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The expression of unusual glycan structures is a hallmark of cancer progression,
and their functional roles in cancer biology have been extensively investigated in epithe-
lial-to-mesenchymal transition (EMT) models. EMT is a physiological process involved in 
embryonic development and wound healing. It is characterized by loss of epithelial cell 
polarity and cell adhesion, permitting cell migration, and thus formation of new epithelia. 
However, this process is unwanted when occurring outside their physiological limit, 
resulting in fibrosis of organs and progression of cancer and metastasis. Several studies 
observed that EMT is related to the acquisition of multidrug resistance (MDR) phenotype, 
a condition in which cancer cells acquire resistance to multiple different drugs, which 
has virtually nothing in common. However, although some studies suggested interplay 
between these two apparently distinct phenomena, almost nothing is known about 
this possible relationship. A common pathway to them is the need for glycosylation, a 
post-translational modification that can alter biological function. Thus, this review intends 
to compile the main facts obtained until now in these two areas, as an effort to unravel 
the relationship between EMT and MDR.

 

Keywords: multidrug resistance, epithelial-to-mesenchymal transition, cancer, glycosylation, ABC transporters 
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iNTRODUCTiON

One of the major difficulties faced by physicians in any area of medicine is the inability to prevent 
disease relapse. Unfortunately, this is a common event in several types of cancer, even in those 
where chemotherapy appeared initially effective. The acquisition of resistance to diverse chemo-
therapeutic agents by tumor cells is known as multidrug resistance (MDR) phenotype and is still 
the major cause of death in patients with small cell lung cancer, breast cancer, ovarian cancer, 
acute leukemia, and others, despite major advances in cancer chemotherapy. For decades, clinical 
oncologists and researchers dealt with the phenomenon without recognizing its causes.

In 1970, Biedler and Riehm observed that actinomycin-D-resistant Chinese hamster lung 
cells and P388 leukemia cells were cross-resistant to vinblastine and daunomycin (1). Soon other 
groups showed that this phenotype lead to resistance to several other amphiphilic compounds, but 
the phenomenon remained unexplained, until the group of Ling, in 1976, showed that the MDR 
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phenotype of Chinese hamster ovary cells selected for resistance 
to colchicine was due to a membrane alteration that reduced the 
rate of intracellular drug saturation. They demonstrated that 
those drug-resistant cells retained a cell surface glycoprotein of 
170  kDa, which was not observed in wild-type cells (2). Since 
this glycoprotein was present only in cells displaying altered drug 
permeability, it was named P-glycoprotein (P-gp), ushering in a 
new era for cancer and chemotherapy researches.

Epithelial cells are usually organized as single or multiple 
layers of single filed sheets of uniform cells. The individual cells 
are highly polarized along their base–apex axis and connect 
to each other through multiple adhesion molecules, insur-
ing the integrity and function of tissues. On the other hand, 
mesenchymal cells exhibit higher mobility, a significantly lower 
degree of organization, and no axis polarization. Epithelial-to-
mesenchymal transition (EMT) represents a number of changes 
an epithelial cell must undergo to gain a mesenchymal phenotype. 
While this model is of paramount importance in several physi-
ological situations, such as embryogenesis and wound healing, 
the type 3 EMT is well known for its role in cancer invasiveness 
and metastasis (3–5).

The most important changes that occur during EMT are the 
loss of E-cadherin with the concomitant increase in N-cadherin 
expression and metalloproteinases, such as MMP-2 and MMP-9, 
and increased translocation of β-catenin to the nucleus (6–8). 
These changes in protein expression are well studied and very 
much established as important markers for EMT (9–11).

Although there are lot of evidence supporting the role and 
importance of glycosylation in the acquisition of drug resistance 
phenotype (12–15) and during the EMT process (16–20), no 
work has yet demonstrated how the changes in glycosylation 
may connect these two multifactorial events. Previous studies 
revealed that TGF-β1, a known EMT inducer (21), as well as 
the overexpression of Twist (22), a transcription factor able to 
activate the EMT program (4), promote the appearance of breast 
epithelial cells with cancer stem cell (CSC) markers (CD44high/
CD24low). Furthermore, Liang and coworkers demonstrated that 
the emergence of such phenotype was accompanied by changes 
in the expression of mono- (GM2) and disialylated (GD1a, GD2, 
and GD3) gangliosides (22). These groundbreaking studies 
suggest that such differences in cell surface glycosylation may 
be further used as a therapeutic strategy to combat the advent 
of CSC, which, besides having potential for initiating tumor 
growth (23), is also resistant to a wide diversity of antineoplastic 
agents (24).

It is important to highlight that epigenetic events, which are 
somatically inherited through cell division, are potential drivers 
of acquired drug resistance in cancer (25, 26). The high rate of 
epigenetic changes in cancer cells generates diversity in gene 
expression patterns that can quickly evolve through drug selec-
tion during treatment, leading to the development of acquired 
resistance (27, 28).

This review will summarize studies about MDR, with a focus 
on ATP-binding cassette (ABC) transporters, EMT, glycosyla-
tion, and the possible relationship among these mechanisms in 
cancer. We will also discuss epigenetic factors related to MDR 
phenotype.

THe MULTiDRUG ReSiSTANCe 
PHeNOTYPe

Much has happened since the discovery that P-gp and other active 
membrane transporters were shown to be involved in multidrug 
resistance. In 1990, a 95-kDa membrane protein responsible 
for anthracycline resistance in MCF-7/AdrVp(100) cells was 
described (29). Furthermore, using the same cell line, this protein 
was cloned by Doyle et al. (30), who termed it as breast cancer 
resistance protein (BCRP). In 1992, another glycoprotein highly 
expressed in doxorubicin-resistant H69AR cells was identified, 
cloned, and named multidrug resistance-associated protein 
(MRP) (31).

At that moment, it became clear that those proteins shared 
some sequential and functional homology, and all belonged to the 
ABC superfamily of proteins (32). The ABC proteins are P-type 
membrane ATPases, which display two highly conserved amino 
acid sequences located in their nucleotide-binding domain, the 
Walker A and Walker B motifs, separated by the “ABC signature” 
motif LSGGQQ/R/KQR (33). With the discovery of several new 
transporters allocated in the same superfamily, came the need 
for a simplified nomenclature and thus, P-gp is now referred as 
ABCB1, BCRP as ABCG2, and MRP as ABCC1. The inventory of 
human ABC genes contains 49 isolated and identified elements, 
and it is now known that there are several more ABC proteins, 
especially from the ABCC subfamily, which are involved in 
multidrug resistance (34).

Despite the importance of the ABC proteins in MDR, other 
factors are involved in acquired or constitutive MDR phenotype. 
A factor that must be considered is the balance between the 
expression of pro- and anti-apoptotic proteins, responsible for 
tipping the scale toward cell death or survival. Overexpression 
of anti-apoptotic proteins, such as Bcl-2, Bcl-xL, and other 
anti-apoptotic members of the Bcl-2 family (35, 36), reduced 
expression of pro-apoptotic proteins, such as p-53 (37, 38) 
and Bax, which are activated by caspase 8 and responsible for 
permeabilization of the mitochondrial membrane (39, 40), as 
well as alterations in proteins and extracellular matrix adhesion 
as integrin-linked kinase (ILK) and αVβ3 integrin (41, 42) are 
some of the many factors that may contribute to chemotherapy 
resistance (43). Figure 1 shows some of the main mechanisms 
involved in MDR phenotype (44–50).

Since the presence of one or more of those ABC proteins in cell 
membranes is sufficient to trigger the MDR phenotype, they are 
heavily studied worldwide.

ABC PROTeiNS ReLATeD TO MDR: 
THe GLYCAN CONNeCTiON

The ABC proteins related to MDR phenotype are glycopro-
teins; nevertheless, little is known about the importance of 
glycosylation for their transport activity. During glycosylation, 
the sugar residues are covalently bound to the protein at 
asparagine residues for N-linked, or at serine, or threonine for 
O-linked glycans (51). The three main ABC proteins related to 
MDR: ABCB1 (P-gp), ABCC1 (MRP1), and ABCG2 (BCRP) 
undergo N-linked glycosylation (Figure  2). The most studied 
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FiGURe 1 | Proposed classical and cell adhesion-mediated mechanisms for MDR phenotype in cancer cells. The main mechanisms involved in classical 
acquired MDR are (1) reduced drug accumulation, mediated by ABC transporters; (2) changes in drug targets, such as variations in the expression or mutations of 
topoisomerase II; (3) increased activity of enzymes involved in DNA repair mechanisms, such as O-6-methylguanine DNA methyltransferase (MGMT); and (4) altered 
apoptotic signaling, due to mutations in the Bcl-2 family proteins, for instance. Concerning adhesion-dependent mechanisms, also four categories are described: 
(1) cancer cells can enter a low proliferation state, promoting resistance against drugs affecting the cell cycle, such mechanism could be dependent on E-cadherin 
adhesion and the cyclin-dependent kinase p27Kip1; (2) cell adhesion mediates changes in the localization of drug targets, such as topoisomerase II, which can be 
translocated to the cytoplasm via an integrin β1-dependent pathway; (3) cell adhesion alters apoptosis signaling pathways. One example is the activation of NF-κB 
through fibronectin adhesion; and (4) the linker of nucleoskeleton and cytoskeleton (LINC) complex is responsible for binding the nuclear matrix and the 
cytoskeleton, influencing gene expression, cell morphology, and signal transduction.

