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C1GALT1 plays a pivotal role in colorectal cancer (CRC) development and

progression through its involvement in various molecular mechanisms. This

enzyme is central to the O-glycosylation process, producing tumor-associated

carbohydrate antigens (TACA) like Tn and sTn, which are linked to cancer

metastasis and poor prognosis. The interaction between C1GALT1 and core 3

synthase is crucial for the synthesis of core 3 O-glycans, essential for

gastrointestinal health and mucosal barrier integrity. Aberrations in this

pathway can lead to CRC development. Furthermore, C1GALT1's function is

significantly influenced by its molecular chaperone, Cosmc, which is necessary

for the proper folding of T-synthase. Dysregulation in this complex interaction

contributes to abnormal O-glycan regulation, facilitating cancer progression.

Moreover, C1GALT1 affects downstream signaling pathways and cellular

behaviors, such as the epithelial-mesenchymal transition (EMT), by modifying

O-glycans on key receptors like FGFR2, enhancing cancer cell invasiveness and

metastatic potential. Additionally, the enzyme's relationship with MUC1, a mucin

protein with abnormal glycosylation in CRC, highlights its role in cancer cell

immune evasion and metastasis. Given these insights, targeting C1GALT1

presents a promising therapeutic strategy for CRC, necessitating further

research to develop targeted inhibitors or activators. Future efforts should also

explore C1GALT1's potential as a biomarker for early diagnosis, prognosis, and

treatment response monitoring in CRC, alongside investigating combination

therapies to improve patient outcomes.
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1 Introduction

Colorectal cancer (CRC) ranks as the fourth deadliest cancer

worldwide, causing nearly 900,000 deaths annually, which accounts

for approximately 10% of all annually diagnosed cancers and

cancer-related deaths worldwide (1). The incidence and mortality

rates vary geographically, with the highest rates seen in the most

developed countries (Figure 1). Disturbingly, projections indicate a

60% increase in the global burden of CRC by 2030, with an

estimated 2.2 million new cases and 1.1 million deaths (2). While

advancements in endoscopic technology and screening methods,

along with increased early detection efforts, have led to a decline in

CRC incidence (3). However, epidemiological studies highlight a

worrying trend of increasing colorectal cancer incidence among

individuals under 50 years of age (4, 5). Thus, the significant threat

posed by colorectal cancer to human health cannot be

underestimated. Numerous risk factors contribute to the

development of colorectal cancer, including age, male gender,

family history, inflammatory bowel disease, smoking, excessive

alcohol consumption, high intake of red and processed meat,

obesity, and diabetes (6–8). These risk factors often co-occur and

interact with each other. Treatment approaches typically involve

early surgical intervention for improved prognosis, while stage II

and III rectal cancer patients often require surgery-assisted
Frontiers in Oncology 02
chemotherapy or radiotherapy (7, 9). Notably, surgery combined

with targeted chemotherapy has proven effective in treating

advanced metastatic disease or post-surgical recurrence (9).

Consequently, identifying reliable targets for colorectal cancer

represents a promising avenue to enhance survival rates.

Genetic and epigenetic changes are widely recognized as the

primary drivers of cancer development, with downstream

phenotypic alterations at the protein level playing a crucial role in

cancer progression and transmission (10). The alterations includes

increased branching of complex and hybrid N-glycans, increased

levels of sialyl lewis antigens, truncated O-glycan expression, and

complex core fucosylation, which causes anormal expressions of

membrane-localized glycans and then leads to malignant

transformation in cells (11). Glycosylation, a post-translational

modification of proteins, involves the transfer of sugar molecules

to proteins through the action of glycosyltransferases, forming

glycosidic bonds with amino acid residues (12). It is the most

abundant and diverse form of post-translational modification found

in all eukaryotic cells (13). Glycopeptide bonds can be categorized

into N-linked, O-linked, and C-linked glycosylation, as well as C-

mannosylation and generation of GPI-anchored proteins, based on

the properties of the l inked glycopeptide bonds and

oligosaccharides (13). Carbohydrates in the form of N-linked or

O-linked oligosaccharides are major structural components of
B

A

FIGURE 1

Age-standardised rates of cancer incidence (A) and mortality (B) across countries in five continents, based on the most recent figures from the WHO
International Agency for Research on Cancer (1).
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membrane-bound and secreted proteins (14, 15). Through the

regulation of protein stability, subcellular localization, activity,

and interactions, glycosylation plays a wide-ranging role in key

cellular processes, including gene transcription, cell cycle

regulation, DNA repair, apoptosis, virus budding, receptor

endocytosis, and various physiological and pathological processes

(16–18). Tumor cells exhibit extensive glycosylation changes

compared to untransformed cells, and glycosylation has been

closely associated with various cancers, including hepatocellular

cancer (19–21), pancreatic cancer (22, 23), gastric cancer (24),

bladder cancer (25), breast cancer (21), esophageal cancer (26),

cholangiocarcinoma (27) etc. In colorectal cancer (CRC),

glycosylation can impact cell migration, intercellular adhesion,

actin polymerization, mitosis, cell membrane repair, apoptosis,

cell differentiation, stem cell regulation, intestinal mucosal barrier

integrity, immune system regulation, T cell polarization, and

intestinal microbiota composition (28, 29). These functions are

closely linked to the prognosis and development of CRC, including

tumor occurrence, metastasis, immune regulation, and resistance to

anti-tumor treatments (28–32). C1GALT1 (T-synthase), a key

enzyme in the glycosylation process, has been identified as

playing a role in colorectal carcinogenesis in recent years (33, 34).

