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 Glucosylceramide synthase (GCS) (UDP-glucose ceramide 
glucosyltransferase, UGCG or GlcT-1) is a key enzyme 
for the synthesis of glycosphingolipids (GSLs) ( 1–3 ). GCS 
(EC2.41.80) transfers glucose residues of UDP-glucose to 
ceramide (Cer) and produces glucosylceramide (GlcCer) 
( 1 ). Cer glycosylation by GCS is the fi rst and limited step 
for GSL synthesis and GlcCer serves as a core structure for 
more than 300 glycolipids in vertebrates ( 1, 4, 5 ). GSLs are 
highly located in GSL-enriched microdomains (GEMs) 
and rafts of membrane; these play crucial roles in the 
properties and biological functions of cells ( 6, 7 ). In addi-
tion to their roles as building blocks of membranes, GSLs 
modulate signal transduction and cell adhesion; GSLs are 
involved in cell proliferation, differentiation, immunore-
sponse, and oncogenic transformation ( 8–11 ). Inhibition 
of GCS, decreasing GlcCer accumulation, is a treatment 
option for Gaucher’s disease ( 12 ). Cer, as a lipid second 
messenger, mediates many cell-stress responses in em-
bryo development and in tumorigenesis ( 3, 13–15 ). Cer- 
induced apoptosis is correlated to the effi cacy of anticancer 
regimens such as anthracyclines, taxanes,  Vinca  alkaloid, 
tumor necrosis factor- �  and irradiation ( 16–18 ). Recent 
studies indicate that an enhanced expression of GCS is a 
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 Western blot 
 Western blot was carried out as described previously ( 19 ). 

Briefl y, cells (2 × 10 6  cells/100 mm dish) were grown in 10% 
culture medium for 48 h and harvested using NP40 cell lysis buf-
fer (Biosource, Camarillo, CA). Equal amount of proteins (50 
µg/lane) were resolved using 4–20% gradient SDS-PAGE (Invit-
rogen). The transferred blots were blocked with 5% fat-free milk 
PBS and immunoblotted with anti-GCS serum at 1:500 dilution, 
at 4°C for overnight. The antigen-antibody in blots was detected 
by using secondary antibody-conjugated HRP and enzyme-linked 
chemiluminescence plus substrate (GE Healthcare). The amount 
of protein was measured using the bicinchoninic acid protein 
assay (Pierce, Rockford, IL) with BSA as a standard. 

 Immunohistochemistry 
 Cells (25,000 cells/chamber) were grown in 4-chamber slide 

with 10% FBS culture medium for 48 h. After methanol fi xation, 
slides were blocked and then incubated with anti-GCS serum 
(1:100) in block solution (Vector Laboratories, Burlingame, CA), 
overnight at 4°C. GCS-antibody on cells was recognized by Alexa 
Fluor ® 488 goat anti-rabbit IgG (Invitrogen). Cell nuclei were 
counterstained with DAPI (4’, 6 diamidino-2-phenylindole) 
in mounting solution (Vector Laboratories). The slides were 
observed using Nikon TE-2000 phase contrast microscope, and 
the images were captured by a Retiga 2300 TM  monochrome digi-
tal camera using IPLab TM  image analysis program (Scanalytics 
Inc., Rockville, MD). 

 Cellular Cer glycosylation assay 
 The assays were performed as described previously with modi-

fi cation ( 21, 26, 30 ). Briefl y, cells (5 × 10 5  cells/well) were grown 
24 h in 6-well plates with 10% FBS RPMI-1640 medium. To in-
hibit GCS enzyme, NCI/ADR-RES cells were exposed to D -threo -
PDMP (2.5 and 10 µM) in 5% FBS RPMI-1640 medium for 4 h at 
37°C. Cells were switched to 500 µl of 1% BSA RPMI-1640 me-
dium containing 500 µM NBD C6-Cer complexed to BSA (equal 
to 100 µM NBD C6-Cer), unless otherwise indicated. After 2 h 
incubation at 37°C, cells were then rinsed twice with ice-cold PBS 
(pH 7.4), scraped with 1.3 ml of ice-cold acidic methanol (acetic 
acid: methanol, 1:50, v/v) and transferred to glass vials. Lipids 
were extracted by the addition of chloroform (1.3 ml) and water 
(1.3 ml). The organic lower-phase collected was evaporated to 
dry with nitrogen gas, and resuspended in 100 µl of chloroform/
methanol (1:1, v/v). Equal fl uorescent units (4,000 FU in 10 µl 
per lane) of samples were applied to partisil HPTLC plates with 
fl uorescent indicator (Cat. no 4802-400/4806-410, Whatman, 
Florham Park, NJ). The samples were resolved using chloro-
form/methanol/3.5 N ammonium hydroxide (85:15:1, v/v/v) 
and visualized with an AlphaImager HP imaging system (Alpha 
Innotech, San Leandro, CA). Fluorescent chromatograms were 
captured by the AlphaImager, and were inverted using the Adobe 
Photoshop CS2 program. TLC areas, aligned with bands of lipid 
standards on the fl uorescent chromatograms, were scraped into 
96-well plates with 200 µl of methanol. The fl uorescence was 
measured using Synergy HT multi-detection microplate reader 
(BioTek, Winnooski, VT) at  �  excitation  466 and  �  emission  539 nm. 
The amounts of GlcCer and Cer were quantitated with each stan-
dard curve. Constants for linear correlation, cellular accumula-
tion, and enzyme K m  were calculated using Prism V4 program 
(GraphPad software, San Diego, CA). 

