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Apoptosis, or programmed cell death, plays an important role in many physiological and diseased conditions. Induction of
apoptosis in cancer cells by anti-cancer drugs and biosynthetic inhibitors of cells surface glycolipids in the human colon
carcinoma cells (Colo-205) are of interest in recent years. In our present studies, we have employed different stereoisomers
of PPMP and PDMP (inhibit GlcT-glycosyltransferase (GlcT-GLT)) to initiate apoptosis in Colo-205 cells grown in culture in
the presence of 3H-TdR and 3H/or 14C-L-Serine. Our analysis showed that the above reagents (between 1 to 20 µM) initiated
apoptosis with induction of Caspase-3 activities and phenotypic morphological changes in a dose-dependent manner. We
have observed an increase of radioactive ceramide formation in the presence of a low concentration (1–4 µM) of these
reagents in these cell lines. However, high concentrations (4–20 µM) inhibited incorporation of radioactive serine in the
higher glycolipids. Colo-205 cells were treated with L-threo-PPMP (0–20 µM) and activities of different GSL: GLTs were es-
timated in total Golgi-pellets. The cells contained high activity of GalT-4 (UDP-Gal: LcOse3Cer β1-4galactosyltransferase),
whereas negligible activity of GalT-3 (UDP-Gal: GM2 β1-3galactosyltransferase) or GM2-synthase activity of the ganglio-
side pathway was detected. Previously, GLTs involved in the biosynthetic pathway of SA-Lex formation had been detected
in these colon carcinoma (or Colo-205) cells (Basu M et al. Glycobiology 1, 527–35 (1991)). However, during progression
of apoptosis in Colo-205 cells with increasing concentrations of L-PPMP, the GalT-4 activity was decreased significantly.
These changes in the specific activity of GalT-4 in the total Golgi-membranes could be the resultant of decreased gene
expression of the enzyme.
Published in 2004.

Introduction

Trillions of cells of the normal healthy body live in a complex,
interdependent atmosphere, regulating another’s proliferation,
formation, and death. Normal cells reproduce only when in-
troduced to do so by other cells in their activity. Such collab-
oration ensures each tissue to maintain its size, differentiation
and structure formation until death (Figure 1). Apoptosis oc-
curs when cells have sufficient time to organize and participate
in their own demise [1]. It is the cellular process where death
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occurs in a selective and developmentally regulated process.
The process is involved in embryological molding, normal cell
turnover, immune regulation, and hormone-dependent atrophy
[2]. Tumor or cancer cell death can be triggered by necrosis
or apoptosis induced by anti-cancer drugs [3–9]. A potent syn-
thetic anti-estrogenic agent, Tamoxifen [citrate or 4-hydroxy-
(z)-), induces apoptosis in human malignant glioma cell lines
[6,7] and prostate cancer [8,9] cells by indication of p21 pro-
tein. Programmed cancer cell death (PCCD) results from signals
generated within the cells and has been the subject of intensive
investigation in recent years. Pathways of apoptotic signals are
being investigated in recent years [10–21]. However, during
chemotherapy [22], how a specific anti-cancer drug induces
apoptosis in a specific cancer cell is known very little and needs
to be explored carefully.
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Figure 1. Normal, tumor, and cancer cell growth regulation.

The presence of sphingolipids: sphingomyelin (Ceramide-
phosphoryl choline) [23–27] and glycosphingolipids (oligo-
glycosylceramides) [28–32] on the outer leaflet of both
normal and cancer cells has been reported. Until recently,
very little is known about their functional roles in cell
adhesion [33], in metastasis [34] or during the apoptotic
process [35–37]. The role of ceramide [38–52] and disialosyl-
gangliosides [53–62] has been suggested as apoptotic
reagents in normal and cancer cells. On the other hand,

Figure 2. Biosynthetic pathways for gangliosides, globooside and SA-LeX.

SA-Lex(SAα2,3Galβ1,4(Fucα1,3)GlcNAcβ1,3Galβ1,4-Glc-
Ceramide) and SA-Lea(SAα2,3Galβ1,3(Fucα1,4)GlcNAcβ
1,3-Galβ1,4Glc-Ceramide) have been suggested as markers
for certain metastatic carcinoma cells [63–69]. Biosyntheses
in vitro of SA-LeX and related GSLs have been studied in recent
years [70–78] in metastatic colon carcinoma cells (Figure 2).