Given the well-established significance of glycosylation in cancer,

this article aims to review the role of C1GALT1 in the complex

glycosylation process and its relationship with colorectal cancer,

providing evidence for the identification of specific therapeutic

targets for CRC.
2 C1GALT1 in glycosylation

C1GALT1 (T-synthase) is a crucial mucin-type O-

glycosyltransferase that functions as a type II transmembrane

glycoprotein with endoplasmic reticulum (ER) and Golgi lumen-

oriented catalytic domains (13, 35). As a glycosyltransferase, it plays

a key role in the formation of the core 1 structure (Galb1-3GalNAca1-
O-Ser/Thr) (33, 34). In most normal cells, C1GALT1 is essential for the

immediate elongation and processing of GalNAc-type protein O-

glycosylation (36). O-GalNAc glycans, also known as mucin O-

glycans, are one of the most common post-translational

modifications (18, 37). The sugars present in O-GalNAc glycans

include GalNAc, Gal, GlcNAc, Fuc, and Sia, while Man, Glc, or Xyl

residues are not expressed (37). The initial and fundamental step of O-

GalNAc glycosylation involves the addition of a-linked GalNAc to Ser
or Thr residues through a series of enzymes known as GalNAcTs3 or

ppGalNAts or GALNT, resulting in the production of the Tn antigen

within the Golgi apparatus. Subsequently, C1GALT1 catalyzes the

formation of the core 1 structure (14, 33, 34, 37, 38). C1GALT1 is

responsible for adding b 1-3 glycosidic bonds between Gal and GalNAc
Ser/Thr residues to generate the T antigen (the core 1 structure) (25).

The T antigen serves as a precursor for the subsequent extension and

maturation of mucin-type O-glycans (24, 39). The Tn antigen consists

of a single GalNAc residue connected to Ser/Thr a-O-Ser/Thr, serves
as the foundation for the extension of O-glycans into various complex

branching structures through consecutive glycosyltransferase reactions

(Figure 2). The Tn antigen may continue to be catalyzed by
Frontiers in Oncology 03
ST6GalNAc, which will generate sialyl Tn antigen (sTn) (40,

41).However, the Tn antigen without sialic acid modification will be

modified by C1GALT1 (core 1 synthase).The C1GALT1 modification

process is to add a Gal to Tn antigen in order to form the T antigen

(42). In normal tissues, Tn or T antigens continue to synthesize

complex O-glycans with the catalysis of glycoenzymes. Consequently,

the Tn antigen is uncommon in normal mucins but is often found at

increased levels in tumor mucins (43), and its presence has been closely

associated with poor prognosis and low overall survival rates (39).

C1GALT1 enzyme activity requires the presence and function of

the molecular chaperone COSMC, which is located in the ER (44). In

the ER, C1GALT1 is converted into its active and dimeric forms by

the molecular chaperone COSMC before entering the Golgi matrix

(45).Within the Golgi apparatus, C1GALT1 competes with two other

types of glycosyltransferases (C3GnT and ST6GalNAC-I/II) to

catalyze the addition of Gal to GalNAc a-Ser/Thr, initiating O-

linked Mucin Glycan Formation and the Core-1 Structure (46).

The Tn antigen (GalNAca 1-O-Ser/Thr) is an O-glycan

commonly expressed in various types of human cancers, often

resulting from incomplete glycosylation (47). It belongs to the

category of tumor-associated carbohydrate antigens (TACA)

found in human cancer. The most common TACAs formed from

incomplete synthesis are GalNAca-O-Ser/Thr (Tn, Thomsen

Nouveau, CD175), Galb1,3-GalNAca-O-Ser/Thr (TF, Thomsen-

Friedenreich, CD176, T antigen), Neu5Aca2,6-GalNAca-O-Ser/
Thr (sTn, sialyl Tn, CD175s) and Neu5Aca2,6- and Neu5Aca2,3-
Galb1,3-GalNAca-O-Ser/Thr (2,6-sTF, 2,3-sTF) (47). In normal

tissues, the Tn antigen is typically undetectable due to its efficient

conversion into a broader range of glycans, primarily the core 1

structure (Galb1-3GalNAca-O-Ser/Thr, T or TF antigen) (43). The

core 1 structure can further extend into the extended core 1 O-

glycan (core 1 O-glycan), or branch into the core 2 structure or

undergo sialylation (48). In the gastrointestinal tract (GI tract), the

Tn antigen can be converted into the core 3 structure (34, 49), while

in the normal colon, the primary O-glycan core structure is the core

3 structure (50). The core 4 structure is formed by adding Uridine
FIGURE 2

When GalNAc transferase is present, it facilitates the formation of a
GalNAc a1-Ser/Thr structure (also referred to as the Tn antigen) with
GalNAc on serine/threonine residues. Subsequently, C1GALT1, a core
1b1,3-galactosyltransferase, catalyzes the addition of Gal from UDP-Gal
to the Tn antigen, resulting in the creation of a core 1 O-glycan
structure. Gal, galactose; GalNAc, N-acetylgalactosamine; Tn, Thomsen-
nouvelle; C1GALT1, core 1 b1,3-galactosyltransferase (33).
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Diphosphate (UDP) from the core 3 precursor to the core 3

infrastructure through C2GnT2-a-D-GlcNAcb1,6-GlcNAc (51).