 To distinguish GalCer and GlcCer, the borate-impregnated 
plates were prepared as described previously ( 33, 34 ). After spray-
ing 1% aqueous sodium tetraborate, the HPTLC plates were acti-
vated at 120°C for 30 min. GSLs on the borate-impregnated 
plates were resolved with the solvent system of chloroform/meth-

cause of cancer drug resistance ( 19–21 ) and diabetic insu-
lin resistance ( 22, 23 ). Inhibition of Cer glycosylation on 
GCS is a therapeutic approach to improve treatments for 
cancer ( 16, 20 ) and type 2 diabetes ( 23 ). 

 GCS measurement is essential for evaluating the role of 
Cer glycosylation in cell functions and for monitoring 
therapeutic effi ciency. After Basu et al.’s work ( 1 ), several 
additional methods have been reported ( 24–27 ). Employ-
ing UDP-[ 3 H]glucose to track glucose transferring has sig-
nifi cantly increased the sensitivity of enzyme measurement 
and characterized the role of GCS in cancer drug resis-
tance ( 25, 28, 29 ). Employing 6- N -[7-nitrobenz-2-oxa-1,3-
diazol-4-yl] aminocaproyl-sphingosine (NBD C6-Cer) as 
cell permeable acceptor for UDP-glucose, TLC ( 26, 30 ) or 
HPLC ( 27 ) can measure NBD C6-Cer and  N -hexanoyl-
NBD-GlcCer (NBD C6-GlcCer) simultaneously. The HPLC 
method based on NBD C6-Cer has been shown to be a 
highly sensitive, rapid, and reproducible assay for GCS 
( 27 ). However, current enzyme assays, including these for 
GCS, conduct enzymatic reactions in test tubes using clas-
sical in vitro conditions and enzyme extracts. Thus, the 
activity measured in vitro may partially represent GCS cel-
lular activities and lead to an incomplete understanding of 
its roles in cell functions. In the present study, we report a 
new TLC-based method that conducts the GCS enzymatic 
reaction with NBD C6-Cer intracellularly. 

 EXPERIMENTAL PROCEDURES 

 Materials 
 NBD C6-Cer and NBD C6-Cer complexed to BSA (Cer:BSA, 

1:4) were purchased from Invitrogen (Carlsbad, CA). NBD 
C6-GlcCer, NBD C6-GalCer ( N -hexanoyl-NBD-galactosylcer-
amide), and D -threo -1-phenyl-2-decanoylamino-3-morpholino-1-
propanol HCl (D -threo -PDMP) were purchased from Matreya 
(Pleasant Gap, PA). [ 3 H]UDP-glucose (40 Ci/mmol) was pur-
chased from American Radiolabeled Chemicals (St. Louis, 
MO). Anti-human GCS rabbit serum (GCS 6.2) was kindly pro-
vided by Dr. D. L. Marks and Dr. R. E. Pagano (Mayo Clinic and 
Foundation, Rochester, MN). Other chemicals except indicated 
were from Sigma-Aldrich (St. Louis. MO) and Fisher Scientifi c 
(Pittsburgh, PA). 

