMS gene expression patterns are correlated with
ER-dependent gene expression, as MUC1 binds to the ERE in association with ERa [29].

3.4. EMT and Metastasis

Invasion and metastasis are closely related to a poor prognosis in cancer patients. The
epithelial-mesenchymal transition (EMT) is the first stage in cancer cell movement, which
is represented by a loss of cell polarity. Along with the concurrent phenotypic changes,
the molecular mechanisms underlying EMT have been well-studied [81]. Recently, a series
of studies has lent support to the role of the mucins in the EMT in breast and pancreatic
cancers. Analyses of MUCI-overexpressing cells and knockout mouse models have
demonstrated that the EMT process is strongly affected by MUCI in pancreatic cancer. As
an example of this, the EMT is blocked when all tyrosine residues in the MUC1 cytoplas-
mic domain are substituted for phenylalanine. This MUC1 mutant cannot bind to (-
catenin and therefore fails to translocate to the nucleus to promote the transcription of
EMT genes [82]. Grover et al. have reported similar findings—i.e., that the tyrosine resi-
dues of the MUC1 cytoplasmic domain are important for TGF-f-induced EMT in pancre-
atic cancer [83]. The direct association of MUC1 to TWIST1 and ZEB1 (zinc-finger E-box-
binding homeobox 1) has also been shown to regulate the EMT process in breast cancer
when two major immune-related signal pathways are activated —i.e., STAT3 (signal trans-
ducer and activator of transcription 3) and NF-kB, respectively [84,85].

MUCI16 is also a mediator of EMT in pancreatic cancer, and its knockdown results in
a decreased migration of cancer cells in vitro and reduced metastasis in vivo. Indeed, the
recently described interaction between MUC16 and FAK is suggested as a mechanism of
pancreatic cancer metastasis [86]. Lakshmanan et al. have demonstrated that MUC16 is
expressed in the metastatic lymph nodes of lung cancer patients. A MUC16 knockdown
also markedly decreases lung cancer cell migration via JAK2/STAT3/GR (glucocorticoid
receptor)-mediated TSPYL5 (testis-specific protein Y-encoded-like 5) downregulation
[72].

3.5. Avoiding Immune Surveillance

The host immune system continuously eliminates newly transformed cancerous cells
by recognizing tumor-specific antigens or cellular stress-induced markers [87]. This pro-
cess, referred to as “immune surveillance”, is a major hurdle to be overcome by cancer
cells for their propagation [88]. Since mucins expressed in normal epithelial tracts have an
important role in mucosal immunity against bacterial infection, cancer-associated mucins
have been thought to modulate cancer immunity. Mucins engage several strategies to
avoid host immunity, including (1) blocking the interaction between immune cells and
cancer cells, (2) modulating immune cell signaling via co-stimulatory or co-inhibitory mol-
ecules, and (3) regulating proinflammatory cytokine production. Because of the large and
glycosylated structure of their extracellular region, mucin proteins have an inhibitory role
against cell-cell interactions [89,90].

Immune cell infiltration analysis of TCGA samples has indicated a strong negative
correlation between mucin mRNA expression and cytotoxic lymphocyte infiltration of a
tumor (Figures 2 and 3) [91]. The infiltration of CD8+ T cells was indicated to be signifi-
cantly lower in MUC1-high tumors (BRCA, GBM, LGG, PAAD, THYM, and UCEC) and
MUC16-high ovarian cancer, which was assessed by several prediction algorithms. Low
NK cell infiltration was also predicted by MUC1-high BRCA, GBM, LGG, and UCEC, but
this correlation was found to be relatively weaker than that for CD8+ T cell infiltration
(Figure 3). Although the mechanism of reduced T or NK infiltration of mucin-high tumors
is not yet fully elucidated, several studies have reported immune suppression mecha-
nisms that support these aforementioned results.
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Figure 3. Correlation between mucin expression and tumor-infiltrating T and NK cells. Tumor infiltration analysis of CD8+
T cells and NK cells was conducted using the TIMER2.0 web portal [91]. The row names in the heatmap represent the
TCGA tumor types and number of samples analyzed. Various deconvolution methods were applied to the prediction of
tumor-infiltrating immune cells using TCGA bulk RNAseq data. The deconvolution methods are indicated by the column
names, along with the type of lymphocyte, i.e., TIMER [92], EPIC [93], MCP-counter [94], CIBERSORT [95], quanTIseq [96]

and xCell [97].