FiGURe 2 | Structure of the three main ABC transporters (ABCC1, ABCB1, and ABCG2), including transmembrane loops and their glycosylation sites.
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is ABCB1 or P-glycoprotein, the first protein to be related 
to the MDR phenotype. This protein is commonly found in 
cell membranes, but it may be also present at the surface of 

intracellular organelles, such as the nuclear envelope and 
lysosomes (52, 53). The human ABCB1 protein contains 10 
consensus sequences for N-linked glycosylation, but only three 
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of them (N91, N94, and N99), located at the first extracellular 
loop, are glycosylated. A recent study showed that the topotecan-
resistant- and doxorubicin-resistant human ovary carcinoma 
cell line show ABCB1 expression in both nuclear and plasma 
membranes, but tunicamycin-treated cells show ABCB1 mainly 
in the cytoplasm. It seems that tunicamycin, along with other 
N-glycosylation inhibitors, is capable of impairing the activity 
of ABC transporters by affecting its cellular localization (13). 
This protein is synthesized as a 140- to 150-kDa protein, and 
the pathways involved in its glycosylation are still not clear. It 
has been proposed that the 150-kDa protein is associated with 
chaperones calnexin and Hsc70 in the endoplasmic reticulum 
(ER) lumen. Then, ABCB1 moves from cis to trans Golgi, under-
going final steps of the N-glycosylation. After maturation, the 
protein can be delivered to the membrane in vesicles that move 
on the cytoskeleton or by an intracellular endosomal system, 
and transported to the membrane and other cell organelles, 
including the nucleus (54, 55).

In 1993, Schinkel et  al. investigated the significance of the 
conserved N-glycosylation sites present in the putative first extra-
cellular loop of ABCB1. The authors mutated one, two, or all three 
sites. They observed that the absence of N-glycosylation did not 
alter the level nor the pattern of cross-resistance but dramatically 
reduced the efficiency with which drug-resistant clones could be 
generated, suggesting that N-glycosylation contributes to proper 
routing or stability of the protein but not to drug transport itself 
(54). Two years later, Kramer et al. showed that tunicamycin sup-
pressed ABCB1 activity, observing accumulation of cytostatic 
drugs into the cells (56).

Draheim et al. (57) used sandwich-cultured rat hepatocytes to 
characterize the expression and maturation of ABCB1, ABCC2 
(MRP2), and ABCG2 proteins, as well as their transport function, 
over several days. They observed that only fully N-glycosylated 
isoforms of the transporters were associated with functional 
activity, but they could not determine in what way N-glycosylation 
affected their activity. Apparently, the absence of the glycan 
trapped the protein in subcellular compartments (57).

Galactose (Gal) and N-acetyl glucosamine (GlcNAc) were also 
found in complex hybrid glycan glycoproteins in a MDR Chinese 
hamster cell line (58). Greer and Ivey (59), using the uterine 
sarcoma human cell line MES-SA/D × 5, identified two different 
complex N-glycans in ABCB1  –  one high mannose, detected 
by Galanthus nivalis agglutinin (GNA), a lectin that binds 
specifically to α-1,3 mannose residues and one branched hybrid 
oligosaccharide – capped with terminal sialic acid units, detected 
by Sambucus nigra (SNA) and Maackia amurensis (MAA), lectins 
with specificity toward α-2,6- and α-2,3-sialic acid residues, 
respectively. Moreover, Datura stramonium (DSA), specific for 
biantennary oligosaccharides possessing β(1–4)-GlcNAc resi-
dues, also recognized the ABCB1 transporter proteins. However, 
there was no evidence of fucose (Fuc) or mannose (Man), and 
little or no detected sialic acids attached to ABCB1 glycoproteins 
in Karnal bunt (KB) cell lines (60). In addition, there is no direct 
evidence of O-linked glycosylation of ABCB1 (59, 61).

Efforts to demonstrate the glycan structures present in 
ABCB1 are complicated by the existence of more than 50 known 
isoforms of this protein, presenting different glycan epitopes. 

Despite this, it was found that in pediatric brain tumors, the 
presence of bisecting GlcNAc in human ABCB1 is correlated 
with tumor progression, showing a potential relevance of gly-
comes of ABCB1 as tumor markers. Another important finding 
in this study was the fact that the binding of the PHA-E, a lectin, 
which has an unusual specificity toward bi- or triantennary 
galactosylated N-glycan with bisecting N-acetylglucosamine, 
was able to subvert chemotherapy resistance in this particular 
case, through inhibition of P-gp activity (62). Since then, other 
works have stated the importance of lectins when it comes to 
drug resistance in cancer. Several studies have pointed out the 
importance of galectins (a lectin family with an affinity for 
β-galactosides) in establishing a resistance phenotype (63–65), 
and many recent papers report the successful use of galectin 
inhibitors in overcoming resistance (66–68).

ePiTHeLiAL-TO-MeSeNCHYMAL 
TRANSiTiON: DiFFeReNCeS BeTweeN 
NORMAL AND CANCeR CeLLS

The EMT process can be induced in several cancer cell lines 
(69–71), usually by TGF-β1 addition or hypoxia, the most com-
mon inducers (72).

Among the changes that epithelial cells go through during 
EMT, alterations in the glycosylation pattern are beginning to 
attract attention from many groups. One of the most well-known 
examples is the glycosylation of E-cadherin (73). E-cadherin 
exhibits four sites for N-linked glycan at 554, 566, 618, and 633 
asparagine residues, carrying usually a bisected mannosyl core, 
born from N-acetyl glucosaminyl transferase III activity (Gnt-III), 
which adds a β-1,4 Man to the α-1,6 Man in the N-glycan core 
(74). Such structure stabilizes homophilic interactions between 
E-cadherin chains and suppresses metastasis (75). Gnt-III com-
petes for its target with Gnt-V, which adds a β-1,6 Man, creating 
a branched structure that can no longer be modified by Gnt-III. 
An atypical prevalence of Gnt-V activity over Gnt-III results in 
tumors with increased mobility and metastatic potential (76).

A more recent paper showed through lectin array and real-
time PCR experiments that the expression of the MAN2A and 
FUCA1 genes, responsible for encoding α-mannosidase 2 and 
Type 1 α-l-fucosidase, respectively, are reduced during EMT 
induced by TGF-β in HCV29 bladder cancer cells (77).

A fibronectin isoform, dubbed oncofetal fibronectin (onfFN), 
for its expression in fetal and cancer tissues, has gained great 
importance during the last few years. The onfFN differs from 
other fibronectin isoforms due to the addition of a O-glycan 
epitope (GalNAcα1-O-Ser/Thr or Galβ1-3GalNAcα1-O-Ser/
Thr) to the IICS domain (17). Its expression is significantly 
increased during TGF-β-induced EMT and is also dependent 
upon GalNAc-T6/T3 activities, glycosyltransferases that add 
N-acetylgalactosamine (GalNAc) residues to serine or threonine. 
In fact, knockdown of either GalNAc-T6 or T3 results in EMT 
inhibition (19). A follow-up study from the same group showed 
that not only the onfFN is capable, by itself, of inducing EMT in 
lung cancer cells but it also presents a synergism with TGF-β1, 
leading to the belief that cells undergoing the transition may 
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secrete onfFN, which once incorporated to the cellular matrix 
may facilitate the process to other cells exposed to lesser concen-
trations of TGF-β1 (20). It is important to note that variation in 
epigenetic patterns lead to heterogeneity, meaning not all cells 
will undergo EMT at the same time and not all that do undergo 
will successfully metastasize. Progenitor cell inherent character-
istics, intra- and extracellular signaling and epigenetics factors 
will together determine whether or not a cell will go through 
EMT and generate metastatic foci (78).

ePiGeNeTiC MODiFiCATiONS  
AND THe MDR PHeNOTYPe

Among neoplasia-associated epigenetic modifications, alterations 
in cellular glycosylation have recently received attention as a key 
factor of neoplastic evolution. Changes in the glycosylation profile 
seem to not only directly influence cell survival and growth but 
also assist tumor-induced immunomodulation and subsequent 
metastasis (79, 80). Similar to that of other genes, the expression 
of genes encoding glycosyltransferases is regulated through both 
transcription factors and epigenetic mechanisms (81). As a result, 
each cell type or tissue has an exclusive set of glycosyltransferases 
that create specific types of glycan structures (82). As mentioned 
above, in transformed cells, the expression of glycosyltransferases 
is often misregulated. In normal mammary epithelial cells, for 
example, while GnT-V/MGAT5 is expressed at very low levels, 
Gnt-III/MGAT3 is highly expressed (83). However, in breast 
epithelial cells undergoing EMT, the DNA hypermethylation in 
promoter CpG islands of MGAT3 gene inhibits its transcriptional 
initiation and results in permanent gene silencing (84). Since the 
methylation status of MGAT5 did not change along EMT (84), it 
might be upregulated by the E26 transformation-specific (ETS) 
transcription factor family through the HER2 pathway, resulting 
in highly branched N-glycan structures on cancer cells (85). It has 
been demonstrated elsewhere that the unusual glycan structures 
generated by Gnt-V activity are able to modulate both the EMT 
process (77, 86, 87) and the gain of an acquired drug-resistant 
phenotype (12, 88–90).

Dynamic signaling interactions between cancer cells and 
their stroma in the tumor microenvironment are able to induce a 
transient and/or resistant state that protect transformed cells by 
inducing an event known as cell adhesion-mediated drug resist-
ance (CAM-DR) (91). This phenomenon might be triggered by 
soluble factors such as cytokines, hormones, and growth factors 
(92, 93) as well as by cell interactions between adjacent cells (94) or 
extracellular matrix components (ECM) (95, 96). Regarding the 
protective effects of ECM components, it has been shown that the 
adhesion of cancer cells to fibronectin, a major ECM component, 
resulted in increased p27kip1 levels, which correlate with cell 
cycle arrest and drug resistance (91). Furthermore, adhesion of 
cancer cells to laminin and collagen IV through beta-1 integrins 
enhanced tumorigenicity and conferred resistance to apoptosis 
induced by standard chemotherapeutic agents (97, 98). Since the 
ECM is composed of various glycoproteins and polysaccharides, 
and in cancer cell, the enzymatic machinery for glycan biosyn-
thesis is dysregulated, it is believable to speculate that changes 

in glycosylation of ECM components are capable of modulating 
both invasiveness and the chemoresistance in cancer cells. New 
experiments need to be performed to confirm such hypotheses.