 Cell culture 
 Drug-resistant NCI/ADR-RES human ovary cancer cells (for-

merly designated MCF-7/AdrR) ( 31 ) were kindly provided by Dr. 
Kenneth Cowan (University of Nebraska Medical Center Eppley 
Cancer Center, Omaha, NE) and Dr. Merrill Goldsmith (National 
Cancer Institute, Bethesda, MD). Doxorubicin- selected SW620Ad 
( 32 ) human colon cancer cells were kindly provided by Drs. Susan 
Bates and Antonio Fojo (National Cancer Institute). NCI/ADR-
RES/GCS and NCI/ADR-RES/asGCS cells were established by 
introduction of human GCS gene or its antisense sequence into 
parental NCI/ADR-RES cells, respectively ( 19 ). Cells were main-
tained in RPMI-1640 medium (Invitrogen) with supplement of 
10% FBS, 100 units/ml penicillin, 100 µg/ml streptomycin, and 
584 mg/liter L-glutamine. Geneticin (G-418, 400 µg/ml) was 
added to above culture medium for NCI/ADR-RES/GCS and 
NCI/ADR-RES/asGCS cells. Cells were cultured in an incubator 
humidifi ed with 95% air and 5% CO 2  at 37°C. 
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SC) ( 15, 39 ). Cells of NCI/ADR-RES, NCI/ADR-RES/GCS, and 
NCI/ADR-RES/asGCS (5 × 10 6  cells/100-mm dish) were cultured 
in 10% FBS RPMI-1640 medium for 48 h and then collected for 
LC/MS assay. GlcCer and Cer were normalized with proteins. 

 RESULTS 

 Quantitation of Cer glycosylation in cells 
 In this study, commercially available fl uorescent sub-

strate NBD C6-Cer was used as an acceptor for glucose 
conversion catalyzed by GCS. NBD C6-Cer complexed to 
BSA is water-soluble and has high cell permeability. To 
quantitate GlcCer and Cer generated during cellular 
glycosylation, correlations of fl uorescent intensities to the 
amounts of NBD C6-GlcCer and NBD C6-Cer were exam-
ined using TLC separation and spectrophotometer. A mix-
ture of NBD C6-GlcCer and NBD C6-Cer (mol/mol) was 
resolved on HPTLC plates in the mobile phase (chloro-
form/methanol/3.5 N ammonium hydroxide; 85:15:1, 
v/v/v). NBD C6-GlcCer and NBD C6-Cer were identifi ed 
on fl uorescence chromatograms and quantitatively deter-
mined by using fl uorescence spectrophotometer. As shown 
in   Fig. 1  ,  fl uorescent intensities of GlcCer and Cer 
detected are linearly correlated to the pmols of NBD C6-
GlcCer and NBD C6-Cer spotted, respectively. The corre-
lation coeffi cients ( r  2  of linear regression) for GlcCer and 
Cer are 0.989 and 0.991. These data indicate that TLC-
spectrophotometry is a reliable measurement for NBD Gl-
cCer and NBD Cer, at the levels of 2.5 to 50 pmols range. 

 Quantitation of Cer glycosylation was verifi ed using hu-
man NCI/ADR-RES cell line that has a high level of GCS 
( 19, 28 ). We found that culture cells in 1% BSA RPMI-
1640 medium containing NBD C6-Cer was optimal. Cellu-
lar accumulation of NBD C6-Cer in this condition was 
much higher than that in cells cultured with 5% FBS me-
dium or in cells incubated with 1% BSA RPMI-1640 me-
dium after trypsinization. We examined whether cellular 
GlcCer and Cer are correlated to the amounts of NBD C6-
Cer added in the medium. As shown in   Fig. 2A  ,  the intensi-
ties of cellular Cer and GlcCer generated on fl uorescent 

anol/water (100:30:4, v/v/v). Fluorescent GalCer, GlcCer, and 
Cer were identifi ed and measured as described above. Anisalde-
hyde was used for chemical detection of lipids on the borate- 
impregnated plates ( 33 ). 

 Tumor-bearing mice and MBO-asGCS treatments 
 All animal experiments were approved by the Animal Care 

and Use Committee of the University of Louisiana at Monroe 
and were in accordance with the National Institutes of Health 
guidelines. Athymic nude mice of  Foxn1 nu /Foxn1 +   (female, 4–5 
weeks) were purchased from Harlan (Indianapolis, IN). Cell sus-
pensions of NCI/ADR-RES, NCI/ADR-RES and SW620Ad (three 
to fi ve passages, 1 × 10 6  cells in 20 µl of medium per mouse) were 
implanted subcutaneously in the left fl ank of mice, respectively. 
The treatments started once tumor reached approximately 0.4 
cm in the randomized groups of NCI/ADR-RES and SW620Ad 
(6 mice/group). MBO-asGCS (mixed backbone oligonucleotide 
against human GCS) ( 35, 36 ) was administered intratumorally, 
at the dose of 1 mg/kg, every three days, fi ve times. A GCS inhibi-
tor D -threo -PDMP dissolved in medium was administered intratu-
morally when tumors reached  � 0.8 cm in mice inoculated with 
NCI/ADR-RES cells. The control groups were administered 
medium only. 