Overexpressed MUC1 and MUCH4 on the surfaces of cancer cells provide steric hin-
drance for the conjugation between cancer cells and cytotoxic lymphocytes, resulting in a
decreased cancer cell lysis [98,99]. Glycosylated MUC1 on cancer cells directly binds to
selectin or siglec family proteins expressed on immune cells including macrophages and
suppresses their functions [100-102]. Furthermore, MUC1 plays as an immune checkpoint
molecule by binding to intercellular adhesion molecule 1 (ICAM-1) on T cells and inhibit-
ing their functions [103,104]. Cancer-associated MUC1 inhibits dendritic cell (DC) matu-
ration and promotes IL-10hsh[L-12ow regulatory DC differentiation, which enables tumors
to escape immune surveillance [105,106]. MUC1 is also expressed on DCs that contribute
to the suppression of immune responses. In MUC1-deficient mice, DCs showed a more
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activated phenotype with higher expression of co-stimulatory molecules, including CD40,
CD80, and CD86, leading to an augmented CD4+ T cell activation [107]. The ovarian can-
cer antigen MUC16 (CA125) is known to interact with the immune suppressive molecule
galectin-1 and with mesothelin on leukocytes [108,109]. Ovarian cancer cell-derived
MUCT16 induces an attenuated cytotoxic activity of human NK cells with phenotypic al-
terations [110,111]. MUC1 also plays an intrinsic role in cancer cell immune evasion
through its cytoplasmic domain. MUC1 upregulates programmed death-ligand 1 (PD-L1)
expression in non-small cell lung cancer (NSCLC), and this is reversed by the MUC1 cy-
toplasmic domain inhibitor GO-203. The p65/ZEB1 pathway that regulates the transcrip-
tion of PD-L1, as well as TLR9, IFN-y, MCP-1 (monocyte chemoattractant protein-1), and
GM-CSF (granulocyte-macrophage colony-stimulating factor) in cancer cells, is activated
by MUC1 [112]. The similar mechanism of PD-L1 upregulation by MUC1 was reported in
triple-negative breast cancer (TNBC) [113]. Proinflammatory cytokines are important for
boosting the immune response to cancer cells. Reciprocally, these cytokines also stimulate
mucin overexpression in various cancer cells. Interleukin-6 (IL-6) and IFN-y activate
STAT3 and STAT1 proteins, which bind to the MUC1 promoter region to enhance gene
transcription in breast cancer cells [114]. TNF-a and IFN-y increase MUC16 expression in
breast, endometrial, and ovarian cancers via NF-kB-mediated transcription regulation
[115]. Conversely, MUC1 promotes the expression of proinflammatory cytokines such as
IL-6 and TNF-a by binding to their promoter regions, resulting in a feedback loop that
promotes chronic inflammation in the malignant microenvironment [116].

