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derstanding the roles of PTMs in hPSCs, with particular 
emphasis on protein glycosylation, phosphorylation, 
acetylation and methylation. In addition, we discuss how 
these PTMs may be involved in regulation of the pluri­
potency and differentiation of hPSCs.

Cellular pluripotency and hPSCs

Pluripotent stem cells (PSCs) are capable of giving 
rise to all the differentiated adult cell types. Initially, 
human embryos acquired from in  vitro fertilization 
procedures were the source material used for isolating 
pluripotent hESCs from the inner cell mass (ICM) of 
blastocysts. More recently, the use of defined transcrip­
tion factors to convert human somatic cells into hiPSCs 
has become a widely-used approach to establish cellular 
pluripotency in differentiated cells (Figure 2). In 2013, 
Tachibana et al. [4] have succeeded in the derivation of 
hPSCs (nuclear transfer-ESCs) from somatic cell-nuclear 
transfer human embryos, providing another approach for 
reprogramming the somatic nuclei to pluripotency. 

Since the first method for generating hiPSCs through 
cellular reprogramming was reported in 2007 [5], a vari­
ety of somatic cell types, different combinations of tran­
scription factors and different vehicles to deliver these 

factors into cells have been used successfully to improve 
the derivation efficiency of hiPSCs. Over the past six 
years, extensive research using high-information-content 
methods to study hESCs and hiPSCs has led to a consid­
erable amount of information about genomic and epig­
enomic stability, and genome-wide transcriptional and 
DNA methylation profiles of pluripotent cells. Recent 
studies indicate that the variation within undifferenti­
ated hiPSC lines is within the range of that seen in hESC 
lines, suggesting that hiPSCs and hESCs are essentially 
indistinguishable [6-12]. However, while hPSCs are rou­
tinely shown to be capable of differentiation into a wide 
variety of cell types, there are reports of considerable 
variation among hPSCs in their response to specific in 
vitro differentiation protocols [11, 13-15]. These findings 
suggest that the response of different hPSCs to specific 
culture conditions may differ even when their gene ex­
pression and epigenetic characteristics in the pluripotent 
state are virtually identical; this raises an intriguing pos­
sibility that these responses are controlled at the protein 

Figure 1 Proteins in eukaryotic cells can be edited after transla­
tion by a wide variety of reversible and irreversible PTM mecha­
nisms. The  structure,  stability  and  function of  proteins  in  the 
cells can be dynamically altered by these PTMs. Four types of 
PTMs (glycosylation, phosphorylation, acetylation and methyla­
tion) are indicated by highlighted colors and primarily discussed 
in this review.

Figure 2 The derivation and differentiation of hPSCs. To obtain 
hESCs,  the  inner  cell mass of  a  human blastocyst  is  isolated 
and  cultured  in  vitro. To generate hiPSCs,  differentiated  cells 
are reprogrammed using a combination of different transcription 
factors (e.g., OCT4/POU5F1, SOX2, KLF4 and MYC) to estab­
lish cellular pluripotency  in  the cells. Both hESCs and hiPSCs 
are  capable of  differentiating  into  functional  cells  derived  from 
all the three germ layers in embryos.

Post-translational modifications (PTMs)
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PTM is a modification on a particular amino acid.



Glycosylation
Glycosidic-linkage between sugar and proteins/lipids catalyzed by 
enzymatic reactions.  Glycosylation produces different types of glycans 
that are typically attached to cellular proteins and lipids. 

