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Abstract

Over the past few decades, clinical and preclinical studies have clearly demonstrated the role of
mucins in tumor development. It is well established that mucins form a barrier impeding drug
access to target sites, leading to cancer chemoresistance. Recently gained knowledge regarding
core enzyme synthesis has opened avenues to explore the possibility of disrupting mucin synthesis
to improve drug efficacy. Cancer cells exploit aberrant mucin synthesis to efficiently mask the
epithelial cells and ensure survival under hostile tumor microenvironment conditions. However, O-
glycan synthesis enzyme core 2 beta 1,6 N-acetylglucosaminyltransferase (GCNT3/C2GnT-2) is
overexpressed in Kras-driven mouse and human cancer, and inhibition of GCNT3 has been shown
to disrupt mucin synthesis. This previously unrecognized developmental pathway might be
responsible for aberrant mucin biosynthesis and chemoresistance. In this molecular pathways
article, we briefly discuss the potential role of mucin synthesis in cancers, ways to improve drug
delivery and disrupt mucin mesh to overcome chemoresistance by targeting mucin synthesis, and
the unique opportunity to target the GCNT3 pathway for the prevention and treatment of cancers.

Keywords
molecular pathways; mucins; drug delivery; cancer; GCNT3; talniflumate; prevention; treatment

Background

Mucins

Mucin biology, synthesis, and functions are complex. Mucins form a mucous gel barrier and
protect the epithelia of most organs from physical and chemical damage and infection (1). In
1835, Nicolas Theodore de Saussure first used the term “mucin” to describe these substances
(2). Two years later, Eichwald identified that mucin is a combination of carbohydrates and
proteins (3). Mucins are comprised of amino- and carboxy-terminal protein regions with a
large central region formed by amino acid tandem repeats rich in proline, threonine, and
serine residues with O-linked oligosaccharides or N-linked oligosaccharides (1, Fig 1A).
Most mucin core glycans are O-linked oligosaccharides composed of N-acetyl
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galactosamine (GalNAc), N-acetyl glucosamine (GIcNAc), galactose (Gal), fucose (Fuc),
and neuraminic acid (sialic acid, NeuNAc) linked to serine or threonine.

There are eight O-GalNAc glycan core structures, designated cores 1- 8: core T antigen,
Galp1-3GalNAcaSer/Thr (core 1), GIcNAcp1-6(Galpl-3)GalNAcaSer/Thr (core 2),
GIcNAcp1-3GalNAcaSer/Thr (core 3), (GIctNAcB1-6(GIcNAcp1-3)GalNAcaSer/Thr
(core 4), GalNAca1-3GalNAcaSer/Thr (core 5), GIcNAcp1-6GalNAcaSer/Thr (core 6),
GalNAca1-6GalNAcaSer/Thr (core 7), and Gala1-3GalNAcaSer/Thr (core 8; Fig. 1B).
Starting from GalNAc on serine or threonine residues in a polypeptide, Core 1 synthase
(C1GnT) transfers galactose to make the Core 1 structure, and Core 3 synthase (C3GnT)
transfers GIcNAc to form a Core 3 structure. Core 1 is converted to Core 2 by C2GnT-1,
C2GnT-2, and C2GnT-3, whereas Core 3 is converted to Core 4 by C2GnT-2. Mannose,
fucose, glucose, and GIcNAc are directly linked to Ser/Thr; they form core 5-8 structures.
Many sugars modified by acetylation or sulfation on the mucin O-glycans are antigenic.
Mucin O-glycans are involved in biological processes, including embryonic development,
immune responses, protein folding, cell signaling, and malignancies. These compounds are
often heterogeneous.

