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Introduction

Colorectal cancer (CRC) is the third most commonly 
diagnosed cancer [1]. Although the advent of metastasis is only 
observed in 20% of patients who present with this malignancy 
[2], metastatic disease remains the leading cause of death in 
patients with CRC [3]. Aberrant patterns of glycosylation have 
emerged as a fundamental characteristic of cancer cells [4] and 
glycosylation plays an important role in cancer pathogenesis, 
particularly in the later stages of invasion and metastasis [5,6]. 
Cancer progression, invasion, metastasis and chemoresistance 
are highly influenced by cell surface sialoglycoproteins [6,7]. 
The terminal monosaccharides of N-glycans are sialic acids, and 
cell surface receptors and adhesion molecules like growth factor 
receptor, integrins, laminin, and cadherins are highly sialylated. 
The sialylation of these molecules is significantly altered during 
neoplastic transformation. Therefore, understanding the 
underlying mechanisms of metastasis as a whole is important, 
particularly when determining a treatment regimen that will 
prove most effective. This review will focus on the metastatic 
cascade as it relates to cancer as a whole, the role of sialic acids 
in the metastasis cascade and the models that are available to 
study sialic acid expression and how they can be applied to the 
study of colorectal cancer. 

Metastatic Cascade and its Regulation

Figure 1: Steps in the metastatic cascade.
The seven major steps have been outlined in the process of 
metastasis and include: (1) Local invasion of the host stroma (2) 
Detachment from the primary tumor (3) Intravastion into vessels 
(4) Circulation and survival of primary tumor cells (5) Extravasation 
(6) Establishment of the micrometastatic focus (7) Establishment 
of a macrometastatic focus following the proliferation of tumor 
cells. 

The clonal selection model of metastasis states that only a 
subpopulation of cells within the heterogeneous primary tumor 
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Abstract

Elevated cell surface sialic acid expression levels on colorectal cancer cells has been associated with increased metastatic burden. Sialic 
acid expression influences cancer cell-cell adhesion, cell-extracellular matrix adhesion, as well as emboli formation, apoptosis and cell growth. 
All of these processes are associated with the metastatic cascade, ultimately resulting in the formation of successful metastatic foci. Here we 
briefly summarize the steps involved in the metastatic cascade, and outline the regulatory effects of sialic acid expression on the progression of 
metastasis as they apply to colorectal cancer. Lastly, we discuss current models available to study these interactions as they relate to metastasis. 
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with the metastatic genetic prerequisites are able to successfully 
metastasize [8,9]. Metastasis is comprised of a number of 
sequential steps which are detailed in Figure 1. In brief, the initial 
neoplastic transformation and angiogenesis results in local 
invasion of the host stroma by the tumor cells and is followed 
by detachment of these cells from the primary tumor to form 
tumor cell aggregates. Subsequently, intravasation of the tumor 
cell aggregates into the surrounding blood and lymphatic vessels 
allows for the detached cells to enter circulation. However, not 
all detached tumor cells are capable of survival in circulation, 
only those that are capable of surviving exit circulation from the 
lumina of the vessels into the parenchyma of distant tissues. These 
tumor cells undergo proliferation within the secondary organ 
parenchyma resulting in the formation of a micrometastatic foci, 
neovascularization and escape from the host immune response 
which ultimately leads to the colonization of micrometastatic 
foci into macroscopic tumors at the secondary site [8,10-13].

There are many mechanisms underlying each step in 
the metastatic cascade. Some of them include epithelial-to-
mesenchymal transition (EMT), expression of matrix degrading 
enzymes, increased motility, evasion of apoptosis, clumping 
of tumor cells with platelets to form emboli, and adhesion 
to endothelial cell receptors [10,12,14-16]. The process of 
metastasis is highly dependent and regulated by interactions 
between cancer cells as well as between cells and the tumor 
microenvironment (TME) [8,10,17]. The TME is composed of a 
complex network of non-malignant cells, including fibroblasts, 
myofibroblasts, endothelial cells, mesenchymal stem cells, 
T-lymphocytes, B-lymphocytes, tumor associated macrophages, 
myeloid derived suppressor cells, adipocytes, and pericytes to 
name a few [8,10,17,18]. It is also composed of growth factors, 
cytokines and the extracellular matrix (ECM). Macrophages at 
the tumor periphery can stimulate invasion by secreting matrix-
degrading enzymes such as metalloproteinases and cysteine 
cathepsin proteases [10]. As shown in Figure 1, in the last two 
steps the primary tumor cells must adapt to the secondary 
microenvironment site for successful colonization. This process 
is highly dependent on the metastatic cells and the secondary 
organ microenvironment. Paget et al. [8] eloquently describes 
the “seed and soil” hypothesis which explains the requisite 
components of the metastatic site that allow disseminated 
cells to establish micrometastases. In brief, the transition from 
epithelial (E)-Cadherin to neuronal (N)-Cadherin [19,20] and the 
reverse are required for cells to detach from the primary tumor 
and later reattach at the secondary site. This involves several 
processes including the recruitment of proteases such as matrix 
metalloproteinases (MMPs), plasmin, urokinase plasminogen 
activator, cathepsins and heparanases that degrade the ECM to 
make a path for the invading cells [21,22]. The disseminated 
cancer cells are then free to move forward by attaching to the 
ECM at the secondary site [21]. 