spectrum of key biological processes, including neoplastic cell survival, growth migration, metas-
tasis, and host antitumor immunity (reviewed in [3,10]). For instance, several lectin families of the
immune systemwere proven to play a key role in cancer, namely selectins, Siglecs, and galectins,
along with macrophage galactose-type lectin (MGL) and dendritic cell (DC)-specific ICAM-3-
grabbing non-integrin 1 (DC-SIGN) [14]. Glycan–lectin interactions are central axes of multiple as-
pects of cancer progression, such as immune evasion, cell proliferation, invasion, and extravasa-
tion. Interference in these interactions with specific inhibitors is currently being explored in clinical
trials as a promising novel strategy for unique and combination therapies [15–17]. For example,
multiple myeloma (MM) is initiated through the interaction between ligands present on MM cells
and adhesion molecules E- and P-selectin expressed on the vascular endothelium, which induce
rolling, adhesion, and extravasation. Most MM cancer therapies rely on direct malignant cell
targeting; however, recently a completed Phase I/II clinical trial in acute myeloid leukemia patients
using GMI-1271 (E-selectin antagonist) showed high remission rates and improved overall sur-
vival with favorable safety, and a Phase I clinical trial is being performed on MM patients
(NCT02811822). Currently, the safety of GMI-1359 (E-selectin and CXCR4 dual antagonist) is
being evaluated in a Phase I clinical trial (NCT02931214).

It is of no surprise that altered glycosylation presents huge potential for cancer research. How-
ever, the glycosylation process has been difficult to study in normal and aberrant circumstances.
The immense structural complexity and the fact that glycan biosynthesis is not under direct
genetic control have long hampered further progress in this area. Since specific glycan structures
are uniquely expressed on tumor cells, cancer-related glycans serve not only as biomarkers but
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Figure 1. Schematic Representation of Glycosylation Diversity. The glycosylation process is a well-orchestrated enzymatic process of building sugar structures:
glycans. Glycans can be attached to a variety of molecules such as proteins (glycoproteins) or lipids (glycolipids) or exist as free structures, such as hyaluronic acid.
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Regulation of cellular mechanisms by glycans
• Cell adhesion

• Lewis antigen
• WBC: endothelium

• Self/Non-self recognition
• Blood groups
• Toll-like receptor

• Molecular trafficking and 
clearance

• Asialoglycoprotein receptors 
in hepatocytes, Kupffer cells 
and macrophages

• RBC aging
• Receptor activation

• FGF, Wnt, TGF-beta, EGF
• Endocytosis

• Glut2, EGRR, TGFR 
endocytosis  



Glycan as adhesion molecules
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Glycan as blood group antigens
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and irreversible process that is elevated in various dis-
eases and may be a factor in the pathology of aging (Suji 
and Sivakami, 2004).

Regulation of Mammalian Glycosylation
Glycans are constructed in an ordered sequential man-
ner involving the distinct substrate specificities of glyco-
syltransferase and glycosidase enzymes. Glycosyltrans-
ferases synthesize glycan chains, whereas glycosidases 
hydrolyze specific glycan linkages. Although glycosyl-
transferases are the anabolic component of glycosyl-
ation, both types of enzymes collaborate to determine 
the structural outcome in pathways of glycan biosyn-
thesis. Such properties are exemplified by mammalian 
N-glycan biosynthesis (Kornfeld and Kornfeld, 1985). 
Similarly, the biosynthetic pathways for the produc-
tion of O-glycans, glycosaminoglycans, and glycolipids 
are comprised of single enzymatic steps that typically 
rely upon glycan structures produced by the previous 
enzyme to produce the substrate for the next (Schachter, 
2000; Maccioni et al., 2002; Esko and Selleck, 2002). 
Although a one enzyme/one saccharide linkage para-
digm applies to almost all biosynthetic steps, numerous 
glycosyltransferase isozymes exist, and these underlie 
the breadth of glycan participation among different cell 
types and physiological processes.

Glycosylation in the secretory pathway is a dynamic 
process with multiple mechanisms that alter glycos-
yltransferase and glycosidase expression and struc-
ture, as well as their accessibility to substrates. Thus, 
in concert with protein and lipid turnover, glycosylation 
can regulate glycan variation (Figure 2). Structural varia-
tions in the glycan repertoire at the cell surface produce 
numerous biomarkers, some of which correlate with dif-

ferentiation, cell activation, and disease. For example, 
elevated levels of truncated O-glycans (known as T anti-
gens) can be prognostic for reduced survival of patients 
with certain types of cancer (Hakomori, 2002; Kobata 
and Amano, 2005).

