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Abstract: Cancers are the leading cause of death, causing around 10 million deaths annually by 2020.
The most common cancers are those affecting the breast, lungs, colon, and rectum. However, it has
been noted that cancer metastasis is more lethal than just cancer incidence and accounts for more than
90% of cancer deaths. Thus, early detection and prevention of cancer metastasis have the capability to
save millions of lives. Finding novel biomarkers and targets for screening, determination of prognosis,
targeted therapies, etc., are ways of doing so. In this review, we propose various sialyltransferases
and neuraminidases as potential therapeutic targets for the treatment of the most common cancers,
along with a few rare ones, on the basis of existing experimental and in silico data. This compilation
of available cancer studies aiming at sialyltransferases and neuraminidases will serve as a guide for
scientists and researchers working on possible targets for various cancers and will also provide data
about the existing drugs which inhibit the action of these enzymes.

Keywords: sialyltransferases; neuraminidases; ovarian cancer; breast cancer; pancreatic cancer;
chemoresistance; inhibitors

1. Introduction

With the globally rising cases of various kinds of cancer, finding biomarkers or targets
has become of utmost importance for proper diagnosis and treatment. According to a study
conducted in the US, the number of cancer incidence cases is to be increased by 50% by
2050, and hence there needs to be a greater emphasis on the development of alternative
therapies [1] Though the existing cancer treatments such as chemotherapy, immunotherapy,
and early detection and prevention strategies have majorly contributed to decreasing death
rates, there is still a large cohort of patients who do not respond to such strategies. A major
proportion of cancer-related deaths is caused due to metastasis instead of the primary
tumor, and hence stopping any event out of adhesion, communication, and migration of
tumor cells serves as a possible treatment for cancer [2]. Though insights into the invasion
and migration of tumor cells have been gained, there is a need to understand the genomic
basis of these processes, especially the role of glycosylation in metastasis [3]. Glycosylation
is a post-translational modification that takes place in the Endoplasmic Reticulum (ER) and
Golgi apparatus by which various kinds of glycans are attached to peptide backbones [4].
Out of the different kinds of glycosylation processes occurring, sialylation is of critical
importance because of its involvement in oncogenesis, immune response, embryonic devel-
opment, etc. Sialylation involves the addition of sialic acids, bridging molecules of sugars
found in the distal ends of the glycan to the glycoproteins [5]. Aberrant glycosylation and,
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in particular, aberrant sialylation is an established hallmark of various kinds of cancer, and
studies around the same have widely suggested that enzymes involved in the regulation of
sialylation can be used as potential biomarkers and targets for the treatment of cancer [6].
There are two sets of enzymes: neuraminidases and sialyltransferases, which remove and
add sialic acids to glycans, respectively, thereby dynamically regulating cell surface sia-
lylation [3]. Hypersialylation can be a result of the upregulation of sialyltransferases or
downregulation of neuraminidases, or both, which leads to the accumulation of excess
negatively charged sialic acids on the cell surface, further resulting in immune evasion
and promotion of tumor metastasis. This also has been found to contribute to the reduced
efficacy of existing cancer therapies such as radiotherapy and chemotherapy [6]. Humans
have 20 subtypes of membrane-bound sialyltransferases which mostly reside in the medial
and trans cisternae of the Golgi apparatus and catalyze the linkage between a carbon
of sialic acid from the cytidine monophosphate N-acetylneuraminic acid (CMP-Neu5Ac)
donor and hydroxyl of the glycan acceptor. However, some STs have been found in the
trans-Golgi network, with two of them being expressed as post-Golgi-secreted enzymes [7].
The names of sialyltransferases are based on the carbon to which the hydroxyl group is
attached, along with the type of acceptor sugar [3]. The last two decades have seen a great
increase in the number of studies being conducted to analyze the role of sialyltransferases
and neuraminidases in various kinds of cancer, including ovarian cancer, melanoma, breast
cancer, etc. This review systematically introduces the concepts of the sialylation role of
sialyltransferases and neuraminidases in cancer and summarizes studies conducted to
date on the same. Though there are various reviews available that emphasize the role of
sialyltransferases or particular neuraminidases in cancer progression, none of them include
both sialyltransferases and neuraminidases in their study. This review fills in the existing
gap and also reports all existing studies in a cancer-wise manner, which aids researchers
working on finding alternate and efficient treatments for different cancers and proposes
potential sialyltransferases and neuraminidases as targets for further studies.

2. Sialyltransferases and Neuraminidases: Types and Functions

The enzymes sialyltransferases and neuraminidases (or sialidases), which transfer
and remove sialic acid residues from the terminal positions of glycoconjugates, respec-
tively, are essential for sialic acid metabolism. Sialic acids mediate cell-cell recognition,
communication, aggregation, development, carbohydrate—protein interactions, controlling
the lifetimes of glycoconjugates in organisms, mediating bacterial and viral infections,
tumor growth, and metastasis, with a role in immunology, microbiome, cell signaling,
reproduction, and biology of the nervous system [8]. Additionally, it promotes tumor
growth, inhibits cells from going through apoptosis, grows tumors, aids immune evasion,
and promotes cancer detachment. The following sections describe in detail the different
families of sialyltransferases and neuraminidases.

2.1. Types of Sialyltransferases

Sialyltransferases (STs) are categorized under inverting glycosyltransferases, i.e., en-
zymes which invert the stereochemistry of the donor’s anomeric bond (x — ). In the Golgi
apparatus, these enzymes catalyze the transfer of sialic acid moiety from an activated sugar
nucleotide donor, that is, CMP-Neu5Ac (Cytosine 5’-monophosphate N-acetylneuraminic
acid) to non-reducing positions of acceptors such as galactose, N-Acetyl galactosamine,
and other sialic acid residues (Figure 1). Till now, twenty different human STs have been
identified, which are classified into four categories according to the nature of the substrates
and type of linkage, namely, ST3Gal, ST6Gal, ST6GalNAc, and ST8Sia. These four classes
are known to produce four different types of glycosidic bonds, namely, Neu5Acx2-6Gal,
NeubAcx2-3Gal, NeubAcx2-6GalNAc, and NeubAcx2-8Neu5Ac. The four subclasses of
STs have been described in detail in Table 1. On the basis of commonly used names, sub-
strate carriers (or glycan specificities), and structure (linkage formed) formed as a result of
the action of the enzyme.
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Figure 1. Sialylation and desialylation in the human cell. The diagram represents how the Golgi

resident sialyltransferases attach sialic acids to the glycoconjugates, where at the same time, neu-
raminidases present in lysosomes, plasma membrane, and mitochondria act on the sialylated glycans
and remove the sialic acids.

Table 1. Human sialyltransferases (STs). Other names used to refer to them, the substrate carrier,
along with the structure formed as a result of the ST activity, have been mentioned in the table below.

