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Abstract

Mannosylphospho dolichol synthase (DPMS) plays a critical role in GlcgMangGIlcNAc,-PP-Dol
(lipid-linked oligosaccharide, LLO) biosynthesis, an essential intermediate in asparagine-linked
(N-linked) protein glycosylation. We have observed earlier that phosphorylation of DPMS
increases the catalytic activity of the enzyme by increasing the Vs« as well as the enzyme
turnover (Kest) without significantly changing the K, for GDP-mannose. As a result, LLO
biosynthesis, turnover and protein N-glycosylation are increased. This is manifested in increased
proliferation of capillary endothelial cells, i.e., angiogenesis. We have then asked if the
phosphorylation event or the up-regulation of the DPMS due to over production of the enzyme is a
key factor in up-regulating angiogenesis? This question has been answered by isolating a stable
capillary endothelial cell clone overexpressing the DPMS gene. Our results indicate that the
DPMS overexpressing clone has a high level DPMS mRNA judged by QRT-PCR. The clone also
expresses nearly four-times higher DPMS protein over the clone transfected with pEGFP-N1
vector only (i.e., control) as analyzed by western blotting. Most importantly, the overexpressing
DPMS clone has ~108% higher DPMS activity than that of the vector control.
Immunofluorescence microscopy with Texas-Red conjugated WGA indicates a high level
expression of GIcNAc-B-(1,4)-GIcNAc)1-4-B-GlcNAc-NeuAc glycans on the external surface of
the capillary endothelial cells overexpressing DPMS. Increased cellular proliferation and
accelerated healing of the wound induced by a mechanical stress of the DPMS overexpressing
clone unequivocally supports DPMS for angiogenesis.
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Introduction

Mannosylphospho dolichol synthase (DPMS; EC 2.4.1.83), a 31kDa phosphoprotein,
catalyzes the transfer reaction GDP-mannose + Dol-P < == > Dol-P-Man + GDP in the
rough endoplasmic reticulum (ER; 1-7). The synthesis occurs at the cytoplasmic face of the
ER membrane (8-10). Dol-P-Man then flips into the lumen of the endoplasmic reticulum to
serve as a ‘key’ mannosyl donor in the assembly of the precursor oligosaccharide-lipid
GlczMangGIlecNAc,-PP-Dol (LLO) in N-glycosylation of proteins. Precisely, Dol-P-Man
participates in the conversion of MansGIcNAc,-PP-Dol to MangGIcNACc,-PP-Dol. In
addition, Dol-P-Man serves as a mannosyl donor (i) in the synthesis of
glycosylphosphatidylinositol (GPI) anchors, (ii) in O-glycosylation of proteins in yeast, and
(iii) in C-mannosylation of Trp-7 in human ribonuclease 2 (RNase 2).

DPMS is a structural gene in Saccharomyces cerevisiae and it is essential for their viability
because disruption of the Dpm1 gene is lethal and does not allow the organism to grow at
non-permissive temperature (11). Similarly, a partial deficiency of DPMS has been found to
be associated with some variants of congenital disorder of glycosylation (CDG) (12,13).
These patients exhibit developmental delay, seizures, hypotonia, and dysmorphic function
(14). Mutation of DPMS has also been reported in human lymphoma Thy-1- class E cells
and are defective in Dol-P-Man biosynthesis (15). DPMS activity has also been found
associated with the development in mammalian system. For example, the K, for GDP-
mannose in rat parotid acinar cells in young (3-6 months) and aged (22-24 months) did not
change but the V% Was reduced nearly 50% in aged animals (16). On the other hand, the
K for GDP-mannose was reduced by ~33% without changing the Vax When the
microenvironment of the capillary endothelial cells growth potential was changed (17).

Our interest has been in the regulation of N-linked protein glycosylation and its relationship
to angiogenesis. Angiogenesis is the formation of new blood vessels, an essential
physiological event during growth and development, and also for wound healing. It is
equally important for tumor progression and metastasis. We had used earlier a B-receptor
agonist, isoproterenol to enhance the intracellular cAMP level to dissect the molecular
details of the angiogenic process. cCAMP turned out to be an activator of angiogenesis and a
positive regulator of N-linked glycosylation, especially that of the DPMS (18) B-
Adrenoreceptor is a trimeric G-protein coupled receptor and when activated the rate of LLO
biosynthesis and its turnover are increased. As a result, the N-glycosylation of capillary
endothelial cells Factor VllIc (eFVIlIc) is enhanced (19). cDNA cloning of capillary
endothelial cell DPMS and its deduced amino acid sequence indicated the presence of a
consensus sequence for phosphorylation by cAMP-dependent protein kinase (20; GenBank
#GQ367549).