Gene transcription has a major impact on glycan 
formation, which is reflected by the cell-type-specific 
and developmentally modulated RNA expression pro-
files observed among many glycosyltransferases and 
glycosidases. Microarray approaches that detect the 
transcript levels of enzymes involved in constructing 
the glycome will be increasingly useful in categorizing 
these changes and perhaps provide predictive informa-
tion on cellular glycan expression patterns (Comelli et 
al., 2006). Transcriptional regulation of RNA abundance 
occurs among glycosyltransferase genes encoding, 
for example, GlcNAcT-V and Core 2 GlcNAcT-I. The 
GlcNAcT-V gene promoter bears Ets transcription factor 
binding elements that induce transcription in response 
to signals emanating from several key regulators of cell 
proliferation, including the Her-2/Neu oncogene. Core 
2 GlcNAcT-I is induced by the T-bet transcription fac-
tor in T helper type 1 lymphocytes (Chen et al., 1998; 
Underhill et al., 2005). Although multiple transcriptional 
networks regulate glycosyltransferase and glycosidase 
gene expression, the effect of this regulation on cellular 
processes remains largely unknown.

The expression of mammalian glycans is regulated at 
both a posttranscriptional and posttranslational level. 
Currently, this does not appear to involve modulation of 
enzymatic activity, as glycosyltransferases and glycosi-
dases are constitutively active. Nevertheless, some must 
be properly glycosylated themselves to be active, which 
suggests a possible mechanism of catalytic regulation 

Figure 2. Cellular Regulation of Glycan 
Expression
Representation of multiple mechanisms that 
alter cellular glycosyltransferase or glycosi-
dase expression, strucure, and activity, which 
can thereby regulate the formation of glycans. 
These include (1) control of glycosyltransfer-
ase and glycosidase gene transcription, (2) 
synthesis and transport of nucleotide sugar 
donors to the ER and Golgi (sugar transport-
ers not depicted), (3) modulation of enzymatic 
structure through phosphorylation, (4) relative 
amounts of enzymes that compete for identi-
cal substrates, (5) intracellular enzyme traf-
ficking and altered access to substrates, (6) 
proteolysis within the lumen of the Golgi re-
sulting in secretion of catalytic domains, and 
(7) glycan turnover at the cell surface by en-
docytosis coincident with expression of dif-
ferent glycans from altered glycan synthesis. 
Effects of glycosyltransferase and glycosi-
dase cytoplasmic tail phosphorylation (3) and 
intraluminal proteolysis (6) on cellular glyco-
sylation remain to be established. Structural 
information on the composition of glycans 
can be obtained from Figure 1.

Human:
~ 200 Glyco-Ts 
(add)
ER, Golgi, Cytoplasm 
(OGT)

~ 80 glycosidases 
(remove)
ER, Golgi, membrane, 
lysosome, etc. 
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Table 2 Glycosyltransferase and glycosidase enzymes.
Enzymes

Glycosyltransferase families
1. Alpha-1,2-glucosyltransferases (ALG10)
2. Alpha-1,3-glucosyltransferases
3. Alpha 1,4-glycosyltransferases
4. Beta-1,3-glucuronyltransferases (B3GAT)
5. Beta 3-glycosyltransferases
6. Beta 4-glycosyltransferases
7. Collagen beta(1-O)galactosyltransferases (COLGALT)
8. Dolichyl D-mannosyl phosphate dependent mannosyltransferases
9. Exostosin glycosyltransferase family (EXT)

10. Fucosyltransferases (FUT)
11. Glucosaminyl (N-acetyl) transferases/xylosyltransferases (GCNT, XYLT)
12. Glycogen phosphorylases (PYG)
13. Glycosyltransferase family 2
14. Glycosyltransferase family 6
15. Glycosyltransferase family 8
16. Glycosyltransferase family 90
17. Glycosyl transferases group 1 domain containing
18. Mannosyl-glycoprotein N-acetylglucosaminyltransferases (MGAT)
19. O-linked N-acetylglucosaminyltransferases
20. Polypeptide N-acetylgalactosaminyltransferases (GALNT)
21. Sialyltransferases
22. STT3 oligosaccharyltransferase catalytic subunits (STT3)
23. UDP-glucose ceramide glucosyltransferases
24. UDP-glucose glycoprotein glucosyltransferases (UGGT)
25. UDP glucuronosyltransferases (UGT)
26. UDP-N-acetylglucosaminyltransferase subunits
Glycosidase (glycoside hydrolase) families
1. Alpha-L-fucosidases (FUCA)
2. Amylases alpha (AMY)
3. Chitinases (CHI)
4. Galactosidases alpha (GLA)
5. Galactosidases beta (GLB)
6. Glycoside hydrolase family 1
7. Glycoside hydrolase family 31
8. Heparanases (HPSE)
9. Hexosaminidases (HEX)

