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Abstract
Asparagine-linked (N-linked) protein glycosylation is one of the most important protein
modifications. N-glycans with “high mannose”, “hybrid”, or “complex” type sugar chains
participate in a multitude of cellular processes. These include cell–cell/cell–matrix/receptor–ligand
interaction, cell signaling/growth and differentiation, to name a few. Many diseases such as
disorders of blood clotting, congenital disorder of glycosylation, diseases of blood vessels, cancer,
neo-vascularization, i.e., angiogenesis essential for breast and other solid tumor progression and
metastasis are associated with N-glycan expression. Biosynthesis of N-glycans requires multiple
steps and multiple cellular compartments. Following transcription and translation the proteins
migrate to the endoplasmic reticulum (ER) lumen to acquire glycan chain(s) with a defined
glycoform, i.e., a tetradecasaccharide. These are further modified, i.e., edited in ER lumen and in
Golgi prior to moving to their respective destinations. The tetradecasaccharide is pre-assembled on
a poly-isoprenoid lipid called dolichol, and becomes an essential component of the supply chain.
Therefore, dolichol cycle synthesizing the lipid-linked oligosaccharide (LLO) is a hallmark for all
N-linked glycoproteins. It is expected that there is a great deal of crosstalk between the
participating glycosyltransferases and any missed step would express defective N-glycans that
could have fatal consequences. The positive impact of the structurally altered N-glycans could
lead to discovery of an N-glycan signature for a disease and/or help developing glycotherapeutic
treating cancer or other human diseases. The purpose of this review is to identify the gaps of N-
glycan biology and help developing appropriate technology for biomedical applications. This
article is part of a Special Issue entitled Glycoproteomics.
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1. Introduction
Asparagine-linked (N-linked) glycoproteins contain one or more glycan chains attached
through N-glycosidic linkage to the sequon Asn-Xaa-Ser/Thr, where the Xaa may be any
amino acid with the possible exception of proline and cysteine [1,2], and are evolutionary
conserved [3]. These glycan chains are found to be quite diverse and derives from variations
in the number, composition and sequence of substituents attached to a pentasaccharide core,
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Man3(Man6)Manß4GlcNAcß4GlcNAc, common to virtually all members of this class. To
this core are attached different sugars as well as up to five different branches (or antennae)
differing in structure and size [4,5]. Thus, creating a discrete subsets, or glycoforms, of a
glycoprotein that have different physical and biochemical properties, leading to functional
diversity [6-10]. The biological roles of these glycans then span the spectrum from trivial to
crucial for development, growth, function or survival of an organism.

2. Scope of review
2.1. Factors affecting the level of glycoproteins

It has been appreciated for some time that the attachment of sugar residues is the most
complicated co- or post-translational modification that a protein can undergo. Many
elaborate glycosylation routes have been identified in a host of organisms that lead to the
mature carbohydrate units on glycoproteins that are secreted by cells or become components
of its membrane, cytoplasm, or nucleus [11]. Since the description of the GlcNAc-β-Asn
linkage in ovalbumin by Neuberger and colleagues [12], structures of many N-linked
glycans from a variety of sources have been elucidated due to the availability of highly
refined analytical and preparative techniques. There are four major ways in which
glycosylation affects the structure and function of a protein. The first two involve intra-
molecular interaction between sugar and protein, either directly or with a ternary complex.
The others depend mainly on intermolecular interactions: First, oligosaccharides modify
local structure and overall dynamics of the protein to which they are attached. Second,
oligosaccharides may also modify the functional activity of a protein [8-10,13].