Enzymes Other Names Subst}'ate Structure Formed
Carrier

ST3Gall SIAT4A, ST30, ST3GalA.1  O-GP > GL Neu5Aca2-3Galp1-3GalNAc-
ST3Gal2 SIAT4B, ST3GalA.2, SAT4 GL > O-GP Neu5Aca2-3Gal31-3GalNAc-
ST3Gal3 SIAT6 GP Neu5Acx2-3Galp1-3/4GlcNACcB-

Neu5Acx2-3Gal31-3GalNAc-
NeubAcx2-3Galp1-4GIlcNAc-

ST3Gal4 SIAT4, STZ, SAT3, SIAT4C GP > GL

ST3Gal5 SIAT9, STATGM3S GL Neu5Aca2-3GalpB1-4Glc-Cer
ST3Gal6 SIAT10 GP, GL NeubAca2-3GalR1-4GlcNAcf3-
ST6Gall SIAT1 N_(;CI;DLOL’ Neu5Aco2-6Gal1-4GleNAcB-
ST6Gal2 SIAT2 N-GP, OL -
g (NeubAca2-3)9.1(Galp1-
ST6GalNAcl SIAT7A O-GP 3)0.1GalNAc-Ser/Neu5Aco2-6
g (Neu5Acx2-3)y.1Gal1-3GalNAc-
ST6GalNAc2 SIAT7, SIAT7B, SIATL1 O-GP Ser/NeuSAca2-6
ST6CalNAC3 SIAT7C O-GP,GL Neu5Acx2-3Galp1-3GalNAc-

R/NeubAcx2-6
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Table 1. Cont.

Enzymes Other Names Subst.rate Structure Formed
Carrier
O-GP, OL > NeubAcx2-3Galp1-3GalNAc-
ST6GalNAc4 SIAT3C, SIAT7D CL R/Neu5Aca2-6
ST6GalNACc5 SIAT7E GL Gp1«
ST6GalNAc6 SIAT7F GL>GP Gbia, (GT1a)
ST8Sial SIATS, SIATSA GL Neu5Aca2-8Neub5Aca2-3Galp1-
4Glc-Cer
ST8Sia2 SIATSB, STSSIA-II, STX GP NeubAco2-8NeuSAca2-3Galp1-
4GlcNAc
. NeubAca2-8NeubAca2-3Gall-
ST8Sia3 SIAT8C GP, GL AGIcN Ac
. Neu5Aca2-8(Neu5Aca2-8)
ST8Sia4 SIATSD GP e SAco2-3CAIBLR
ST85Sia5 SIATS8E GL GD1¢, GT1a, GQ1b, GT3
ST8Siab SIAT8F O-GP, OL -

GL = glycolipid, GP = glycoprotein, OL = oligosaccharides, O-GP = O-glycosylated protein, N-GP = N-
glycosylated protein.

2.2. Types of Neuraminidases

Neuraminidases or sialidases are glycohydrolytic enzymes that cleave sialic acid
upon nascent virion release from the cell [9]. Broadly NEUs are categorized into viral
neuraminidases, bacterial neuraminidases, and mammalian neuraminidases. Mammalian
neuraminidases are a family of glycoside hydrolase enzymes that catalyze the cleaving
of terminal o-glycosidically linked sialic acid moiety from the surface of cells (Figure 1).
In the human genome, four neuraminidases (NEU1, NEU2, NEU3, and NEU4) have been
successfully identified. These four enzymes of NEU have been described in detail in Table 2.
On the basis of commonly used names, substrate carriers (or glycan specificities), tissue
expression, and intracellular localization.

Table 2. Human Neuraminidases (NEUs). Information regarding alternative names, substrate carrier,
intracellular localization, etc., corresponding to NEUs can be found in the table below.

Enzymes Other Names Subst-rate Tissue Expression Intrac.elllflar Glyc051d1.c.L.1nkage
Carrier Localization Specificity
Kidney, pancreas,
NEU1 Lysosomal OL, skeletal muscle, liver, Lysosomal and plasma «2-3 faster than «2-6
sialidase, SIAL1 glycopeptides lungs, placenta, and membranes and o2-8 [10]
brain
Cytosolic . o2-3 faster than «2-6
NEU2 sialidase, SIAL2 OL, GP, GL Skin Cytosol and o2-8 [10]
Caveolae
Membrane Adrenal gland, skeletal microdomains of «2-3 and «2-8 almost
NEU3 .. GL, Grb2 muscle, heart, testis, and plasma, endosomal equally and faster than
sialidase, SIAL3
thymus and lysosomal o2-6 [11]
membranes
OL, GP, GL, Brain, skeletal muscle ER membrane,
NEU4 Sialidase phospholipid g ! mitochondria, and -

heart, placenta, and liver

scramblase 1 lysosomes

GP = glycoproteins, GL = gangliosides, Grb2 = growth factor receptor bound protein 2.
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3. Role of Sialyltransferases and Neuraminidases in Tumor Growth and Metastasis

The enzymes known as sialyltransferases are in charge of adding sialic acid to devel-
oping glycoconjugate chains. A known feature of various malignancies, including lung,
breast, ovarian, pancreatic, and prostate cancer, is the upregulation of this enzyme by
40-60%. Through several mechanisms, such as improving immune evasion and tumor
cell survival and promoting tumor invasion and migration, hypersialylation aids in the
spread of tumors. A surplus of the negatively charged sialic acid is present on the cell
surface as a result of hypersialylation (Figure 2), which can be caused by overexpression of
sialyltransferases, a downregulation of neuraminidases, or a combination of the two [12].
Through recognition by sialic acid-binding proteins, sialyltransferases play a role in the
manufacture of tumor-associated sialoglycans, which in turn affect tumor development
and the host’s immunological response. In this review, we go over new information about
the precise processes by which altered sialylation encourages cancer metastasis during the
stages of invasion, intravasation, circulation, extravasation, and colonization.

—._ Adjacent cell

Altered adhesion

Immune Evasio

mmune cell

Siglecs

bﬂ Increases :

e Chemoresistance
¢ Tumor Metastasis

Tumor cells ¢ Tumor Growth

Figure 2. Hypersialylation in tumor cells and its adverse effects. The figure demonstrates aberrant
sialylation by upregulation of sialyltransferases or downregulation of neuraminidases, or both
contribute to the accumulation of excess negative charge in cancer cells leading to immune evasion,
altered adhesion between adjacent cells, etc.

3.1. Maintaining Tumor Growth and Proliferation

The capacity to multiply even in the absence of proliferative stimulation is a crucial
characteristic of cancer cells. The molecular relationship between increased sialylation and
cellular proliferation may only be present in some types of cancer, although it has been
demonstrated that sialylation affects proliferative signaling pathways.