ATYPiCAL GLYCOSYLATiON,  
eMT, AND MDR

Two different studies, using different models reached contro-
versial results suggesting that EMT might not be required for 
metastasis. Zheng et al. (99), using pancreatic tumors obtained 
from mice that were knockout for either Snail or Twist showed 
that in both cases, cancer cells were as likely to cause metastasis 
as the control tumors, but Snail and Twist deletion made them 
more sensitive to gemcitabine. In a different work, primary breast 
tumors from Tri-PY mice (specifically generated to track EMT 
through fluorescent reporters) overexpressing miR-200, a micro-
RNA capable of regulating ZEB1 and ZEB2, both transcriptional 
repressors of E-cadherin (100), and although these cells were able 
to produce lung metastasis when injected into wild-type mice, 
the metastatic cells have not gone through EMT. Also, in accord-
ance with the work by Zheng et al. (99), the tumors presented 
increased sensitivity to cyclophosphamide (101). It is important 
to bear in mind though, that in those studies, the metastatic foci 
do not originate directly from primary tumors but from cancer 
cells injected directly into the bloodstream, so the importance of 
EMT to metastasis end invasion cannot be completely dismissed. 
A study by Tsou et al. (102) verified that resistance induction on 
MCF-7 cells with adriamycin leads to both loss of E-cadherin 
and gain of N-cadherin expressions. Interestingly, such changes 
are observed alongside other important events, such as loss of 
Bcl-2 and increased levels of P-gp, which are strongly associated 
with the acquisition of the MDR phenotype. Such transforming 
events can be reverted by wortmannin, an inhibitor of PI3K, 
reducing the resistance to doxorubicin as well as the expression 
of Snail, Slug, and Twist, all associated with EMT (103, 104). 
Overexpression of Twist in breast cancer cells has been revealed 
to promote resistance to radiation in MCF-7 cells through the 
disruption of p53 function (105), as well as increase invasiveness, 
motility while mediating resistance to taxol (106–108). Twist 
overexpression also provokes genome instability in MCF-7 cells 
(109). Such instability can not only initiate cancer but also affect 
its progression and prognosis, generating resistance and increas-
ing metastatic potential (110). These results seem to suggest that 
while EMT may not be entirely necessary to metastasis formation, 
it does seem to be intimately related to MDR phenotypes. Thus, 
EMT promoters may prove to be interesting therapeutic targets.

Aside from increased invasiveness, another characteristic 
conferred to cancer cells by a high expression of Gnt-V is resist-
ance to anoikis through activation of the p21-kinase (PAK1), an 
upstream mediator of the EGFR pathway (111, 112). Furthermore, 
overexpression of MGAT5, the gene responsible for Gnt-V, in 
MCF-7 cells, increases resistance to paclitaxel, doxorubicin, and 
vincristine, while its downregulation achieved a higher sensitiv-
ity. Also, in adriamycin-resistant cell line MCF/ADR, expression 
of the MGAT5 gene was three times higher than in the parental 
cell line (89).
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In addition to MGAT5, Ma et  al. (89) also found higher 
levels of ST6Gal I, a glycosyltransferase responsible for adding 
sialic acid to Gal residues in a α-2,6 linkage. Using human 
ovarian cancer cells, Schultz et  al. (113) evinced a direct 
correlation between ST6Gal I expression and resistance to 
cisplatin. Another study using K562 and K562/ADR human 
leukemia cell lines showed similar results, while also shedding 
a light on the mechanism behind the acquired resistance. 
Silencing the ST6Gal I gene on the resistant cell line lead to 
the downregulation of the PI3K/AKT pathway and reduced 
expression of both MRP1 and P-gp, while its overexpression in 
the parental cells achieved the opposite results (114). The PI3K 
activation was already correlated to the MDR phenotype, since 
the pharmacological inhibitor LY294002 is capable of increased 
doxorubicin accumulation in HT29RDB colon carcinoma cells 
by reducing MRP1 expression in the membrane and leading to 
apoptosis (115). A recent study by Meng et al. (116) also cor-
relates ST6Gal I activity to increased mobility and invasiveness 
of osteosarcoma cells. The authors also discovered that silencing 
the sialyltransferase decreased expression of N-cadherin and 
metalloproteinases 2 and 9, as well as other EMT markers. Also, 
the PI3K pathway plays a role in EMT process in different cancer 
cell types (117, 118).

Another study by Ma and collaborators (119) using different 
resistant leukemia cell lines, along with their parent cells, has 
uncovered important differences regarding sialylation patterns 
between adriamycin-resistant cells and their non-resistant 
counterparts. Expression of the ST8Sia IV sialyltransferase was 
elevated in the HL60-ADR, U937-ADR, and NB4-ADR cell lines, 
and its knockdown provoked a reduction in the resistance level. 
On the other hand, overexpression of the ST8Sia IV gene in 
the HL-60 parental cell line leads to increased drug resistance. 
The changes in resistance level are related to alteration in the 
expressions of both ABCB1 and ABCC1 drug transporters, 
through the PI3K/Akt pathway. This type of sialyltransferase is 
involved with polysialic chains and this particular enzyme is 
essential to the expression of the neural cell adhesion molecule 
(NCAM-1). NCAM-1 is indeed involved with chemoresist-
ance mechanisms, but paradoxically, its expression has been 
confirmed to be decreased in resistant neuroblastoma cell lines 
exposed to vincristine or doxorubicin when compared to the 
parental cells (120, 121). The upregulation of NCAM-1 is also 
linked to the decrease of E-cadherin expression during EMT, 
being important for the formation of focal adhesion points and 
integrin-dependent cell mobility (122). Also, its polysialylation 
through ST8Sia 2 or ST8Sia 4 activity has been shown to be 
essential to the onset EMT in NMuMG murine cells, a common 
model for EMT studies (123).

Surprisingly, the same study (119) reveals opposite results for 
ST3Gal V, with its knockdown being associated with increased 
resistance to adriamycin, paclitaxel, and vincristine, while its 
overexpression results in lower resistance levels for the tested 
drugs. The observed results for the two sialyltransferases (ST8Sia 
and ST3Gal V) are diametrically opposed, down to the changes in 
ABCC1 and ABCB1 expression and the involvement of PI3K/Akt 
signaling pathway, which has been well established as important 
to drug resistance mechanisms as well as tumor proliferation 

(115, 124, 125). ST3Gal V is responsible for the synthesis of GM3, 
a ganglioside and common precursor of almost all gangliosides, 
especially from the ganglio-series, by adding a α-2,3-sialic acid 
to lactosilceramide (126). It has been demonstrated before that 
the glucosylation of ceramide and consequent increase in the 
content of glycosphingolipids leads to an increase in ABCB1 
expression though the activation of Src (127). GM3 itself is 
thought to influence the level of ABCB1 phosphorylation, which 
in turn increases drug transport (128). A study by Mathow et al. 
(129) showed that repression of the ST3Gal V gene results in 
increased susceptibility disruption of cell adhesion by TGF-β 
signaling (129), while its upregulation via Zeb1 leads to increased 
cell–cell adhesion.

Fucosylation is another well-studied aspect of glycosylation, 
when speaking of cancer glycophenotypes. It has been described 
that fucosyltransferase 4 (Fut4), Fut6, and Fut8 are increased 
in hepatocellular carcinoma cells exhibiting a MDR phenotype 
dependant upon the PI3K/Akt pathway. Furthermore, reducing 
fucosyltransferases expression leads to abrogation of the resist-
ance phenotype (130). Fut4 also appears to play an important role 
in EMT. A study by Yang et al. (131) confirms that inhibiting the 
expression of the Fut4 in breast cancer cells leads to a reduced 
expression of EMT markers, such as N-cadherin and vimentin, 
as well as an inhibition of the PI3K/Akt pathway. A more recent 
study sheds more light into the involvement of fucosylation. Using 
two different breast cancer cell lines, the authors established that 
miR-224-3p, through the downregulation of the FUT4 gene, 
is capable of reverting the MDR phenotype and of increasing 
sensitivity to taxol, vincristine, and doxorubicin (12). It is also 
worth considering that in addition to the PI3K/Akt, Fut4 also 
activates NF-κB signaling, which just like PI3K is also involved 
in both resistance phenotype by inducing Pg-P expression (132) 
and EMT signaling (133).

Looking over the data, it is easy to see that not only many of 
the glycosylation changes represent common points between cells 
undergoing EMT and cells that have acquired a MDR phenotype 
but also such changes are often necessary for both EMT and 
MDR. To establish such connections is not only important to 
understand the events surrounding metastasis and drug resist-
ance but also to develop ways to circumvent them.

CONCLUSiON

Despite the abundance of data showing that all ABC proteins 
are heavily N-glycosylated, to this date, there is little evidence on 
how, or if at all, changes in these glycan epitopes are capable of 
affecting their transport activity. The exception being for studies 
using broad glycosylation inhibitors that attest the importance of 
glycosylation to protein localization within the cell.

There is, however, a plethora of data demonstrating that 
aberrant glycosylation occurring during cancer development 
affects among other things, drug resistance. Many groups 
have successfully identified, despite some contradictions that 
can be ascribed to the different cell lines and chemotherapy 
drugs used, a number of glycosylation changes that commonly 
appear during several resistance inducing protocols, such as 
higher levels of α-2,6-sialic acid units and altered fucosylation. 

http://www.frontiersin.org/Oncology/
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Many such alterations are also commonly observed in cells 
undergoing EMT.

Given the increasing number of research groups dedicated to 
discovering glycosylation patterns common to different resistant 
cancer cell lines, it will be interesting to see the effect that these 
discoveries will have on cancer diagnosis, prognosis, and treat-
ment in the next few years, as new biomarkers and therapeutic 
targets will be discovered. Certainly, these findings might be 
used to feed further actions to tackle the metastatic and the drug 
resistance phenotypes, the two main obstacles in the war against 
cancer. It is also becoming clearer that EMT and chemotherapy 
resistance not only walk hand in hand but also are joined by 
glycosylation.

AUTHOR CONTRiBUTiONS

LF, VS, and MC contributed to writing the manuscript; LF-d-L, 
JP, and LM-P reviewed the manuscript; LF, VS, and LF-d-L con-
tributed to the preparation of the figures. All authors approved 
the final version of the manuscript.