Glycosylation is a means of protein modification without altering the amino acid sequence,
and it has the potential to both respond and reflect environmental changes. The protein
influences its own glycosylation, initially by the presence of appropriate site in its primary
sequence. For example, proline at either residue following the sequon inhibits the
attachment of sugar as does either proline or aspartic acid in the middle of the sequon [14].
The glycosylation is also partly determined by the three-dimensional structure of the protein.
In particular, folding or packaging of the protein that involves disulfide bridges may hinder
glycosylation, as is the case with interleukin-6 [15], and for the rabies virus glycoproteins
[16]. In addition, the polypeptide sequence may determine the speed with which protein
folding renders the sequon inaccessible, and this is believed to result in a ‘competition’
between the rate of folding and the addition of the dolichol-linked precursor
Glc3Man9GlcNAc2-PP-Dol (LLO). Therefore, availability of Glc3Man9GlcNAc2-PP-Dol
and the oligosaccharyl transferase, together with the primary, secondary, and tertiary
structure of the protein, controls the kinetics of the catalytic transfer of LLO to the
asparagine nitrogen.

2.2. Biosynthesis of N-linked glycans
The N-linked glycans are assembled at the endoplasmic reticulum (ER), one of the largest
cell organelles. The ER lumen, the internal space, comprises over 10% of the cell volume.
Glycoproteins destined for transport to other organelles, secretion, or expression on the cell
surface synthesized on the ER surface. During translation, they are translocated into the ER
lumen through a pore in the ER membrane. Inside the ER lumen, they are folded, sometimes
with the aid of chaperone proteins, and become glycosylated. A quality control mechanism
ensures that only correctly folded proteins exit the ER [17]. Incorrectly folded proteins are
retained and ultimately degraded.

The process of N-glycosylation begins in the cytoplasmic side of the ER transferring N-
acetylglucosaminyl 1-phosphate from UDP-N-acetylglucosamine by N-acetylglucosaminyl
1-phosphate transferase (GPT) on a poly-isoprenoid lipid, dolichylmonophosphate (Dol-P)
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followed by a sequential transfer of five mannose residues from GDP-mannose catalyzed by
a number of mannosyltransferases. The heptasaccharide core is then flipped to the ER lumen
and receives the last four mannose residues from a mannosylated lipid-intermediate, Dol-P-
Man. The completion of tetradecasaccharide, i.e., Glc3Man9GlcNAc2-PP-Dol takes place
upon transferring three glucose residues from Glc-P-Dol. Dol-P-Man also donates all three
(four in yeast) mannose residues in glycophosphatidylinositol (GPI), the first mannose in O-
mannosylation of many yeast proteins, O-mannosylation of mammalian proteins and in C-
mannosylation of Trp-7 in human ribonuclease 2 [18-22]. Fine details of the
dolicholphosphate cycle, the topography of the reactions, the subcellular localization and the
inhibitors have been reviewed earlier, extensively [21,23-31]. Mannosylphospho dolichol
synthase (DPMS) has recently been reviewed [32].

2.3. Regulation of the N-glycosylation process
Protein N-glycosylation is a multi-compartmental event and involves not only a family of
genes or gene products but also the extracellular signaling and the intracellular milieu. The
glycans are synthesized without a DNA template but following a precursor–product
relationship. Therefore, their regulation is multiphasic. Since glycosylation modifies
proteins without altering the amino acid sequence, the presence of amino acids around the
sequon, and the primary sequence together with the primary, secondary and tertiary structure
of the protein influences the protein glycosylation. In addition, folding or packaging of the
protein that involves disulfide bridges may hinder glycosylation. Thus, the polypeptide
sequence determines the speed with which protein folding renders the sequon inaccessible,
resulting in a ‘competition’ between the rate of folding and the addition of the
Glc3Man9GlcNAc2-PP-Dol. Therefore, availability of Glc3Man9GlcNAc2-PP-Dol is
expected to control the kinetics of the catalytic transfer of LLO to the asparagine nitrogen.
Such hypothesis has been experimentally verified in rat parotid acinar cells stimulated with a
β-agonist isoproterenol. β-Adrenergic stimulation upregulated intracellular cAMP level
which in turn enhanced protein N-glycosylation by increasing LLO biosynthesis and
processing [33-35].