Ceramide is a transmembrane sphingolipid composed of an
N -acylated (C14-C26-fatty acids) sphingosine (C18-erythro-4,
5-trans unsaturated amino alcohol) in most of the eukaryotic
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animal cells. In yeast cells [79,80] and squid cells [81], polyun-
saturated sphingosine has been reported. Ceramides containing
phyto-sphingosines are quite common in plant cells [82–84].
Hydrolysis of sphingomyelin (SphM) to generate ceramide in
HL-60 human leukemia cells in response to the action of 1,25-
dihydroxyvitamin D3 led to the suggestion that sphingolipid
metabolism is regulated in response to extracellular agents
[25,26]. Ceramide-induced cell death is also correlated with
DNA-fragmentation in the apoptotic programmed cell death
[27]. Several comprehensive reviews have been published re-
cently on the role of exogenously added ceramide in the apop-
tosis of cultured carcinoma cells [38–42].

In spite of almost 1100 papers published on this subject, very
little is known on the generation of ceramide during apoptosis
by anti-cancer drugs in the cancer cells. Our present goal
[85–88] is to correlate the changes in the expression of cancer
cell surface glycosphingolipids with apoptosis induced by
anti-cancer drugs, inhibitors of glycosphingolipid biosynthesis
(L-/D-PPMP; L-/D-PDMP) and disialosylgangliosides (GD3
and GD1b). The stepwise biosynthesis in vitro of SA-Lex in hu-
man carcinoma, Colo-205 cells has been achieved in our labora-
tory during the last two decades. Individual steps for its biosyn-
thesis from ceramide and the enzymes catalyzing the reactions
(Figure 1) have been characterized in our laboratory [70–76,89–
91] and in the other laboratories also [77,78]. The GalT-4 (UDP-
Gal: LcOsc3Cer β1,4galactosyltransferase) [75,76,90,92–
96] and the SAT-3 (CMP-NeuAc: α2,3sialyltransferase)
[70,71,97–99] have also been cloned from Colo-205 cells
[73,74]. Formation of radioactive ceramide during induction of
apoptosis using inhibitors (L-/D-PPMP; L-/D-PDMP) of GlcT
(UDP-Glc: Ceramide β1,1glucosyltransferase) [89,100,101]
and some added disialosyl- gangliosides (GD3 or GD1b) in
these Colo-205 cells have been studied. The DNA-laddering
[102,103] caspase-3 activity [104–106] and outer-leaflet
dye-binding [107] assays were used to monitor apoptosis.

Materials and methods

Materials

Colo-205 colonic cancer cell line was purchased from ATCC
and SKBR3 breast cancer cell line was a gift from Dr.
Sipra Banerjee of Cleveland Clinic, Cleveland, OH. Cell cul-
ture medium powder RPMI-1640 and DMEM were from
Gibco/Invitrogen Corporation (Carlsbad, CA). Penicillin, strep-
tomycin, and L-glutamine were from Gibco. Fetal bovine serum
was purchased from Intergen (Purchase, NY) and Gibco. 3H-
L-serine and 14C-L-Serine was from American Radiochemical
(St. Louis, MO) and Moravek Biochemicals (Brea, CA), respec-
tively. L-PPMP, L-PDMP, and D-PDMP were obtained as gift
samples from Dr. J-i. Inokuchi of Hokkaido University, Japan.
GF/A glass filters were from Fisher Scientific (Pittsburgh, PA).
Pierce BCA Micro Protein Assay kit is from Pierce Biotechnol-
ogy, Inc. (Rockford, IL). Rabbit anti-caspase3 polyclonal anti-
body was from BioMol Research Lab, Inc. (Plymouth Meeting,

Figure 3. Structure of D-/L-PPMP (1-phenyl-2-hexadecanoyla-
mino-3-morpholino-1-propanol).

PA). Goat anti-rabbit IgG antibody–ALP (alkaline phosphatase)
conjugate, NBT (nitro blue tetrazolium)/BCIP (5-bromo-4-
chloro-3-indolyl-phosphate) ALP developing dye, and all other
regular reagents were from Sigma (St. Louis).