 To analyze Cer glycosylation close to in vivo condition, tumor 
cell suspensions were prepared immediately after resection (<10 
min) as described previously with modifi cation ( 37, 38 ). Tumor 
tissues ( � 50 mg) were pieced (< 1 mm) in 100 µl of RPMI-1640 
medium containing collagenase IV (500 units/ml). Glycosylation 
was carried out in 200 µl of RPMI-1640 medium containing NBD 
C6-Cer and collagenase IV (250 units/ml) at 37°C with shaking 
(20 rpm) for two h. Final concentration of NBD C6-Cer in reac-
tions was 2 mM NBD C6-Cer complexed to BSA (equal to 400 µM 
of NBD C6-Cer), unless otherwise indicated. Cellular accumula-
tion of NBD sphingolipids was observed on smear slides during 
incubation. Lipids extracted were resuspended in 100 µl of chlo-
roform/methanol (1:1, v/v), and equal amounts lipids (4,000 FU 
in 10 µl per lane) were subjected to TLC separation and fl uores-
cent measurement. 

 GCS radioenzymatic assay 
 GCS radioenzymatic assay was performed as previously de-

scribed ( 29 ). Cells were homogenized by sonication in lysis buf-
fer (50 mM Tris-HCl, pH 7.4, 1.0 µg/ml leupeptin, 10 µg/ml 
aprotinin, 25 µM phenylmethylsulfonyl fl uoride. Microsomes 
were isolated by centrifugation (129,000  g , 60 min). The enzyme 
assay, containing 50 µg microsomal proteins in 0.2 ml, was per-
formed in a shaking water bath at 37°C for 60 min. The reaction 
contained a liposomal substrate composed of C 6 -Cer (1.0 mM), 
phosphatidylcholine (3.6 mM), and brain sulfatides (0.9 mM). 
Other reaction components included sodium phosphate buffer 
(0.1 M) pH 7.8, EDTA (2.0 mM), MgCl 2  (10 mM), dithiothreitol 
(1.0 mM),  � -NAD (2.0 mM), and [ 3 H]UDP-glucose (0.5 mM). 
The radiolabeled and unlabeled UDP-glucose were diluted to 
achieve the desired radio-specifi c activity (4,700 dpm/nmol) in 
assays. To terminate the reactions, 0.5 ml isopropanol and 0.4 ml 
Na 2 SO 4  were added into tubes on ice. After addition of 3 ml 
 t -butyl methyl ether and centrifugation, 0.5 ml of the upper 
phase that contained GlcCer was mixed with 4.5 ml EcoLume for 
analysis of radioactivity by liquid scintillation spectroscopy. 

 HPLC/MS of GlcCer measurement 
 Endogenous GlcCer species of cells were measured using nor-

mal phase HPLC coupled to atmospheric pressure chemical ion-
ization-mass spectrometry (LC/MS) by the Lipidomics Core 
Facility at the Medical University of South Carolina (Charleston, 

  Fig.   1.  Quantitation of NBD C6-Cer and C6-GlcCer after TLC 
separation. Increasing amounts of mixture of NBD C6-Cer and NBD 
C6-GlcCer (1:1, mol/mol) were resolved by TLC. The identifi ed 
C6-Cer and C6-GlcCer were quantitated by fl uorescent spectropho-
tometer. Each data point represents mean ± SD of three indepen-
dent experiments. The correlation coeffi cient for Cer (dash line) is 
0.991 ± 0.002, and for GlcCer (solid line) is 0.989 ± 0.002.   
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GlcCer generated in the presence of cellular Cer has been 
used to evaluate GCS activity. 