2.3.1. N-Acetylglucosaminyl 1-phosphate transferase (GPT)—Dolichol pathway
of protein N-glycosylation begins with the transfer of N-acetylglucosaminyl 1-phosphate to
dolichol phosphate from UDP-N-acetylglucosamine by the ER enzyme, N-
acetylglucosaminyl 1-phosphate transferase (GPT). The transfer reaction was first identified
by Leloir and co-workers [36]. The influence of generalized protein synthesis inhibitors,
exogenous phospholipids, product(s) of the subsequent steps of the dolichol pathway as well
as the effect of hormones (prolactin, estrogen, etc.) on the LLO biosynthesis have been
studied by many laboratories focusing primarily on the GPT activity. Short-term and long-
term regulations of GPT have been reviewed earlier [37] and updated recently [38].

2.3.2. Is cross-talk between mannosylphospho dolichol synthase (DPMS) and
GPT beneficial?—If GPT is a “housekeeping” gene in N-glycan biosynthesis then DPMS
is a “committed” step. Furthermore, the DPMS catalytic product, Dol-P-Man has been found
to activate GPT in vitro [39-42] and in vivo [43] (Fig. 1).

In addition, GPT activity was increased in rat parotid acinar cells following β-
adrenoreceptor stimulation where DPMS activity was also increased. [44,45]. This led to the
conclusion that environmental as well as chemical mediators regulate the protein N-
glycosylation process. Targeting DPMS the following observations have then been made: (i)
DPMS is a Mr 31 kDa protein whose gene has been found to express from archaea to human
[32]. The enzyme in higher eukaryotes is most active in the presence of Mn2 + but the yeast
(Saccharomyces cerevisiae) and archaea enzyme prefers Mg2 + for the activity. The Km for
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GDP-mannose ranges from 10−7 M to 10−6 M. Furthermore, DPMS from S. cerevisiae,
Ustilago maydis, Trypanosoma brucei, Leshmanaia mexicana, etc., shares 50–60% amino
acid identity and have a stretch of hydrophobic amino acid residues near the COOH
terminus constituting a transmembrane domain. On the other hand, bovine, human,
Saccharomyces pombe, Caenorhabditis briggsiae, etc., enzymes lack the hydrophobic
COOH terminus domain, and thus, the transmembrane domain [46]. In addition, there is
~30% amino acid identity between the enzymes from the two groups [47-49]. Yeast DPM1
DNA complement both mouse Thy-1 negative lymphoma mutant cells of complementation
class E and the Lec 15 mutant of Chinese hamster ovary cells [48,50]. On the other hand, the
human and mouse homologs of DPM1, hDPM1 and mDPM1 did not complement the
DPMS mutant in Lec 15 cells. Thus, it has been concluded that mammalian DPMS is a
multi-component enzyme [51-53]. However, among diversities, the DPMS seem to have a
unity. Dpm has now been cloned and sequenced from 34 species including the capillary
endothelial cells from bovine adrenal medulla (GenBank identifier GQ367549) [54]. The
DNA sequence of all of them has a motif [RR(K)xxS] to be phosphorylated by cAMP-
dependent protein kinase (PKA). The sequence alignment of DPMS from all species
highlights this conserved motif [32].

Experimentally, it was supported by the fact that in vitro phosphorylation of microsomal
membranes from rat parotid acinar cells, bovine brain and hen oviduct with PKA all
exhibited increased DPMS activity and is comparable to that observed in microsomal
membrane of parotid acinar cells when stimulated with a β-agonist isoproterenol [45]. The
Km for GDP-mannose for the phosphorylated membrane is marginally changed but the Vmax
is increased 2-fold. Dephosphorylation, however causes a substantial loss of DPMS activity.
Absence of sigmoidity during kinetic measurements indicates absence of multiple substrate
binding sites in phosphorylated enzyme. Increased DPMS activity correlated with increased
mannosylated oligosaccharide-PP-Dol synthesis and turnover in cAMP-responsive cell types
[55,56].