10. Hyaluronidases (HYAL)
11. Lysozymes (LY)
12. Mannosidases
13. Neuraminidases (NEU)

193Glycosylation markers in cancer
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rigorously established to have a beneficial effect on 
human health or in the treatment of disease. Biosynthetic 
pathways control the production and endogenous func-
tions of different glycan structures. The structural diver-
sity of the mammalian glycome is produced predomi-
nantly in the secretory pathway of the cell. Moreover, it is 
within the Golgi apparatus that glycans become increas-
ingly oligomeric and branched as they transit through 
this latter portion of the secretory system bound mostly 
for the cell surface and extracellular compartments.

Glycosylation produces different types of glycans 
(or glycoconjugates) that are typically attached to cel-
lular proteins and lipids (Figure 1). Protein glycosylation 
encompasses N-glycans, O-glycans, and glycosami-
noglycans (frequently termed proteoglycans). N-gly-
cans are linked to asparagine residues of proteins, spe-
cifically a subset residing in the Asn-X-Ser/Thr motif, 
whereas O-glycans are attached to a subset of serines 
and threonines (Schachter, 2000; Yan and Lennarz, 
2005). Although glycosaminoglycans are also linked to 
serine and threonine, they are linear, are produced by 
different biosynthetic pathways, and are often highly sul-
fated (Esko and Selleck, 2002). Lipid glycosylation in the 
secretory pathway is also a prevalent modification and 
creates glycolipids (glycosphingolipids) that include the 
sialic acid-bearing gangliosides (Maccioni et al., 2002). 
Glycosylphosphatidylinositol (GPI)-linked proteins share 
a common membrane-bound glycolipid linkage struc-
ture that is attached to various proteins (Kinoshita et al., 
1997). Hyaluronan is a unique glycan type unattached 
to either proteins or lipids that is secreted into extracel-
lular compartments (Weigel et al., 1997). Less common 
types of protein glycosylation also occur, for example, 

on lysine, tryptophan, and tyrosine residues of specific 
proteins, such as glycogen, which was the first identi-
fied glycoprotein. In addition, although technically not 
glycosylation, acetyltransferase and sulfotransferase 
enzymes residing in the secretory pathway frequently 
attach acetyl and sulfate groups to selected saccha-
rides residing on some oligosaccharide chains and can 
thereby modulate glycan structure and function (Klein 
and Roussel, 1998; Fukuda et al., 2001).

Some forms of glycosylation occur outside of the 
secretory pathway. Among most eukaryotic organisms, 
N-acetylglucosamine has been found linked to serine 
and threonine residues (O-GlcNAc) on many cytoplas-
mic and nuclear proteins (Hart, 1997). Similar to protein 
phosphorylation, GlcNAcylation is an enzymatic modi-
fication that typically has a shorter half-life than that of 
the attached proteins. This reflects the presence of a 
regulated cytoplasmic N-acetylglucosaminidase, which 
removes O-GlcNAc, leaving the serine or threonine resi-
due subsequently available for another round of GlcNAc-
ylation or sometimes phosphorylation. O-GlcNAc is a 
highly regulated posttranslational modification required 
for the viability of many mammalian cell types perhaps 
by acting as a nutrient sensor, preventing protein phos-
phorylation, or regulating protein turnover (Zhang et al., 
2003; O’Donnell et al., 2004; Zachara and Hart, 2004).