We report here isolation of a stable capillary endothelial cell line overexpressing DPMS by a
genetic manipulation. Increased DPMS activity is associated with increased expression of
DPMS protein and mRNA. The level of cell surface glycoproteins is also increased.
Analysis of cellular proliferation and migration indicated increased angiogenesis.

Materials and Methods

Minimal essential medium with Earle's salt (EMEM), glutamine, trypsin-versine, anti-
mycotic antibody mixture (penicillin-streptomycin-fungizone) and phosphate-buffer saline
(PBS), pH 7.2 and 7.4 were from BioSource (Camarillo, CA). Fetal bovine serum (defined)
was from HyClone, Logan, UT. Dimethylsulfoxide, nystatin, and ethidium bromide were
obtained from Sigma Aldrich, St. Louis, MO. Texas-Red conjugated WGA was purchased
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from EY Laboratory, San Mateo, CA. iScript™ cDNA synthesis kit, Tween-20, biotinylated
protein molecular weight markers, DNA markers and all electrophoresis reagents were
obtained from BioRad Laboratories, Hercules, CA. Lipofectamine™ Reagent, Plus™
Reagent, G418 and TRIzol were from Invitrogen, Life Technologies, Carlsbad, CA. Xhol,
BamHI, Hindlll, T4 DNA ligase were from New England BioLab, Ipswich, MA. dNTPs and
Taqg polymerase were obtained from Promega, Madison, WI. Rabbit polyclonal anti-DPMS
antibody was developed in-house. Horseradish peroxidase conjugated (HRP) goat anti-rabbit
IgG, ECL chemiluminescence detection kit and GDP-[U-14C]-mannose was from GE
Healthcare, Piscataway, NJ. Mouse monoclonal antibody to actin was obtained from BD
Biosciences, San Jose, CA. PCR grade water and DNA decontamination kit were from
Applied Biosystems, Austin,TX. All other chemicals and solvents were of the highest purity
grade and obtained from commercial suppliers.

Culturing of endothelial cells and stable transfectants

Wild type cells were maintained in EMEM containing 10% fetal bovine serum (heat-
inactivated), glutamine (2mM), penicillin (50 units/ml), streptomycin (50ug/ml), nystatin
(1,000 units/ml) (21). Overexpressing DPMS stable cell clone and the cell clone carrying the
vector alone were cultured in the same media but containing G418 (0.55ug/ml) at 37°C in an
humidified incubator (5% CO,-95% air).

Construction of DPMS overexpression plasmid

Cellular RNA was isolated with TRIzol reagent and treated with DNase to remove any
possible genomic DNA contamination. Total RNA was quantified in a NanoDrop
Bioanalyzer. First strand cDNA was synthesized using the iScript™ cDNA synthesis kit
according to the manufacturer's instructions. The primers for amplifying full DPMS gene
were: 5’-ccgctcgagATGGCTGCCGAGGAAGCAAGTC-3' (forward) and 5'-
ccgggatccCTCCAGAAAACAGACTTGCCTTACCT-3' (reverse), which provided with the
Xhol and BamHI site. PCR reactions were carried out as follows: initial denaturation at 94°C
for 4 min, 30 cycles at 94°C for 50s, 64°C for 50s, 72°C for 50s, and a final extension for 10
min at 72°C in 50ul containing 2ul each cDNA, 0.2uM each primer, 0.2mM dNTP, and 2
units of Tag DNA polymerase. 5 pl each reaction mixture was used for product
identification and detected by 1% agarose gel electrophoresis followed by ethidium bromide
staining. PCR products were digested with Xhol and BamH]I, purified, and cloned into Xhol
and BamH] sites of pPEGFP-N1 vector to obtain pEGFP-N1-DPMS overexpression plasmid.
The plasmids were confirmed by Xhol/BamHI double digestion and DNA sequencing.