FUNDiNG

The study was financially supported by Conselho Nacional de 
Desenvolvimento e Tecnologia (CNPq), Fundação de Amparo à 
Pesquisa do Estado do Rio de Janeiro (FAPERJ), and Coordenação 
de Aperfeiçoamento de Pessoal de Nível Superior (CAPES).

ReFeReNCeS

1. Biedler JL, Riehm H. Cellular resistance to actinomycin D in Chinese ham-
ster cells in vitro: cross-resistance, radioautographic, and cytogenetic studies. 
Cancer Res (1970) 30(4):1174–84. 

2. Juliano RL, Ling V. A surface glycoprotein modulating drug permeability 
in Chinese hamster ovary cell mutants. Biochim Biophys Acta (1976) 
455(1):152–62. doi:10.1016/0005-2736(76)90160-7 

3. Baum B, Settleman J, Quinlan MP. Transitions between epithelial and 
mesenchymal states in development and disease. Semin Cell Dev Biol (2008) 
19(3):294–308. doi:10.1016/j.semcdb.2008.02.001 

4. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. 
J Clin Invest (2009) 119(6):1420–8. doi:10.1172/JCI39104 

5. Klymkowsky MW, Savagner P. Epithelial-mesenchymal transition: a cancer 
researcher’s conceptual friend and foe. Am J Pathol (2009) 174(5):1588–93. 
doi:10.2353/ajpath.2009.080545 

6. Mao Y, Xu J, Li Z, Zhang N, Yin H, Liu Z. The role of nuclear beta-catenin 
accumulation in the Twist2-induced ovarian cancer EMT. PLoS One (2013) 
8(11):e78200. doi:10.1371/journal.pone.0078200 

7. Beuran M, Negoi I, Paun S, Ion AD, Bleotu C, Negoi RI, et al. The epithe-
lial to mesenchymal transition in pancreatic cancer: a systematic review. 
Pancreatology (2015) 15(3):217–25. doi:10.1016/j.pan.2015.02.011 

8. Busch EL, McGraw KA, Sandler RS. The potential for markers of epithe-
lial-mesenchymal transition to improve colorectal cancer outcomes: a 
systematic review. Cancer Epidemiol Biomarkers Prev (2014) 23(7):1164–75. 
doi:10.1158/1055-9965.EPI-14-0017 

9. Man XY, Chen XB, Li W, Landeck L, Dou TT, Chen JQ, et al. Analysis of 
epithelial-mesenchymal transition markers in psoriatic epidermal keratino-
cytes. Open Biol (2015) 5(8):1–10. doi:10.1098/rsob.150032 

10. Ipekci T, Ozden F, Unal B, Saygin C, Uzunaslan D, Ates E. Epithelial-
mesenchymal transition markers beta-catenin, Snail, and E-cadherin do not 
predict disease free survival in prostate adenocarcinoma: a prospective study. 
Pathol Oncol Res (2015) 21(4):1209–16. doi:10.1007/s12253-015-9958-z 

11. Prins MJ, Ruurda JP, Lolkema MP, Sitarz R, Ten Kate FJ, van Hillegersberg R. 
The role of biological markers of epithelial to mesenchymal transition in 
oesophageal adenocarcinoma, an immunohistochemical study. J Clin Pathol 
(2015) 68(7):529–35. doi:10.1136/jclinpath-2015-202962 

12. Feng X, Zhao L, Gao S, Song X, Dong W, Zhao Y, et al. Increased fucosylation 
has a pivotal role in multidrug resistance of breast cancer cells through 
miR-224-3p targeting FUT4. Gene (2016) 578(2):232–41. doi:10.1016/j.
gene.2015.12.028 

13. Wojtowicz K, Januchowski R, Nowicki M, Zabel M. Inhibition of protein 
glycosylation reverses the MDR phenotype of cancer cell lines. Biomed 
Pharmacother (2015) 74:49–56. doi:10.1016/j.biopha.2015.07.001 

14. Ferreira JA, Peixoto A, Neves M, Gaiteiro C, Reis CA, Assaraf YG, et  al. 
Mechanisms of cisplatin resistance and targeting of cancer stem cells: 
adding glycosylation to the equation. Drug Resist Updat (2016) 24:34–54. 
doi:10.1016/j.drup.2015.11.003 

15. Liu YY, Hill RA, Li YT. Ceramide glycosylation catalyzed by glucosylceramide 
synthase and cancer drug resistance. Adv Cancer Res (2013) 117:59–89. 
doi:10.1016/B978-0-12-394274-6.00003-0 

16. Du J, Hong S, Dong L, Cheng B, Lin L, Zhao B, et al. Dynamic sialylation 
in transforming growth factor-beta (TGF-beta)-induced epithelial to mes-
enchymal transition. J Biol Chem (2015) 290(19):12000–13. doi:10.1074/jbc.
M115.636969 

17. Freire-de-Lima L. Sweet and sour: the impact of differential glycosylation 
in cancer cells undergoing epithelial-mesenchymal transition. Front Oncol 
(2014) 4:59. doi:10.3389/fonc.2014.00059 

18. Alisson-Silva F, Freire-de-Lima L, Donadio JL, Lucena MC, Penha L, 
Sa-Diniz JN, et al. Increase of O-glycosylated oncofetal fibronectin in high 
glucose-induced epithelial-mesenchymal transition of cultured human epi-
thelial cells. PLoS One (2013) 8(4):e60471. doi:10.1371/journal.pone.0060471 

19. Freire-de-Lima L, Gelfenbeyn K, Ding Y, Mandel U, Clausen H, Handa K, 
et  al. Involvement of O-glycosylation defining oncofetal fibronectin in 
epithelial-mesenchymal transition process. Proc Natl Acad Sci U S A (2011) 
108(43):17690–5. doi:10.1073/pnas.1115191108 

20. Ding Y, Gelfenbeyn K, Freire-de-Lima L, Handa K, Hakomori SI. Induction 
of epithelial-mesenchymal transition with O-glycosylated oncofetal fibronec-
tin. FEBS Lett (2012) 586(13):1813–20. doi:10.1016/j.febslet.2012.05.020 

21. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al. The epithe-
lial-mesenchymal transition generates cells with properties of stem cells. Cell 
(2008) 133(4):704–15. doi:10.1016/j.cell.2008.03.027 

22. Liang YJ, Ding Y, Levery SB, Lobaton M, Handa K, Hakomori SI. Differential 
expression profiles of glycosphingolipids in human breast cancer stem cells 
vs. cancer non-stem cells. Proc Natl Acad Sci U S A (2013) 110(13):4968–73. 
doi:10.1073/pnas.1302825110 

23. Fabregat I, Malfettone A, Soukupova J. New insights into the crossroads 
between EMT and stemness in the context of cancer. J Clin Med (2016) 
5(3):ii:E37. doi:10.3390/jcm5030037 

24. Yang M, Liu P, Huang P. Cancer stem cells, metabolism, and therapeutic signif-
icance. Tumour Biol (2016) 37(5):5735–42. doi:10.1007/s13277-016-4945-x 

25. McCubrey JA, Abrams SL, Fitzgerald TL, Cocco L, Martelli AM, Montalto G, 
et al. Roles of signaling pathways in drug resistance, cancer initiating cells 
and cancer progression and metastasis. Adv Biol Regul (2015) 57:75–101. 
doi:10.1016/j.jbior.2014.09.016 

26. Brown R, Curry E, Magnani L, Wilhelm-Benartzi CS, Borley J. Poised epi-
genetic states and acquired drug resistance in cancer. Nat Rev Cancer (2014) 
14(11):747–53. doi:10.1038/nrc3819 

27. Huffman K, Martinez ED. Pre-clinical studies of epigenetic therapies target-
ing histone modifiers in lung cancer. Front Oncol (2013) 3:235. doi:10.3389/
fonc.2013.00235 

28. Willers H, Azzoli CG, Santivasi WL, Xia F. Basic mechanisms of therapeutic 
resistance to radiation and chemotherapy in lung cancer. Cancer J (2013) 
19(3):200–7. doi:10.1097/PPO.0b013e318292e4e3 

29. Chen YN, Mickley LA, Schwartz AM, Acton EM, Hwang JL, Fojo AT. 
Characterization of adriamycin-resistant human breast cancer cells which 
display overexpression of a novel resistance-related membrane protein. J Biol 
Chem (1990) 265(17):10073–80. 

30. Doyle LA, Yang W, Abruzzo LV, Krogmann T, Gao Y, Rishi AK, et  al. 
A multidrug resistance transporter from human MCF-7 breast cancer 
cells. Proc Natl Acad Sci U S A (1998) 95(26):15665–70. doi:10.1073/
pnas.95.26.15665 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1016/0005-2736(76)90160-7
http://dx.doi.org/10.1016/j.semcdb.2008.02.001
http://dx.doi.org/10.1172/JCI39104
http://dx.doi.org/10.2353/ajpath.2009.080545
http://dx.doi.org/10.1371/journal.pone.0078200
http://dx.doi.org/10.1016/j.pan.2015.02.011
http://dx.doi.org/10.1158/1055-9965.EPI-14-0017
http://dx.doi.org/10.1098/rsob.150032
http://dx.doi.org/10.1007/s12253-015-9958-z
http://dx.doi.org/10.1136/jclinpath-2015-202962
http://dx.doi.org/10.1016/j.gene.2015.12.028
http://dx.doi.org/10.1016/j.gene.2015.12.028
http://dx.doi.org/10.1016/j.biopha.2015.07.001
http://dx.doi.org/10.1016/j.drup.2015.11.003
http://dx.doi.org/10.1016/B978-0-12-394274-6.00003-0
http://dx.doi.org/10.1074/jbc.M115.636969
http://dx.doi.org/10.1074/jbc.M115.636969
http://dx.doi.org/10.3389/fonc.2014.00059
http://dx.doi.org/10.1371/journal.pone.0060471
http://dx.doi.org/10.1073/pnas.1115191108
http://dx.doi.org/10.1016/j.febslet.2012.05.020
http://dx.doi.org/10.1016/j.cell.2008.03.027
http://dx.doi.org/10.1073/pnas.1302825110
http://dx.doi.org/10.3390/jcm5030037
http://dx.doi.org/10.1007/s13277-016-4945-x
http://dx.doi.org/10.1016/j.jbior.2014.09.016
http://dx.doi.org/10.1038/nrc3819
http://dx.doi.org/10.3389/fonc.2013.00235
http://dx.doi.org/10.3389/fonc.2013.00235
http://dx.doi.org/10.1097/PPO.0b013e318292e4e3
http://dx.doi.org/10.1073/pnas.95.26.15665
http://dx.doi.org/10.1073/pnas.95.26.15665