Cell culture

Human colonic cancer cell line Colo-205 and breast cancer
cell line SKBR3 were grown in RPMI 1640 and DMEM me-
dia, respectively, supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 µg/ml streptomycin, and 50
mM L-glutamine. When cells were 90% confluent (∼5 × 106

per 25 cm2 T flask) they were used for passage or harvested for
biochemical work. Treating the semi-confluent cells twice with
0.5 mM hydroxyurea for 24 h under the same culturing condi-
tion performed the cell-synchronization. Hydroxyurea was re-
moved, and cells were treated with different apoptotic reagents,
L-PPMP, L- and D-PDMP (Figure 3), and 0.5 µCi 3H-L-serine
or 14C-L-Serine per 25 cm2 T flask under the following indi-
cated conditions.

Harvest of cells

After incubation, cells were scraped off and transferred into
12 ml conical tubes followed by 2 times of phosphate-buffered
saline (PBS) wash. Finally all the cells were suspended in 5 ml
PBS and cell counts were performed. These cells were used for
further analysis of incorporation of radioactivity of L-serine
in radioactive total sphingolipid, glycosphingolipids, and ce-
ramide following protocol as indicated in Figure 4. GF/A Fil-
tering Assay–0.5 ml suspending cells were loaded onto a GF/A
glass filter, which had been treated with 50 mM sodium py-
rophosphate. Then the sample on each GF/A disc was washed
twice with 5% TCA followed by 2 times chloroform/methanol
(2:1) wash plus 2 times acetone wash, or 2 times acetone wash
only. Each cell sample was repeated twice. After that, the GF/A
discs were fully dried and counted in a toluene scintillation
solution.
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Figure 4. Analysis of L-14C-serine incorporation in radioactive sphingolipids in Colo-205 cells.

Extraction and analysis of radioactive of glycosphingolipids

Cells (0.5 ml) were centrifuged and resuspended with 200 µl
0.1 M NaOH and 500 µl chloroform/methanol (2:1) and incu-
bated at 37◦C for 1 h. Then 50 µl of the upper layer or lower
layer was spotted onto a 4 cm2 3 mm Whatman paper and quan-
titated by a toluene scintillation system. For further analysis of
radioactive glycosphingolipids and ceramide. Larger quantities
of cells were extracted as above, concentrated and purified by
silicic acid columns, and further analyzed by TLC plates as
published previously [70–74,89–92,97].

Western blot for identification of activation of caspases

Cells (0.5 ml aliquots) were pelleted and resuspended with
100µl lysis buffer (62.5 mM Tris-HCl pH6.8, 2% w/v SDS,
10% glycerol, and 50 mM DTT) followed by homogenization
with 3 × 10 sec sonication. Then the homogenized samples
were incubated at 37◦C for 1 h before 5 min of denaturation at
95◦C and loading onto SDS-PAGE. The protein mixture in the
amount of 20–25 µg was loaded for each sample and blotted
to nitrocellulose membranes [106]. Nonspecific binding was
blocked by incubation in Tris-buffered saline containing 5%
bovine serum albumin, and 0.1% Tween 20 for 1 h at room
temperature. The blots were then incubated overnight at 4◦C
in blocking buffer containing the primary antibody. Antibod-
ies used were a rabbit polyclonal anti-caspase-3 antibody raised
against full-length human caspase-3 diluted 1:1,000. Afterward,
membranes were washed and incubated with anti-rabbit IgG-
Alkaline phosphatase conjugate (1:3,000; Sigma). Antibody-
Alkaline phosphatase activity was visualized using the NBT-
BCIP reagent (Sigma) in AP buffer (100 mM Tris-HCl pH9.5,
100 mM NaCl, and 5 mM MgCl2) [106].

DNA laddering analysis

Cells (0.5 ml) were pelleted and resuspended with 100 µl lysis
buffer (20 mM Tris-HCl pH8.0, 20 mM NaCl, 20 mM EDTA,
and 10% w/v SDS) followed by sonication for 3 × 10 sec. The
homogenized samples were incubated at 37◦C for 1 h before
adding 400 µg deionized water. After that Phenol/chloroform
(1:1), 500 µl, was added to the homogenate, vortexed, and
placed in ice for 15 min. The samples were centrifuged at 4◦C
(5,000 × g) for 20 min. The upper layer was then transferred
to a new tube and 500 µl of chloroform was added to it. The
sample was vortexed and spun (5,000 × g) at 4◦C . The upper
layer was collected and mixed with 40 µl of 3M NaAc and
800 µl of absolute ethanol. All the samples were incubated at–
20◦C for 1 h, centrifuged at 4◦C, and 10,000 × g for 30 min.
The DNA pellet was washed with 70% ethanol and dissolved
in 50 µl deionized sterile water before being loaded onto the
1% low-melting point (DNA-free) argrose-ethidium bromide
gel and subjected to electrophoresis [102,103]. The laddering
bands in the gel were visualized by UV (Figure 5).