Sequencing of DPMS overexpression plasmids

For sequencing, plasmids were isolated and 20ul sequencing reaction was designed
according to the BigDye terminator v3.1 Cycle Sequencing Kit (Applied Biosystems)
containing 3.2 pmol primer [(DPMS overexpression plasmid sequencing primers: forward
Primer: 5-TTTCCAAAATGTCGTAACAACTCCG-3'; reverse Primer: 5'-
TGAACTTGTGGCCGTTTACGT-3")] and 300 ng plasmid. The reaction was carried out as
follows: initial denaturation at 96°C for 1 min, 25 cycles at 96°C for 10s, 50°C for 50s, 60°C
for 4 min, and rapid cooling to 4°C. This was followed using BigDye XTerminator™
Purification Kit (Applied Biosystems), and then electrophoresis on the ABI PRISM 310
Genetic Analyzer.

Transfection of capillary endothelial cells with constructed plasmids

Transfection of capillary endothelial cells with pEGFP-N1-DPMS overexpression plasmid,
and pEGFP-N1 vector were performed using Lipofectamine™ Reagent and Plus™ Reagent
according to the manufacturer's instruction. After transfection, the cells were cultured in
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regular EMEM containing 0.55 mg/ml of G418 for 4 weeks, and cells overexpressing DPMS
and the vector pEGFP-N1 alone (carrying a non-transcribable gene; control) were collected.

Mannosylphospho dolichol synthase assay

Enzymatic transfer of mannose from GDP-mannose was assayed using a procedure
described earlier (22) with the following modification. Total cell lysates from
overexpressing DPMS clone and the clone carrying vector only were incubated at 37°C for 5
min in 50 mM Tris-HCI (pH 7.0), 0.125M sucrose, 0.5mM EDTA, 2.5mM 5-AMP, 10mM
MnCl,, 10ug Dol-P and 2.5uM GDP-[U-14C]mannose in a total volume of 150pl. The
reaction was stopped with 3ml of chloroform/methanol (2:1, v/v). Chloroform/methanol
extracts containing Dol-P-Man were washed with 0.5 volume of 0.9% sodium chloride and
twice with chloroform/methanol/water (3:47:48, v/v/v) to remove free GDP-
[U-14C]mannose. A lower organic phase containing the Dol-P-Man was quantified in a
liquid scintillation spectrometer.

Quantitative RT-PCR of DPMS

Total cellular RNA was extracted and the cDNA was synthesized using the iScript™ cDNA
synthesis kit as mentioned above. Primers used for QRT-PCR were: DPMS gene forward
primer 5-GCTGAGCAGTTGGAGAAG-3', reverse primer 5'-
TGGATGGTGTGAGAGGTC-3' (PCR product size: 153 bp); GAPDH gene forward primer
5-TGACCCCTTCATTGACCTTC -3/, reverse primer 5'- GATCTCGCTCCTGGAAGATG
-3' (PCR product size: 143 bp) (XXIDT integrated DNA Technologies). QRT-PCR was
performed in an iCycler (BioRad Laboratories) using iQ™ SYBR® Green Supermix
(BioRad Laboratories) as a fluorescence dye for the double-stranded DNA. After optimizing
the PCR conditions, reactions with SYBR® Green PCR master mix, 10uM forward/reverse
primer and 100ng cDNA were performed following the instruction of manufacturer.

Quantitative PCR was accomplished under the following conditions: 95°C for 3 min, and 40
cycles of 95°C for 10s and 50°C for 60s. The relative gene expression for each sample was
determined using the formula 224 = 2ACt (GAPDH —target) \yhich reflected the target gene
expression normalized to GAPDH levels. Each sample was run three times. After
amplification, 5 pl each reaction mixture was subjected to 1.5% agarose gel electrophoresis,
and the bands were visualized by ethidium bromide staining. GAPDH expression was
detected as the internal control.