8

Fonseca et al. Glycosylation in Cancer: Interplay between MDR and EMT

Frontiers in Oncology | www.frontiersin.org June 2016 | Volume 6 | Article 158

31. Cole SP, Bhardwaj G, Gerlach JH, Mackie JE, Grant CE, Almquist KC, 
et al. Overexpression of a transporter gene in a multidrug-resistant human 
lung cancer cell line. Science (1992) 258(5088):1650–4. doi:10.1126/
science.1360704 

32. Klein I, Sarkadi B, Varadi A. An inventory of the human ABC proteins. Biochim 
Biophys Acta (1999) 1461(2):237–62. doi:10.1016/S0005-2736(99)00161-3 

33. Hyde SC, Emsley P, Hartshorn MJ, Mimmack MM, Gileadi U, Pearce SR, 
et al. Structural model of ATP-binding proteins associated with cystic fibrosis, 
multidrug resistance and bacterial transport. Nature (1990) 346(6282):362–5. 
doi:10.1038/346362a0 

34. Kathawala RJ, Gupta P, Ashby CR Jr, Chen ZS. The modulation of ABC 
transporter-mediated multidrug resistance in cancer: a review of the past 
decade. Drug Resist Updat (2015) 18:1–17. doi:10.1016/j.drup.2014.11.002 

35. Lauria F, Raspadori D, Rondelli D, Ventura MA, Fiacchini M, Visani G, et al. 
High bcl-2 expression in acute myeloid leukemia cells correlates with CD34 
positivity and complete remission rate. Leukemia (1997) 11(12):2075–8. 
doi:10.1038/sj.leu.2400854 

36. Williams J, Lucas PC, Griffith KA, Choi M, Fogoros S, Hu YY, et al. Expression 
of Bcl-xL in ovarian carcinoma is associated with chemoresistance and 
recurrent disease. Gynecol Oncol (2005) 96(2):287–95. doi:10.1016/j.ygyno. 
2004.10.026 

37. Lowe SW, Ruley HE, Jacks T, Housman DE. p53-dependent apoptosis 
modulates the cytotoxicity of anticancer agents. Cell (1993) 74(6):957–67. 
doi:10.1016/0092-8674(93)90719-7 

38. Bahr O, Wick W, Weller M. Modulation of MDR/MRP by wild-type and 
mutant p53. J Clin Invest (2001) 107(5):643–6. doi:10.1172/JCI12415 

39. Indran IR, Tufo G, Pervaiz S, Brenner C. Recent advances in apoptosis, mito-
chondria and drug resistance in cancer cells. Biochim Biophys Acta (2011) 
1807(6):735–45. doi:10.1016/j.bbabio.2011.03.010 

40. Ma SB, Nguyen TN, Tan I, Ninnis R, Iyer S, Stroud DA, et al. Bax targets 
mitochondria by distinct mechanisms before or during apoptotic cell death: 
a requirement for VDAC2 or Bak for efficient Bax apoptotic function. Cell 
Death Differ (2014) 21(12):1925–35. doi:10.1038/cdd.2014.119 

41. Song W, Jiang R, Zhao CM. Role of integrin-linked kinase in multi-drug 
resistance of human gastric carcinoma SGC7901/DDP cells. Asian Pac 
J Cancer Prev (2012) 13(11):5619–25. doi:10.7314/APJCP.2012.13.11.5619 

42. Kozlova NI, Morozevich GE, Shtil AA, Berman AE. Multidrug-resistant tumor 
cells with decreased malignancy: a role for integrin alphavbeta3. Biochem 
Biophys Res Commun (2004) 316(4):1173–7. doi:10.1016/j.bbrc.2004.03.004 

43. Lage H. An overview of cancer multidrug resistance: a still unsolved problem. 
Cell Mol Life Sci (2008) 65(20):3145–67. doi:10.1007/s00018-008-8111-5 

44. Son YS, Suh JM, Ahn SH, Kim JC, Yi JY, Hur KC, et al. Reduced activity of 
topoisomerase II in an adriamycin-resistant human stomach- adenocarcinoma 
cell line. Cancer Chemother Pharmacol (1998) 41(5):353–60. doi:10.1007/
s002800050751 

45. Dai Y, Wang L, Tang J, Cao P, Luo Z, Sun J, et al. Activation of anaphase- 
promoting complex by p53 induces a state of dormancy in cancer cells against 
chemotherapeutic stress. Oncotarget (2016) 7(18):25478–92. doi:10.18632/
oncotarget.8172 

46. Ge N, Guo L, Zhang J, Lin Z, Li Y, Liu Y, et al. Impact of O6-methylguanine-
DNA methyltransferase expression on the drug resistance of clear cell renal 
cell carcinoma. Jpn J Clin Oncol (2015) 45(9):860–6. doi:10.1093/jjco/hyv095 

47. St Croix B, Sheehan C, Rak JW, Florenes VA, Slingerland JM, Kerbel RS. 
E-cadherin-dependent growth suppression is mediated by the cyclin- 
dependent kinase inhibitor p27(KIP1). J Cell Biol (1998) 142(2):557–71. 
doi:10.1083/jcb.142.2.557 

48. Hazlehurst LA, Damiano JS, Buyuksal I, Pledger WJ, Dalton WS. Adhesion 
to fibronectin via beta1 integrins regulates p27kip1 levels and contributes 
to cell adhesion mediated drug resistance (CAM-DR). Oncogene (2000) 
19(38):4319–27. doi:10.1038/sj.onc.1203782 

49. Nakagawa Y, Nakayama H, Nagata M, Yoshida R, Kawahara K, Hirosue A, 
et  al. Overexpression of fibronectin confers cell adhesion-mediated drug 
resistance (CAM-DR) against 5-FU in oral squamous cell carcinoma cells. 
Int J Oncol (2014) 44(4):1376–84. doi:10.3892/ijo.2014.2265 

50. Storch K, Cordes N. Focal adhesion-chromatin linkage controls tumor 
cell resistance to radio- and chemotherapy. Chemother Res Pract (2012) 
2012:319287. doi:10.1155/2012/319287 

51. Brockhausen I, Schachter H, Stanley P. O-GalNAc glycans. 2nd ed. In: 
Varki A, Cummings RD, Esko JD, Freeze HH, Stanley P, Bertozzi CR, et al., 
editors. Essentials of Glycobiology. New York, NY: Cold Spring Harbor (2009). 
p. 129–41.

52. Molinari A, Calcabrini A, Meschini S, Stringaro A, Crateri P, Toccacieli L, 
et  al. Subcellular detection and localization of the drug transporter 
P-glycoprotein in cultured tumor cells. Curr Protein Pept Sci (2002) 
3(6):653–70. doi:10.2174/1389203023380413 

53. Chen KG, Valencia JC, Gillet JP, Hearing VJ, Gottesman MM. Involvement 
of ABC transporters in melanogenesis and the development of multidrug 
resistance of melanoma. Pigment Cell Melanoma Res (2009) 22(6):740–9. 
doi:10.1111/j.1755-148X.2009.00630.x 

54. Schinkel AH, Kemp S, Dolle M, Rudenko G, Wagenaar E. N-glycosylation 
and deletion mutants of the human MDR1 P-glycoprotein. J Biol Chem 
(1993) 268(10):7474–81. 

55. Fu D, Arias IM. Intracellular trafficking of P-glycoprotein. Int J Biochem Cell 
Biol (2012) 44(3):461–4. doi:10.1016/j.biocel.2011.12.009 

56. Kramer R, Weber TK, Arceci R, Ramchurren N, Kastrinakis WV, Steele G Jr, 
et al. Inhibition of N-linked glycosylation of P-glycoprotein by tunicamycin 
results in a reduced multidrug resistance phenotype. Br J Cancer (1995) 
71(4):670–5. doi:10.1038/bjc.1995.133 

57. Draheim V, Reichel A, Weitschies W, Moenning U. N-glycosylation of ABC 
transporters is associated with functional activity in sandwich- cultured 
rat hepatocytes. Eur J Pharm Sci (2010) 41(2):201–9. doi:10.1016/j.
ejps.2010.06.005 

58. Doige CA, Sharom FJ. Strategies for the purification of P-glycoprotein from 
multidrug-resistant Chinese hamster ovary cells. Protein Expr Purif (1991) 
2(4):256–65. doi:10.1016/1046-5928(91)90081-S 

59. Greer DA, Ivey S. Distinct N-glycan glycosylation of P-glycoprotein isolated 
from the human uterine sarcoma cell line MES-SA/Dx5. Biochim Biophys 
Acta (2007) 1770(9):1275–82. doi:10.1016/j.bbagen.2007.07.005 

60. Richert ND, Aldwin L, Nitecki D, Gottesman MM, Pastan I. Stability and 
covalent modification of P-glycoprotein in multidrug-resistant KB cells. 
Biochemistry (1988) 27(20):7607–13. doi:10.1021/bi00420a006 

61. Bakos E, Hegedus T, Hollo Z, Welker E, Tusnady GE, Zaman GJ, 
et  al. Membrane topology and glycosylation of the human multidrug 
 resistance-associated protein. J Biol Chem (1996) 271(21):12322–6. 
doi:10.1074/jbc.271.21.12322 

62. Rebbaa A, Chou PM, Vucic I, Mirkin BL, Tomita T, Bremer EG. Expression 
of bisecting GlcNAc in pediatric brain tumors and its association with tumor 
cell response to vinblastine. Clin Cancer Res (1999) 5(11):3661–8. 