 Validation of Cer glycosylation in cells that express 
different levels of GCS 

 In addition to NBD C6-Cer, available amounts of UDP-
glucose and other factors in cells also can affect GlcCer 
production. To examine whether these interfere with en-
zyme measurement, we assessed Cer glycosylation in cells 
expressing GCS in different degrees. NCI/ADR-RES/GCS 
cells were transfected with human GCS gene and NCI/
ADR-RES/asGCS cells were transfected with antisense GCS 
sequence, respectively ( 19 ). As detected by Western blot 
and immunostaining (  Fig. 3A , B ),  GCS protein was re-
duced to 57% in NCI/ADR-RES/asGCS and increased to 
158% in NCI/ADR-RES/GCS cells, as compared with pa-
rental NCI/ADR-RES cells. Using the assay established, we 
found that C6-Cer level was signifi cantly increased in NCI/
ADR/RES/asGCS cells (19 vs .  11 pmol/10 6  cells,  P  < 0.05) 
and C6-GlcCer level was increased in NCI/ADR/RES/GCS 
cells (47 vs .  29 pmol/10 6  cells,  P  < 0.05), as compared with 
the parental cells ( Fig. 3C, D ). Consistence with GCS pro-
tein levels, GlcCer/Cer ratio was increased to 124% (3.1 
vs .  2.5,  P  < 0.05) in NCI/ADR-RES/GCS and decreased to 
60% (1.5 vs .  2.5,  P  < 0.05) in NCI/ADR-RES asGCS cells, 
respectively, as compared with NCI/ADR-RES cells. In ad-
dition to GlcCer, Cer is possibly converted to GalCer by 
galactosylceramide synthase (UDP-galactose:ceramide 
galactosyltransferase, CGT) ( 40, 41 ). We tested whether 

chromatograms were enhanced with the increasing con-
centrations of NBD C6-Cer in reactions. Measurements 
revealed a good correlation of cellular GlcCer or Cer to 
NBD Cer added in reactions ( Fig. 2B ). The correlation co-
effi cient for cellular Cer is 0.97 ( r 2   of sigmoidal dose-
response with variable slope), and its cellular accumulation 
rate is 5.10%. The correlation coeffi cient for cellular GlcCer 
is 0.99 and the K m  value for human GCS is 38.77 µM. The 
GlcCer/Cer ratios were constant, approximately 1.5 during 
these reactions (10 to 100 µM of NBD C6-Cer). This indi-
cates this method is capable of quantitative determination 
of cellular Cer and GlcCer, in 5 to 60 pmol ranges. 

 Different from test tube assay in vitro, NBD C6-Cer, a 
substrate for GCS in cells, is not under saturation once 
glycosylation starts. Available cellular C6-Cer is undergo-
ing dynamic changes, briefl y depending on cell uptake 
and metabolism during incubation. We measured cellular 
GlcCer after increasing periods of incubation, to fi nd out 
the optimal conditions for ceramide glycosylation. As 
shown in  Fig. 2C and D , Cer uptake increased during the 
fi rst 30 min and then decreased, whereas GlcCer produc-
tion constantly increased during the fi rst 120 min of incu-
bation. After two h, Cer accumulation was only 43% of 
maximum (12.5 vs .  28.9 pmol); however, cellular GlcCer 
generated reached a plateau,  � 30 pmol in cells. The GC/
Cer ratios were 1.4 to 2.4 from one to two h of incubations. 
Therefore, we optimized Cer glycosylation using a 2 h in-
cubation of cells with NBD C6-Cer in 1% BSA RPMI-1640 
medium. GlcCer/Cer ratio that consistently represents 

  Fig.   2.  Determination of Cer glycosylation in cells. NCI/ADR-RES cells were grown in 10% FBS medium 
for 24 h and switched to 1% BSA RPMI-1640 medium containing NBD C6-Cer for enzymatic reaction. A: 
Fluorescent chromatogram and (B) spectrophotometry measurements of GlcCer after glycosylation with 
increasing concentrations of NBD C6-Cer for 2 h. The correlation coeffi cient for cellular C6-Cer (dashed 
line) to NBD C6-Cer in medium is 0.97, and for cellular C6-GlcCer (solid line) to NBD C6-Cer in medium is 
0.99. C: Fluorescent chromatogram and (D) spectrophotometry measurement of time-dependent Cer glyco-
sylation. NCI/ADR-RES cells were incubated with NBD C6-Cer (100 µM) in 500 µl medium for indicated 
periods. Results represent the mean ± SD of three independent enzyme reactions in triplicate.   
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 Determination of Cer glycosylation in tissues 
 After examination of Cer glycosylation in varied condi-