Western blotting

To prepare whole cell extracts, stable cells were washed in PBS and resuspended in cell
lysis buffer (10% SDS, 1M Tris.HCI, pH7.5, 100mM NazVOQ,). After sonication and heating
for 5 min, cell lysates were clarified by centrifugation at 9000 xg for 10 min, and the
supernatants were collected. Protein concentration was determined with BioRad DC Protein
Assay using bovine serum albumin as a standard. Total protein (50ug) from the whole cell
lysate was separated by 10% SDS-PAGE in a mini-gel. Proteins separated in the gel were
transferred electrophoretically onto nitrocellulose membranes. After blocking with TTBS
[50 mM Tris-HCI (pH 7.5), 0.15M NaCl, 0.1% Tween-20] containing 5% fat-free dry milk
for 1 h, the membrane was incubated overnight with a specific polyclonal antibody directed
against DPMS (6:1000 dilution) at 4°C. After washing with TTBS three times, 5 min/each,
the membrane was incubated with horseradish peroxidase (HRP)-conjugated anti-mouse or
anti-rabbit antibody (1:1000) for 1 h at 4°C. The membrane was developed with an
enhanced chemiluminescence (ECL) detection system. The same blot was stripped and
reprobed with anti-actin antibody (BD Biosciences) to confirm the equal loading (23).
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Immunofluorescence microscopy

The stable clones were subcultured on cover glasses (15mm diameter, Warner Instruments,
Hamden, CT) for 24 h under standard conditions. The cells were washed three times with
PBS, pH 7.4 and fixed for 5 min in ice-cold methanol. The cells were washed three times
with PBS, pH 7.4 and incubated with anti-DPMS antibody (rabbit polyclonal 1:50 dilution)
for 1 h at room temperature. After washing three times with PBS, pH 7.4, the cells were
incubated with rhodamine-conjugated goat anti-rabbit 1gG (1:300 dilution) and Hoechst
33342 (1:10,000 dilution) for 30 min at room temperature. After washing three times with
PBS, pH 7.4, the cover glasses were mounted and examined in a Zeiss AxiocamMRc (Carl
Zeiss, Germany) fluorescent microscope at 40X magnification (24).

For glycoprotein detection, cells were seeded on cover glasses as mentioned above, and
washed three times with buffer (50mM Tris-HCI, pH, 0.15M NaCl, 4mM CaCl,). Texas-
Red conjugated WGA (100ug/ml in Tris-CaCl, buffer) was then added and the cells were
incubated for 30 min at room temperature. After washing three times, the cover glasses were
mounted and the images were captured in a Zeiss AxiocamMRc (Carl Zeiss, Germany)
fluorescent microscope at 40X magnification.

Cell proliferation and migration assay

The vector (carrying no transcribable gene) and DPMS overexpressing clones were seeded
in 24-well plates (2x10* cells/well) in 1 ml of normal medium containing 10% serum and
0.55 mg/ml G418. After 24 h the medium was removed, cells were washed three-times with
PBS (pH 7.4) and incubated in a serum-free medium for 24 h. At the end of incubation, the
medium was replaced with normal medium containing 10% serum and 0.55 mg/ml G418.
The cell numbers were counted after every 24 h for seven days. The experiment was
conducted in triplicate wells and averaged after counting the cells in four quadrants for each
well (25).

For migration assay cells (1x106) were plated into 6-well cell culture plate in normal media
containing 0.55 ug/ml G418. After 24h the media was removed, cells were washed with
PBS, pH7.4 and changed to a serum-free medium. The cells were continued to incubate for
another 24h when the media were removed and replaced with the normal media. After 48h, a
1-mm wide scratch (reminiscent of a wound) was made across the cell monolayer using a
pipette tip. The monolayer was washed with PBS, pH 7.4; normal media were added and
photographed. After incubating at 37°C for 6 h the plates were again photographed.
Quantitative analyses of the scratches were performed by counting the cells migrated
towards the scratch. Results are presented as mean + S.D. averaged from three low power
fields (magnification 10X).

Statistical analysis
The results were analyzed statistically using the student t-test.