Phosphorylation regulation of DPMS has further been confirmed with approaches from
somatic cell and molecular cell genetics. The somatic cell mutants used were a series of
Chinese hamster ovary (CHO) cells deficient in PKA which express less glycoproteins
compared to the wild type. The CHO cells do not express functional β-adrenoreceptors [57]
and they were treated with 8Br-cAMP to enhance their intracellular cAMP levels. During
such treatment the protein glycosylation index is increased in wild type cell by 120% but
only 7%–23% in the mutants. The rate of LLO biosynthesis was indiscriminately linear in
both cell types but the mutant expressed quantitatively low LLO without compromising its
molecular size. The t½ for LLO turnover in mutant is twice as high as in the wild type.
Glc3Man9GlcNAc2-PP-Dol remained as the most predominating LLO species with no
accumulation of Man5GlcNAc2-PP-Dol in the mutants. Kinetically, the Km for GDP-
mannose has remained 140%–400% higher in the mutants over the wild type; kcat for DPMS
also reduced 2–4 fold in the mutants. Exogenous addition of Dol-P failed to rescue the Km
in the mutants but in vitro protein phosphorylation with PKA did. More importantly, all
evidences support for PKA type I as the primary modulator for DPMS activity and
consequently the protein N-glycosylation in vivo [58,59]. Molecular cell genetics used the
DPMS of S. cerevisiae as a model and PCR site-directed mutagenesis as a tool. The PKA
motif in yeast DPMS is YRRVIS141 [60]. Upon phosphorylation its Vmax is increased nearly
6-fold, kcat nearly 5-fold and the kcat/Km nearly 6.5-fold. 32P-labeling followed by
autoradiographic analysis established its phosphoprotein character and the western blotting
with anti-phosphoserine antibody identified serine as the phosphorylation target. This has
been further substantiated by replacing serine141 with alanine by site-directed mutagenesis.
The mutant enzyme is only 50% active compared to the wild type when phosphorylated in
vitro [61]. The most plausible explanation would be that yeast DPMS has another serine
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residue next to its phosphorylation site, i.e., serine-142. When serine-141 is mutated DPMS
undergoes a structural change and serine-142 comes to its rescue while processing the
cAMP signal, but not to the full extent. Therefore, after removal of both serine-141 and
serine-142, the DPMS is no longer responsive to the phosphorylation signal [62].

2.4. Physiological consequences of up- and down-regulated DPMS
The catalytic product of DPMS, Dol-P-Man serves as a mannosyl donor in LLO
biosynthesis, in GPI anchors, O-mannosylation of serine/threonine residues in yeast and
mammalian glycoproteins as well as in C-mannosylation of tryptophan residues in
proteins[19-22,63,64]. The importance of DPMS in normal cell proliferation was observed
when the capillary endothelial cells were not only able to maintain themselves but also
proliferating slowly (slower than the control) in a microenvironment where the supply of
CO2 was cut off and the media was supplemented with sodium bicarbonate. These cells
exhibited a higher level of glycosylation (~4-fold) and reduced (~35%) Km for GDP-
mannose for DPMS [65]. The dependence of Dol-P-Man for increased cellular proliferation
has been strengthened further when a stimulator for cAMP (i.e., 8Br-cAMP or a β-agonist,
isoproterenol) was present in the media. The culture media mimicking the intracellular
environment activated DPMS and consequently the N-glycosylation machinery helping
more cells entering into the cell cycle. Increased HSP-70 and HSP-90 expression suggested
that the signal was processed through two transcription factors HIF-1 and p53, respectively
[56,66]. There may be some deviance of this unique concept and cells may process a similar
signal differently to meet their need. For example, during insulin treatment, the capillary
endothelial cells react almost identically to cAMP-related signals to activate the N-glycan
pathway including the activation of DPMS. However, instead of directing cells to
proliferation the intracellular condition makes them highly secretory for N-glycans such as
the blood clotting Factor VIII [67].

A key question is then; could overexpressing DPMS mimic the cellular processes observed
by the phosphorylated DPMS? The result was analyzed in a stable capillary endothelial cell
clone overexpressing DPMS, i.e., four times of the vector control. Immunofluorescence
microscopy with Texas-red-conjugated WGA indicates a high level expression of GlcNAc-
β-(1,4)-GlcNAc)1-4-β-GlcNAc-NeuAc-containing glycoproteins on the surface of these
cells (Fig. 2). In addition, there were increased cellular proliferation and accelerated healing
of the wound induced by a mechanical stress (Fig. 3) [68].