As it relates to colorectal cancer, primary tumor cells have 
generally been shown to metastasize to the liver [23], lung 

[24], peritoneum [25], brain [26] and bone [27]. In cases with 
single site metastases, patients can be candidates for resection 
of these lesions, however, for those that present with multiple 
metastases, determining whether these lesions can be resected 
successfully and improve patient survivorship is dependent 
on several factors including stage of CRC and toleration of the 
procedure [28].

Role of Sialylation in Colorectal Cancer

Glycosylation is an enzymatic process that attaches glycans 
to saccharides, proteins or lipids [29]. Approximately 50% of all 
proteins are glycosylated [30]. Adhesion proteins like integrins 
and E-Cadherin have N-glycans. N-linked glycans are attached to 
the nitrogen atom of asparagine or arginine side-chains [31,32]. 
Sialic acids are usually the terminal monosaccharide of N- or 
O-glycans. Sialic acids (neuraminic acid) are monosaccharides 
with a nine carbon amino sugar backbone and a carboxylic acid 
group at carbon-1 (C-1) position [33]. Sialic acids have three 
different types of α-glycosidic linkages between carbon-2 (C-2) 
of sialic acid and underlying sugars. The most common linkages 
are to the carbon-3 (C-3) or carbon-6 (C-6) positions of galactose 
residues giving rise to α-2,3 and α-2,6 linkages [33,34].

One of the mechanisms of sialylation in cancer cells is 
upregulation or altered activity of sialyltransferases via hypoxia, 
increased levels of androgens and the proto-oncogenes Ras 
and c-Myc [10,27]. Further, increased ST6Gal and subsequently 
synthesized levels of cell surface α-2,6-linked sialic acids 
have been found to be associated with metastatic spread and 
therapeutic failure in CRC [35]. A high concentration of sialic 
acids can be found in the lining of the gastrointestinal tract that 
are displayed on the surface of the cell, secreted as glycoproteins, 
and can be found in cellular secretions such as mucin [2]. 
However, the greatest concentration of O-acetylated sialic acids 
is found in the colon, with acetylation diminishing throughout 
developmental onset of CRC [3,4].

The precise relationship between ST6Gal and CRC can be 
attributed to the observed overexpression of ST6Gal in human 
cancers such as CRC, gastric, breast, ovarian, cervix and leukemia 
[35]. This in turn causes a surge in the α-2,6 sialylated N-glycan 
structures on the surface of cancer cells, ultimately leading to 
metastasis and poor prognoses. Using a mouse CRC cell line 
(CT26 cells), Park et al. [35] found that hepatic metastases of 
the CT26 cell line were entirely inhibited through the removal 
of the surface sialic acids. In addition, they found that the 
overexpression of ST6Gal in human CRC cells demonstrated 
critically invasive multicellular outgrowths. These findings 
supported their hypothesis that ST6Gal may play a role in the 
progression of metastasis in CRC. 

The detachment of the cancer cells from the primary tumor 
occurs due to the reduction of cell-cell adhesion followed 
by an increase in cell-ECM adhesion as seen in EMT [10,36]. 
The homotypic and heterotypic adhesion is mediated by 
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glycoproteins, E-Cadherins and integrins respectively. In normal 
cells N-glycan is essential for α5β1 and E-Cadherin dimerization, 
cell surface expression and biological functions [30]. E-Cadherin 
and α5β1 integrin modification by sialylation in cancer cells 
is instrumental in the regulation of their function [29,37,38]. 
However, the role of sialic acids in cancer cell-cell and cell-ECM 
adhesion is uncertain and a matter of controversy, with different 
research groups observing dissimilar results with different 
cancer types.

Neuraminidases are other enzymes of interest as they catalyze 
the hydrolytic cleavage of sialic acids from oligosaccharide chains 
of its respective glycoconjugates. Miyagi et al. [39] demonstrated 
that there are 4 types of mammalian neuraminadases, each 
with different roles that are involved in the progression of CRC 
with regard to substrate specificities and the ways in which 
they behave [35]. Of particular interest is Neu1, a lysosomal 
neuraminidase that has been found to suppress CRC metastasis, 
whereas the plasma membrane-associated neuraminidase has 
been found to be upregulated in colon cancer, subsequently 
contributing to carcinogenesis [40,41]. 