It is useful to distinguish secretory and cytoplasmic 
glycosylation from glucuronidation, the latter being an 
enzymatic process linking a single glucuronic acid to 
bile salts and xenobiotics (molecules that are foreign to 
cells) (Tukey and Strassburg, 2000). In contrast to glyco-
sylation, glycation refers to the covalent linkage of sac-
charides such as glucose to proteins by a nonenzymatic 

Figure 1. Mammalian Glycan Linkages 
Produced by Glycosylation
There are nine nucleotide sugar donors and mul-
tiple protein and lipid acceptor motifs for glycosyl-
transferases, which produce 14 different glycans in 
stereoisomeric configurations (α or β) linked at the 
number 1 position of the donor sugar ring. The at-
tached monosaccharide frequently then becomes 
a saccharide acceptor in 1 of 49 other glycosyl-
transferase reactions. This results in glycosidic 
bonds with α or β configurations of the donor sac-
charide linked through position 1 or 2 to position 
2, 3, 4, or 6 of an acceptor saccharide. Glycan 
diversification is dictated by the combinatorial and 
regulated application of this enzymatic potential. 
This includes hyaluronan synthesis, which oc-
curs by copolymerization of two nucleotide sugar 
donors. The formation of iduronic acid by the 
epimerization of glucuronic acid subsequent to 
glycosylation is not depicted. Although some di-
saccharide sequences are found on multiple types 
of glycans, others are specific to one or few glycan 
types. Those potential mammalian disaccharide 
sequences that have not been observed in nature 
are indicated (−). N-glycosylation (*) is initiated by 
transfer en bloc of a presynthesized dolichol lipid-
linked oligosaccharide precursor. Ser/Thr, serine/
threonine; Asn, asparagine; hLys, hydroxylysine; 
Trp, tryptophan; Tyr, tyrosine; Cer, ceramide; PI, 
phosphatidylinositol.13

Nucleotide sugar-donors and specific acceptors 

Ohtsubo, Cell, 2006
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Symbolic representation of monosaccharides with geometric shapes 
as described in the notations used by the Consortium for Functional 
Glycomics (CFG) and the Oxford Glycobiology Institute (UOXF).

Symbolic representation of monosaccharides 
Source Code for Biology and Medicine 
2007, 2:3 doi:10.1186/1751-0473-2-3 



Akella et al BMC Biology, 2019 

Biosynthesis of nucleotide sugar donors 
NDP-sugar biosynthesis mainly in cytoplasm  
(except CMP-Sia synthesis is in the nucleus). 



Glycosidic linkages in oliogo/polysaccharides
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Figure 1. The main fucosylated structures of human milk oligosaccharides and glycans attached to
glycoproteins [49–51]. (a) The most abundant fucosylated human milk oligosaccharides; (b) fucosylated
N-glycans of glycoproteins – the two most common fucosylated structures in human milk N-glycome are
presented [52,53]; Asn – asparagine; and (c) fucosylated O-glycans of human milk glycoproteins [52,53];
Ser – serine, Thr – threonine.

Recent studies by Kunz’s group [20] have shown that the total HMO concentration in the milk of
mothers who gave birth prematurely did not di↵er significantly from the milk of mothers who gave
birth at term regardless of the stage of milk maturation, namely for colostrum for premature delivery
of 8.7 g/L and for term delivery 7.5 g/L, for transitional milk of mothers who gave birth prematurely
8.6 g/L and for term 9.1 g/L, and for mature milk, 8.6 g/L and 8.2 g/L, respectively. The latest research
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Protein Glycosylation
Protein glycosylation encompasses: 
1) N-glycans (N-linked glycosylation): Asn, Gln (rare)
2) O-glycans (O-linked glycosylation): Ser,The, Pro-OH+Tyr (rare)

17

Asn : N-glycosidic bond
 1st sugar: GlcNAc
Ser/The : O-glycosidic bond
 1st sugar: Any
Tryp (rare) : C-liked 
mannosylation



"Genetic Disorders", book edited by Maria Puiu , ISBN 978-953-51-0886-3

N-linked glycosylation: from ER through Golgi

Asn-X-Ser/Thr
(X = AA except Pro) 