Dol-P-Man is a substrate for C-mannosylation of tryptophan residue in a protein when
present in the motif of Trp-X-X-Trp sequence. There are more than 330 mammalian proteins
have been identified so far with such a motif. The exact reason for such modification is not
currently understood. However, when C-mannosylated thrombospondin type 1 repeat-
derived peptides were investigated on lipopolysaccharide (LPS)-induced signaling in
macrophage-like RAW264.7 cells, the cytotoxic effect was observed only when the cells
were treated together with LPS and C-Man-WSPW but not individually [69]. Additionally,
protein C-mannosylation is also enhanced in RAW264.7 cells under hyperglycemic
conditions compared to low-glucose conditions as well as in the aortic vessel wall of Zucker
fatty rats. Thus, suggesting a pathological role for the increased C-mannosylation in the
development of diabetic complications [70].

2.4.1. Cell growth inhibition/death—So far it has been observed that DPMS activation
is connected to either cellular proliferation or secretion, and in some instances it may be
both depending on the cell types. The most lingering question is, what happens when the
DPMS is in short supply? The best example is class E thy-1− lymphoma cells which are
deficient in DPMS activity and as a result these cells synthesize a truncated LLO, i.e.,
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Man5GlcNAc2-PP-Dol which can be glucosylated but the rate of transfer of
Glc3Man5GlcNAc2-PP-Dol, i.e., a truncated LLO to the asparagine residue is 10 times
slower than that of the full-length LLO [71]. Such a truncated LLO has also been observed
when the DPMS activity is blocked with a lipopeptide antibiotic, amphomycin [72-74].
Amphomycin forms a complex with Dol-P in the presence of Ca2 +. This could be overcome
with exogenous addition of Dol-P. But, the Km for Dol-P becomes 7-fold higher in the
presence of amphomycin compared to its absence (i.e., 333 μM v/s 47.3 μM). Due to lack of
information in the medical record, the cause of DPMS deficiency could not be verified
clinically in this lymphoma patient. In recent years a partial deficiency has been observed in
some variants of congenital disorder of glycosylation (CDG Type Ie). Their fibroblasts have
a shorter life-span and the patients’ exhibit developmental delay, seizures, hypotonia and
dysmorphic functions [75-78].

DPMS in S. cerevisiae is required for O-mannosylation of proteins. It is a structural gene
because its disruption is lethal to the organism [60]. It is the first enzyme of the dolichol
pathway discovered which can undergo phosphorylation because of the presence of a PKA
motif (YRRVIS141) in its DNA sequence. The purified recombinant protein has been
successfully phosphorylated in vitro and the phosphoamino acid identified as phosphoserine.
Furthermore, upon phosphorylation the Vmax of DPMS is increased approximately 6-fold.
Removal of the phosphorylation site (i.e., serine-141) by site-directed mutagenesis reduced
the activity of the mutated recombinant DPMS nearly 50% over the wild type enzyme when
phosphorylated. Replacing both serine-141 and serine-142 with alanine obviously abolishes
the upregulation of DPMS by phosphorylation completely. Most importantly, the
proliferation rate of the yeast cells transformed with phosphorylation-deficient mutant genes
has slowed down as well [62].