4. Targeting Transmembrane Mucins for Cancer Treatment

Many studies have demonstrated that the mucin family of proteins are promising
targets for cancer therapeutics. Due to their roles in cancer signal transduction pathways,
the signaling pathways of transmembrane mucins may have particular potential in anti-
tumor therapy research. The extracellular domain of membrane-bound mucins can also
be a good target for antibody-mediated therapies such as neutralizing antibodies, chi-
meric antigen receptors (CARs), bi-specific T-cell engagers (BiTEs), and antibody-drug
conjugates (ADCs). The cancer-specific expression of certain mucin proteins also suggests
the possibility of developing a mucin antigen-based cancer vaccine [117]. We describe be-
low the current attempts at developing mucin-targeted cancer therapeutics (Figure 4).
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Figure 4. Anti-cancer therapeutic candidates that target MUC1 and MUC16. The aberrant expression of MUC1 and MUC16
in tumors provides potential strategies for targeting these molecules to kill cancer cells. (A) The direct MUCI inhibitor
GO-203 is a cell-permeable peptide that binds and blocks MUC1-C. (B) The extracellular domain of mucin in cancer cells
is a potential target for monoclonal antibody-based therapies. ADCs dump toxins into cancer cells through the endocytosis
of MUC1- and MUC16-binding antibodies. BiTE can recruit CD3+ or CD28+ cytotoxic T lymphocytes to MUC1- or MUC16-
overexpressing cancer cells. CAR-T or NK cells directly kill cancer cells by recognizing MUC1 and MUC16 antigens. (C)
Cancer vaccines elicit an active immune response by stimulating antigen-presenting cells (e.g., dendritic cells) against
mucin protein antigens.

4.1. Therapeutic Targeting of MUC1

MUCT1 therapeutic candidates are under development for a variety of cancer types,
including both solid and blood cancers (Table 1). The absence of an enzymatic pocket in-
side the MUCI1 protein prevents its targeting by a small molecule inhibitor, but peptide
inhibitors and RNA aptamers may be viable options for direct-binding inhibitors of
MUC1. GO-203 is a cell-penetrating peptide inhibitor of MUC1 dimerization through its
direct binding to the CQCRRK region of the MUC1 cytoplasmic domain [118]. The cyto-
plasmic domain of MUC1 binds a number of key oncogenic proteins, and a block of the
dimerization of MUC1 could have anti-tumor effects through a variety of mechanisms,
depending on the cell type. Since AKT-S6K1-eIF4A is one of the main pathways altered
by MUC1, GO-203 has anti-tumor potency by blocking the AKT pathway in multiple tu-
mor types, such as colon, esophageal, bladder, and breast [119-122]. GO-203 also shows
potential in combination with standard chemotherapies in chemo-resistant cancer cells or
hard-to-treat cancer types [121,122]. In TNBC, GO-203 combined with the PARP (poly
(ADP-ribose) polymerase) inhibitor olaparib shows anti-cancer potency by blocking
MUC1-C-induced epigenetic reprogramming and activating the DNA damage response
[123]. In KRAS mutant lung adenocarcinoma, GO-203 suppresses MUC1-induced MYC
transcription synergically when combined with the JQ-1 BET inhibitor [124]. GO-203 also
shows synergism with lenalidomide and bortezomib against drug-resistant multiple my-
eloma by regulating TCF4/p-catenin and ER/oxidative stress mechanisms, respectively
[125,126]. GO-203 further provides anti-cancer effects against FLT3-mutant leukemia and
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T cell lymphoma [127,128]. Moreover, in association with the tumor immune microenvi-
ronment, GO-203 is known to suppress PD-L1 and induce IFN-y in NSCLC [129].

Selective RNA aptamer binding to the extracellular domain of MUCT1 is another strat-
egy for targeting MUC1-high cancer cells. Perepelyuk et al. have previously designed
MUCI1-aptamer-hybrid nanoparticles to deliver anti-tumor microRNAs into MUC1-over-
expressing cancer cells. These miRNA-29b-loaded hybrid nanoparticles (MAFMILHNSs)
show anti-tumor effects in a lung cancer mouse model by downregulating DNMT3B
(DNA methyltransferase 3 beta), a direct target of the miRNA payload [130]. Furthermore,
using a dual payload strategy, geistein-miRNA-29b-biconjugate hybrid nanoparticles
(GMLHNSs) showed a greater potency than a single payload nanoparticle in a mouse lung
cancer model by targeting AKT, PI3K, DNMT3B, and MCL-1 (myeloid cell leukemia-1)
[131].