Assay of β1,4GalT-4 (UDP-Gal: LcOse3Cer
β-galactosyl-transferase)

Enzymatic assays for GalT-2, GalT-3 and GalT-4 were carried
out as described previously [92], with some modifications to
provide the optimum conditions for all those galactosyltrans-
ferase activities with Golgi membrane fractions isolated from
human Colo-205 or SKBR3 cells (before and apoptosis). The
incubation mixtures contained the following components in a fi-
nal incubation volume of 35 µL; acceptor glycolipids, 1.2 mM;
HEPES buffer (pH 6.8), 10 mM containing 10 mM MnCl2;
total Golgi membrane fraction, 20 µL-containing 100–200 µg
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Figure 5. Phase contrast microscopic pictures of apoptotic colon carcinoma (Colo-205) cells with L-PPMP/L-PDMP; DNA-laddering
analysis of treated cells by 1% agarose gel electrophoresis.

protein (estimated by Peterson et al. [108]); UDP- [3H] galac-
tose (30,000 to 50,000 cpm of specific activity 1.5 to 2 × 106

cpm per micromole) Triton X-100 at a ratio of 1:6 (protein to:
detergent) was used in mixed micelle form during drying of the
substrate glycolipids dissolved in chloroform-methanol (2:1).
Incubations were carried at 37◦ between 1 to 2 h and final results
were obtained in the range where the reaction rate remained
constant within the incubation time and was proportional to
the added protein concentrations. The reactions were stopped
with 25 mM EDTA and 20 µL chloroform-Methanol (1:1).
The whole mixture was quantitatively transferred on Whatman
3 MM or 1 MM chromatographic paper followed by descending
chromatography with 1% sodium tetraborate (pH 9.1). The ap-
propriate areas of each chromatogram were cut and the amounts
of radioactive galactose transferred to the potential glycolipids
were determined by a toluene scintillation system. For identi-
fication of the products, the radioactivity was eluted from the
papers by chloroform-Methanol-water (60:35:8) and further an-
alyzed by TLC using proper standards and solvent systems as
described previously [89–97,109].

Results

DNA laddering analysis with the apoptotic
carcinoma cells initiated by L-PPMP

Treatment of human colon carcinoma (Colo-205) (Figure 5)
and breast (SKBR3) (Figure 6) cells with varying concentra-
tions (0.5 to 20 µM) L-/D-PPMP and D-PDMP led to observed

cell blebbing and DNA condensation, while the control cells
remained uniformly round with no damaged DNA negative
staining from Propidium iodide [86] (will be published in the
3rd issue of the series in this journal). The DNA laddering re-
sulted in altering UV fluorescent bright and dark bands, and
increased concentration of L-PPMP (Figure 3) led to brighter
banding, indicating a greater degree of systematic DNA frag-
mentation. Similar results were observed with the other isomers
of D-PPMP or -PDMP (data not shown here). The observed
blebbing of both the Colo-205 and the SKBR3 cells with these
isomers of GSL: GlcT (glucosyltransferase) inhibitors (L-/D-
PPMP or L-/D-PDMP) suggested that these inhibitors were
inducing apoptosis in these carcinoma cells after 6 h and dam-
aging DNA between 24 and 48 h after treatment. Fluorescent
dye-binding pictures will be published ([86]; in the third issue
of this series by Ma et al.)