Over 20 mucins have been identified; they are classified as either membrane-bound mucins
or secreted mucins (1,4). MUC2, MUC5AC, MUC5B, MUC6, MUC7, MUC9, and MUC19
are secreted mucins. Their primary function is to participate in mucus formation to protect
the underlying epithelia against injuries related to inflammation and infection. Membrane-
bound mucins include MUC1, MUC3A/B, MUC4, MUC12, MUC13, MUC15, MUC16,
MUC17, MUC20, and MUC21. They are thought to play important roles in cellular
interactions, molecular cell signaling, and biological processes. Recent studies of secretory
and transmembrane mucins focused on their role in malignancies. Glycosylation in mucins
may restrict their cellular and tissue-level expression. However, information regarding which
cores are attached to mucins of known MUC backbones is limited. O-glycans purified from
normal and diseased tissues have different core types. Whether the complexity of O-glycan
structures reflects altered levels of specific mucins or alterations in glycosylation of specific
MUC proteins in disease or inflammation is unknown. Multiple core type O-glycans may be
attached to a single MUC backbone, especially in mucins that have more than one TR-type
domain.

Differential roles of mucins in cancer

Mucin deregulation is observed, and MUC1 is overexpressed, in pancreatic, lung, breast,
colon, ovarian, and prostate cancers (5). MUC4 is overexpressed in colon adenocarcinoma
and pancreatic cancer. MUC16 is elevated in ovarian and pancreatic cancers. Mucins have
been identified as significant components of the glycocalyx in various tumors (6,7). Large
glycoproteins are abundantly expressed in tumor cells, the microenvironment, and on
circulating tumor cells from patients with advanced disease (7). Because of their specific
pattern of expression during tumor progression, mucins remain under intense investigation
as biomarkers and therapeutic targets. For example, full-length MUC13 expressed in
MUC13-null pancreatic cancer cell lines significantly increases cell motility, invasion,
proliferation, and clonogenicity. Exogenous MUC13 expression significantly enhanced
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pancreatic tumor growth and reduced survival in a xenograft mouse model. These
characteristics were correlated with the upregulation/phosphorylation of HER2, p21-
activated kinase 1 (PAK1), extracellular signal-regulated kinase (ERK), Akt and metastasin
(S100A4), and p53 suppression (8). Similarly, esophageal cancer cells lacking MUC1
proliferated, migrated, and invaded less. Subcutaneous xenografts were significantly smaller
when cells did not express MUC1 (9). Thus, mucin subtypes play a key role in cancer cell
proliferation, migration, invasion, and tumor growth.

The modified forms of glycosylated tumor-associated mucins promote tumor cell invasion,
migration, intravasation, and extravasation which help in immunosuppression or immune
evasion (10-15). Galectin-3 binding to Major histocompatibility complex class I-related
chain A carrying core2 O-glycans (MICAC?2) through poly-N-acetyllactosamine impair NK
cell activation by reducing IFN-g and granzyme B secreation (10-14). Studies are warranted
to identify if these molecules are immunogenic under these situations. MUC16 and
mesothelin were co-expressed in infiltrating components, promoting pancreatic cancer
invasion (16). The presence of MUC-1-specific CD8 cytotoxic lymphocytes in breast and
ovarian cancer and PDAC prompted the design of a MUC1-targeting vaccine (17,18).
Preclinical studies with MUCL1 transgenic animals demonstrated its efficacy in stimulating
immune responses against this antigen (19).

The mucin cores are deregulated during tumor cell transformation, leading to aberrant
expression. MUC1, MUC4, MUC5AC, and MUC16 are strongly up-regulated in patients
with PDAC, pancreatic intraepithelial neoplasia (PanINs), and intrapapillary mucinous
neoplasia (IPMNs; 20). However, some mucins play controversial roles. While most mucins
are involved in tumor progression, MUC2 suppresses tumors. In colon cancer, MUC2 helps
protect the barrier functions of normal colonic crypts. Loss of MUC2 leads to colonization
of the intestinal tract with different microbial flora, which may have pro-carcinogenic or
bystander effects (21). Similarly, MUC17 is highly expressed on the intestinal epithelial
surface and helps in epithelial restitution and protection against £. Coliinfection (22).
Mucins vary depending on the glycan moieties present on the peptide backbone.