The discovery that ST3GAL1 overexpression promotes mammary carcinogenesis was
one of the first indications that the ST3GAL family is implicated in cancer, albeit the
mechanism by which this ST exerts its oncogenic activity has not been clarified [13]. The
ST6GAL family has been linked to controlling the proliferation of cancer cells. Through
suppression of the PI3K/AKT/GSK-3/-catenin pathway, ST6GALL silencing reduced the
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capacity of PC-3 and DU145 prostate cancer cell lines to proliferate and form colonies.
Similar to this, ST6GAL2 silencing reduced the proliferation of MCF-7 and T47D breast
cancer cells by stopping cell cycle progression at the G0/G1 phase and decreasing the
proportion of cells in the S phase [14]. The PI3K/AKT/NF-B pathway is inhibited by
ST6GALNACT silencing, which decreases the proliferation and clonogenicity of mouse
hepatocarcinoma cell lines [15]. Similarly, ST8SIA4 knockdown inhibited MDA-MB-231
cell proliferation in vitro and tumor development in vivo, as seen by the decrease in Ki67-
positive cells in the tumor tissue [16]. When ST6GALNACS was overexpressed in U373
MG cells, it prevented the formation of gliomas in vivo. Glioma cells have very low levels
of ST6GALNACS expression [17]. It is interesting to note that sialyltransferase expression
increases tend to enhance pro-tumorigenic and pro-metastatic effects in most cancer types,
although they can have the opposite effects in malignancies arising from brain tissues, such
as glioma. This might be because adult brain plasticity and regeneration depend heavily
on polysialylation [18].

3.2. EMT Inducing Events, Invasion, and Metastasis Activating Events

An invasive phenotype of cancer requires the capacity of cancer cells to penetrate
and disseminate. A number of steps are involved in this process, beginning with the local
invasion of cancer cells into the surrounding tissues, then intravasation, survival in the
milieu of the circulatory system, extravasation, and proliferation in the new tissue [19].
It is well known that STs actively encourage the development of invasive and metastatic
characteristics in many different forms of cancer [3]. The epithelial-mesenchymal transition
(EMT), a reversible cellular phenotypic switching process defined by the loss of epithelial
markers in favor of a migratory mesenchymal state, has been linked to changes in sialylation.
The primary catalyst for malignant tumor metastasis is EMT [20].

It is generally known that ST3GAL is associated with enhanced invasion and metasta-
sis. The metastatic HCC cell line HCCLM3 has been found to migrate and invade when
ST3GALL1 is expressed, and its expression is linked to a poor outcome in human HCC [21].
Additionally, through EGFR signaling, ST3GAL1 overexpression can encourage the mi-
gratory and peritoneal spread of ovarian cancer cells [22]. A further study revealed that
ST3GALL is essential for the TGF-1-induced EMT in ovarian cancer. When ovarian cancer
cells were treated with TGF-, ST3GAL1 was more highly expressed, which decreased the
levels of E-cadherin and increased the levels of N-cadherin and vimentin [23]. It has been
demonstrated that other ST3GAL family members control invasion and migration. For
instance, ST3GALS3 altered the adhesion and invasion of breast cancer cells by upregulat-
ing the expression of molecules involved in invasion mechanisms, such as one integrin,
matrix metalloproteinase (MMP)-2, MMP-9, and COX-2 [24]. It has been demonstrated
that ST3GAL3 and ST3GAL4 increase the adhesion, motility, and migration of pancreatic
cancer cells in vitro and the potential for metastasis in vivo [25]. The migration, invasion,
and E-selectin-dependent adhesion of pancreatic cancer cells were consistently reduced
when ST3GAL3 or ST3GAL4 expression was downregulated [26].

3.3. Immunological Evasion

For cancer cells to effectively metastasize and spread throughout the body, they must
be able to evade recognition and elimination by the immune system. It has long been un-
derstood that cancer cells” abnormal glycosylation shields them from the immune system’s
devastation [27]. Particularly, sialic acid on the surface of cancer cells is thought to be critical
for immune regulation and tumor immune evasion, and sialic acid inhibition may offer a ther-
apeutic strategy to develop an immune-permissive tumor microenvironment [28]. Knocking
down the sialic acid transporter results in a reduction in sialic acid in murine B16 melanoma
cells. SIc35A1 has been demonstrated to improve effector T cell response, decrease the amount
of 2,6-linked sialic acids on the cell surface, and boost the inflow and activity of natural killer
(NK) cells, strengthening anti-tumor immunity and slowing tumor progression [29].
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It has only recently been clear how certain STs contribute to the immune evasion of
cancer cells. For example, ST6GAL1 has been demonstrated to enhance immune evasion
in hepatocarcinoma cells by increasing levels of CD147, MMP9, MMP2, and MMP7 and
suppressing T-cell proliferation [30].

3.4. Evading Cell Death and Apoptosis

Cancer cells must avoid and overcome cellular death in order to grow and thrive
in the tumor microenvironment. Several different cell types’” programmed cell death has
been linked to sialylation. The TNF family of death receptors (TNFRs) includes TNFR1,
DR4, DR5, and Fas (CD95), which regulate programmed cell death. These molecules
are frequently altered in human cancers, and they have been firmly linked to tumor cell
survival [31]. Through ST6Gal-I-mediated hypersialylation of the Fas receptor, cancer cells
are able to evade apoptosis and cell death signaling (FasR). This, in turn, prevents the
internalization of Fas and the development of the death-inducing signaling complex (DISC),
which disables the signaling that causes apoptosis [32]. By sialylating TNF receptor 1,
internalization is hindered, and apoptosis is prevented. ST6GAL1 overexpression has a
comparable effect on Tumor Necrosis Factor (TNF)- induced cell death [33]. In a study; it
was discovered that the production of normal extended O-glycans could increase sensitivity
to TRAIL through O-glycosylated DR4 or DR5. This is the first molecular mechanistic
understanding of how tumor cell survival is aided by the expression of shortened O-glycans,
such as Tn/sTn antigens [34].

4. Role of Sialyltransferases and Neuraminidases in Various Cancers

In the previous section, we saw existing research data supporting how various en-
zymes involved in sialylation are responsible for promoting cancer proliferation and metas-
tasis via different mechanisms. This provides us a basis to understand how by inhibiting or
overexpressing some of these particular enzymes, we might aid in the treatment of cancer.
However, since here we are dealing with a total of 24 enzymes studying all of them together
for multiple cancers might become complicated. Hence, we compile all relevant research
studies conducted to date in a cancer-wise manner allowing one to know which of these
enzymes might be the probable targets/biomarkers for different cancers (Figure 3).