Incorporation of 14C-Serine in ceramide in apoptotic
carcinoma cells

Synchronized Colo-205 cells were treated with L-PPMP
(Figure 7(a)), L-PDMP (Figure 7(b)) and SKBR3 cells with
L-PPMP (Figure 7(c)) in the presence of uniformly labeled
L-14C-Serine (Figure 8). Incorporation of radioactivity in to-
tal sphingolipids (Figures 7(a), (b) and (d)) and ceramide
(Figure 7(c)) were estimated in live cells as well as in total cells
and were determined and quantitated per 106 cells. The extrac-
tion procedure followed is explained on the chart (Figure 4).
Once the cells were harvested and suspended in 1 × PBS, part
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Figure 6. Phase contrast microscopic pictures of apoptotic breast carcinoma (SKBR3) cells treated with L-PPMP.

Figure 7. Incorporation of L-14C-Serine in Colo-205 and SKBR3 Cells: (a) Colo-205 cells (live) after 22 h treatment with indicated
amount of L-PPMP; (b) Colo-205 cells (total) after 22 h treatment with indicated amount of L-PPMP; (c) incorporation of radioactivity
in radioactive ceramide after 22 h treatment of synchronized Colo-205 cells (live only); (d) incorporation of radioactive serine in total
sphingolipids in SKBR3 cells after 22 h treatment with indicated amount of L-PPMP. Each point is average of data obtained from
four sets of experiments.
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Figure 8. 14C-carbons and nitrogen atoms incorporated from
L-[U-14C] serine into the ceramide moiety of the sphingolipids.

of this suspension was used for the filter assay as explained
in the method section. In this assay, 4 samples were filtered
through GF/A glass fiber filter discs. The first two were washed
with cold 10% TCA, followed by washings with water and ace-
tone. The other two were washed with cold 10% TCA, followed
by washes with Chloroform-Methanol (1:1) and then with wa-
ter and acetone. The radioactivity on these dried disks were
quantitated with a toluene scintillation sytem. The rest of the
harvested cells were then used for extraction of 14C-GSLs by
extraction with 5–10 ml of chloroform: Methanol (2:1) and 0.2
volume of 0.1 N NaOH. The upper layer and the lower lay-
ers were separated and dried before further analysis by TLC
using specific solvent systems. Incorporation of radioactivity
in ceramide was quantitated by TLC using the solvent system
chloroform-Methanol-water (80:18:2)). Migration of radioac-
tivity in standard ceramide or GSLs areas were scraped and
quantitated by the toluene liquid scintillation system. Maximum
incorporation was observed with the inhibitor concentrations
between 2 and 4 micromolar. As expected, inhibition of incor-
poration was observed in higher concentrations of the inhibitors
(data not shown). However, inhibitions of incorporation in the
radioactive ceramide at higher concentrations of L/D-PPMP or
L-/D-PDMP are not well understood as yet (Figure 7(c)).

Westernblot analysis of Caspase-3 activation in apoptotic
carcinoma cells by GSL biosynthesis inhibitors (L-/D-PPMP)

Caspases make up part of the cascade that a cell follows in order
to undergo apoptosis. Caspase-3 is one of the effector Caspases
(Figure 9). When activated it cleaves proteins by recognizing the
amino acid sequence DEVD. Upon recognition of the target pro-
teins, the nucleus is broken down, starting with the disassembly
of the chromosomes (Figure 10). We have studied extensively
the Caspase-3 activation in the presence of all the isomers of the
inhibitor of GlcT (UDP-Glc: ceramide β1,1 glucosyltransferase
[100,101]). A typical activation profile of Caspase-3 activation
as evidenced in breast cancer SKBR3 cells in the presence of
L-PPMP (1 to 16 mM) is shown in Figure 11. Appearance of
both p17 and p20 peptide fragments from the pro-caspase-3

Figure 9. Proposed interaction between different caspases
during apoptosis.

Figure 10. Western-blot identification of Caspase-3 activation
by indicated amount of L-PPMP.

p32 were observed when tested by Westernblot analysis (see
Method section). These results suggested the involvement of
Caspase-3 activation during apoptosis of the human carcinoma
cells from breast (SKBR3) and colon (Colo-205) ([86]; this will
be published in the next issue of this journal).