63. Lu H, Liu Y, Wang D, Wang L, Zhou H, Xu G, et  al. Galectin-3 regulates 
metastatic capabilities and chemotherapy sensitivity in epithelial ovarian 
carcinoma via NF-kappaB pathway. Tumour Biol (2016). doi:10.1007/
s13277-016-5004-3 

64. Su YC, Davuluri GV, Chen CH, Shiau DC, Chen CC, Chen CL, et  al. 
Galectin-1-induced autophagy facilitates cisplatin resistance of hepatocel-
lular carcinoma. PLoS One (2016) 11(2):e0148408. doi:10.1371/journal.
pone.0148408 

65. Harazono Y, Kho DH, Balan V, Nakajima K, Hogan V, Raz A. Extracellular 
galectin-3 programs multidrug resistance through Na+/K+-ATPase and 
P-glycoprotein signaling. Oncotarget (2015) 6(23):19592–604. doi:10.18632/
oncotarget.4285 

66. Danhier F, Messaoudi K, Lemaire L, Benoit JP, Lagarce F. Combined 
anti-galectin-1 and anti-EGFR siRNA-loaded chitosan-lipid nanocapsules 
decrease temozolomide resistance in glioblastoma: in  vivo evaluation. Int 
J Pharm (2015) 481(1–2):154–61. doi:10.1016/j.ijpharm.2015.01.051 

67. Mirandola L, Yu Y, Cannon MJ, Jenkins MR, Rahman RL, Nguyen DD, et al. 
Galectin-3 inhibition suppresses drug resistance, motility, invasion and 
angiogenic potential in ovarian cancer. Gynecol Oncol (2014) 135(3):573–9. 
doi:10.1016/j.ygyno.2014.09.021 

68. Zhang H, Luo M, Liang X, Wang D, Gu X, Duan C, et al. Galectin-3 as a 
marker and potential therapeutic target in breast cancer. PLoS One (2014) 
9(9):e103482. doi:10.1371/journal.pone.0103482 

69. Jeon MJ, Kim WG, Lim S, Choi HJ, Sim S, Kim TY, et al. Alpha lipoic acid 
inhibits proliferation and epithelial mesenchymal transition of thyroid cancer 
cells. Mol Cell Endocrinol (2016) 419:113–23. doi:10.1016/j.mce.2015.10.005 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1126/science.1360704
http://dx.doi.org/10.1126/science.1360704
http://dx.doi.org/10.1016/S0005-2736(99)00161-3
http://dx.doi.org/10.1038/346362a0
http://dx.doi.org/10.1016/j.drup.2014.11.002
http://dx.doi.org/10.1038/sj.leu.2400854
http://dx.doi.org/10.1016/j.ygyno.
2004.10.026
http://dx.doi.org/10.1016/j.ygyno.
2004.10.026
http://dx.doi.org/10.1016/0092-8674(93)90719-7
http://dx.doi.org/10.1172/JCI12415
http://dx.doi.org/10.1016/j.bbabio.2011.03.010
http://dx.doi.org/10.1038/cdd.2014.119
http://dx.doi.org/10.7314/APJCP.2012.13.11.5619
http://dx.doi.org/10.1016/j.bbrc.2004.03.004
http://dx.doi.org/10.1007/s00018-008-8111-5
http://dx.doi.org/10.1007/s002800050751
http://dx.doi.org/10.1007/s002800050751
http://dx.doi.org/10.18632/oncotarget.8172
http://dx.doi.org/10.18632/oncotarget.8172
http://dx.doi.org/10.1093/jjco/hyv095
http://dx.doi.org/10.1083/jcb.142.2.557
http://dx.doi.org/10.1038/sj.onc.1203782
http://dx.doi.org/10.3892/ijo.2014.2265
http://dx.doi.org/10.1155/2012/319287
http://dx.doi.org/10.2174/1389203023380413
http://dx.doi.org/10.1111/j.1755-148X.2009.00630.x
http://dx.doi.org/10.1016/j.biocel.2011.12.009
http://dx.doi.org/10.1038/bjc.1995.133
http://dx.doi.org/10.1016/j.ejps.2010.06.005
http://dx.doi.org/10.1016/j.ejps.2010.06.005
http://dx.doi.org/10.1016/1046-5928(91)90081-S
http://dx.doi.org/10.1016/j.bbagen.2007.07.005
http://dx.doi.org/10.1021/bi00420a006
http://dx.doi.org/10.1074/jbc.271.21.12322
http://dx.doi.org/10.1007/s13277-016-5004-3
http://dx.doi.org/10.1007/s13277-016-5004-3
http://dx.doi.org/10.1371/journal.pone.0148408
http://dx.doi.org/10.1371/journal.pone.0148408
http://dx.doi.org/10.18632/oncotarget.4285
http://dx.doi.org/10.18632/oncotarget.4285
http://dx.doi.org/10.1016/j.ijpharm.2015.01.051
http://dx.doi.org/10.1016/j.ygyno.2014.09.021
http://dx.doi.org/10.1371/journal.pone.0103482
http://dx.doi.org/10.1016/j.mce.2015.10.005


9

Fonseca et al. Glycosylation in Cancer: Interplay between MDR and EMT

Frontiers in Oncology | www.frontiersin.org June 2016 | Volume 6 | Article 158

70. Barbachano A, Fernandez-Barral A, Pereira F, Segura MF, Ordonez-
Moran P, Carrillo-de Santa Pau E, et al. SPROUTY-2 represses the epithelial 
phenotype of colon carcinoma cells via upregulation of ZEB1 mediated 
by ETS1 and miR-200/miR-150. Oncogene (2015) 35(23):2991–3003. 
doi:10.1038/onc.2015.366 

71. Yi EY, Park SY, Jung SY, Jang WJ, Kim YJ. Mitochondrial dysfunction induces 
EMT through the TGF-beta/Smad/Snail signaling pathway in Hep3B hepa-
tocellular carcinoma cells. Int J Oncol (2015) 47(5):1845–53. doi:10.3892/
ijo.2015.3154 

72. Guan F, Schaffer L, Handa K, Hakomori SI. Functional role of gangliotetrao-
sylceramide in epithelial-to-mesenchymal transition process induced by 
hypoxia and by TGF-{beta}. FASEB J (2010) 24(12):4889–903. doi:10.1096/
fj.10-162107 

73. Pinho SS, Figueiredo J, Cabral J, Carvalho S, Dourado J, Magalhaes A, et al. 
E-cadherin and adherens-junctions stability in gastric carcinoma: functional 
implications of glycosyltransferases involving N-glycan branching biosyn-
thesis, N-acetylglucosaminyltransferases III and V. Biochim Biophys Acta 
(2013) 1830(3):2690–700. doi:10.1016/j.bbagen.2012.10.021 

74. Pinho SS, Seruca R, Gartner F, Yamaguchi Y, Gu J, Taniguchi N, et  al. 
Modulation of E-cadherin function and dysfunction by N-glycosylation. Cell 
Mol Life Sci (2011) 68(6):1011–20. doi:10.1007/s00018-010-0595-0 

75. Kitada T, Miyoshi E, Noda K, Higashiyama S, Ihara H, Matsuura N, et al. 
The addition of bisecting N-acetylglucosamine residues to E-cadherin 
down-regulates the tyrosine phosphorylation of beta-catenin. J Biol Chem 
(2001) 276(1):475–80. doi:10.1074/jbc.M006689200 

76. Guo HB, Lee I, Kamar M, Akiyama SK, Pierce M. Aberrant N-glycosylation 
of beta1 integrin causes reduced alpha5beta1 integrin clustering and stim-
ulates cell migration. Cancer Res (2002) 62(23):6837–45. 

77. Guo J, Li X, Tan Z, Lu W, Yang G, Guan F. Alteration of N-glycans and 
expression of their related glycogenes in the epithelial-mesenchymal tran-
sition of HCV29 bladder epithelial cells. Molecules (2014) 19(12):20073–90. 
doi:10.3390/molecules191220073 

78. Heerboth S, Housman G, Leary M, Longacre M, Byler S, Lapinska K, 
et al. EMT and tumor metastasis. Clin Transl Med (2015) 4:6. doi:10.1186/
s40169-015-0048-3 

79. Vojta A, Samarzija I, Bockor L, Zoldos V. Glyco-genes change expression 
in cancer through aberrant methylation. Biochim Biophys Acta (2016) 
1860(8):1176–785. doi:10.1016/j.bbagen.2016.01.002 

80. Stowell SR, Ju T, Cummings RD. Protein glycosylation in cancer. Annu Rev 
Pathol (2015) 10:473–510. doi:10.1146/annurev-pathol-012414-040438 

81. Nordgren KK, Skildum AJ. The deep end of the metabolite pool: influences 
on epigenetic regulatory mechanisms in cancer. Eur J Clin Invest (2015) 
45(Suppl 1):9–15. doi:10.1111/eci.12361 

82. Zoldos V, Novokmet M, Beceheli I, Lauc G. Genomics and epigenomics 
of the human glycome. Glycoconj J (2013) 30(1):41–50. doi:10.1007/
s10719-012-9397-y 

83. Taniguchi N, Korekane H. Branched N-glycans and their implications 
for cell adhesion, signaling and clinical applications for cancer biomark-
ers and in therapeutics. BMB Rep (2011) 44(12):772–81. doi:10.5483/
BMBRep.2011.44.12.772 

84. Pinho SS, Oliveira P, Cabral J, Carvalho S, Huntsman D, Gartner F, 
et  al. Loss and recovery of Mgat3 and GnT-III Mediated E-cadherin 
N-glycosylation is a mechanism involved in epithelial-mesenchymal-ep-
ithelial transitions. PLoS One (2012) 7(3):e33191. doi:10.1371/journal.
pone.0033191 

85. Chen L, Zhang W, Fregien N, Pierce M. The her-2/neu oncogene stimulates 
the transcription of N-acetylglucosaminyltransferase V and expression of 
its cell surface oligosaccharide products. Oncogene (1998) 17(16):2087–93. 
doi:10.1038/sj.onc.1202124 