4.1. Breast Cancer

The most common cancer detected in women with distant metastasis and poor prog-
nosis is breast cancer. Studies have found it to be the second largest cause of death amongst
female cancer patients [35]. A study conducted in 1998 reported an increase in the mRNA
expression of ST3GAL2 in breast cancer stem cells is linked to increased gangliosides
expression. A high expression of ST3Gal3 was found to be positively correlated with the
number of axillary lymph nodes and reduced patient overall survival [36]. MUCl is a
membrane protein expressed on the luminal surface of simple epithelial cells. It has a
large Extracellular Domain (ECD) consisting of repeated amino acids, each comprising
five potential sites for O-glycosylation. In normal breast epithelial cells, the glycosylate
units of MUC1 are transformed from corel to core2 glycans, followed by adding polylac-
tosamine units. However, this conversion is reduced in breast cancer cells, resulting in
shorter O-glycan chains with increased sialic acid content. In a study, the staining intensity
of Maakia amurensis lectin (2,3 linked sialic acid) and ST3Gal I expression was shown
to be strongly positively correlated (p = 0.0015), demonstrating a direct linkage between
an increase in sialic acid structures and ST3Gall mRNA expression [37]. It has also been
determined that there is a strong association between ST3Gal3 expression and SLeX syn-
thesis levels, which controls the ability of cells to adhere to rh-E selectin. This resulted
in the conclusion that ST3Gal3 overexpression increases cell migration and invasiveness
(p = 0.05) [24]. In TNBC patients, a different study found a positive correlation between
high ST6GAL1 mRNA expression and a favorable relapse-free survival (RFS) rate [38].
Furthermore, knocking down ST6GAL1 with shRNA targeted to the various ST6GAL1
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sites significantly reduced the aggressive breast cancer cells’ capacity to proliferate and
invade. ST6GAL2 expression is associated with poor prognosis for patients [14]. Moreover,
silencing ST6GAL?2 in breast cancer cells reduced xenograft tumor growth in vivo [14].
Along with its presence throughout the Golgi stacks in the transfected cells, ST6GalNAc1
is seen to play a role in the corel/core2 pathway (described above) [39]. A subsequent
result also established a correlation between the expression of hST6GalNAc-I and STn
and concluded the expression of STn in breast cancer cells transfected with the enzyme.
Additional research validated the role of ST6GalNAc2 as a novel metastasis suppressor
by correlating its high expression level with increased patient survival [40] and reveals
the overexpression of ST6GalNac5 leads to a decreased adhesion [41]. TNBC patients
showed a connection between increased STSia8 expression and poor overall survival (OS)
and disease-free survival (DFS) in a different study [42]. While there was no statistically
significant difference in ER-negative people, increased ST8Sial mRNA expression was
associated with improved disease-free survival [43]. Additionally, ST8Sial was silenced to
limit tumor growth in a xenograft model, and ST8Sial was downregulated by triptolide
to suppress tumor growth and lengthen survival [44]. Finally, it has been discovered that
ST8Sia4 is overexpressed and aids in the development of breast cancer [16].

Sialyltransferases
And
Neuraminidases

Figure 3. Role of sialyltransferases and neuraminidases in various cancer.
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Suppression of NEU1 demonstrates the correlation with a decrease in cell proliferation
and apoptosis enhancement by the activation of caspase3 [45]. NEUS3 silencing caused
apoptosis without specific stimuli [46].

4.2. Pancreatic Cancer

PDAC (pancreatic ductal adenocarcinoma) has a poor 5-year survival rate of fewer
than 9 percent, making it one of the fatal cancers. According to recent research, ST6Gal-I,
a glycosyltransferase, supports CSC (cancer stem cells) traits and functions as a survival
factor to shield cells from cytotoxic assaults such as chemotherapy, radiation, and serum
deprivation, and hypoxia [47-50]. In many malignancies, including ovarian, pancreatic, and
colon tumors, ST6Gal-1 is elevated, and high production of this enzyme is associated with
a bad prognosis for the patient [51-53]. Pancreatic Intraepithelial Neoplasia (PanIN) has
significant ST6Gal-I expression, but normal pancreatic acinar cells do not exhibit ST6Gal-1
protein expression [51].

EGEFR is a key factor in driving EMT, and earlier research has shown that sialylation
of EGFR by ST6Gal-I encourages both basal and ligand-dependent EGFR activation in
pancreatic and ovarian cancer cells [54]. The EGFR inhibitor, Erlotinib, has been approved
by the US Food and Drug Administration to treat PDAC in combination with gemcitabine
since EGFR is elevated in about 85% of patients with PDAC [55]. According to research,
which showed that EGFR activation in various cancer cell lines was «2-6 sialylation-
dependent, ST6Gal-I1 OE in Suit2 cells increased «2-6 sialylation and basal EGFR activation,
whereas ST6Gal-I KD in S2-013 and S2-LM7AA decreased EGFR sialylation and activation.
Notably, erlotinib treatment removed sialylation-dependent variations in EGFR activation
and reversed the effects of ST6Gal-1 on the expression of EMT markers and cell invasiveness
in the Suit2 and S2-LM7AA lines. These findings provide compelling evidence for the idea
that sialylated EGFR participates in the EMT-promoting effect of ST6Gal-I [56].

Studies have shown that greater 2,3- and 2,6-linked sialic acids (SAs) are found in
pancreatic cancer cells, which most contribute to the disease’s higher risk of metasta-
sis [57]. Lysosomal (Neul), cytosolic (Neu2), membrane-bound (Neu3), and luminal (Neu4)
sialidases are the four sialidases found in mammalian cells. They differ in their enzy-
matic properties and substrate specificity. They act differently throughout carcinogenesis
and are crucial for the equilibrium of sialylation [46,58]. After comparing the status of
Neul/Neu2/Neu3/Neu4 in cancer and then in normal tissue specimens, it was concluded
that the loss of Neu2 may aid in greater sialylation status in pancreatic cancer manifesta-
tion [59]. According to several findings, greater sialylation status influences the ST3Gallll
and 2,3 sialyltransferase galactosyl transferases in PDAC, which in turn affects cell motility,
adhesion, and metastasis [60]. In response to apoptotic triggers such as serum deprivation,
which drastically decreased the growth rate, Neu2 overexpression displayed apoptosis
vulnerability. More importantly, this event affected crucial cell cycle regulatory molecules,
increased the expression of pro-apoptotic and decreased the expression of anti-apoptotic
proteins, pushing Neu2-overexpressed cells toward apoptosis as indicated by an increased
number of cells in the late apoptotic stage. It is interesting to note that in pancreatic cancer,
o2,3linked SAs are thought to be the primary substrate for Neu2 [59].

4.3. Qvarian Cancer

Ovarian cancer is amongst the most common cancers affecting females around the
world and is accompanied by an extremely poor prognosis and significantly higher death
rates [61]. A large number of studies suggest that targeting the sialyltransferases and
neuraminidases might be a potential strategy to prevent metastasis in this particular
cancer. One such study involving qRT-PCR, western blotting, and immunohistochemistry
assessed the expression of sialyltransferase ST3GAL1 in ovarian cancer tissue and cell
lines and found it to be upregulated. Their results also indicated that overexpressing
ST3GALL1 promoted cell growth, migration, and invasion in ovarian cancer cells, whereas
inhibiting STG3GALL1 expression had the opposite results. They also investigate ST3GAL1's
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participation in EMT via various studies and conclude that it can influence the level of cell
migration and invasion induced by TGF-31 [23]. Higher expressions of ST3GAL1 have also
been found to be related to the advanced stage serous type epithelial ovarian cancer (EOC),
and the process of a2,3-linked sialylation is highly important for clear cell type epithelial
ovarian cancer (C-EOC) with the potential for a possible therapeutic solution [62].