Recent advances in antibody technology have led to a variety of antibody-based ther-
apeutics, such as ADC, BiTE, and CAR therapies, as well as neutralizing therapeutic anti-
body approaches. BM7-PE and M-1231 are the leading candidates for MUC1 ADCs in pre-
sent clinical trials. BM7-PE, developed at Oslo University Hospital, comprises anti-MUC1
antibody BM7, conjugated to pseudomonas exotoxin A (PE). In a preclinical study, BM7-
PE has shown anti-metastatic effects and promoted long-term survival in a breast cancer
nude rat model [132]. BM7-PE is now in a phase 1/2 clinical trial for metastatic colorectal
cancer (NCT04550897). M-1231 is a bispecific antibody—drug conjugate targeting the epi-
dermal growth factor receptor (EGFR) and MUC1, and it is now in a phase 1 clinical trial
for various metastatic solid tumors. Pab-001 is the first-in-class therapeutic antibody to
target OT-MUC1 (onco-tethered MUC1). The highly glycosylated region of transmem-
brane MUC1 is prone to cleavage by extracellular matrix proteases. The cleaved MUC1-N
subunit is released into the blood, thereby sequestering the anti-MUC1 antibody that rec-
ognizes the shed MUC1-N domain. Pab-001 targets the extracellular portion of the cleaved
MUCI1-C subunit to overcome this drawback [133,134]. Pab-001-MMAE ADC has shown
promising results against TNBC and other cancers in various preclinical settings. DS-3939
is a PankoMab-GEX (gatipotuzumab) ADC [135], targeting a tumor-specific mucin carbo-
hydrate-protein epitope (TA-MUC1). Bispecific antibodies using PankoMab are under de-
velopment. PM-CD3-GEX is a BiTE (bispecific T cell engager), which recruits anti-tumor
CD3* T cells to MUC1-expressing cancer cells. PM-IL15-GEX is an immunocytokine that
combines interleukin-15 with PankoMab-GEX to stimulate anti-tumorigenic NK or T cells.
PM-PDL-GEX is a trifunctional antibody targeting MUC1, PD-L1, and Fc R. PD-L1 inhi-
bition and Fc R activation act as an immunostimulant for anti-tumor leukocytes.

After remarkable successes against B cell lymphoma and multiple myeloma, chimeric
antigen receptor (CAR) technology is seeking new target molecules for the expansion of
its application to solid tumors. Since MUC1 is such a target candidate due to its aberrant
expression in various solid tumors, several CAR therapies targeting MUC1 antigen are
now under development. It must be noted however that the basal expression of MUC1 in
normal tissues can induce significant adverse effects (Figure 2). This has led to new strat-
egies in anti-MUC1 CAR therapies to ensure its safety and efficacy. We below describe
recent advances in this regard.

Tn-MUC1 CAR developed by Tmunity Therapeutics is a leading MUC1 CAR-T cell
therapy that is currently under phase 1 clinical trial (NCT04025216). Because Tn (Gal-
NAc 1-O-Ser/Thr) is the most prevalent abnormal glycoform found in cancer tissues, the
Tn glycoform of MUC1 (Tn-MUC1) is a promising target for CAR therapy. Tn-MUC1
CAR-T has shown anti-tumor potency against T cell lymphomas and pancreatic tumors
in a target-specific manner [136]. The MUC-1 pCAR developed by Leucid Bio is a parallel
CAR (pCAR) platform that introduces two chimeric antigen receptors side-by-side with
different antigen-binding domains and with co-stimulatory domains or cytokine-stimula-
tory receptors, respectively (W02020183158). This combination of dual receptors is ex-
pected to give T cells more specificity against MUC1-positive tumors and more efficacy
than standard CAR-Ts, which have low potency against solid tumors. hruMNC2-CAR44 T
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cells produced by Minerva Biotechnologies Corp are harboring scFv against a cleaved
form of MUCT1 present on solid cancer cells. hruMNC2-CAR44 is in phase 1 clinical trials
(NCT04020575) for breast, ovarian, pancreatic, and lung cancer, which are highly MUC1*-
positive tumor types. NK cells are also considered as good hosts for CAR therapy. ONKT-
103 is a MUC1 targeting CAR-NK cell therapy developed by ONK Therapeutics. ONKT-
103 maximizes anti-tumor activity by introducing a DR5-TRAIL variant death receptor
signaling pathway. TRAIL in NK cells stimulates the DR5 death receptor of cancer cells
and leads to FADD-caspase-mediated apoptosis. ONKT-103 is currently at a preclinical
stage and is being tested in the targeting of ovarian, breast, and lung cancers.