An increased or aberrant expression of glycoconjugates is 
among the hallmarks of somatic modifications that occur in 
colorectal tumorigenesis. Sata et al. [42] defined two sialic 
acid-specific lectins, MAL and SNAI to aid in the histochemical 
recognition and determination of α-2,3- and α-2,6-linked 
sialic acids respectively. Utilization of these lectins led to the 
determination that healthy mucosal epithelial cells of the left 
and right colon were deficient in cytochemically detectable 
α-2,6-linked sialic acid residues, but were found to be positive 
for α-2,3-linked residues. However, α-2,6-linked acid after 
sialic residues were identified in the epithelial cells with severe 
dysplasia and colonic carcinomas. 

Presently, the majority of studies on sialic acid expression in 
cell-cell and cell-ECM adhesion have been conducted on either 
animal models or on in vitro monolayer cell culture assays. 
Recently, multicellular tumor spheroids (MCTS) have emerged 
as a promising 3D in vitro tumor model to study cancer cell 
development, cell motility, metastasis and drug resistance 
[43,44]. 

Multicellular Tumor Spheroid: An Emerging Model to 
Study Cancer Cell Metastasis

MCTS closely resemble small avascular tumors with 
complex cell-cell and cell-matrix interactions [45,46], and as 
such is a powerful 3D in vitro model to study tumor and tumor 
cell proliferation, differentiation, morphology, cell invasion, 
metastasis, drug binding and chemoresistance [43,44,47,48]. 
MCTS simulate cell-cell and cell-microenvironment interactions, 
which are necessary for cancer cell processes like EMT, therapy 
resistance and metastasis. Akasov et al. [49] has developed an 
effective biochemical one-step highly reproducible technique of 
3D MCTS formation using synthetic cyclic Arg-Gly-Asp-D-Phe-

Lys (cyclo-RGDfK) sequence peptide [50]. In the biochemical 
method of MCTS formation, the cyclo-RGDfK binds to β1 integrin 
on the cell membrane, inhibiting attachment of the cells to 
the surface of the culture flasks and plates. The cyclo-RGDfK-
α5β1 integrin interactions is followed by a delay period during 
which E-Cadherins are expressed on the cell membrane. Lastly, 
E-cadherin-E-cadherin interaction between the cells results 
in cell compaction and MCTS formation [49,51,52]. The cyclo-
RGDfK peptide based method is a useful approach in studying 
the role of sialic acid in cancer metastasis.

Our group has shown that specific cell surface sialoglycan 
structure is correlated with the ability of breast, pancreatic and 
prostate cancer cells to form MCTS by the cyclo-RGDfK method. 
α-2,3 sialic acid promoted spheroid formation in breast and 
pancreatic cancer while α-2,6 sialic acid played a less significant 
role. Using lectin cytochemistry and flow cytometry, it was 
found that androgen-independent metastatic prostate cancer 
DU145 and PC3 cells and their drug resistant variants expressed 
different levels of α-2,3 and α-2,6 sialic acid residues on the 
cell surface which correlated with the ability to form MCTS. In 
prostate cancer cells, α-2,6 sialic acid residues played a greater 
role in spheroid formation. Our results confirmed that sialylation 
facilitates breast, pancreatic and prostate cancer cells to remain 
tightly bound in a spheroid by increasing cell-cell adhesion [53-
55]. These results suggest that the relative levels of specific 
sialoglycan structures on the cell surface glycoproteins correlate 
with the ability of pancreatic, breast and prostate cancer cells to 
form spheroids. This area of research may also be applicable to 
the metastatic cascade as it relates to colorectal cancer and may 
provide a unique study model for the development of treatment 
options for this malignancy. 

Conclusion

Understanding the mechanisms of metastasis is an ongoing 
area of research. Most cancer-related mortalities occur due 
to metastasis of cancer cells to distant sites. Metastatic cells 
are genetically unstable with various rates of proliferation, 
immunogenicities and diverse response to chemotherapeutics. 
One of the most important properties of metastatic cells is 
their aberrant and altered expression of surface sialylation. 
Indeed, sialylation plays pivotal role in many of the steps of the 
metastatic cascade, specifically in the progression of colorectal 
cancer. Exploring the different effects of sialylation on spread of 
colorectal cancer cells will aid in the development of alternate 
and novel methods of targeting cancer cell glycobiology. 
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