In recent years, a large number of studies have suggested that upregulation of
ST6GAL1 has been associated with tumor aggressiveness in various cancers. Such studies
conducted for ovarian cancers using mRNA expression data suggest a strong correlation
between high ST6GALL1 expression and lymphatic invasion of tumor cells, while western
blot analysis of ST6GALLI protein levels has suggested that patients diagnosed with distant
metastasis often present significantly higher ST6GAL1 protein levels. The study further
claims to be a promising therapeutic target, and metastasis formation might be decreased
by blocking it due to its influence on hallmarks of the carcinogenic phenotype like adhesion,
metastasis formation, and chemoresistance [63]. Studies have also described ST6GAL1's
complex relationship with Sox2, a master stem cell transcription factor. Located within the
3q26 amplicon, they are amplified in cancer cells, and due to the binding of the transcribed
Sox2 to ST6GALL, its expression is enhanced further. These events aid in the remodeling of
cancer cells into a more stem-like cell phenotype, which itself is associated with ovarian
cancer progression and recurrence [64]. Other sialyltransferases and their roles in the pro-
gression of ovarian cancer have also been explored. One such sialyltransferase is ST3GAL3,
whose mRNA expression levels differed significantly amongst different ovarian cancer cell
lines. HO8910PM with high invasive and metastatic capacity expressed elevated ST3Gal3
mRNA and displayed high chemoresistance to cisplatin, while in the case of SKOV3 cells,
which have lower expression levels of ST3Gal3 show more chemo-sensitive to cisplatin.
Their findings light on the reverse correlation between the expression levels of ST3GAL3
and the dosage of cisplatin used in various cell lines and claim that by targeting ST3GALS3,
chemoresistance of cisplatin can be prevented the relapse of ovarian cancer [64]. Similar
studies conducted have held ST3GAL3 accountable for paclitaxel-related resistance during
ovarian cancer chemotherapy. They further suggest that overexpression of ST3Gal3 may
serve as a diagnostic and prognostic marker and also a potential chemotherapeutic target
for ovarian cancer [65]. Fewer studies also elaborate on the role of neuraminidases in
ovarian cancer, one being where higher expression of NEU1 in ovarian cancer tissues of
patients in comparison to adjacent normal tissues was noted. They further elucidate the role
of NEU1 siRNA, which via targeting lysosome and oxidative phosphorylation signaling,
effectively inhibits the proliferation, apoptosis, and invasion of human ovarian cancer cells
suggesting NEU1 can be targeted for the treatment of ovarian cancer [66].

4.4. Other Cancers

Cytokines such as IL3 and CCL17, secreted by M2 macrophages co-cultured with
colon cancer, induce expression of ST6GalNAc1, which results in higher expression of
sTn antigen inducing on MUC1 [67]. ST6GalNAc6 downregulation in colon cancer is
associated with epigenetic silencing, paralleled by decreased disialyl LeA expression with a
concomitant increase in sialyl LeA [68]. Decreased expression of ST8Sia5 is associated with
gene regulation by fork-head box O3 (FOXO3), the functional deficiency of which facilitates
inflammation-mediated colon cancer growth linked to poor survival in patients [69]. In
prostate cancer, high ST6Gal-I expression positively correlates with Gleason scores, seminal
vesicle involvement, and poor survival in patients [70]. Shorter isoforms of ST6GalNAc1
(induced by androgens) exhibit a similar sialyltransferase activityClick or tap here to
enter text., the former is responsible for expressing the sTn antigen [71]. ST6GalNAc3 is
shown to be hypermethylated. However, it is not yet known if this epigenetic silencing
contributes to the development of cancer [72]. In gastric cancer, ST3Gal4 contributes to poor
prognosis and selectin-dependent adhesion through sLex, whereas ST6GalNAc 1 induces
expression of sTn antigen and regulates the gene expression of IGF-1 through STAT5b
activation [26,73]. ST6Gal expresses CDw75 antigen (a sialylated carbohydrate epitope),



Diseases 2022, 10, 114

11 0f 23

which strongly correlates with aggressive gastric tumors [74]. Other than this, ST6Gall and
ST3Gal3 expression has also shown an association with secondary local tumor recurrences
in gastric cancer (p = 0.005; p = 0.012) [75]. In renal cancer, silencing ST6GalNAc6 increases
the metastatic capability of tumor cells, expressing low levels of DSGb5, and decreasing
migration, but not proliferation [76].

Another cancer with an increasing incidence and extremely high mortality rates is
the one primarily affecting Esophagus [77]. Significant downregulation of ST6CGALNAC1
in Esophageal Squamous Cell Carcinoma (ESCC) tissues in comparison to normal tissues
via hyper-methylation and loss of heterozygosity have been reported, possibly making
ST6GALNACT1 a candidate responsible gene for ESCC [78]. Another study conducted with
Cancer Stem Cells (CSCs), the primary cause of cancer recurrence and metastasis, found
ST8SIA2 to be hypermethylated in ESCC-CSCs. Further analysis conducted with GEPIA
also revealed ST8SIA2 to be highly expressed in ESCC tissues in comparison to normal
tissues and also correlated with poor disease-free survival [79]. Another study involving
Adenoviral- fragile histidine triad (Ad-FHIT) treatment of esophageal cancer cells found
overexpression of ST3GALG6 in apoptotic cells compared with non-apoptotic cells, sug-
gesting Ad-FHIT treatment’s role in the inhibition of a sialyltransferase-associated metas-
tasis [80]. mRNA expression analysis of various sialyltransferases and neuraminidases
was conducted using RT-qPCR in Oral Squamous Cell Carcinoma (OSCC), found sialyl-
transferases ST3GAL1, ST3GAL2, ST3GAL3, ST3GAL4, ST3GAL6, and ST6GAL1 and
neuraminidase NEU3 to be downregulated in tumor tissues in comparison to normal. Fur-
ther analysis revealed the correlation between elevated levels of ST3GAL2 and ST3GAL3
with metastasis and progression of OSCC [81].

In the case of Head and Neck Squamous Cell Carcinoma (HNSCC), elevated mRNA
levels of NEU3 were found in tumor tissues in comparison to normal tissues. The elevation
was also found to be associated with lymph node metastasis, which is an important event
for HNSCC progression and is often related to higher mortality rates. Further studies
to understand the underlying mechanism reveal that NEU3 participates in HNSCC pro-
gression through EGFR signaling regulation and can be targeted to inhibit the disease
progression [82]. Studies have revealed that cell adhesion and invasion in Anaplastic Large
Cell Lymphoma (ALCL) are regulated by the process of sialylation involving ST6Gall
and N-glycans. Galectin-8 causes the growth inhibition of lymphoma cells induced by
neuraminidase treatment [83]. Another study’s findings suggest that in the case of lym-
phoreticular malignancies, an increase in sialyltransferase activity is observed [84].

Sialyltransferase studies revolving around various types of skin cancers have also
surfaced, especially around melanoma, the most serious form of skin cancer. Studies report
that ST3GAL1 promotes melanoma metastasis via AXL and also acts as a target for the
oncogenic SOX2-GLI1 transcriptional complex [85]. A study involving the evaluation of
sialyltransferase expression in actinic keratosis, keratoacanthoma, squamous cell carcinoma,
and basal cell carcinoma found elevated levels of ST3Gall and ST6Gall to be associated
with skin tumors with greater potential for invasion and metastasis [86].