Results

Cloning and Identification of DPMS Gene in a Capillary Endothelial Cell Clone
Overexpressing DPMS

DPMS gene was cloned and confirmed by RT-PCR followed by agarose gel electrophoresis
(Figure 1). pEGFP-N1 vector used to isolate the overexpressing DPMS clone has a green
fluorescence protein (GFP) construct in-frame but downstream of the DPMS gene. In stable
clone DPMS was not expressed as a fusion protein but the expression of GFP was indicative
of DPMS expression (Figure 2).
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DPMS Expression in Stable Clones. (a) By immunofluorescence microscopy

Capillary endothelial cells harboring the DPMS overexpressing plasmid are expected to
express DPMS at a level higher than the vector. The expression of DPMS was monitored by
indirect immunofluorescence microscopy. The results indicated that the overexpressing
clone indeed expressed DPMS at a higher level (Figure 3). (b) By western blotting and QRT-
PCR: When compared with that of the vector ()EGFP-N1) by western blotting the level of
DPMS per unit protein in an overexpressing clone was higher than that of the corresponding
vector (Figure 4A). Analysis of DPMS mRNA expression by QRT-PCR indicated that the
overexpressing clone expressed 4-fold higher level of mMRNA (Figure 4B).

Expression of Cell Surface Glycoproteins

The expression of cell surface glycoproteins was analyzed by immunofluoresence
microscopy using Texas-Red conjugated WGA. WGA is specific for (GIcNAc-B-(1,4)-
GIcNAC)1-4-B-GlcNAc-NeuAc glycan. Our results indicated that the DPMS overexpressing
cells expressed a high level of complex glycans on the cell surface as compared to the vector
(Figure 5).

Mannosylphospho Dolichol Synthase Activity

Increased glycan expression as well as that of the protein and mRNA expression raised the
question of the catalytic activity of the DPMS. DPMS activity was assayed in vitro in the
presence of a fixed concentration of dolichyl monophosphate. The results (Table 1)
indicated that the catalytic activity of DPMS was nearly 108% higher in the over-expressing
capillary endothelial cells compared to the vector control.

Cellular Proliferation and Migration

The ability of endothelial cells to proliferate and differentiate into capillary-like structure is
the “hall mark” of angiogenesis. It is an essential element in tumor growth and wound
healing. After establishing that overexpression of catalytically active DPMS is intricately
connected with increased glycan expression, we set out to investigate the angiogenic activity
of these cells. Our results clearly demonstrated that the DPMS overexpressing clone has a
faster growth rate compared to the vector control (Figure 6A). It was then tested for
migration status to the wounded monolayer. Morphological studies showed that DPMS
overexpressing cells moved faster towards the wounded surface (Figure 6B). To eliminate
the possibility that closing of the wound was due to increased cell proliferation rather than
cell migration, the cell numbers were counted in fixed areas of the wounded surface. The
results indicated that the wound made on the DPMS over-expressing endothelial cell
monolayer carries more cells than the control (i.e., vector with no transcribable gene)
(Figure 6C). This was supported by the fact that (i) the doubling time of capillary
endothelial cells is between 56h - 68h depending on the stimulus being present (25); and (ii)
DPMS overexpressing endothelial cells exhibited a faster migratory rate (~ 2-fold) in a
Matrigel™ invasion assay compared to the control, i.e., cells transfected with a vector
carrying a non-transcribable gene (data not shown)

Discussion

Mannosylphospho dolichol synthase (DPMS), a glycosyltransferase of the protein N-
glycosylation pathway is known to undergo regulation by PKA-mediated phosphorylation
(23,26). This post-translational modification alters the DPMS activity and impacts the
cellular microenvironment. Phosphorylation of DPMS enhances the catalytic activity of the
enzyme without appreciably altering the K, for GDP-mannose (23,26). In addition, the
phosphorylated DPMS exhibits a higher enzyme turnover (k.5;) and enzyme efficiency (Kat/
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Km)- Replacing serine-141 at the PKA phosphorylation site of the recombinant DPMS from
Saccharomyces cerevisiae by alanine (i.e., S141A) by site-directed mutagenesis reduced the
phosphorylation activation of the enzyme by ~50%. (26).