Table 1. Current therapeutic candidates that target MUCI protein.

Develop- Identifiers Recruit-
Drug Name Company Drug Type  Indication ment Sta- or Refer- ment Sta- Start Date
tus ences tus
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body
Yttrium ci- .
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vatuzumab tetrax- . Cancer
Center antibody
etan
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SPmAb Vaxil B10Therapeu- Mono.clonal an- - er  Preclinical
tics tibody
L Multiple My-
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tics Holdings tibody
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4.2. Therapeutic Targeting of MUC16 and Other Mucins

Along with MUCI, other membrane-bound mucins have also been considered as po-
tential targets for anti-cancer treatment. We summarize below the various attempts made
at targeting MUC16 and other mucins (Table 2).

MUCT16 is approved by the FDA for its diagnostic usage [137]. Targeting MUC16 for
cancer therapeutics is expected to improve the poor prognosis of ovarian cancer. Ore-
govomab (OvaRex) is the first monoclonal antibody drug investigated in clinical trials.
Oregovomab binds the glycosylated region of MUC16 with high affinity (1.16 x 10 /M)
and induces indirect immune responses via an anti-idiotype antibody induction cascade
[138]. Oregovomab (Ab1) induces anti-oregovomab antibodies (anti-idiotype antibodjies;
Ab2), which in turn induces anti-anti-idiotype antibodies (Abs). Abs antibodies recognize
the original MUC16 antigen, resulting in immune cell-mediated killing of MUC16-ex-
pressing tumor cells. Various clinical trials of this agent have been conducted in different
settings for ovarian cancers [139]. Oregovomab has shown very promising results in a
phase 2 trial in combination with carboplatin and paclitaxel (CP), as compared with CP
only, for 97 patients with stage III/IV ovarian cancer. The progression-free survival (PFS)
outcome was 41.8 months for CP plus oregovomab vs. 12.2 for CP only (p = 0.0027, HR =
0.46, 95% CI = 0.28-0.7) [140]. The co-administration of CP with oregovomab resulted in
an increase in MUC16-specific IFN- +CD8* T lymphocytes in the peripheral blood,
demonstrating the activation of an immune response to oregovomab [141]. However, de-
spite encouraging results from a combination study with standard chemotherapies, ore-
govomab monotherapy did not show a clinical benefit in phase 2 and phase 3 clinical trials
[142,143]. Another phase 3 clinical trial (NCT04498117) of oregovomab is ongoing for
newly diagnosed ovarian cancer patients in conjunction with carboplatin and paclitaxel
chemotherapy.

Abagovomab is an anti-idiotype antibody (Ab2), generated against the anti-MUC16
antibody OC125 (Ab1). Abagovomab induces a specific Abs response, which in turn acti-
vates a cellular cytotoxic response against MUC16-expressing cancer cells. As an ovarian
cancer vaccine for maintenance therapy, abagovomab has shown very promising results
in terms of an immune response and overall survival (OS) improvements (median OS 23.5
vs. 4.9 months; p < 0.001) in a phase 1b/2 trial [144]. However, a multicenter phase 3 MI-
MOSA study of abagovomab involving 888 patients (NCT00418574) failed to confirm
these clinical benefits (HR for RFS = 1.099; p = 0.301, HR for OS = 1.150; p = 0.322) [145].
Subsequent analysis of the MIMOSA study findings indicated that abagovomab does not
augment MUC16-specific cytotoxic T lymphocytes (CTLs) [146]. A high level of MUC16-
specific CTLs was found to be associated with a good prognosis, regardless of abago-
vomab treatment. Further analysis has suggested that the proportion of IFN- +CD8* T
cells is a factor determining the clinical benefits of abagovomab and could therefore be a
predictive biomarker for this drug [147].