The most frequent malignant tumor of the urinary system is Bladder Cancer (BLCA),
and the leading cause of death from the disease is distant metastasis. Data from the Gene
Expression Profiling Interactive Analysis and TCGA databases revealed that ST8SIA1’s
mRNA expression levels were lower in BLCA tissues than in healthy tissues, and this was
further supported by immunohistochemistry and western blot analysis. The pathogenic
grade and invasiveness of BLCA were adversely correlated with the ST8SIA1 expression
levels. Western blot analysis showed that BLCA cell lines expressed ST8SIA1 at lower
levels than a typical urothelial cell line. The proliferation, migration, and invasion of T24
and 5637 BLCA cells were inhibited by ST8SIA1 overexpression, according to CCK-8, flow
cytometry, wound healing, colony formation, and Transwell experiments. Further research
showed that STSSIA1 might reduce the production of JAK/STAT pathway-targeting signal
molecules such as MMP2, proliferating cell nuclear antigen, cyclin D1, and Bcl2 in two
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BLCA cell lines, as well as suppress the phosphorylation of JAK2 and STAT3. This gave
researchers a fresh target for the detection and therapy of BLCA [87].

One of the most common tumors that kill female patients is Cervical Cancer, which
also has the second-highest mortality rate among cancers in underdeveloped nations [88].
Cervical cancer has been shown to be brought on by Human Papillomavirus (HPV) infec-
tion [89]. Recent research showed that ST3Gal IV levels were lower in cervical cancer tissues
than in nearby tissues and were inversely linked with the tumor’s aggressiveness. In vitro
and in vivo, ST3Gal IV overexpression reduced the growth and division of cervical cancer
HeLa and SiHa cells. Additionally, ST3Gal IV overexpression increased the expression of
various Notch pathway constituents, including Jagged1, Notchl, Hes1, and Hey1, while
decreasing the expression of cell cycle proteins, including Cyclin D1, Cyclin E1, CDK2, and
CDKA4. These findings suggest that the Notch/p21/CDKs signaling pathway negatively
regulates cell proliferation in cervical cancer by reducing ST3Gal IV expression. As a result,
ST3GallV may be a target for the detection and treatment of cervical cancer [90].

A hematopoietic stem cell condition called Chronic Myeloid Leukemia (CML) results
from a translocation of chromosomes 9 and 22’s long arms, which contains the BCR-ABL
fusion oncogene. Recent studies have shown that STSSIA4 mRNA had the highest level of
expression and was a major factor in the high levels of 2,8-linked NeulNNAc residues on the
PBMC surfaces of CML/MDR patients, but STSSIA6 expression was at a high level in CML
patients, indicating ST8SIA6 to be an essential factor in the emergence of malignant changes.
In CML cell lines, ST8SIA4 altered expression significantly reduced PI3K/Akt pathway
activity [91]. Additional research showed that altered ST3GALIV expression had a substantial
impact on the distribution of the cell cycle, the apoptotic signal, and cell proliferation [92].

According to a recent study, ST6GALLI levels dramatically rose, whereas ST3GALLI,
ST6GALNACS, and ST8SIA6 levels were noticeably decreased in lung cancer tissues and
cells. Lung cancer tissues and cells have increased ST6Gal-I mRNA, protein, and glycan
levels. Additionally, down-regulating ST6Gal-I reduced the levels of the proteins Jagged1,
DLL-1, Notchl, Hesl, Heyl, Matrix-Metalloproteinases (MMPs), and VEGEF. It also inhibited
the ability of A549 and H1299 cells to proliferate, migrate, and invade in vitro. Additionally,
ST6Gal-I silencing of A549 and H1299 cells resulted in reduced proliferation and metastasis,
which was reversed by Notch1 overexpression. This suggests that ST6Gal-I may mediate
the invasiveness and tumorigenicity of NSCLC cells via the Notchl/Hes1/MMPs pathway
both in vitro and in vivo. Modification of 2,6-sialylation is positively associated with lung
cancer development [93].

5. Resistance against Traditional Cancer Treatments

Chemotherapeutics and radiotherapy are among the top traditional methods for
treating cancer. It has been observed by the work of several groups that sialyltransferases
and neuraminidases tend to create resistance in the treatment of various cancers.

5.1. Chemoresistance

The capacity of cancer cells to tolerate the presence of therapies is a crucial compo-
nent of their malignant nature. It has been demonstrated that hypersialylation of cancer
cells encourages chemoresistance in a number of cancer types. This characteristic has re-
ceived particular attention in regard to ST6GAL1, which can directly sialylate and activate
EGFR, FGFR1, and HER2. The EGFR inhibitor gefitinib had a greater anti-cancer effect
on colon cancer cells when ST6GAL1 was silenced, but ST6GAL1 overexpression reduced
gefitinib’s cytotoxic effects [94]. Schultz and colleagues demonstrated that ST6Gal I is
highly expressed in cisplatin-resistant cells compared with nonresistant cells [95]. Other
studies have also reported that overexpression of ST6Gall confers resistance to cisplatin, a
platinum-based chemotherapeutic drug. They also concluded that ST6Gall is responsible
for the regulation of cancer stem cell resistance to irinotecan, another chemotherapeutic
drug [52]. It is also observed to mediate resistance in chemoradiotherapy in rectal cancer
due to the inhibition of apoptosis [96]. Chemoresistance is also promoted by the ST3GAL
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family. Overexpression of ST3GALI1 improved paclitaxel resistance in ovarian cancer cells,
but ST3GAL1 downregulation had the reverse effect [23]. ST3GAL1 was found to Medjiate
Drug Resistance (MDR) in Chronic Myeloid Leukemia (CML) cells. Compared to CML
with MDR, ST3GAL1 is markedly increased in CML without MDR. While ST3GAL1 over-
expression reduces chemoresistance in KCL22/ADR cells, ST3GAL1 silencing causes MDR
in KCL22 cells. Additionally, gastric adenocarcinoma MKN45 spheroids are more resis-
tant to Crizotinib, a medication that inhibits the receptor tyrosine kinases RON and MET,
due to overexpression of ST3GAL4 and ST3GALS6 [97]. Through ST3GALS5 and ST8SIA4,
which are both highly expressed in drug-sensitive cells and Adriamycin-resistant cells,
sialylation plays a role in the establishment of MDR of AML cells. In HL60 cells, ST3GAL5
suppression or ST8SIA4 overexpression increases the expression of P-glycoprotein (P-gp)
and MDR-related protein 1 (MRP1), which promotes the development of MDR in AML
cells [98]. Additionally, it has been demonstrated that ST8SIAL1 is increased in patients with
chemo-resistant TNBC, and its inhibition makes TNBCs more susceptible to chemotherapy
by inhibiting the Wnt/-catenin and FAK/Akt/mTOR pathways [99].