Protein kinase type I-deficient Chinese hamster ovary (CHO) cells have also exhibited
reduced DPMS activity with a Ky, for GDP-mannose 160-400% higher than that of the wild
type. The k¢4t for the DPMS reduced 2-4 fold in mutant cells, and exogenously added Dol-P
failed to rescue the K., for GDP-mannose (27). This was reflected in down-regulation of
LLO biosynthesis and turnover and impairment of protein glycosylation of many cellular
glycoproteins (27). All of these, however, were corrected when the protein kinase deficiency
was reversed (28). So far, there has been no study of the significance of DPMS on
glycoprotein biosynthesis and regulation impacting angiogenesis after genetically
modulating its level of expression. Our study presented here clearly demonstrates successful
isolation of a stably transfected capillary endothelial cell clone over-expressing DPMS.
There is no apparent change in cellular morphology between the over-expressing clone, one
transfected with the vector carrying no transcribable gene and the wild type cells. To
improve the selection process we selected a vector in which the GFP gene was in-frame with
the DPMS gene. The GFP gene was down-stream of the DPMS gene but the DPMS was not
expressed as a fusion protein. Both the vector and the DPMS over-expressing clones
expressed GFP protein as indicated in Figure 2. The reason for a reduced green fluorescence
in the over-expressing clone is not clear but we anticipate that over-expression of DPMS
may cause a down-regulation of GFP expression. High expression of the DPMS protein as
indicated by western blotting or its mMRNA by QRT-PCR corroborated with the increased
DPMS activity and the expression of increased cell surface N-glycans. This in turn
correlated with increased cellular proliferation as well as increased migration during wound
healing, supporting unequivocally a linear relationship between the DPMS-mediated protein
N-glycosylation and angiogenesis. Further studies are needed to develop appropriate
glycotherapeutics targeting DPMS for treating breast and other solid tumor growth.
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Figure 1. Cloning and identification of over-expressing DPMS clones

The DPMS gene was cloned and confirmed by RT-PCR followed by agarose gel
electrophoresis and ethidium bromide staining. Left panel, 1.5% agarose gel profile of the
RT-PCR product; Right panel, 1.5% agarose gel profile of the overexpression plasmid from
DPMS overexpressing clone-1 and clone-2.
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Figure 2. Verification of DPMS gene transfection by GFP expression in capillary endothelial
cells

To monitor the DPMS expression cells were cultured overnight on cover glasses, washed
with PBS, pH 7.4, mounted and examined in a Zeiss AxiocamMRc (Carl Zeiss, Germany)
fluorescent microscope at 10X magnification for GFP expression. Upper panel: Vector; and
lower panel: overexpressing clone.
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Figure 3. Immunofluorescence microscopy of capillary endothelial cells over-expressing DPMS
Column 1 = phase contrast microscopy; column 2 = DPMS staining; column 3 = Stained
nucleus with Hoeschst dye. Magnification: 40X.
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Figure 4. Monitoring DPMS expression in capillary endothelial cell clone by western blotting
and QRT-PCR

Western blotting: Blots were developed with enhanced chemiluminescence (ECL) detection
system. Actin was used as an internal control. QRT-PCR: QRT-PCR products were
identified by 1% agarose gel electrophoresis. The bands were visualized by ethidium
bromide staining. GAPDH expression was used as an internal control. **: p <0.01.
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Figure 5. Analysis of cell surface glycoproteins

DPMS over-expressing and vector transfected cells were plated on cover glasses (15mm
diameter). After 24 h, cells were washed and incubated with Texas-Red conjugated WGA
for 30 min and monitored under a fluorescence microscope.
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Figure 6. Proliferation of capillary endothelial cells overexpressing DPMS

(A) Hemocytometer counts of synchronized cells over seven days. m, overexpressing DPMS
cell clone; m, pEGFP-N1 Vector. (B) Quantitative scratch assays performed by counting
migrated cells under low magnification. Results are presented as mean + S.D. A 1-mm wide
scratch was made across the cell layer using a pipette tip (B-a and B-b). Normal media was
added after washing with PBS, pH 7.4. The plates were then photographed after incubating
for 6 h. (B-c), DPMS overexpression clones; (B-d) pEGFP-N1 vector. **: p <0.01.
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Table 1
Dol-P-Man synthase activity in capillary endothelial cell clone overexpressing DPMS

The enzyme activity was assayed as described in Materials and Methods using GDP-[U-14C]mannose
(Specific Activity 199cpm/pmol).

Sample Dol-P-Man (pmol/mg protein/5min) Mean + S.D p-value*
pEGFP-N1 vector 44.06 1.2
=0.04
DPMS Overexpression 47.73£2.1

*
Analyzed by student t-test
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