2.5. Disruption of cross-talk induces programmed cell death
Dol-P-Man activates GPT but it is unknown what consequences the cells would face when
Dol-P-Man supply is depleted due to inhibition of DPMS activity. Amphomycin though
inhibits capillary endothelial cell proliferation could not answer this question precisely
because it inhibits all dolichylmonophosphate (Dol-P) requiring steps including the GPT by
interacting with Dol-P rather than with glycosyltransferase(s) in a specific manner [74,79].
While allowing new tools to be developed, we turned our attention to the GPT inhibition by
tunicamycin (an antibiotic and a glucosamine-containing pyrimidine nucleoside), a
competitive inhibitor [80]. It is known that cells receiving tunicamycin cannot synthesize
LLO [29]. In addition, it has been observed recently that microsomes from capillary
endothelial cells treated with tunicamycin fail to synthesize Dol-P-Man [81]. Obviously,
LLO is not synthesized and the proteins are not N-glycosylated whether it carries a “high
mannose” or a “complex” type glycan chain(s) (Fig. 4). This resulted in inhibition of cellular
proliferation and the cell cycle arrest in G1 followed by the induction of apoptosis, i.e.,
programmed cell death (Fig. 5). Down-regulated expression of a pro-angiogenic gene Bcl-2
supports the observation. Morphological characteristics such as surface blebbing, cell
shrinkage, loss of membrane contact with neighboring cells, compaction of nuclei, and
chromatin and membrane fragmentation also confirmed the programmed cell death, i.e.,
apoptosis (Fig. 6). Flow cytometry, DNA laddering, Annexin V binding along with
caspase-3 and 9 activation all supported apoptotic induction [81,82].

3. Major conclusion
3.1. Translational outcome of N-glycan inhibition

It may be concluded from the information has just been summarized here that N-glycans
participate both in cell survival and cell death. Therefore, potentials for N-glycans exist to
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be developed as biomarkers as well as glycotherapeutics for diseases like cancer, wound
healing, stroke, Alzheimer’s and CDGs. One of the targets could be angiogenesis. Neo-
vascularization is essential for normal growth and development, wound healing as well as
for tumor growth and metastasis. N-glycans have been found to play an important role in
capillary endothelial cell proliferation and tube formation [66,67,83-87], and N-
glycosylation is highly sensitive to alterations in the ER luminal environment. Physiological
states that increase the demand for protein folding, or stimuli that disrupt the reactions by
which proteins fold, create an imbalance between the protein-folding load and the capacity
of the ER, causing unfolded or misfolded proteins to accumulate in the ER lumen – a
condition referred to as “ER stress”. To ensure the fidelity of protein folding and to prevent
ER stress, eukaryotic cells have evolved unfolded protein response (upr, a set of intracellular
pathways that signal the presence of cellular stress). UPR alters a cell’s transcriptional and
translational programs to cope with stressful conditions and to resolve the protein-folding
defect. N-glycosylation inhibitor, tunicamycin has been recently found to activate the upr
[88-90]. When treated with tunicamycin the capillary endothelial cells are growth inhibited
which could not be reversed with a pro-angiogenic growth factor, viz, VEGF. There was
down regulation of phosphorylated VEGFR1 and VEGFR2 receptors without affecting their
binding to VEGF. Following tunicamycin treatment the VEGF-stimulated phosphotyrosine
kinase activity is also down regulated in capillary endothelial cells. In addition, tunicamycin
treatment prevented Matrigel™ invasion and chemotaxis as well. In vivo vessel
development in Martigel™ implants in athymic Blab/c (nu/nu) mice also inhibited.
Expression of CD34 and CD144 was reduced but the expression of a C-mannosylated
glycoprotein thrombospondin-1 (TSP-1) was increased nearly 4-fold. Intravenous infusion
of tunicamycin slowed down a double negative Grade 3 breast adenocarcinoma growth by
~50–60% in three weeks in a dose-dependent manner. There was reduction in vessel size,
micro-vascular density and tumor mitotic index as well. Ki67 and VEGF expression in
tumor tissue were also reduced. A significant reduction of N-glycan expression in tumor
microvessels along with high expression of GRP-78 supported the presence of upr-mediated
ER stress in tumor microvasculature [91] (Fig. 7).