OST
oligosaccharyltransferase 

Glc3Man9GlcNAc2

14-sugar structure 

http://www.intechopen.com/books/genetic-disorders


• High mannose type

•Hybrid type

• Complex type 

N-linked glycans
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O-GlcNAc

O-linked glycan

20

O-Man: ER
O-Fuc: ER
O-Glc: ER
O-Gal: ER
O-GalNAc: Golgi (mucin type)
O-GlcNAc: Nucleus, cytoplasm, 
mitochondria, ER
    



proprotein substrates C-terminal of a polybasic consensus cleavage
motif (K/R)-(X)n-(K/R) (n=0, 2, 4, or 6 and X being any amino
acid). It is believed that a substantial fraction of the 3500 secreted
mammalian proteins undergo PC-mediated maturation, and several
co-regulatory mechanisms of processing have been described includ-
ing pH dependent activation [43], membrane topology [44], and en-
dogenous protein, or peptide inhibitors [45,46]. More recently site-
specific O-glycosylation has offered a co-regulatory mechanism of
PC processing, which is complex and differentially regulated by the

large number of GalNAc-T isoforms directly orchestrating O-GalNAc at-
tachment sites (for an overview see Table 1).

PC processing of pro-opiomelanocortin (POMC), the precursor of the
peptide hormones adeno corticotropic hormone (ACTH), α-, β- and
γ-MSH (melanocyte stimulating hormone) as well as β-endorphin,
was one of the first examples where O-glycosylation was proposed to
be related to differential tissue specific PC processing [28]. During syn-
thesis POMC is differentially processed by PC1/3 and PC2 in the anterior
lobe of the pituitary and intermediate lobes of the pituitary gland
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Fig. 2. Schematic depiction of the main biosynthetic pathways of animal O-linked protein glycosylation. Overview of the most common types of mammalian O-linked protein
glycosylation: O-mannose, O-fucose, O-GlcNAc, O-galactose, O-glucose, O-xylose and O-GalNAc. O-linked mannose is found on dystroglycan, CD24, receptor tyrosine phosphatase
b and brain proteoglycans and is initiated in the ER by O-mannosyltransferase POMT1 [194]. Recently phosphorylated O-mannose with β1-4 substituted O-GlcNAc was reported
[195]. O-fucose is found on EGF-repeats of several proteins and synthesis is initiated in the ER by the addition of fucose to Ser/Thr by the O-fucosyltranseferase POFUT1 (elongated
by FRINGE) or POFUT2 (elongated by β3Glc-T) [196]. Recently elongated O-GlcNAc has been found on secreted proteins where synthesis is initiated by EOGT in the ER [17].
O-galactose is specifically added to hydroxylysines (K(OH) in collagens by the hydroxylysine galactosyltransferase 1 (GL25D1)) in the ER [197]. O-glucose is initiated by the
O-glucosyltransferase 1 [198] in the ER and is found on e.g. Notch. The original O-GlcNAc modification is exclusively found in the nucleus or cytoplasm. Synthesis is initiated by
the O-GlcNAc transferase OGT [199] and is not further extended than GlcNAc. O-GalNAc glycosylation is initiated by up to 20 different GalNAc-transferases. The addition of GalNAc
to serines or threonines (or tyrosines) forms the Tn structure that is either sialylated or further elongated to form up to 4 core structures. The core structures can be further
elongated.

2081K.T.-B. G. Schjoldager, H. Clausen / Biochimica et Biophysica Acta 1820 (2012) 2079–2094
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Compared to ESI, MALDI is more suitable for rapid glyco-
peptide profiling because of the relatively simple mass spectra
resulting from the singly charged ions, but its drawback is
related to degradation of the underivatized sialylated glycopep-
tides due to in-source and post-source decay,59 which could be
avoided by sialic acid derivatization prior to MALDI-MS
analysis.60