Targeting mucin synthesis

Clinical and preclinical studies elucidated the tumor-promoting roles of mucins in cancer.
Based on these findings, several mucins were individually targeted. Little knowledge exists
about potential intervention approaches involving mucin-glycan synthesizing genes. All
mucins contain one or more of the core glycans. CLGNT is involved in forming core 1, and
C3GNT forms core 3. C2GNT is involved in forming core 2 from core 1 and core 4 from
core 3. The core 2 beta 1,6 N-acetylglucosaminyltransferase (GCNT3/ C2GNT) plays a
significant role in mucin glycan biosynthesis. Aberrant GCNT3 expression leads to mucin
overexpression (23-26). GCNT3 activity plays an important role in physiological processes,
including inflammatory and immune responses. Core 3-derived glycans, a major type of O-
glycan expressed by normal gastrointestinal epithelial cells, are downregulated during
malignancy, due to loss of functional B3-N-acetylglucosaminyltransferase-6 (C3GnT, core 3
synthase) expression. Expression of core 3-derived O-glycans in pancreatic cancer cells
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suppressed tumor growth and metastasis through modulation of mucin glycosylation and
other cell surface and extracellular matrix proteins (27).

CLINICAL-TRANSLATIONAL ADVANCES

For several decades, researchers focused on the protective role of mucins in epithelial cells
and their role in cancer progression. Less attention was given to glycan synthesis, which
comprises more than 50% of the mucin structure, and to enzymes or genes involved in core
glycan synthesis. Recent studies have explored the aberrant expression of mucin-glycan
synthesis genes, suggesting the possibility of evading chemoresistance caused by mucins
and improving existing therapies, or developing novel glycan synthesis enzyme inhibitors or
combined strategies to simultaneously disrupt mucin synthesis and inhibit tumor growth
(Fig. 1C,D). In this section, we discuss how to improve drug delivery and disrupt mucin
mesh to overcome chemoresistance by targeting mucin synthesis.

Drug Delivery and Disruption of Mucin Barrier

Targeting mucinous cancer cells with drugs is challenging. Although several drugs inhibit
tumor cells /n vitro, the effect is seldom replicated /in vivo. There are several reasons for
treatment failure. One such factor for chemoresistance and poor prognosis is the mucin mesh
barrier (28-38). Aberrant Mucl expression is associated with poor disease-free and overall
survival in non-small-cell lung cancer (39-41). Although the involvement of mucins is
unclear, evidence supports the involvement of a physical barrier, resistance to apoptosis,
drug metabolism, cell stemness, and EMT as factors responsible for chemoresistance (42).

Most mucins carry an electronegative potential that may create electrostatic interactions with
positively charged drugs, thereby decreasing their diffusion (42). Understanding the
mechanisms of resistance involving mucins will contribute to the development of next-
generation targeted therapy molecules. For example, in vitroand in vivo MUC1 knockdown
reduced tumor cell growth, cell proliferation, MAPK, cell migration, and invasion via
MMP13, and cell survival and apoptosis via Akt and Bcl2 (43). Researchers have suggested
a correlation between mucin overexpression and cancer, and demonstrated a link between
the aberrant and differential overexpression of mucin glycoproteins and disease initiation,
progression, and poor prognosis (35-38, 44-46).

Previous research has demonstrated aberrant expression of membrane-bound and secreted
mucins in ductal adenocarcinomas, pancreatic intraepithelial neoplasia, IPMNs, and
mucinous cystic neoplasms (35-38, 44-46). The extent to which the dense mucin mesh
influences the antiproliferative activity of 5-fluorouracil (5-FU) was investigated in human
pancreatic cancer cells (5, 47). MUCL1 vaccine in vivo and a small molecule inhibitor drug
(GO-201) that inhibits MUC1-cytoplasmic tail oligomerization have shown promising
results (48-54). Administration of GO-201 to nude mice bearing human breast tumor
xenografts was associated with loss of tumorigenicity and extensive necrosis, resulting in
prolonged tumor growth regression.