4. General significance
The success story of developing glycotherapeutics using competitive inhibitors of
glycosyltransferases is very much limited. Therefore, tunicamycin’s inhibition of breast
tumor progression targeting neo-vascularization and inducing programmed cell death of
capillary endothelial cells through ER stress-mediated unfolded protein response is highly
significant. The new intracellular signaling for apoptotic cell death thus evolved is novel,
and is expected to make a paradigm shift in glycobiology research. It is expected that
tunicamycin would be very much effective in other type of cancers where neo-
vascularization is a key issue and perhaps would work like a “magic bullet” against brain,
lung, prostrate, cervical cancers, etc., and their metastatic potentials. Additionally,
understanding a cross-talk between glycosyltransferases of the dolichol cycle is essential.
Although the activation of GPT by Dol-P-Man as well as the inhibition of DPMS in
different pathophysiological and environmental conditions has been identified, losing DPMS
activity in cells treated with a GPT inhibitor has not been reported earlier. This significant
observation is therefore suggesting that there are gaps in the study of dolichol cycle of
protein N-glycosylation and much work is needed to understand its role in cellular
proliferation and differentiation including the cell death.
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Abbreviations

VEGF vascular endothelial growth factor

VEGFR vascular endothelial growth factor receptor

Dol-P dolichylmonophosphate

GPT N-acetylglucosaminyl 1-phosphste transferase

DPMS mannosylphospho dolichol synthase

Dol-P-Man mannosylphospho dolichol

Glc-P-Dol glucosylphospho dolichol

LLO lipid-linked oligosaccharide

ER endoplasmic reticulum

GPI glycophosphatidyl inositol

GDP guanosine diphosphate

UMP uridine monophosphate

PKA cAMP-dependent protein kinase

CHO Chinese hamster ovary cells

HSP heat shock protein

HIF hypoxia inducing factor

UPR unfolded protein response
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Fig. 1.
Schematic representation of GPT activation by Dol-P-Man.
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Fig. 2.
Surface expression of N-glycans. DPMS-overexpressing and vector (pEGFP-N1) transfected
capillary endothelial cells were labeled with Texas-red-conjugated WGA and monitored
under a fluorescence microscope [68].
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Fig. 3.
DPMS overexpressing cells proliferate faster. (A) Microscopic analysis: A 1-mm (A-a, A-b)
wide scratch was made across the cell layer and photographed after 6 h of culturing. (A-c)
DPMS-overexpressing clone; (A-d) pEGFp-N1 vector. (B) Quantification of migrating cells,
**p<0.01 [68].
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Fig. 4.
Cell surface expression of “high mannose” and “complex” type glycans in proliferating
capillary endothelial cells. Flow cytometry histograms (upper; A-left and C-right) are Con-
A-FITC binding (“high mannose” type) in control and tunicamycin (1 μg/ml)-treated cells.
Flow cytometry histograms (bottom; B-left and D-right) are WGA-Texas-red binding
(“complex” type) in control and tunicamycin (1 μg/ml)-treated cells. Inset indicates percent
cells gated (positive binding) [81].
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Fig. 5.
Tunicamycin treatment arrests capillary endothelial cells in G1 and induces programmed
cell death. Synchronized cells were exposed to tunicamycin (1 μg/ml) for 32 h and
processed for two-color flow cytometry. Left panels (control) and right panels (tunicamycin-
treated). M1=G0/G1; M2=S; M3=G2+M; M4=Programmed cell death.
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Fig. 6.
Changes in cell morphology after treating capillary endothelial cells with tunicamycin. (A–
B) Light microscopy. Photomicrographs were taken from control (A) and after exposing the
synchronized culture for 40 h to tunicamycin (1 μg/ml) (B); Scanning electron microscopy.
Micrographs of control (C) and after treating with (1 μg/ml) for 96 h (D). Magnification:
(A–B) × 140; (C–D) × 1400.
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Fig. 7.
Expression of cell surface glycans and induction of unfolded protein response-mediated ER
stress in a double negative breast tumor microvasculature. (A) WGA staining for tumor
microvasculature from control (left) and after treating the breast tumor (right) with
tunicamycin (1 mg/kg) for three weeks. (B) CD144 staining identifies the microvasculature
in control (left) and tunicamycin-treated (right) breast tumor tissue section. (C) Sections
double stained with GRP-78 to detect the ER stress in control (left) and after treating with
tunicamycin (right). Histology scale; 20 μm [91].
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