As described above, Mucin-type O-glycan core structures and key

sialoglycoforms such as the Tn antigen, the core 1 structure are

shown in Figure 3 and the process of structure formation is shown

in Figure 4. However, incomplete glycosylation caused by various

factors can lead to the production of TACAs as described above.

These truncated O-glycans possess carcinogenic characteristics and

can directly induce cell growth and invasion (52).
3 C1GALT1 in colorectal cancer

Based on the information provided, it seems that C1GALT1

plays a crucial role in the glycosylation process, affecting the

production of Tn antigen and the subsequent formation of

downstream proteins like the core 1 structure. The mechanism of

action of C1GALT1 is multifaceted and involves the regulation of

target protein expression, phosphorylation, and localization,

ultimately controlling various biological processes such as tumor

proliferation, migration, and adhesion (25, 53, 54). In colorectal

cancer cells, elevated T-synthase activity and overexpression of

Cosmc and T synthase have been observed (55, 56). Recent

studies have shown that SP cells isolated from human umbilical

cord mesenchymal stem cells (hUCMSCs) and human placental
Frontiers in Oncology 04
mesenchymal stem cells (hPMSC) altered the O-glycosylation status

by increasing O-glycosyltransferase activity, thereby inhibiting the

proliferation and migration of Tn CRC cells and promoting

apoptosis of Tn CRC cells (57). Based on these findings and

previous research on cancer, several hypotheses regarding the

mechanism of C1GALT1 action in colorectal cancer (CRC) have

been proposed.
3.1 C1GALT1 and TACA

To begin with, in conjunction with the aforementioned

information, Tumor-Associated Carbohydrate Antigens (TACA)

such as Tn and sTn are produced during the O-glycosylation

process, and C1GALT1 plays a significant role in this process.

Notably, the detection of Tn and sTn antigens is prevalent in

samples of colorectal cancer, linking their presence to the

likelihood of cancer spread and a negative outlook for the patient

(20, 58, 59). This connection implies that the appearance of Tn and

sTn within cells could be one of the initial steps in the development of

colorectal cancer (34). Moreover, the neo- or over-expression of Tn,

sTn, and T antigens is not limited to colorectal cancer but occurs in

many types of cancer, including gastric, colon, breast, lung,

esophageal, prostate, and endometrial cancer (60, 61). This

widespread occurrence underscores the significance of these
FIGURE 3

Mucin-type O-glycan core structures and key sialoglycoforms (51).
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antigens in cancer biology, particularly in promoting tumor

metastasis. Approximately 86% of primary and metastatic human

CRC tissues express Tn epitopes (62). Research has shown that the

Tn antigen can trigger the Epithelial-Mesenchymal Transition (EMT)

via the H-Ras gene within the Ras/MAPK signaling pathway (56).

Furthermore, this activation leads to a decrease in epithelial cell

markers, such as snail, and increases the metastatic capabilities of

colon cancer cells. Additionally, the targeted suppression of the

C1galt1c1 gene using CRISPR/Cas9 technology results in increased

levels of Tn antigen on the surface of the colorectal cancer cell line

MC38 (MC38-Tnhigh) (63). In a study of pancreatic cancer, by using

the CRISPR/Cas9 system to disrupt C1GALT1 in human pancreatic

ductal adenocarcinomas cells, the results showed enhanced

invasiveness and metastatic ability of these cells and increased

production of Tn (64). These observations collectively suggest that

C1GALT1’s regulation of Tn and sTn antigen production plays a

significant role in the development and progression of colorectal

cancer by influencing its ability to spread.
3.2 C1GALT1 and core 3 synthase

The core 3 structure is a kind of O-glycans which plays an

important role in the differentiation of gastrointestinal goblet cells

and the formation of mucosal barrier b Mucin type O-glycans

synthesized by 1,3-N acetylglucosamine transferase 6 (core 3

synthase, b 3GnT6, C3GnT) (65). The core 3 structure is

synthesized by b1,3-N-acetylglucosaminyltransferase 6 (B3GNT6

or core 3 synthetase), which adds GlcNAc with a b1,3-linkage to the
Tn antigen (GalNAc alpha-serine/threonine), and since core 1