86. Tan Z, Lu W, Li X, Yang G, Guo J, Yu H, et al. Altered N-Glycan expression 
profile in epithelial-to-mesenchymal transition of NMuMG cells revealed 
by an integrated strategy using mass spectrometry and glycogene and lectin 
microarray analysis. J Proteome Res (2014) 13(6):2783–95. doi:10.1021/
pr401185z 

87. Xu Q, Isaji T, Lu Y, Gu W, Kondo M, Fukuda T, et  al. Roles of 
N-acetylglucosaminyltransferase III in epithelial-to-mesenchymal transi-
tion induced by transforming growth factor beta1 (TGF-beta1) in epithelial 
cell lines. J Biol Chem (2012) 287(20):16563–74. doi:10.1074/jbc.M111. 
262154 

88. Croci DO, Cerliani JP, Dalotto-Moreno T, Mendez-Huergo SP, Mascanfroni 
ID, Dergan-Dylon S, et  al. Glycosylation-dependent lectin-receptor inter-
actions preserve angiogenesis in anti-VEGF refractory tumors. Cell (2014) 
156(4):744–58. doi:10.1016/j.cell.2014.01.043 

89. Ma H, Miao X, Ma Q, Zheng W, Zhou H, Jia L. Functional roles of glycogene 
and N-glycan in multidrug resistance of human breast cancer cells. IUBMB 
Life (2013) 65(5):409–22. doi:10.1002/iub.1133 

90. Zhang Z, Zhao Y, Jiang L, Miao X, Zhou H, Jia L. Glycomic alterations are 
associated with multidrug resistance in human leukemia. Int J Biochem Cell 
Biol (2012) 44(8):1244–53. doi:10.1016/j.biocel.2012.04.026 

91. Hazlehurst LA, Dalton WS. Mechanisms associated with cell adhesion 
mediated drug resistance (CAM-DR) in hematopoietic malignancies. Cancer 
Metastasis Rev (2001) 20(1–2):43–50. doi:10.1023/A:1013156407224 

92. Lichtenstein A, Berenson J, Norman D, Chang MP, Carlile A. Production 
of cytokines by bone marrow cells obtained from patients with multiple 
myeloma. Blood (1989) 74(4):1266–73. 

93. Catlett-Falcone R, Landowski TH, Oshiro MM, Turkson J, Levitzki A, 
Savino R, et al. Constitutive activation of Stat3 signaling confers resistance 
to apoptosis in human U266 myeloma cells. Immunity (1999) 10(1):105–15. 
doi:10.1016/S1074-7613(00)80011-4 

94. Sutherland RM, Durand RE. Cell contact as a possible contribution to 
radiation resistance of some tumours. Br J Radiol (1972) 45(538):788–9. 
doi:10.1259/0007-1285-45-538-788 

95. de la Fuente MT, Casanova B, Garcia-Gila M, Silva A, Garcia-Pardo A. 
Fibronectin interaction with alpha4beta1 integrin prevents apoptosis in B 
cell chronic lymphocytic leukemia: correlation with Bcl-2 and Bax. Leukemia 
(1999) 13(2):266–74. doi:10.1038/sj.leu.2401275 

96. Said G, Guilbert M, Morjani H, Garnotel R, Jeannesson P, El Btaouri  H. 
Extracellular matrix proteins modulate antimigratory and apoptotic effects 
of Doxorubicin. Chemother Res Pract (2012) 2012:268681. doi:10.1155/ 
2012/268681 

97. Berube M, Talbot M, Collin C, Paquet-Bouchard C, Germain L, Guerin 
SL, et al. Role of the extracellular matrix proteins in the resistance of SP6.5 
uveal melanoma cells toward cisplatin. Int J Oncol (2005) 26(2):405–13. 
doi:10.3892/ijo.26.2.405

98. Rintoul RC, Sethi T. Extracellular matrix regulation of drug resistance in 
small-cell lung cancer. Clin Sci (Lond) (2002) 102(4):417–24. doi:10.1042/
CS20010216 

99. Zheng X, Carstens JL, Kim J, Scheible M, Kaye J, Sugimoto H, et al. Epithelial-
to-mesenchymal transition is dispensable for metastasis but induces 
chemoresistance in pancreatic cancer. Nature (2015) 527(7579):525–30. 
doi:10.1038/nature16064 

100. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. The 
miR-200 family and miR-205 regulate epithelial to mesenchymal transition 
by targeting ZEB1 and SIP1. Nat Cell Biol (2008) 10(5):593–601. doi:10.1038/
ncb1722 

101. Fischer KR, Durrans A, Lee S, Sheng J, Li F, Wong STC, et al. Epithelial-to-
mesenchymal transition is not required for lung metastasis but contributes to 
chemoresistance. Nature (2015) 527(7579):472–6. doi:10.1038/nature15748 

102. Tsou SH, Chen TM, Hsiao HT, Chen YH. A critical dose of doxorubicin 
is required to alter the gene expression profiles in MCF-7 cells acquiring 
multidrug resistance. PLoS One (2015) 10(1):e0116747. doi:10.1371/journal.
pone.0116747 

103. Zhang YQ, Wei XL, Liang YK, Chen WL, Zhang F, Bai JW, et  al. Over-
expressed Twist associates with markers of epithelial mesenchymal transition 
and predicts poor prognosis in breast cancers via ERK and Akt activation. 
PLoS One (2015) 10(8):e0135851. doi:10.1371/journal.pone.0135851 

104. Fan Q, Qiu MT, Zhu Z, Zhou JH, Chen L, Zhou Y, et  al. Twist induces 
epithelial-mesenchymal transition in cervical carcinogenesis by regulating 
the TGF-beta/Smad3 signaling pathway. Oncol Rep (2015) 34(4):1787–94. 
doi:10.3892/or.2015.4143 

105. Stasinopoulos IA, Mironchik Y, Raman A, Wildes F, Winnard P Jr, Raman V. 
HOXA5-Twist interaction alters p53 homeostasis in breast cancer cells. J Biol 
Chem (2005) 280(3):2294–9. doi:10.1074/jbc.M411018200 

106. Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson RA, Come C, et al. 
Twist, a master regulator of morphogenesis, plays an essential role in tumor 
metastasis. Cell (2004) 117(7):927–39. doi:10.1016/j.cell.2004.06.006 

107. Cheng GZ, Chan J, Wang Q, Zhang W, Sun CD, Wang LH. Twist transcription-
ally up-regulates AKT2 in breast cancer cells leading to increased migration, 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1038/onc.2015.366
http://dx.doi.org/10.3892/ijo.2015.3154
http://dx.doi.org/10.3892/ijo.2015.3154
http://dx.doi.org/10.1096/fj.10-162107
http://dx.doi.org/10.1096/fj.10-162107
http://dx.doi.org/10.1016/j.bbagen.2012.10.021
http://dx.doi.org/10.1007/s00018-010-0595-0
http://dx.doi.org/10.1074/jbc.M006689200
http://dx.doi.org/10.3390/molecules191220073
http://dx.doi.org/10.1186/s40169-015-0048-3
http://dx.doi.org/10.1186/s40169-015-0048-3
http://dx.doi.org/10.1016/j.bbagen.2016.01.002
http://dx.doi.org/10.1146/annurev-pathol-012414-040438
http://dx.doi.org/10.1111/eci.12361
http://dx.doi.org/10.1007/s10719-012-9397-y
http://dx.doi.org/10.1007/s10719-012-9397-y
http://dx.doi.org/10.5483/BMBRep.2011.44.12.772
http://dx.doi.org/10.5483/BMBRep.2011.44.12.772
http://dx.doi.org/10.1371/journal.pone.0033191
http://dx.doi.org/10.1371/journal.pone.0033191
http://dx.doi.org/10.1038/sj.onc.1202124
http://dx.doi.org/10.1021/pr401185z
http://dx.doi.org/10.1021/pr401185z
http://dx.doi.org/10.1074/jbc.M111.
262154
http://dx.doi.org/10.1074/jbc.M111.
262154
http://dx.doi.org/10.1016/j.cell.2014.01.043
http://dx.doi.org/10.1002/iub.1133
http://dx.doi.org/10.1016/j.biocel.2012.04.026
http://dx.doi.org/10.1023/A:1013156407224
http://dx.doi.org/10.1016/S1074-7613(00)80011-4
http://dx.doi.org/10.1259/0007-1285-45-538-788
http://dx.doi.org/10.1038/sj.leu.2401275
http://dx.doi.org/10.1155/
2012/268681
http://dx.doi.org/10.1155/
2012/268681
http://dx.doi.org/10.3892/ijo.26.2.405
http://dx.doi.org/10.1042/CS20010216
http://dx.doi.org/10.1042/CS20010216
http://dx.doi.org/10.1038/nature16064
http://dx.doi.org/10.1038/ncb1722
http://dx.doi.org/10.1038/ncb1722
http://dx.doi.org/10.1038/nature15748
http://dx.doi.org/10.1371/journal.pone.0116747
http://dx.doi.org/10.1371/journal.pone.0116747
http://dx.doi.org/10.1371/journal.pone.0135851
http://dx.doi.org/10.3892/or.2015.4143
http://dx.doi.org/10.1074/jbc.M411018200
http://dx.doi.org/10.1016/j.cell.2004.06.006


10

Fonseca et al. Glycosylation in Cancer: Interplay between MDR and EMT

Frontiers in Oncology | www.frontiersin.org June 2016 | Volume 6 | Article 158

invasion, and resistance to paclitaxel. Cancer Res (2007) 67(5):1979–87. 
doi:10.1158/0008-5472.CAN-06-1479 

108. Cheng GZ, Zhang W, Wang LH. Regulation of cancer cell survival, migra-
tion, and invasion by Twist: AKT2 comes to interplay. Cancer Res (2008) 
68(4):957–60. doi:10.1158/0008-5472.CAN-07-5067 