Tandem MS analysis of glycopeptides allows determination
of glycosylation site(s) and glycan composition present on a gly-
copeptide. The recently developed in-source electron-transfer
dissociation (ETD), which predominately cleaves the peptide
bonds, can be used to identify the glycosylation site(s) of

glycoproteins.61 Classical collision-induced dissociation (CID)
method, on the other hand, mainly cleaves the glycan moiety
attached to a glycopeptide, which generates information about
carbohydrate composition and sequence.50,54 The combination
of these methods in one LC-MS experiment could provide an
efficient sequencing of glycopeptides.61,62

CE-MS is also a useful tool in determining site-specific gly-
can micro-heterogeneity of glycoproteins at the glycopeptide
level.63 In traditional RPLC-MS, highly hydrophilic peptides
may have insufficient interaction with the RP chromatography
matrix, and thus get lost during the loading and desalting step.
In this case, CE-MS can be a good alternative to detect these

Figure 2. Overview of analytics for assessing glycans. The commonly used methods for glycan analysis are divided into 4 main groups per their applications in analyzing
intact proteins, glycopeptides, released glycans or monosaccharides (see detail in the text). These methods are usually used in combination to determine glycan profiles,
glycan structures and heterogeneity, glycosylation site(s) and the content of specific glycans.
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the insect gut (Lagarda-Diaz et al., 2017). Usually the critical receptors
for lectins are present on the surface of the gut epithelial cells but in
some cases if lectins undergo internalization, they may interact with
new set of host targets and influence particular metabolic pathways.
However, such internalizations are more prone in non-legume lectins.
For instance, garlic leaf lectins undergo internalization via its binding to
glycosylated alkaline phosphatase harboured in insect midgut mem-
brane. Lectins when incorporated into artificial diet or experimental
environment target insects (Lagarda-Diaz et al., 2017). For example,
Arisaema jacquemontii lectins (Kaur et al., 2006) adversely affected the
development of Bactrocera cucurbitae larvae whereas Arisaema helle-
borifolium lectin (Singh et al., 2006) exerted insecticidal effect towards
second instar larvae of B. curcurbitae upon its incorporation in artificial
diet. Similarly, Dioscera batatas lectins blocked the arrival of Helicoverpa
armigera larvae into adult by tightly binding to larval brush border and
peritrophic membrane (Ohizumi et al., 2009). Annona coriacea lectin

has been demonstrated to exhibit toxicity to Anagasta kuchniella by
changing the gut membrane environment and interfering with digestive
enzyme recycling mechanism (Coelho et al., 2007). Further, the spe-
cificity of lectins to particular sugar residues also plays an important
role in mediating its anti-insect activity. One study carried out by Sa-
degehi et al. has demonstrated that 14 lectins with several specificities
when used, all of them showed disincentive effect against oviposition of
C. maculatus adults. Moreover, Talsia esculanta lectin with the ability to
bind chitin and inhibited by mannose and glucose caused increased
mortality in Callosobruchus maculatus and Zabrotes subfasiatus larvae
(Macedo et al., 2002). Apart from these, in last decade, various plant
lectins genes have been incorporated in variety of crops that has pro-
tected them from great damage caused by pests. GNA lectin when fused
to an insect specific spider neurotoxin, SFTI (Segestria Florentine toxin
I) carried the neurotoxin to hemolymph of lepidoptera larvae and fu-
sion of SFTI/GNA caused toxicity in larvae (Fitches et al., 2004). Bau-
hina monandra leaf lectin added artificial diet showed mortality in
Zabrotes subfaciatus and Callosobruchus maculatus (Braga et al., 2007).
The detached leaf from transgenic tobacco plants expressing Allium
sativum lectins caused reduction in weight gain, development and me-
tamorphosis of Spodoptera littoralis larvae (Sadeghi et al., 2008). In
addition to this, GNA agglutinin expressing plant showed significant
reduction in the production of Rhopalosiphum maidis nymphs (Wang
et al., 2005).