synthetase makes use of the same 3′-position of GalNAc found in

the Tn antigen, the synthesis of core 3 may compete with core 1

synthesis (64). Normal colon mucosa predominantly express core 3

O-glycans (50). The absence of O-glycans compromises the colonic
Frontiers in Oncology 05
mucus barrier, leading to inflammation through the activation of

caspase 1-dependent inflammasomes in colonic epithelial cells, a

process mediated by the microbiota (65). Another research has

shown a novel mechanism by which mucin-type core 3 O-glycan

influences the epithelial-mesenchymal transition (EMT) and

mesenchymal-epithelial transition (MET) plasticity of colorectal

cancer (CRC) cells through a MUC1/p53/miR-200c-dependent

signaling cascade (66). An experiment has demonstrated that the

inhibition of C1GALT1 is accompanied by an increase in the

expression of sialic acid Tn and GSL-II binding (core 3 structure)

in human colorectal cancer cells (67). Thus overexpression of

C1GALT1 may reduce the core 3 structure, thereby inducing

colorectal cancer. Additionally, decreased expression of core 3

synthase is associated with lymph node and distant organ

metastasis, leading to poor prognosis in CRC patients (66). In a

mouse experiment that showed a significant increase in the

incidence of colon-related diseases with increasing age, the

expression of C1GalT1 increased 1-fold, whereas the expression

of core 2 b1,6-N-acetylglucosaminyltransferase (C2GnT) and core 3

b1,3-N-acetylglucosaminyltransferase (C3GnT) declined 2- to 6-

fold and 2-fold, respectively (68). Therefore, the overexpression of

C1GALT1, leading to a reduction in the quantity or activity of core

3 synthase and subsequent decrease in the core 3 structure, may

contribute to the development of colon cancer.
3.3 C1GALT1 and Cosmc

Despite its significance, the precise structure of C1GALT1 and

the mechanisms of substrate recognition and catalysis remain

elusive (69), underscoring a gap in our understanding of how

these antigens are produced at the molecular level. A key aspect

of this process involves the unique molecular chaperone of

C1GALT1, known as Cosmc, which is essential for the proper
FIGURE 4

Tn antigen forms the T antigen i.e. core 1 structure under the action of C1GALT1, while the activity and level of CAGALT1 is regulated by COSMC. At
the same time, Tn antigen can be converted to STn as well as core 3 structures catalyzed by the other two enzymes(ST6GalNAC; core 3 synthase i.e.
b 3GnT6, C3GnT), so there may be a competitive relationship between these three enzymes, with a decrease in C1GALT1 levels accompanied by an
increase in STn and core 3 structure levels.
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folding of T-synthase in the endoplasmic reticulum. The

dysregulation of glycosyltransferases like C1GALT1, molecular

chaperones like Cosmc, or the cellular environment can lead to

the abnormal regulation of O-glycans, contributing to the

development and progression of various cancers. A study revealed

that the upregulation of C1GALT1 was accompanied by an increase

in Cosmc levels in colorectal cancer cells (66). Further experiments

demonstrated that C1GALT1 was absent in Cosmc-deficient cancer

cells, consistent with previous reports indicating that the presence

of T-synthase relies on intact Cosmc (56). It has also been observed

that T-synthase activity and Cosmc, a crucial chaperone for its

expression, were lower in Tn-positive CRC tissues compared to

negative tissues (62). Others have proposed that the characteristic

truncation of O-glycans found in pancreatic cancer and most

epithelial cancers is not due to somatic mutations, but at least

partially due to epigenetic silencing of COSMC companion genes

caused by promoter hypermethylation (52). While, Sun (34) et al.

have found that LOH that is a common mechanism of loss of gene

function in tumorigenesis occurs in Cosmc, but not C1GALT1,

through studies of CRC cells. The expression and mutation of

Cosmc significantly impact C1GALT1 activity, levels, and Tn

antigen expression, thereby playing a crucial role in the

development of colorectal cancer.
3.4 Downstream regulators of C1GALT1

C1GALT1, a key player in colon cancer pathogenesis,

significantly influences the behavior and properties of cancer cells.

This enzyme’s overexpression alters O-glycans on Fibroblast

Growth Factor Receptor 2 (FGFR2), a receptor tyrosine kinase

overexpressed in colorectal cancer (53). FGFR2 is crucial for cellular

processes like proliferation, survival, migration, and differentiation

(70, 71). The modification of FGFR2 by C1GALT1, as evidenced by

the presence of sTn on FGFR2, enhances its phosphorylation,

promoting invasive behavior and cancer stem-like properties in

colon cancer cells (53, 72–76). Furthermore, C1GALT1’s role

extends to the epithelial-mesenchymal transition (EMT) in cancer

cells. A deficiency in C1GALT1 leads to the classical EMT profile,

characterized by a reduction in E-cadherin (an epithelial marker)

and an increase in mesenchymal markers like snail and fibronectin.