109. Vesuna F, Winnard P Jr, Glackin C, Raman V. Twist overexpression 
promotes chromosomal instability in the breast cancer cell line MCF-7. 
Cancer Genet Cytogenet (2006) 167(2):189–91. doi:10.1016/j.cancergencyto. 
2006.01.014 

110. Ferguson LR, Chen H, Collins AR, Connell M, Damia G, Dasgupta S, 
et al. Genomic instability in human cancer: molecular insights and oppor-
tunities for therapeutic attack and prevention through diet and nutrition. 
Semin Cancer Biol (2015) 35(Suppl):S5–24. doi:10.1016/j.semcancer.2015. 
03.005 

111. Liu J, Liu H, Zhang W, Wu Q, Liu W, Liu Y, et al. N-acetylglucosaminyltrans-
ferase V confers hepatoma cells with resistance to anoikis through EGFR/
PAK1 activation. Glycobiology (2013) 23(9):1097–109. doi:10.1093/glycob/
cwt049 

112. Shrestha Y, Schafer EJ, Boehm JS, Thomas SR, He F, Du J, et al. PAK1 is a 
breast cancer oncogene that coordinately activates MAPK and MET signal-
ing. Oncogene (2012) 31(29):3397–408. doi:10.1038/onc.2011.515 

113. Schultz MJ, Swindall AF, Wright JW, Sztul ES, Landen CN, Bellis SL. ST6Gal-I 
sialyltransferase confers cisplatin resistance in ovarian tumor cells. J Ovarian 
Res (2013) 6(1):25. doi:10.1186/1757-2215-6-25 

114. Ma H, Cheng L, Hao K, Li Y, Song X, Zhou H, et  al. Reversal effect of 
ST6GAL  1 on multidrug resistance in human leukemia by regulating the 
PI3K/Akt pathway and the expression of P-gp and MRP1. PLoS One (2014) 
9(1):e85113. doi:10.1371/journal.pone.0085113 

115. Abdul-Ghani R, Serra V, Gyorffy B, Jurchott K, Solf A, Dietel M, et al. The 
PI3K inhibitor LY294002 blocks drug export from resistant colon carcinoma 
cells overexpressing MRP1. Oncogene (2006) 25(12):1743–52. doi:10.1038/
sj.onc.1209201 

116. Meng Q, Ren C, Wang L, Zhao Y, Wang S. Knockdown of ST6Gal-I inhibits 
the growth and invasion of osteosarcoma MG-63 cells. Biomed Pharmacother 
(2015) 72:172–8. doi:10.1016/j.biopha.2015.04.020 

117. Sun D, Zhou R, Liu H, Sun W, Dong A, Zhang H. SASH1 inhibits proliferation 
and invasion of thyroid cancer cells through PI3K/Akt signaling pathway. Int 
J Clin Exp Pathol (2015) 8(10):12276–83. 

118. Zhao QY, Ju F, Wang ZH, Ma XZ, Zhao H. ING5 inhibits epithelial- 
mesenchymal transition in breast cancer by suppressing PI3K/Akt pathway. 
Int J Clin Exp Med (2015) 8(9):15498–505. 

119. Ma H, Zhou H, Song X, Shi S, Zhang J, Jia L. Modification of sialylation 
is associated with multidrug resistance in human acute myeloid leukemia. 
Oncogene (2015) 34(6):726–40. doi:10.1038/onc.2014.7 

120. Blaheta RA, Daher FH, Michaelis M, Hasenberg C, Weich EM, Jonas D, et al. 
Chemoresistance induces enhanced adhesion and transendothelial penetra-
tion of neuroblastoma cells by down-regulating NCAM surface expression. 
BMC Cancer (2006) 6:294. doi:10.1186/1471-2407-6-294 

121. Wang B, Hu H, Yu B. Molecular characterization of pig ST8Sia IV – a critical 
gene for the formation of neural cell adhesion molecule and its response 
to sialic acid supplement in piglets. Nutr Neurosci (2006) 9(3–4):147–54. 
doi:10.1080/10284150600903594 

122. Lehembre F, Yilmaz M, Wicki A, Schomber T, Strittmatter K, Ziegler D, et al. 
NCAM-induced focal adhesion assembly: a functional switch upon loss of 
E-cadherin. EMBO J (2008) 27(19):2603–15. doi:10.1038/emboj.2008.178 

123. Mehrabian M, Brethour D, Wang H, Xi Z, Rogaeva E, Schmitt-Ulms G. The 
prion protein controls polysialylation of neural cell adhesion molecule 1  
during cellular morphogenesis. PLoS One (2015) 10(8):e0133741. 
doi:10.1371/journal.pone.0133741 

124. Dobbin ZC, Landen CN. The importance of the PI3K/AKT/MTOR pathway 
in the progression of ovarian cancer. Int J Mol Sci (2013) 14(4):8213–27. 
doi:10.3390/ijms14048213 

125. Martelli AM, Nyakern M, Tabellini G, Bortul R, Tazzari PL, Evangelisti C, 
et  al. Phosphoinositide 3-kinase/Akt signaling pathway and its therapeu-
tical implications for human acute myeloid leukemia. Leukemia (2006) 
20(6):911–28. doi:10.1038/sj.leu.2404245 

126. Saito M, Ishii A. ST3Gal-V (GM3 synthase, SAT-I). In: Taniguch N, Honke K, 
Fukuda M, Narimatsu H, Yamaguchi Y, Angata T, editors. Handbook of 
Glycosyltransferases and Related Genes. Heidelberg: Springer (2002). p. 
289–94.

127. Liu YY, Gupta V, Patwardhan GA, Bhinge K, Zhao Y, Bao J, et  al. 
Glucosylceramide synthase upregulates MDR1 expression in the regulation 
of cancer drug resistance through cSrc and beta-catenin signaling. Mol 
Cancer (2010) 9:145. doi:10.1186/1476-4598-9-145 

128. Chambers TC, Pohl J, Raynor RL, Kuo JF. Identification of specific sites in 
human P-glycoprotein phosphorylated by protein kinase C. J Biol Chem 
(1993) 268(7):4592–5. 

129. Mathow D, Chessa F, Rabionet M, Kaden S, Jennemann R, Sandhoff 
R, et  al. Zeb1 affects epithelial cell adhesion by diverting glycosphin-
golipid metabolism. EMBO Rep (2015) 16(3):321–31. doi:10.15252/
embr.201439333 

130. Cheng L, Luo S, Jin C, Ma H, Zhou H, Jia L. FUT family mediates the 
multidrug resistance of human hepatocellular carcinoma via the PI3K/
Akt signaling pathway. Cell Death Dis (2013) 4:e923. doi:10.1038/
cddis.2013.450 

131. Yang X, Liu S, Yan Q. Role of fucosyltransferase IV in epithelial-mesenchymal 
transition in breast cancer cells. Cell Death Dis (2013) 4:e735. doi:10.1038/
cddis.2013.241 

132. Bentires-Alj M, Barbu V, Fillet M, Chariot A, Relic B, Jacobs N, et  al. 
NF-kappaB transcription factor induces drug resistance through MDR1 
expression in cancer cells. Oncogene (2003) 22(1):90–7. doi:10.1038/sj.onc. 
1206056 

133. Li J, Deng Z, Wang Z, Wang D, Zhang L, Su Q, et al. Zipper-interacting protein 
kinase promotes epithelial-mesenchymal transition, invasion and metastasis 
through AKT and NF-kB signaling and is associated with metastasis and 
poor prognosis in gastric cancer patients. Oncotarget (2015) 6(10):8323–38. 
doi:10.18632/oncotarget.3200 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2016 Fonseca, Silva, Freire-de-Lima, Previato, Mendonça-Previato and 
Capella. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) or licensor are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1158/0008-5472.CAN-06-1479
http://dx.doi.org/10.1158/0008-5472.CAN-07-5067
http://dx.doi.org/10.1016/j.cancergencyto.
2006.01.014
http://dx.doi.org/10.1016/j.cancergencyto.
2006.01.014
http://dx.doi.org/10.1016/j.semcancer.2015.
03.005
http://dx.doi.org/10.1016/j.semcancer.2015.
03.005
http://dx.doi.org/10.1093/glycob/cwt049
http://dx.doi.org/10.1093/glycob/cwt049
http://dx.doi.org/10.1038/onc.2011.515
http://dx.doi.org/10.1186/1757-2215-6-25
http://dx.doi.org/10.1371/journal.pone.0085113
http://dx.doi.org/10.1038/sj.onc.1209201
http://dx.doi.org/10.1038/sj.onc.1209201
http://dx.doi.org/10.1016/j.biopha.2015.04.020
http://dx.doi.org/10.1038/onc.2014.7
http://dx.doi.org/10.1186/1471-2407-6-294
http://dx.doi.org/10.1080/10284150600903594
http://dx.doi.org/10.1038/emboj.2008.178
http://dx.doi.org/10.1371/journal.pone.0133741
http://dx.doi.org/10.3390/ijms14048213
http://dx.doi.org/10.1038/sj.leu.2404245
http://dx.doi.org/10.1186/1476-4598-9-145
http://dx.doi.org/10.15252/embr.201439333
http://dx.doi.org/10.15252/embr.201439333
http://dx.doi.org/10.1038/cddis.2013.450
http://dx.doi.org/10.1038/cddis.2013.450
http://dx.doi.org/10.1038/cddis.2013.241
http://dx.doi.org/10.1038/cddis.2013.241
http://dx.doi.org/10.1038/sj.onc.
1206056
http://dx.doi.org/10.1038/sj.onc.
1206056
http://dx.doi.org/10.18632/oncotarget.3200
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Glycosylation in Cancer: Interplay between Multidrug Resistance and Epithelial-to-Mesenchymal Transition?
	Introduction
	The Multidrug Resistance Phenotype
	ABC Proteins Related to MDR: The Glycan Connection
	Epithelial-to-Mesenchymal Transition: Differences Between Normal and Cancer Cells
	Epigenetic Modifications and the MDR Phenotype
	Atypical Glycosylation, EMT, and MDR
	Conclusion
	Author Contributions
	Funding
	References