In the STOGALNAC family, it was discovered that overexpressing ST6GALNAC1
caused MKN45 gastric cancer cells to express sTn and conferred resistance to cisplatin or
5-fluorouracil (5-FU), whereas its knockdown restored galectin-3-binding sites and made
tumor cells more susceptible to drug-induced cell death [100]. Additionally, ST6GALNAC2
silencing reduced the 5-fluorouracil (5-FU)-induced chemoresistance of HCT-8 and LoVo
colorectal cancer cells to miR-135b or miR-182 suppression [101]. ST6GalNAc2 has been
associated with the PI3K/AKT pathway to mediate the invasiveness as well as the resistance
of colorectal cancer to 5-fluorouracil (5-FU) [102].

ST3Gal2 has been observed to be a rate-limiting enzyme for SSEA-4 (sialyl-glycolipid
stage-specific embryonic antigen 4) synthesis, which has shown a positive correlation
with chemoresistance [103,104]. ST3Gal3 has shown resistance to paclitaxel and cisplatin
resistance in ovarian cancer cells [65,105]. NEU1 has been shown to regulate MUCT1 activity,
which is responsible for inducing drug resistance in human (BxPC3 and Capan-1) and
mouse (KCKO, KCM) pancreatic cancer cells [106,107].

5.2. Radiotherapy

Exposure to radiotherapy has shown induction of high ST6Gall expression (in a dose-
dependent manner) both among healthy and cancerous tissues. This radiation could be
further linked with increased «2-6 sialylation of 31-integrins, leading to increased cell
migration and adhesion. In another study, ST6Gall induced radio-resistance, and when
Si-ST6Gal-I or Neu2 was co-transfected, the increased radio-resistance was abolished,
suggesting that ST6Gal-I mediated protein sialylation is involved in the radiation resistance
response and protein sialylation enables the cell to resist radiation-induced damage through
the inhibition of apoptosis [108]. Other than this, irradiation also induced the expression of
other sialyltransferases (5T3Gal I-IV, ST8Sia I) [108,109].

6. Sialyltransferase Inhibitors

Sialyltransferases and their sialylation processes serve as potentially important targets
in strategies designed to identify and develop treatments for cancer metastasis, given the
substantial body of biological evidence that they are connected with tumor progression,
adhesion, and migration in human cancer cells [2].

The initial tumor is not the main cause of cancer-related patient mortality; metastasis
is the main cause (>90%). The cancer spreads from the primary tumor location through
Extracellular Matrix (ECM) and basement membrane barriers before reaching other organs
through metastatic processes, which work through lymph nodes and blood transmission
channels. Multiple biological processes, including tumor cell attachment, degeneration, and
migration, are involved in the spread of cancer. A therapeutic approach for the management
of cancer metastasis could be the inhibition of any one of these phases, which could stop the
complete metastatic cycle [110]. A promising class of compounds that may be utilized to
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treat cancer metastasis clinically includes powerful, cell-permeable, and subtype-selective
sialyltransferase inhibitors. These agents function by blocking sialyltransferase-mediated
hypersialylation of cell surface glycoproteins or glycolipids, which subsequently obstructs
the sialic acid recognition pathway and impairs cell motility and invasion [2].

The drug imatinib belongs to the group of drugs known as kinase inhibitors. It functions
by preventing the aberrant protein from signaling the growth of cancer cells. This slows
the growth of cancerous cells. Imatinib-acquired resistance is usually linked to poor clinical
outcomes for patients with Chronic Myeloid Leukemia (CML). Recent research has shown
that K562R cells (CML cells with imatinib resistance phenotype) have higher sialylation levels
than K562 cells. It was found that imatinib-resistant K562R cells had much higher levels of
CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase (ST3Gal IV) than
imatinib-susceptible K562 cells using qRT-PCR and western blotting research [92].

Using 4-methylumbellipheryl-labeled LacNAc as the acceptor substrate, Ogawa and
colleagues discovered the methyl 5a’-carbadisaccharides, in which the monosaccharide
units are connected via ether or amine bridges, possessed significant inhibitory activities
(IC50 = 185-419 M) against recombinant 2,3-sialyltransferases [111]. Cytidine diphosphate
(CDP) mimics the CMP (Cytidine 5'-Monophosphate) part of the donor substrate CMP-
Neub5Ac and is a strong competitive inhibitor of sialyltransferases (Ki = 10 M). Despite
their effectiveness, CDP and its equivalents have not been thoroughly investigated bio-
logically as ST inhibitors [112]. As polysialyltransferase inhibitors, researchers created the
donor analogs 5-methyl CMP and 2'-O-methyl CMP. Their findings showed that ST8Sia-
IV, ST8-Sia-1I, and ST8Sia-IIl were all severely inhibited by 2/ -O-methyl CMP [113,114].
The inhibitors inhibited the expression of polysialic acid on the cell surface. Bisubstrate-
type compounds, such as those that include both donor (CMP-Neu5Ac) and acceptor
(N-acetyllactosamine, LacNAc) components, have previously been recognized for their
use as sialyltransferase inhibitors [115]. Currently, efforts are concentrated on using high-
throughput screening (HTS) techniques to quickly identify powerful protein inhibitors,
particularly ST inhibitors. The MS-based, quick, and quantitative screening method created
by Nishimura and colleagues is particularly appealing in this regard. With this technique,
the inhibitory effects of drugs on STs were quantified while CMP-Neu5Ac and a standard
internal acceptor that was labeled with a stable isotope were present (OCD3) [116].

Tsai and colleagues found that soyasaponin-I, a naturally occurring substance made
from raw soybean saponin, served as a highly effective ST3Gal-I inhibitor [117]. Addition-
ally, soyasaponin-I modified the invasive behavior of tumor cells by specifically suppressing
the mRNA expression of ST3Gal-1V and reducing the expression of 2,3-sialic acid on tumor
cell surfaces. Soyasaponin I efficiently and selectively reduced 2,3-sialylation on the cell
surface, decreased cancer cell migration, and improved cell adherence to extracellular
matrix proteins in the highly metastatic cancer cell line B16F10 [118,119]. Administration
of soyasaponin-I was discovered to prevent lung metastasis in mice, indicating that the
natural product changed the sialylation of cell surface adhesion molecules, preventing
tumor cells from spreading to the lungs significantly. It has also been acknowledged that
plant-derived flavonoids are useful as anti-tumor, anti-inflammatory, antibacterial, and
antioxidant agents [120-124]. Members of this inhibitor family have tetrahydropyran or
dihydropyranone C-ring structures with two phenyl groups (A-ring and B-ring) linked by
three carbon atoms and one oxygen atom. Due to the wide range of biological actions exhib-
ited by them, flavonoids may also have an impact on processes that are connected to cancer.
Several flavonoid derivatives with three different types of core structures were described
by Suzuki and coworkers. Their findings revealed that several of these flavonoid analogs
significantly inhibited the growth of rat ST6Gal-I, human ST6Gal-1, and rat ST3Gal-III [125].
Further information regarding sialyltransferase inhibitors can be found in Table 3.
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Table 3. Important enzymes involved in sialylation, their role in different cancers, and respective
treatment strategies.