This change in cellular markers indicates a transformation in the

cancer cells’ behavior and properties (77). Additionally, C1GALT1

suppression impacts tumor cell interactions and activities. It

notably reduces galectin-3-mediated tumor cell-cell interaction

and the promotion of tumor cell activities by galectin-3 (69). A

study on colon cancer cells found that the expression of silyl-Tn was

associated with an increase in the a2,6-carbamoyltransferase gene

(ST6GALNAC1) and a decrease in the core 1 synthase gene

(C1GALT1) in LS174T cells, by qRT-PCR (78). A recent study on

endometrial cancer showed that low expression of C1GALT1

induced overexpression of ANXA1 in ECC-1 cells, which were

characterized by higher proliferation, invasion, migration, colony

formation and angiogenesis (79). Besides, C1GALT1 is able to

modify O-linked glycosylation on integrin a5, thereby

modulating activation of the PI3K/AKT pathway in gastric cancer
Frontiers in Oncology 06
cells (80). Also in pancreatic cancer, C1GALT1 knockdown

significantly inhibited cell adhesion to the extracellular matrix

(ECM), which was associated with a decrease in FAK

phosphorylation at Y397/Y925 as well as changes in O-glycans on

integrins (including b1, av and a5 subunits) (81). In addition,

C1GALT1 affects the migratory ability, proliferation and colony

formation of bladder cancer cells through a mechanism of miR-1-

3p/cHP1BP3 axis deregulation and shows tumor suppressor activity

in bladder cancer cells (82). Recent research has unveiled that

knockout of the Zn2+-transporter SLC39A9 (ZIP9), alongside the

well-described targets C1GALT1 (C1GalT1) and its molecular

chaperone, C1GALT1C1 (COSMC), results in surface-expression

of cancer-associated O-glycans (83). In gastric cancer, C1GALT1

promotes EPHA2 phosphorylation and enhances soluble Ephrin

A1-mediated migration mainly by modifying the O-glycosylation of

EPHA2, thereby affecting the cell invasiveness of gastric cancer cells

(84). This further underscores C1GALT1’s significant role in the

progression and characteristics of epithelial cancers, including

colon cancer.
3.5 C1GALT1 and MUC1

Due to the high concentration of O-linked GalNAc on mucin

proteins, further refinement produces what is commonly referred to

as mucin-type O-glycans. The exposed Tn antigen is the ligand of

Ca2+dependent C-type lectin receptor MGL (macrophage galactose

type lectin/CD301/CLEC10A) (85), MGL specifically recognizes

tumor derived mucin MUC1 by binding to Tn antigen (86). Mucin

1 (MUC1) is a single channel type I transmembrane protein with a

highly glycosylated extracellular domain, which is usually located at

the root tip edge of epithelial cells and plays a protective role in lower

epithelial cells (87). Altered glycosylation of the oncoprotein MUC1

commonly occurs in chronic inflammation, including ulcerative

colitis, and this aberrantly glycosylated MUC1 promotes cancer

development and progression (88). While, MUC1 deficiency has

been shown to suppress inflammation, inhibit tumor progression,

increase the abundance of CD8 T-lymphocytes, and decrease the

abundance of macrophages in colon tumors (89). In various epithelial

cancers MUC1 has abnormal glycosylation and overexpression (90,

91). Increased expression of MUC1 in CRC is associated with worse

prognosis metastasis (87, 92). Besides, MUC1 participates in complex

immune process and has immunomodulatory effect (93, 94).And, the

latest research has found that crosstalk between macrophages and

colonocytes increasingMUC1-sTn expression (88). The expression of

T, sTn on tumor mucins such as MUC1 which plays as various

selectins of ligands, caused by abnormal glycosylation promotes

metastasis and spread (95). Mucins are carriers of selectin ligands,

facilitate metastasis and spread by forming aggregates with cells

which express selectins on their surface (96–98). Cancer cells use

this ability of mucin to escape immune surveillance (95). Therefore,

mucins play an important role in cancer metastasis and diffusion.

The N-terminal of MUC1 contains VNTR fragment, which

contains serine and threonine residues and provides a number of O-

glycosylation sites (99), including T and sTn antigens (100). In

MUC1 with insufficient glycosylation, the VNTR region containing
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exposed cryptic peptide epitopes has been proved to elicit strong

humoral- and cell-mediated immune responses (95). Based on this

theory, in recent years, many studies have found the target of

MUC1 anti-tumor vaccine, and the results showed that the survival

rate was improved (101) and the metastatic foci were reduced in the

mouse model. In the experiment of human colorectal cancer cells,

anti MUC1 shows potential for colorectal cancer treatment (102,

103). Targeting MUC1-C to inhibit the AKT-S6K1-elF4A pathway

regulates TIGAR translation in colorectal cancer and inhibits the

growth of colon cancer cells in vitro (104). Glycosylation of MUC1

depends on the biomolecules it recognizes, such as, for example,

GalNAc transferase, visfatin lectin, antibodies and other

glycosyltransferases (105), while a research found that anti MUC1

treatment can inhibit C1GALT1 at protein level (106). In other

words, the impact of C1GALT1 on MUC1 glycosylation has a

certain influence on the development of colorectal cancer, although

the specific mechanism is not yet fully understood. It has been

found in the study of esophageal cancer, another epithelial cell

carcinoma that the expression level of C1GALT1 was positively

correlated with MUC1 O- glycosylation, and the co expression of

MUC1 and C1GALT1 was negatively correlated with survival rate

(26). Therefore, it is plausible to hypothesize that a similar pathway

involving MUC1 may be involved in the development of colorectal

cancer. However, further studies are still required to elucidate the

exact mechanisms underlying this relationship.
4 Summary

The prospect of C1GALT1 in colorectal cancer (CRC) is

multifaceted, mainly in terms of its key role in the process of

tumorigenesis and progression as well as its potential as a potential
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therapeutic target. C1GALT1 produces tumor-associated