tions, we found that incubation of NBD C6-Cer with freshly 
prepared cell suspension is a reliable approach to assess 
GCS enzyme in tissues. Suspending tissues has been fre-
quently used to isolate stem cells from different tissues 
( 37, 38 ). However,  whether tissue suspension is applicable 
for enzyme assay has been barely tested. We pieced tumors 
immediately after resection and carried out glycosylation 
of NBD C6-Cer in these cell suspensions. It was found that 
NBD sphingolipid was accumulated in cells after 2 h incu-
bation (  Fig. 5A  ).  Suspended tumor cells took up NBD 
C6-Cer and produced NBD C6-GlcCer ( Fig. 5B ). Quantita-
tive determination of these showed cellular Cer or GlcCer 
had a good correlation to NBD C6-Cer concentrations 
added in the reactions ( Fig. 5C ). A correlation coeffi cient 
for cellular ceramide is 0.97 ( r 2   of sigmoidal dose-response 
with variable slope), and the accumulation rate of Cer is 
1.4% under those conditions. The coeffi cient for pro-
duced GlcCer is 0.95 and the GCS K m  in tumor of NCI/
ADR-RES is 40.55 µM, which is similar to that measured in 
cells (38.77 µM,  Fig. 2B ). This method was able to detect 
GlcCer generated in 1 mg of tumor tissues (not shown). In 
order to verify the infl uence of GalCer on GlcCer assess-
ment, we tested NBD C6-GalCer generation in tumors 
treated with D -threo -PDMP. We found that the intensities 
of C6-GalCer generated in tumor suspensions are close 
to the background (  Fig. 6A  ).  D -threo-  PDMP decreased 
GlcCer generation and reduced the GlcCer/Cer ratios to 
27% (0.11  vs  .  0.27  P  < 0.001, as compared with vehicle 

NBD C6-GalCer generated in cells interfere GlcCer mea-
surement. In fl uorescent chromatogram of borate-impreg-
nated HPTLC plates, GalCer intensities generated in NCI/
ADR-RES cells were close to the background (  Fig. 4A  , left 
panel).  D -threo -PDMP, a specifi c inhibitor of GCS enzyme 
( 42, 43 ), signifi cantly decreased NBD C6-GlcCer ( Fig. 4A , 
left panel) and endogenous GlcCer ( Fig. 4A , right panel) 
 � 2-fold ( Fig. 4B ), captured by fl uorescent and chemical 
detections. However, cells produced only 1 to 6% of NBD 
GalCer, as compared with the intensities of NBD GlcCer 
( Fig. 4B ) in corresponding conditions. 

 To further validate cell-based ceramide glycosylation, 
we used other methods to measure GCS activities in these 
cells. Using [ 3 H]UDP-glucose and prepared GCS protein, 
we found that GCS enzyme activity was increased to 184% 
(50.5 vs .  27.4 pmol/h/mg protein,  P  < 0.001) in NCI/
ADR-RES/GCS, and decreased to 79% (19.7 vs .  27.4 pmol/h/
mg protein,  P  < 0.01) in NCI/ADR-RES/asGCS cells, re-
spectively, as compared with NCI/ADR-RES ( Fig. 4C ). 
LC/MS analysis showed that all species of GlcCer and C18-
GlcCer were decreased to 49% (20.4 vs .  41 pmol/10 mg pro-
tein) and 34% (5.5 vs .  16) in NCI/ADR-RES/asGCS cells; 
GlcCers and C18-GlcCer were increased to 126% (52.8 vs .  
41) and 118% (18.9 vs .  16) in NCI/ADR-RES/GCS cells, 
respectively, compared with NCI/ADR-RES cells ( Fig. 4D ). 
The GlcCer/Cer ratios measured by cell-based TLC are 
similar to the results of other assays and more consistent 
with GCS protein levels in these cells. These data indicate 
that other factors have fewer effects on glycosylation of 
NBD C6-Cer in cells. 

  Fig.   3.  Cer glycosylation in cell lines that express different degrees of GCS. Human GCS gene and its anti-
sense sequence were introduced into NCI/ADR-RES cells (CTL, control) and established NCI/ADR-RES 
(GCS) and NCI/ADR-RES (asGCS) cell lines. A: Western blot. The detergent-soluble proteins (50 µg pro-
tein/lane) were resolved using 4–20% gradient SDS-PAGE. The transferred membranes were immunoblotted 
with GCS antiserum (1:1000) and detected by ECL.  � -actin was used as endpoint control; GCS protein levels 
were represented by ratios of GCS/actin densities. *  P  > 0.01 compared with NCI/ADR-RES cells (CTL). 
B: Immunostaining. GCS protein was recognized by anti-GCS serum and Alexa 488 conjugated second anti-
body (green). DAPI nuclear-counter staining (blue) was used as endpoint control. C: Fluorescent chromato-
gram and (D) measurement of Cer glycosylation in GCS transfectants. Cells were grown overnight in 10% 
FBS medium then incubated with NBD C6-Cer (100 µM) in 1% BSA RPMI-1640 medium at 37°C for 2 h. Fluo-
rescent C6-Cer and C6-GlcCer were identifi ed by commercial standard (Std). *  P  < 0.001 compared with NCI/
ADR-RES parental cells (CTL). Results are the mean ± SD of three independent experiments.   
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pared with NCI/ADR-RES (saline treatment,  Fig. 6C , top 
panel). MBO-asGCS treatment suppressed GCS gene ex-
pression and signifi cantly decreased its protein levels in 
NCI/ADR-RES and SW620Ad tumor xenografts ( Fig. 6C ). 
Assessment of NBD C6-Cer glycosylation in tumor suspen-
sions found that the GlcCer/Cer ratios were increased to 