Modulation of β1,4GalT-4 activity in apoptotic carcinoma
cells induced by L-PPMP

In vitro biosynthetic steps of Sialo-LeX in Colo-205 cells have
been established in this laboratory previously [70–76]. Very lit-
tle is known about the biological roles of SA-LeX in metastasis
and apoptosis of human carcinoma cells. A systematic study on
the activities of different GSL:glycosyltransferases involved in
the biosynthesis of SA-LeX (Figure 2) has begun in our labora-
tory. Previously, we have observed that the β1,4GalT-4 activity
is overexpressed in several tumors in rats induced by adeno-
carcinoma cells [110]. Presently we have tested the activity of
β1,4GalT-4 (UDP-Gal: LcOse3Cer β1,4Galactosyltransferase)
in apoptotic SKBR3 cells treated with L-PPMP (5 to 20 µM). It
appeared (Table 1) that the β1,4GalT-4 activity was lowered by
35% when L-PPMP was added at a concentration of 20.0 µM.
A gradual reduction of the enzyme activity was observed be-
tween 5 and 20 µM concentration (Table 1). It is concluded that
the inhibition is not due to the presence of any L-PPMP in the
incubation mixture. The Golgi membranes were isolated from
the L-PPMP- treated cells before being tested for GalT-4 activ-
ity (UDP-Gal:LcOse3Cerβ1,4Galactosyl-transferase). Perhaps
this is due to the lowering of the total expression of the enzyme
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Figure 11. Activation cascade of Caspase-3 by Cytochome-c pathway induced by ceramide or inhibitors of the glycosphingolipids
syntheses (L-PPMP).

or its post-translational regulation or degradation. Quantitative
expression of GalT-4 mRNA [111] in the total mRNA is under
study using a cDNA clone isolated from human Colo-205 in
this laboratory [95,96].

Discussion

High expression of SA-Lex, SA-Lea, and LeX type epitopes
promote invasion metastasis of colon [32,62,66] and breast
carcinoma cells [68]. Expression of O-linked epitopes in LeX,
SA-LeX, or SA-Lea on the cell surfaces is the resultant expres-
sion of glycosyltransferase genes [73–76,112]. However, little
is known about their regulation during cancer cell invasiveness.

Table 1. Decrease in β1,4GalT-4 (UDP-Gal: LcOse3Cer β1,4-
Galactosyltransferase) in SKBR3 cells treated with L-PPMP for
48 h

% Activity
(L-Thero-PPMP)
Cell treatment Total Net change

Control (none) 100 –
5.0 µM 93.5 6.5 ± 0.4
20.0 µM 64.5 35.5 ± 4.0

Our present studies on the apoptosis initiation in colon Colo-
205 and breast SKBR3 cells in the presence of L-/D-PPMP or
L-/D-PDMP clearly indicated that the death-programming is
initiated with the inhibition of GSL-biosynthesis and concomi-
tant increase of ceramide concentration in these cell lines.

It has been shown recently [113] that ganglioside change
is caused by enhanced expression of ganglioside-specific
sialidase in colorectal cancer. Resulting lactosylceramide
(Galβ1,4Glcβ1,1Ceramide) is claimed to inhibit apoptosis,
mainly through increased Bcl-2 and decreased Caspase expres-
sions [32,113]. How lactosylceramide is signaling to enhance
Bcl-2 is not known.

There have been many studies on the effect of gangliosides
on various growth factor receptor tyrosine kinases [114]. If
it is believed that colon and breast carcinoma cell metastasis
are dependent on the higher oligosaccharide-containing lacto-
series glycosphingolipids (such as LeX, SA-LeX or SA-Leatype
GSLs), then changes in their biosynthesis may cause apoptosis
of these cells or an anti-metastatic effect.

Apoptosis is associated with LeY expression in various types
of cancer cells [115]. It is also observed that GD3 (disialosyl-
lactosyl-ceramide; NeuAcα2,8NeuAcα2,3Galβ1,4Glcβ1,1-
Ceramide) may affect some yet unknown process to enhance
tumor growth, invasiveness, and metastasis [116]. Addition
of GD3 or GD1b to both Colo-205 or SKBR3 cells caused
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apoptosis in these cells within 6 h and initiated Caspase-3
activation within 16 to 24 h [86,87]; a complete study will be
published in later issues of this journal). Our present obser-
vation on the decrease of β1, 4GalT-4 expression in SKBR3
cells after treatment with the GSL biosynthesis inhibitor
may suggest a regulation of these pathways during cancer
cell metastasis or apoptosis induced by cancer drugs [87] (a
complete paper will be published in the “Glycoconjugates and
Drugs” No. 1 issue of this journal).
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