carbohydrate antigens (TACA), such as Tn and sTn antigens,

through the process of O-glycosylation, and these antigens have

been associated with the spread of colorectal cancer and poor

patient prognosis. The O-glycosylation of the core 3 structure is

essential for the differentiation of gastrointestinal tract cup cells and

the formation of the mucosal barrier.Regulation of core 3 structure

expression by C1GALT1 may affect the development of colorectal

cancer, and its overexpression may reduce the core 3 structure,

which can induce cancer. Cosmc acts as a molecular chaperone for

C1GALT1 and is essential for the correct folding of T-synthase in

the endoplasmic reticulum.Expression and mutation of Cosmc

significantly affects the activity of C1GALT1 and the expression

of Tn antigens, emphasizing its role in CRC. C1GALT1 affects the

behavior of cancer cells by altering the O-glycosylation on FGFR2,

which promotes cancer cell invasiveness and stem cell-like

properties.C1GALT1 also affects the epithelial-mesenchymal

transition (EMT) of cancer cells, indicating its important role in

cancer progression. Aberrant glycosylation of MUC1 plays a role in

cancer development and progression.The effect of C1GALT1 on

MUC1 glycosylation plays a role in CRC development, and cancer

therapies targeting MUC1 show potential, suggesting a potential

effect of C1GALT1 on MUC1 glycosylation. The specific

interactions and regulatory mechanisms between C1GALT1 and

TACA, core 3 synthase, Cosmc, downstream regulators, and MUC1

were further explored to better understand its role in CRC. Based on

the key role of C1GALT1 in CRC, the development of inhibitors or

activators targeting its activity, expression or its interaction with

other molecules as a new therapeutic strategy. Considering the

interactions of C1GALT1 with multiple molecules and pathways,

exploring combinatorial therapeutic strategies that combine

treatments targeting C1GALT1 with other therapeutic approaches
FIGURE 5

Inhibition of C1GALT1 leads to elevated Tn antigen, and due to competition, inhibition of C1GALT1 leads to a relative dominance of ST6GalNAC and
core 3 synthase, resulting in elevated levels of sTn antigen and core 3 structure and decreased levels of core 1 structure. At the same time C1GALT1
deficiency directly induces the classical EMT signature of cancer cells, i.e., a marked decrease in the typical epithelial cell marker E-cadherin and
enhanced expression of isochronous stromal markers, including snail and fibronectin. Meanwhile C1GALT1 inhibition induces abnormal glycosylation
and overexpression of MUC1.
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(e.g., chemotherapy, immunotherapy) to improve therapeutic

efficacy. The pathway described above is specifically shown in

Figure 5. This review highlights the potential mechanisms by

which C1GALT1 contributes to the carcinogenesis of CRC. It

holds promise as a specific therapeutic target for CRC.

Furthermore, the precise mechanism of C1GALT1 in CRC has

yet to be fully elucidated, presenting strong prospects for further

research. The next step could be to develop inhibitors targeting

C1GALT1 activity or expression, and assess their effects on CRC cell

proliferation and invasion through in vitro and in vivo experiments.

Also explore the molecules and pathways that interact with

C1GALT1 (including COSMC and Core 3 Synthase, etc.) and

develop corresponding activators or inhibitors to modulate its

role in CRC. This may be a promising research direction.
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I, Ruz-Caracuel I, et al. In-depth quantitative proteomics analysis revealed C1GALT1
depletion in ECC-1 cells mimics an aggressive endometrial cancer phenotype observed
in cancer patients with low C1GALT1 expression. Cell Oncol (2023) 46(3):697–715.
doi: 10.1007/s13402-023-00778-w

81. Dong X, Chen C, Deng X, Liu Y, Duan Q, Peng Z, et al. A novel mechanism for
C1GALT1 in the regulation of gastric cancer progression. Cell Bioscience (2021) 11(1).
doi: 10.1186/s13578-021-00678-2

82. Kuo TC, Wu MH, Yang SH, Chen ST, Hsu TW, Jhuang JY, et al. C1GALT1 high
expression is associated with poor survival of patients with pancreatic ductal
adenocarcinoma and promotes cell invasiveness through integrin av. Oncogene
(2021) 40(7):1242–54. doi: 10.1038/s41388-020-01594-4

83. Tan Z, Jiang Y, Liang L, Wu J, Cao L, Zhou X, et al. Dysregulation and
prometastatic function of glycosyltransferase C1GALT1 modulated by cHP1BP3/ miR-
1-3p axis in bladder cancer. J Exp Clin Cancer Res (2022) 41(1):228. doi: 10.1186/
s13046-022-02438-7