6.2. Anti-cancer activity of lectins

The intrinsic property of lectin to bind specific sugar residues in
glycoproteins and glycolipid complex has made it a suitable candidate
for use in many biomedical studies including cancer research (Hamid
et al., 2013). Previously, variety of plant lectins have been successfully
used as anti-tumor agent/anti neoplastic drug against various cancer
types including leukaemia, sarcoma, hepatoma and breast cancer etc.
(Li et al., 2008). The anticancer property of lectins is based on its ability
to suppress tumor growth by inducing apoptosis and autophagy that
causes down regulation of telomerase activity, inhibition of angiogen-
esis leading to its cytotoxicity towards cancer cells (Hamid et al., 2013;
Yau et al., 2015). Further, lectins are also used to distinguish between
normal and malignant cells through recognition of modified glycan
structure predominantly expressed in tumor cells (Haseenabeevi et al.,

Fig. 2. Ribbon drawing of different lectins based on structural classifications. Crystal structures of amaranthin lectin (A, first member of the amaranthin family, PDB
code 1JLX), WGA (B, first isolate of chitin binding lectin family, PDB code 1WGC), pumpkin lectin (C, member of cucurbitaceae phloem lectin family, PDB code
1MIT), jacalin lectin (D, members of jacalin related lectins family, PDB code 1JAC), SBL (E, member of legume lectin family, PDB code 1SBF), Galanthus nivalis
agglutinin (GNA) (F, member of mannose binding lectin family, PDB code 1JPC) and ricin (G, member of Type-2 ribose inactivating lectin family, PDB code 2AAI).

Fig. 3. Generalized and advanced applications of plant lectins.
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Groups Lectins Abbreviations Preferred Sugar Specificity
Fucose Ulex europaeus I UEA I αFuc 
Mannose/Glucose Concanavalin A Con A αMan, αGlc 

Lens culinaris LCA, LcH αMan, αGlc 
Pisum sativum PSA αMan, αGlc 

GlcNAc Griffonia (Bandeiraea) simplicifolia II GSL II α or βGlcNAc
Wheat Germ WGA GlcNAc
Succinylated Wheat Germ sWGA GlcNAc
Datura stramonium DSL (GlcNAc)2-4 
Lycopersicon esculentum LEL, TL (GlcNAc)2-4 
Solanum tuberosum STL, PL (GlcNAc)2-4 

Gal/GalNAc Ricinus communis I RCA I Gal 
Griffonia (Bandeiraea) simplicifolia I GSL I αGal, αGalNAc
Dolichos biflorus DBA αGalNAc
Sophora japonica SJA βGalNAc
Soybean SBA α>βGalNAc 
Vicia villosa VVL, VVA GalNAc 
Wistera floribunda WFA, WFL GalNAc 
Jacalin Jacalin Galβ3GalNAc 
Peanut PNA Galβ3GalNAc 
Erythrina cristagalli ECL, ECA Galβ4GlcNAc 

Sialic acids Maackia amurensis MAL II Α2,3Sia
Sambacus nigra SNA α2,6Sia

Complex glycan Phaseolus vulgaris PHA-E Galβ4GlcNAcβ2Manα6 (GlcNAcβ4) 
(GlcNAcβ4Manα3) Manβ4 

Phaseolus vulgaris PHA-L Galβ4GlcNAcβ6(GlcNAc β2Manα3)Manα3 

Plant lectin as a tool for analysis of glycans
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Lectin-based techniques
1. Lectin affinity chromatography
2. Lectin blotting
3. Lectin microarray
4. Ab-Lectin micro array
5. Lectin-captured ELISA
6. Lectin histo/cytochemistry staining
7. Etc.



Lectin affinity chromatography
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Lectin blotting
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HRP
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https://ruo.mbl.co.jp/jutaku/english/sugar_chain_marker.html
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Lectin array
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Lectin array is a practical approach to profile glycans expressed on proteins and cells by means of 
lectins, as decoder molecules, each which shows different sugar-binding specificity. Thus, distinct 
sugar-binding patterns will be obtained for different cells and glycoproteins.

http://www.aist.go.jp/aist_e/aist_today/2009_31/feature/feature_03.ht
ml 

http://www.aist.go.jp/aist_e/aist_today/2009_31/feature/feature_03.html
http://www.aist.go.jp/aist_e/aist_today/2009_31/feature/feature_03.html


Lectin-antibody array
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Lectin-histo/cytochemistry staining

HRP-streptavidin 
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