Most reports focus on mucin peptide gene expression or aspects of the glycosylated mucins,
with little mention of the enzymes that catalyze mucin biosynthesis. Little knowledge exists
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regarding potential intervention approaches involving mucin-glycan-synthesizing genes.
Core mucin genes were recently evaluated as targets to disrupt mucin mesh formation,
leading to targeted drug delivery for pancreatic cancer. Using survival data from human
patients with pancreatic cancer, next-generation sequencing of genetically engineered Kras-
driven mouse pancreatic tumors, and human pancreatic cancer cells, a novel core mucin-
synthesizing enzyme, GCNT3 (core 2 beta 1,6 N-acetylglucosaminyltransferase), was
identified. In mouse pancreatic tumors, GCNT3 upregulation was correlated with increased
expression of mucins. GCNT3 was significantly overexpressed in human pancreatic cancer
and reduced patient survival by 7 months. High GCNT3 expression was also associated with
patients’ drinking, smoking habits, and diabetes diagnosis (26). Aberrant GCNT3 expression
was linked with increased mucin production, aggressive tumorigenesis, and reduced patient
survival; CRISPR-mediated GCNT3 knockout in pancreatic cancer cells reduced
proliferation and spheroid formation (26). A small molecule inhibitor that selectively binds
to GCNTS3, talniflumate, was identified via /n silico small molecular docking simulation
approaches (26). Talniflumate enhanced drug delivery and the antitumor effects of EGFR
inhibitor (26). Docking predictions suggested that three hydrogen bonds between
talniflumate and GCNT3 contribute to a docking affinity of —8.3 kcal/mol. Furthermore,
talniflumate alone and in combination with low-dose gefitinib reduced GCNT3 expression,
leading to disrupted mucin production /n vivo and in vitro (26). Thus, targeting mucin
biosynthesis through GCNT3 may improve drug responsiveness (Fig. 1C). Further
development of agents and their mechanisms targeting mucin synthesis and permitting
access of drugs to epithelial cells is needed.

Developmental state of the pathway

Many data suggest the role of mucins in the acquisition of chemoresistance. Thus, there is
the possibility of interfering with the pathway responsible for mucin production as a
treatment strategy. Current strategies, however, focus on individual mucins. One promising
approach is targeting the key pathway leading to core glycan synthesis. However, there are
no reports evaluating the mucin-glycan-synthesizing genes as targets. C2GNT-1, 2, and 3 are
important core glycan-synthesizing enzymes. These core enzymes form basic structure of
most mucins. C2GNT2/GCNT3 have been studied /n vitroand in vivo and are reported as
attractive novel targets for pancreatic cancer treatment (26). GCNT3 activity plays an
important role in physiological processes, including inflammatory and immune responses.
Furthermore, the expression of distinct oligosaccharide structures, together with differential
glycosylation of mucin core proteins, confers on tumor cells an enormous range of potential
ligands for interaction with other cell surface receptors. The process of natural selection
within growing tumor cell populations creates cells that express novel combinations and
forms of mucins, which contribute to the survival of these tumor cells during invasion and
metastasis. Mucin core enzymes might promote biological properties, like inflammation and
immune suppression, leading to enhanced tumor growth.

Drug development, strategies to overcome resistance, and opportunities for treatment