84. Rømer TB, Khoder-Agha F, Aasted MKM, de Haan N, Horn S, Dylander A, et al.
CRISPR-screen identifies ZIP9 and dysregulated Zn2+ homeostasis as a cause of
cancer-associated changes in glycosylation. Glycobiology (2023) 33(9):700–14.
doi: 10.1093/glycob/cwad003

85. Lee PC, Chen ST, Kuo TC, Lin TC, Lin MC, Huang J, et al. C1GALT1 is
associated with poor survival and promotes soluble Ephrin A1-mediated cell migration
through activation of EPHA2 in gastric cancer. Oncogene (2020) 39(13):2724–40.
doi: 10.1038/s41388-020-1178-7

86. van Vliet SJ, van Liempt E, Saeland E, Aarnoudse CA, Appelmelk B, Irimura T,
et al. Carbohydrate profiling reveals a distinctive role for the C-type lectin MGL in the
recognition of helminth parasites and tumor antigens by dendritic cells. Int Immunol.
(2005) 17:661–9. doi: 10.1093/intimm/dxh246

87. Saeland E, van Vliet SJ, Backstrom M, van den Berg VC, Geijtenbeek TB, Meijer
GA, et al. The C-type lectin MGL expressed by dendritic cells detects glycan changes on
MUC1 in colon carcinoma. Cancer Immunol Immunother. (2007) 56:1225–36.
doi: 10.1007/s00262-006-0274-z

88. Zeng Y, Zhang Q, Zhang Y, Lu M, Liu Y, Zheng T, et al. MUC1 predicts
colorectal cancer metastasis: A systematic review and meta-analysis of case controlled
studies. PloS One. (2015) 10:e0138049. doi: 10.1371/journal.pone.0138049

89. Kvorjak M, Ahmed Y, Miller ML, Sriram R, Coronnello C, Hashash JG, et al.
Cross-talk between colon cells and macrophages increases ST6GALNAC1 and MUC1-
Frontiers in Oncology 10
sTn expression in ulcerative colitis and colitis-associated colon cancer. Cancer Immunol
Res. (2020) 8:167–78. doi: 10.1158/2326-6066.CIR-19-0514

90. Li W, Zhang N, Jin C, Long MD, Rajabi H, Yasumizu Y, et al. MUC1-C drives
stemness in progression of colitis to colorectal cancer. JCI Insight. (2020) 5.
doi: 10.1172/jci.insight.137112

91. Nath S, Mukherjee P. MUC1: a multifaceted oncoprotein with a key role in cancer
progression. Trends Mol Med. (2014) 20:332–42. doi: 10.1016/j.molmed.2014.02.007

92. Oei AL, Moreno M, Verheijen RH, Sweep FC, Thomas CM, Massuger LF, et al.
Induction of IgG antibodies to MUC1 and survival in patients with epithelial ovarian
cancer. Int J Cancer. (2008) 123:1848–53. doi: 10.1002/ijc.23725

93. Li Z, Yang D, Guo T, Lin M. Advances in MUC1-mediated breast cancer
immunotherapy. Biomolecules. (2022) 12. doi: 10.3390/biom12070952

94. Von Mensdorff-Pouilly S, Moreno M, Verheijen RH. Natural and induced humoral
responses to MUC1. Cancers (Basel). (2011) 3:3073–103. doi: 10.3390/cancers3033073

95. Bhatia R, Gautam SK, Cannon A, Thompson C, Hall BR, Aithal A, et al. Cancer-
associated mucins: role in immune modulation and metastasis. Cancer Metastasis Rev.
(2019) 38:223–36. doi: 10.1007/s10555-018-09775-0

96. Chen SH, Dallas MR, Balzer EM, Konstantopoulos K. Mucin 16 is a functional
selectin ligand on pancreatic cancer cells. FASEB J. (2012) 26:1349–59. doi: 10.1096/
fj.11-195669

97. Chaturvedi P, Singh AP, Chakraborty S, Chauhan SC, Bafna S, Meza JL, et al.
MUC4 mucin interacts with and stabilizes the HER2 oncoprotein in human pancreatic
cancer cells. Cancer Res. (2008) 68:2065–70. doi: 10.1158/0008-5472.CAN-07-6041

98. Baldus SE, Monig SP, Hanisch FG, Zirbes TK, Flucke U, Oelert S, et al.
Comparative evaluation of the prognostic value of MUC1, MUC2, sialyl-Lewis(a)
and sialyl-Lewis(x) antigens in colorectal adenocarcinoma. Histopathology. (2002)
40:440–9. doi: 10.1046/j.1365-2559.2002.01389.x

99. Gendler SJ, Lancaster CA, Taylor-Papadimitriou J, Duhig T, Peat N, Burchell J, et al.
Molecular cloning and expression of human tumor-associated polymorphic epithelial mucin.
J Biol Chem. (1990) 265:15286–93. doi: 10.1016/S0021-9258(18)77254-2