DMUC5754A (RG-7458, sofituzumab vedotin) is an ADC that comprises the human-
ized anti-MUC16 antibody conjugated to a potent anti-mitotic agent, monomethyl auri-
statin E (MMAE). A phase 1 study of DMUC5754A was performed for patients with plat-
inum-resistant ovarian cancer (OC) and unresectable pancreatic cancer (PC). Despite the
safe profile of DMUC5754A, the response rate was only 17% (5/29; 1 CR; 4 PRs) for the OC
cases, with neither CR nor PR observed for any of the PC patients [148]. Regeneron is
currently developing MUC16 BiTEs that co-target MUC16-positive cancer and T cells.
REGN4018 (MUC16/CD3 BiTE) shows MUC16-dependent anti-tumor potency and good
tolerability in both murine and monkey models [149]. REGN4018 is now under phase 2
clinical trials alone and in combination with the PD-1 antibody cemiplimab or with
REGN5668 (MUC16/CD28 BiTE) for recurrent ovarian cancer patients (NCT03564340,
NCT04590326). JCAR-020, developed by Juno/Celgene/Bristol-Myers Squibb, is a MUC16
CAR-T cell therapy that harbors an interleukin-12 receptor agonist. JCAR-020 is currently
under a phase 1 clinical trial (NCT02498912).
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In addition to MUC1 and MUC16, other transmembrane mucins have been assessed
as potential cancer targets. The aberrant expression and pathogenesis of MUC13 in pan-
creatic cancer leads to the development of anti-MUC13 antibodies that can be used for
diagnostic and therapeutic purposes [150-152]. Amgen is developing a BiTE targeting
CD3 and MUC17 for the treatment of gastric and esophageal cancer, and this is now in a
phase 1 trial (WO2019133961A1, NCT04117958).

Table 2. Current therapeutic candidates that target MUC16 and other membrane-bound mucin proteins.
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4.3. Tumor Vaccines

Therapeutic cancer vaccines are designed to activate a host’s immune system to erad-
icate cancer cells. The host immune system not only generates antibodies that recognize a
specific cancer antigen but also induces a CTL-mediated tumor cell killing. Along with
mucin-targeting passive immunotherapies such as the administration of a therapeutic an-
tibody or engineered CTLs, vaccination with mucin antigens has also been vigorously at-
tempted for treating various solid tumors.

CVac are autologous monocyte-derived DCs primed with a mannosylated MUC1
protein. Two phase 2 clinical studies have now been conducted with these cells: one for
advanced OC patients with progressive disease after standard chemotherapy [153], and
one for maintenance therapy after clinical remission in OC patients [154]. The CVac DC
vaccine was found to have adequate safety with minimal adverse effects but failed to in-
crease the PFS compared with standard chemotherapy alone. However, in a sub-group
analysis that divided participants into first (CR1) and second clinical remission (CR2)
groups, CVac produced a promising improvement in the PFS (HR = 0.32) and OS (HR =
0.17) in the CR2 group. This result however was from a small-sized randomized trial (n =
10 for each group), and a phase 3 clinical trial with a large cohort will be needed to verify
this finding.

ImMucin is a 21-mer peptide vaccine comprising the signal peptide domain of the
MUCT1 protein that binds to various MHC class I and class II alleles [155]. A phase 1/2
study of ImMucin for multiple myeloma with co-administration of GM-CSF demon-
strated a safe tolerability of this vaccination, the successful induction of a vaccine-medi-
ated cellular and humoral immune response, and clinical disease control in 11/15 patients
(duration: 17.5-41.3 months after study completion) [156].

Dr. Finn and colleagues have also designed a peptide sequence from MUC1 as a tu-
mor vaccine. Direct administration of a 100-mer clinical grade peptide (5 repeats of 20-
mer peptide) with adjuvants has shown the tolerability and immunogenicity of this vac-
cine in phase 1 and phase 2 clinical trials for pancreatic cancer and colon cancer patients
[157,158]. This peptide has also been exploited as a MUC1 peptide pulsed autologous DC
vaccine for patients with pancreatic and biliary tumors after resection of their primary
tumors. In that particular clinical study, 4/12 patients survived without recurrence, with
a median survival of 26 months (range, 13-69 months) [159].