( Fig. 6B ), but this did not signifi cantly affect C6-GalCer 
( Fig. 6A, B ). These data indicate tissue suspension pre-
pared in this study is useful for GCS assessment. 

 Furthermore, we examined ceramide glycosylation in 
tumors with GCS gene manipulation. GCS protein was 
overexpressed in NCI/ADR-RES/GCS tumors, as com-

  Fig.   4.  Comparison of Cer glycosylation in cells. A: GalCer generated in cellular glycosylation of NBD C6-
Cer. After 4 h D -threo -PDMP treatments (D-PDMP, 2.5, 10 µM), NCI/ADR-RES cells were incubated with NBD 
C6-Cer (100 µM, 2 h). Sphingolipids were resolved on borate-impregnated HPTLC plates in solvent system 
of chloroform/methanol/water (100:30:4, v/v/v) and visualized under UV exposure (left) or with anisalde-
hyde (right). Std, standards of NBD C6-sphingolipids. B: Ratio of GlcCer/Cer versus GalCer/Cer in cells 
treated with D -threo -PDMP. The intensities of Cer, GlcCer, and GalCer were measured by using fl uorescent 
spectrophotometer after TLC separation as described above. **  P  < 0.001 as compared with vehicle treat-
ment. C: GCS radioenzymatic assay. Proteins for enzyme reactions were extracted from NCI/ADR-RES (CTL, 
control), NCI/ADR-RES/GCS (GCS), and NCI/ADR/RES/asGCS (asGCS) cells. **  P  < 0.01 compared with 
CTL). D: Endogenous total GlcCers and C18-GlcCer analyzed using LC/MS. Lipids were extracted from 
NCI/ADR-RES (CTL, control), NCI/ADR-RES/GCS (GCS), and NCI/ADR-RES/asGCS (asGCS) cells. 
*  P  < 0.01 compared with CTL). *  P  < 0.05, **  P  < 0.01 compared with NCI/ADR-RES cells (CTL). Results 
are the mean ± SD of three independent experiments.   

  Fig.   5.  Quantitation of Cer glycosylation in tumors. A: Sphingolipid accumulation in tumor cells. NCI/ADR-RES tumors suspended were 
incubated with NBD C6-Cer (400 µM) and observed under microscope in fl uorescent (left panel, green) and visible light (right panel). B: 
Chromatogram of Cer glycosylation in tumors suspended. The suspensions of NCI/ADR-RES tumors (200 µl in 0.3 mg/µl) were incubated 
with increasing concentrations of NBD C6-Cer for 120 min. C: Quantitation of Cer glycosylation in tumors suspended. Intensities of GlcCer 
and Cer described above were measured using spectrophotometer. Each data point represents mean ± SD of three independent enzyme 
reactions in triplicate. The correlation coeffi cient for the cellular C6-Cer (open circle) to NBD C6-Cer in medium is 0.96 and for cellular 
C6-GlcCer (open square) is 0.95.   
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cells ( 30, 46 ). In the present study, NBD C6-Cer was effi -
ciently taken up in different human cancer cell lines and 
in tumor suspensions. NBD C6-Cer accumulated in cells 
and tumor suspension at the rates of 5% (100 µM in reac-
tion) and 1.4% (400 µM in reaction), respectively. Cellular 
NBD C6-Cer is linearly correlated to these added in the 
reactions (r 2  = 0.99). More importantly, it sequentially pro-
vided adequate amounts of substrates for Cer glycosylation 
by GCS in these enzymatic reactions ( Figs. 2, 5 ). The levels 
of GlcCer produced were linearly correlated to NBD C6-
Cer concentrations added in reactions of cells (r 2  = 0.99, 
Fig. 2) and tumor suspension (r 2  = 0.95,  Fig. 5 ). These re-
sults point out that NBD C6-Cer is a suitable substrate for 
Cer glycosylation in vivo and assessment of NBD C6-Cer 
glycosylation is an applicable approach to measure GCS 
activity intracellularly. 