100. Posey ADJr., Schwab RD, Boesteanu AC, Steentoft C, Mandel U, Engels B, et al.
Engineered CAR T cells targeting the cancer-associated tn-glycoform of the membrane
mucin MUC1 control adenocarcinoma. Immunity. (2016) 44:1444–54. doi: 10.1016/
j.immuni.2016.05.014

101. Dreau D, Moore LJ, Wu M, Roy LD, Dillion L, Porter T, et al. Combining the
specific anti-MUC1 antibody TAB004 and lip-MSA-IL-2 limits pancreatic cancer
progression in immune competent murine models of pancreatic ductal
adenocarcinoma. Front Oncol. (2019) 9:330. doi: 10.3389/fonc.2019.00330

102. Supruniuk K, Czarnomysy R, Muszynska A, Radziejewska I. Anti-cancer effects
of pyrazole-platinum(II) complexes combined with anti-MUC1 monoclonal antibody
versus monotherapy in DLD-1 and HT-29 colon cancer cells. Transl Oncol. (2022)
18:101348. doi: 10.1016/j.tranon.2022.101348

103. Guo M, You C, Dong W, Luo B, Wu Y, Chen Y, et al. The surface dominant
antigen MUC1 is required for colorectal cancer stem cell vaccine to exert anti-tumor
efficacy. BioMed Pharmacother. (2020) 132:110804. doi: 10.1016/j.biopha.2020.110804

104. Ahmad R, Alam M, Hasegawa M, Uchida Y, Al-Obaid O, Kharbanda S, et al.
Targeting MUC1-C inhibits the AKT-S6K1-elF4A pathway regulating TIGAR
translation in colorectal cancer. Mol Cancer. (2017) 16:33. doi: 10.1186/s12943-017-
0608-9

105. Sanz-Martinez I, Pereira S, Merino P, Corzana F, Hurtado-Guerrero R.
Molecular recognition of galNAc in mucin-type O-Glycosylation. Acc Chem Res.
(2023) 56:548–60. doi: 10.1021/acs.accounts.2c00723

106. Radziejewska I, Supruniuk K, Bielawska A. Anti-cancer effect of combined
action of anti-MUC1 and rosmarinic acid in AGS gastric cancer cells. Eur J Pharmacol.
(2021) 902:174119. doi: 10.1016/j.ejphar.2021.174119
frontiersin.org

https://doi.org/10.1371/journal.pone.0098515
https://doi.org/10.1155/2012/574768
https://doi.org/10.4049/jimmunol.1801199
https://doi.org/10.3892/ijmm.2016.2620
https://doi.org/10.3892/ijmm.2016.2620
https://doi.org/10.1155/2018/9532389
https://doi.org/10.1016/j.jprot.2014.05.002
https://doi.org/10.1016/j.jprot.2014.05.002
https://doi.org/10.1007/s13402-023-00778-w
https://doi.org/10.1186/s13578-021-00678-2
https://doi.org/10.1038/s41388-020-01594-4
https://doi.org/10.1186/s13046-022-02438-7
https://doi.org/10.1186/s13046-022-02438-7
https://doi.org/10.1093/glycob/cwad003
https://doi.org/10.1038/s41388-020-1178-7
https://doi.org/10.1093/intimm/dxh246
https://doi.org/10.1007/s00262-006-0274-z
https://doi.org/10.1371/journal.pone.0138049
https://doi.org/10.1158/2326-6066.CIR-19-0514
https://doi.org/10.1172/jci.insight.137112
https://doi.org/10.1016/j.molmed.2014.02.007
https://doi.org/10.1002/ijc.23725
https://doi.org/10.3390/biom12070952
https://doi.org/10.3390/cancers3033073
https://doi.org/10.1007/s10555-018-09775-0
https://doi.org/10.1096/fj.11-195669
https://doi.org/10.1096/fj.11-195669
https://doi.org/10.1158/0008-5472.CAN-07-6041
https://doi.org/10.1046/j.1365-2559.2002.01389.x
https://doi.org/10.1016/S0021-9258(18)77254-2
https://doi.org/10.1016/j.immuni.2016.05.014
https://doi.org/10.1016/j.immuni.2016.05.014
https://doi.org/10.3389/fonc.2019.00330
https://doi.org/10.1016/j.tranon.2022.101348
https://doi.org/10.1016/j.biopha.2020.110804
https://doi.org/10.1186/s12943-017-0608-9
https://doi.org/10.1186/s12943-017-0608-9
https://doi.org/10.1021/acs.accounts.2c00723
https://doi.org/10.1016/j.ejphar.2021.174119
https://doi.org/10.3389/fonc.2024.1389713
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Unraveling the role of C1GALT1 in abnormal glycosylation and colorectal cancer progression
	1 Introduction
	2 C1GALT1 in glycosylation
	3 C1GALT1 in colorectal cancer
	3.1 C1GALT1 and TACA
	3.2 C1GALT1 and core 3 synthase
	3.3 C1GALT1 and Cosmc
	3.4 Downstream regulators of C1GALT1
	3.5 C1GALT1 and MUC1

	4 Summary
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