Since mucin glycan synthesis and signaling is involved in cancer cell immunosuppression
and growth and metastasis, there is significant interest in developing therapies targeted
against this glycan synthesis pathway. Applying novel technologies and utilizing crystal
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structures of core enzymes, specific inhibitors for GCNT3 or other core enzymes can be
designed and evaluated. GCNT3’s crystal structure has been reported, enabling the
development of small molecule inhibitor talniflumate. However, the development of direct
small-molecule GCNT3 inhibitors is underway. Development of glycan core enzyme
inhibitors will enable chemoprevention and pancreatic cancer treatment. GCNT3 core
glycan enzyme synthesis increases in correlation with the stepwise progression of PanIN
lesions to ductal adenocarcinoma. Hence, using GCNT3 inhibitors blocks mucin synthesis
and might help in delaying PanIN progression (Fig 1D). During the adenocarcinoma stage, it
appears possible to disrupt the mucin mesh with specific core enzyme inhibitors, thereby
potentially preventing tumor progression into metastasis and helping with delivery of
standard drugs to target sites (Fig. 1C,D). GCNTS3 inhibitors may act independently to
inhibit tumor growth or in combination with other standard drugs, like gemcitabine, to
synergistically inhibit tumors. However, the mechanisms underlying GCNTS3 inhibitor
activity remain poorly defined. Genome-editing technologies, such as CRISPR/CAS9,
should enable precise and efficient mutation of core enzymes to study mechanisms that are
induced by the tumor microenvironment. In proof-of-concept experiments, studies using
GCNT3 KO mice aim to demonstrate its role in mucins and tumor progression. Cutting-edge
genetic methods for targeting GCNT3 signhaling may enhance the efficacy of current
pancreatic cancer therapies. GCNT3 overexpression was also seen in hepatocellular
carcinoma cell lines and orthotopic xenograft tumors (55). However, in colon cancer like
MUC?2 subtype, GCNT3 expression is low (56). As per human protein atlas, most cancer
tissues displayed weak to strong granular cytoplasmic GCNT3 staining. Strong staining was
seen in pancreatic, stomach and ovarian cancers. Gliomas, lymphomas and skin cancers
were negative (57).

Mucins have been investigated as therapeutic targets for pancreatic and other cancers.
MUC1 vaccine was well tolerated, with no adverse effects. It was effective in animal
models, alone and in combination with COX-2 inhibitors and gemcitabine (58). Several
clinical trials (Clinical trials.gov, NCT00669734, NCT00008099, NCT00597129,
NCT00603863) involving MUCL vaccines for pancreatic cancer are underway or have been
completed. A Phase I/11 Trial in patients with relapsed or refractory acute myeloid leukemia
is studying the targeted MUC1 inhibitor, GO-203-2C, alone and in combination with
gemcitabine. GO-203-2c targets cancer cells, while leaving healthy cells unaffected. MUC2
vaccine, combined with QS21, was used to treat patients with prostate cancer. A preclinical
study showed that a peptide vaccine of MUC1 inhibited tumor growth, and significantly
regressed breast cancer tumors (48). One-third of patients with pancreatic and biliary cancer
in a Phase I/11 clinical trial of a MUC1 peptide-loaded DC vaccine administered post-
resection survived, without evidence of recurrence (54). Many formulations of MUC1
vaccine were tested in patients with pancreatic cancer showing increased disease-free
survival with mucin-specific humoral and T-cell responses (50, 51). A follow-up of a phase
I11 study with patients with stage 11 breast cancer showed that those who were using
oxidized mannan-MUC1 (M-FP) vaccine survived longer, without evidence of toxicity or
autoimmunity (59). A phase 111 START study with tecemotide, a MUC1-antigen-specific
cancer immunotherapy, reported a notable survival benefit for drug-treated patients with
unresectable stage 111 non-small-cell lung cancer versus those treated with placebo (60). A
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21-mer peptide MUC1 vaccine induced T and B cell MUC1-specific immunity in patients
with multiple myeloma (61).

These findings suggest that mucins play a significant role in tumor growth and metastases,
and blocking mucins with vaccines can control tumor growth and spread. Immunological
Targeting core enzymes for decreased mucin production or disrupting mucin synthesis are
attractive strategies.

Conclusions and Perspectives

The GCNT3 branch of core glycan synthesis is a novel and ill-characterized pathway with
significant therapeutic relevance in human cancer. This molecular pathway controls unique
biologic processes in mucin synthesis and tumor-infiltrating immune cells to promote tumor
progression. Although mucin synthesis signaling can be targeted through various methods
(Fig 1C, D), potent small-molecule inhibitors are an attractive strategy to disrupt mucin
synthesis, permitting drug access to target sites, thereby overcoming chemoresistance.
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Figure 1.
A. General structure of mucin, B. mucin glycan synthesis, C. aberrant expression of GCNT3

leading to mucin mesh and drug resistance in tumors. Inhibition of mucin synthesis by
targeting GCNT3 enhances drug uptake, D. schematic representation showing the GCNT3
pathway inhibition by small molecules and combination treatments to overcome
chemoresistance caused by mucins.
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