ONT-10 is a liposome therapeutic vaccine consisting of two repeats of a 20-mer syn-
thetic glycopeptide from MUC1 combined with pentaerythritol lipid A (PET Lipid A), a
TLR4 agonist. A preclinical study of ONT-10 indicated an induction of a cellular and hu-
moral immune response to MUC1 and anti-tumor effects in syngenic B16-MUC1 and
MC38-MUC1 models [160]. A phase 1 study of 28 advanced solid cancer patients demon-
strated that ONT-10 is safe and well-tolerated, but neither CR nor PR was observed [161].
Recently, a phase 1b study of ONT-10 in combination with varlilumab (anti-CD27 agonis-
tic antibody) was performed in advanced ovarian and breast cancer patients
(NCT02270372). Emepepimut-S (also known as Tecemotide or L-BLP25) is another devel-
oped peptide vaccine for MUC1. However, in a phase 3 study in NSCLC patients, no sig-
nificant difference in OS was observed [162].

ETBX-061 is a therapeutic adenovirus vaccine targeting the MUC1 protein. Consid-
ering the heterogenetic nature of solid tumors, ETBX-061 has been studied in combination
with other vaccines or therapeutic agents in clinical trials. A triple (CEA/MUC1/Brachy-
ury) vaccine combination regimen was studied in a phase 1 clinical trial for advanced
cancer patients that confirmed antigen-specific T cell generation and disease control (60%
SD and 40% PD) [163]. Other clinical studies with different regimens have also been re-
ported (Table 3). TG4010 is a modified vaccinia Ankara (MVA) expressing MUC1 and
interleukin-2. In a phase 2b/3 trial for advanced NSCLC, TG4010 plus chemotherapy pro-
duced a significant improvement in the PFS relative to a placebo plus chemotherapy, but
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the survival benefit was marginal only (5.9 vs. 5.1 months) [164]. MicroVAC LLC is devel-
oping an ad-sig-hMUC1/ecdCD40L vaccine in which a fusion protein of MUC1 (TAA; tu-
mor-associated antigen) is combined with the extracellular domain (ECD) of the CD40
ligand (CD40L) to boost DC activation and promote T and B cell expansion [165]. A small
cohort phase 1 study of this vaccine has demonstrated that it is safe and has encouraging
anti-tumor activity [166]. A phase 1 clinical study is now ongoing with a larger number of
patients. Other mucin-targeting vaccines under development are summarized in Table 3.

Table 3. Tumor vaccines that target mucin family proteins.

Develop- Identifiers Recruit-
Drug Name Company Drug Type  Indication ment Sta- or Refer- ment Sta- Start Date
tus ences tus
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Ad-sig-hMUC- Adenovirus vac-
T0214
1/ecdCDA40L vac- cine Phase 1 NCT021409 Unknown September
cine 96 2014

NantCell/Celgene/G Tarmogen vac-

GI-6108 . Cancer Preclinical
lobeImmune cine
Mucin-16 vaccine
. CA-125/IL-
OvcaVax Therahn;:"sechnolo— 2/GM-CSF vac- Ovary tumor Preclinical
cine

5. Conclusion and Perspectives

Transmembrane mucins have important functions in maintaining mucosal structure
and physiological homeostasis. Mucins are heavily glycosylated proteins that overexpress
in different types of cancers. Many efforts have been continued to find new therapeutic
strategies for exploiting the overexpression and aberrant glycosylation of some transmem-
brane mucins. Many therapeutic agents targeting mucins are under different stages of
clinical trial for several cancers. These agents include antibody-based therapeutics, small
molecule inhibitors, vaccines, and cell therapy. A better understanding of mucin glyco-
proteins in terms of shedding mechanism, aberrant glycosylation, possible splice variants,
oncogenic signaling cascades, and interacting binding partners would be required to de-
velop more effective mucin-based therapeutic strategies.
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