Enzyme Type of Cancer in Which the Enzyme is Involved Treatment/Drug
Breast Cancer [37], Leukemia [126], Hexapeptide NH2GNWWWW [129],
ST3GAL1 Bladder cancer [127], RCC [128], Stachybotrydial [130],
Melanoma [85], Ovarian cancer [23] Lith-O-Asp (Pan ST) [131], Soyasaponin-I [117,118]
ST3GAL3 Breast Cancer [24] Lith-O-Asp analogues FCW34 and FCW66 [132]
Pancreatic cancer [60], Cervical cancer [133], .
ST3GAL4 Leukemia [92] Soyasaponin-I [119]
ST3GAL6 Bladder cancer [134] 3Fax-Neu5Ac [135]
Colon cancer [136], Rectal cancer [96],
Prostate cancer [70], Breast cancer [38],
ST6GAL1 Gastric cancer [137], Pancreatic cancer [138], -
Cervical cancer [139], RCC [140],
Ovarian cancer [63]
ST6GALNAC1 Gastric cancer [141], ESCC [78] -
ST6GALNAC2 Breast [142] -
ST8SIA Family Breast cancer [42], Bladder cancer [87] 2'-O-methyl CMP [114]
Sialidase conjugation to trastuzumab
(Precision glycocalyx editing) [149],
Gastric cancer [143], Pancreatic cancer [59,144] Engineered PD-L1-targeted sialidase [150],
NEU Family Bladder cancer [145], Ovarian cancer [66], Bi-Sialidase E602-GLIMMER-01 (Glycan-Mediated
HNSCC [82], RCC [146], Lung cancer [147,148] Immune Regulation) study [151],

Oseltamivir [152], Zanamivir [153], Bifunctional
HER?2-Sialidase [154], DANA Analogues [155]

7. Neuraminidase Inhibitors

Neu5Ac (5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-ulosonic acid) is the
most prevalent type of neuraminic acid present in the human body [156]. Neuraminic
acids, also known as sialic acid, often serve as the last residues in glycan chains and are
essential for molecular recognition [157]. Strong and specific chemical inhibitors act as
useful tools for examining how these enzymes function biologically. The development of a
powerful neuraminidase inhibitor has received considerable attention; however, research
into inhibitors of human neuraminidases has lagged behind. According to reports, 2-deoxy-
2,3-didehydro-N-acetylneuraminic acid (DANA) is the basis of the majority of human
neuraminidase inhibitors [158]. It is interesting to notice that when Neu5Ac is present in
sufficient quantities, the NEU enzymes can produce DANA. The dehydration caused by
Neu5Ac when it is bound in the active site is probably what causes DANA to develop [159].

According to a recent study, it was discovered how the scaffold of the neuraminidase
inhibitor, DANA, can be exploited as a starting point for the creation of novel powerful,
and selective inhibitors of human neuraminidase isoenzymes. The study focuses on how
the presence of an aryltriazolyl group at the C9 position greatly improved the potency of
inhibitors towards NEU3 and NEU4. Further, it was also discovered how the addition of
a guanidino group at the C4 position provided the selectivity between NEU3 and NEU4,
revealing a clear strategy for the design of inhibitors with improved selectivity for NEU3
and sub-micromolar potencies. These inhibitors could be made into practical instruments
for researching how human neuraminidases work biologically. In conclusion, it was proven
that distinct structural characteristics of the human neuraminidase isoenzymes’ active site
enabled the discovery of highly effective and selective inhibitors of this significant family of
human glycosidases. Future research will focus on how these substances behave in living
organisms and develop new instruments for analyzing the precise biological functions of
NEU isoenzymes [155]. Though most of the research on neuraminidase inhibitors focuses
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on influenza viruses and other infectious diseases, a 2016 research study on a novel GPCR-
MMP9-NEUL1 signaling pathway found it to be probably essential for tumor development.
They further demonstrated that the therapeutic effectiveness of oseltamivir phosphate
targeting NEU1 could restrict the tumor’s capacity to metastasize [160]. Another study
regarding anti-influenza sialidase inhibitor oseltamivir phosphate found it to reduce the
neuraminidase activity of canine mammary cancer cells and contribute to an increase in
mammary tumor aggressiveness [152]. An improvement in the outcome of Leukemia
patients has also been observed with neuraminidase inhibitor studies involving oseltamivir
and zanamivir [153].

Furthermore, not only are neuraminidase inhibitors being used for the treatment of
cancer but engineered neuraminidases have been identified to improve disialylation and
serve as a cancer immunotherapeutic approach. One such example of that of engineered
PD-L1-targeted sialidases which have been characterized in preclinical models and found
to have the capability to improve disialylation of PD-L1-expressing tumor and immune
cells [150]. Another such case is that of E-602, a novel cancer drug candidate with the
potential to act as a sialoglycan degrader and is currently under Phase 1/2 studies of its
clinical trials. It is an engineered human sialidase (Neu2) Fc fusion that restores the function
of T cells by desialylating surface sialoglycans on tumor and immune cells [151,161].

Precision glycocalyx editing by the development of antibody-sialidase conjugates
have also been proposed to be a potential cancer immune therapy. A study involving the
fusion of recombinant neuraminidase to HER2-specific antibody trastuzumab was found
to selectively desialylate of the tumor cell glycocalyx and increase the cell susceptibility to
Antibody-Dependent Cell-mediated Cytotoxicity (ADCC) and hence serve as a treatment
for those cancer patients having lower levels of HER2 or resistance to trastuzumab [149].
Biotechnology companies such as Palleon Pharmaceuticals and Shanghai Henlius Biotech
also show an increasing interest in using sialidases for potential cancer treatment. This can
be estimated by their press release which indicates their plans to develop a Bifunctional
HER?2-Sialidase and a second bifunctional sialidase for the degradation of Immunosuppres-
sive Sialoglycans for Cancer. The earlier mentioned clinical trials of novel drugs E-602 are
also being conducted and sponsored by Palleon Pharmaceuticals [154,161].

8. Conclusions

This review focuses on the significance of Sialyltransferase and Neuraminidase in
cancer prognosis and has highlighted the various Sialyltransferase and Neuraminidase
families, such as ST3GAL, ST6GAL, ST6GALNAC, ST8SIA, NEU, involved in the metastasis
of various cancers such as breast, pancreatic, ovarian, head and neck, etc. The compilation
of experimental and computational data presented in this paper provides researchers
working on particular cancers with possible ST/NEU targets or biomarkers for further
studies. This review also shed insight on the range of novel Sialyltransferase inhibitors
now under development, emphasizing recent iterative accomplishments in designing and
developing new inhibitors using the CMP-Neu5Ac frameworks. The necessity for potent
and selective molecules is highlighted by the aberrant sialylation process involving STs and
Neu compounds contributing to the development and spread of cancer. Obtaining protein
for the required in vitro experiments, as well as determining whether the inclusion of a
negative charge and numerous polar groups in CMP-sialic acid mimics will be favorable to
cell uptake and oral bioavailability, are among the problems facing ST inhibition. Further
research in related areas will allow researchers to identify the most efficient target amongst
the presented sialyltransferases and neuraminidases in different cancers and gain structural,
mechanistic, and computational knowledge, which will further aid in designing potent
compounds targeting these enzymes.
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