 In cells, Cer can be converted to GlcCer and GalCer 
in glycosylation, to sphingosine with ceramidases, and 
to sphingomyelin with sphingomyelin synthase. Among 
these, the conversion of NBD C6-Cer and UDP-galactose 
to NBD C6-GalCer by CGT shares the same cellular pro-
cesses, including uptake and transporting to endoplasmic 
reticulum, as the conversion of Cer and UDP-glucose 
to GlcCer. NBD C6-GalCer has a similar property as NBD 
C6-GlcCer, and can possibly interfere with the measurement 

140% (0.79 vs .  0.5,  P  < 0.001 as compared with control) in 
NCI/ADR-RES/GCS tumors, and were decreased to 73% 
(0.367 vs .  0.50,  P  < 0.001) in NCI/ADR-RES tumors treated 
with MBO-asGCS ( Fig. 6D ). In SW620Ad tumors, the 
GlcCer/Cer ratio was decreased to 56% (0.30 vs .  0.53,  P  < 
0.001) after MBO- asGCS treatment ( Fig. 6D ). These data 
indicate that the GlcCer/Cer ratios in these tumors are 
consistent with the GCS protein levels, representing GCS 
activities in vivo. 

 DISCUSSION 

 In the present study, we developed a simple and reliable 
method to directly quantitate ceramide glycosylation cata-
lyzed by GCS in cells and in tissues. It provides a new ap-
proach to assess enzyme activity such as GCS in vivo and to 
evaluate its actual roles in cell functions. Assessing activity 
of enzyme in cells is essential to verify the effects of en-
zyme on physiology and diseases; however, it is more diffi -
cult than in laboratory-made conditions. Due to the 
dynamic changes in uptake, substrate with high cellular 
permeability is a primary determinant for GCS enzymatic 
assay in vivo. NBD C6-Cer has been used to assay GCS activ-
ity in vitro ( 26, 27, 44, 45 ) and track Cer translocation in 

  Fig.   6.  GCS activity in tumors. A: GlcCer and GalCer generated in glycosylation of NBD C6-Cer. After 
D- threo -PDMP administration (intratumoral injection two times per day), NCI/ADR-RES tumors suspended 
were incubated with NBD C6-Cer (400 µM in 200 µl) for 2 h. Sphingolipids were subjected to borate-impreg-
nated TLC separation and visualized under UV exposure (left) or with anisaldehyde (right). Std, standards 
of NBD C6-sphingolipids. B: Ratio of GlcCer/Cer versus GalCer/Cer after D- threo  PDMP treatments and 
glycosylation described in A. C: GCS protein levels in tumors. Detergent-soluble proteins (50 µg protein/
lane) of tumors were subjected to Western blot analysis. GAPDH was used as endpoint control. D: GCS activi-
ties in tumor tissues. Cer glycosylation was performed by incubating cell suspension with NBD C6-Cer (400 
µM in 200 µl) at 37°C for 2 h. Suspensions were prepared from tumors (50 mg) of NCI/ADR-RES/GCS 
(GCS), NCI/ADR-RES (CTL, control), NCI/ADR-RES treated with MBO-asGCS (MBO-asGCS), SW620Ad 
(CTL), and SW620Ad treated with MBO-asGCS (MBO-asGCS) (3–5 mice per each group), respectively. 
Results are the mean ± SD of three independent experiments in triplicate. *  P  < 0.001 compared with NCI/
ADR-RES or SW620Ad treated with medium (CTL), respectively.   
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suggest that glycosylation of NBD C6-Cer in the condition 
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activity in vivo. Caution is needed when applying this 
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levels of CGT, such as glioma ( 47 ), brain, and kidneys. 

 Previous reports suggest that several other factors in-
cluding endogenous UDP-glucose, ceramide subcellular 
localization, and coenzymes may modulate Cer glycosyla-
tion ( 1 ). Cell glycosylation of Cer is more sophisticated 
and GlcCer production is the sum of series of cell biologi-
cal and biochemical processes. Many factors in these pro-
cesses may limit the direct-indication of NBD C6-GlcCer 
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C6-GlcCer generated substantially represents GCS enzyme 
activity, at least in tested cells and tissues. We found that 
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