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Chapter 2 

Manipulation of glucosylceramide concentration 
does not affect protein synthesis, cell growth and 

p70S6 kinase activation in HepG2 cells. 

Abstract 
Lipids are no longer considered as merely const i tuents of cellular 

membranes . Many lipids are now believed to play a role in cellular signalling. 
Ceramide, for example, plays a role in signal t ransduct ion pathways leading 
to different metabolic outcomes, varying from apoptosis to inflammatory 
reactions, proliferation and differentiation. Glucosylceramide is believed to 
play a role in anabolic signalling, leading to proliferation and, in the case of 
cells of the immune system, activation. Although many studies have been 
conducted to elucidate the role of glucosylceramide and glycosphingolipids in 
cellular proliferation, little is known about the signal t ransduct ion pathway 
that is mediated by these lipids. Most s tudies that at tempt to determine the 
effects of glucosylceramide use conduritol B epoxide (CBE) and l-phenyl-2-
decanoylamino-3-morpholino-l-propanol (PDMP) to manipulate 
glucosylceramide levels. CBE is an irreversible inhibitor of (lysosomal) 
glucocerebrosidase, which can be used to mimic Gaucher disease in animal 
models and cell cul tures. PDMP is a ceramide analogue, which functions as 
an inhibitor of glucosylceramide synthase, thereby depleting the 
glucosylceramide contents of the cell and subsequently increasing the 
ceramide concentration. 

In this study, protein synthesis and cell growth were determined before and 
after manipulat ion of the intracellular glucosylceramide concentration of 
cultured HepG2 cells. Furthermore, phosphorylation of p70S6 kinase, which 
plays a prominent role in the activation of protein synthesis, was 
investigated. It appeared tha t in HepG2 cells manipulat ion of the 
glucosylceramide concentration by incubation with either CBE or PDMP did 
not affect the rate of cell growth, protein synthesis or the phosphorylation of 
p70S6 kinase. 
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Introduction 
Gaucher disease is the most prevalent lysosomal storage disorder 

(reviewed by Beutler and Grabowski [1] and Barranger and Ginns [2]). The 
genetic defect in the lysosomal glucocerebrosidase gene is autosomal 
recessively inherited. Due to dysfunction of this lysosomal 
glucocerebrosidase, the subst ra te glucosylceramide (GlcCer) is mainly stored 
in the lysosomes of t issue macrophages. These lipid-laden, activated 
macrophages are called Gaucher cells and display a distinct phenotype. The 
most prominent clinical features of Gaucher disease are hepatosplenomegaly 
and boneinvolvement. It is believed that the presence of Gaucher cells in the 
liver and spleen is partly responsible for the marked hepatosplenomegaly. A 
second mechanism that causes hepatosplenomegaly is believed to be cellular 
proliferation induced by the storage product GlcCer, which allegedly plays a 
role in anabolic signal t ransduct ion pathways [2-5]. In contrast, ceramide, 
the precursor and breakdown product of GlcCer, is responsible for 
inflammatory reactions that include activation of cells of the immune system 
and for catabolic signal t ransduct ion pathways leading to cell death [6;7]. 
There is an ongoing debate about the physiological relevance of the ceramide 
pathways [8;9]. 

Many studies have been conducted to elucidate the role of 
glycosphingolipids in cellular proliferation (reviewed in chapter 1 of this 
thesis). In these studies animal models or in vitro models for Gaucher 
disease were induced by long-term treatment of the desired model with CBE, 
an inhibitor of lysosomal glucocerebrosidase. In a mouse model that was 
created with CBE, liver and brain t issue proliferated due to increased GlcCer 
[4]. In several CBE-induced Gaucher t issue culture models the rates of 
proliferation were increased compared with non-CBE-treated cells. These 
proliferative responses could be reversed by PDMP, an inhibitor of 
glucosylceramide synthase (see chapter 1). Inhibition of GlcCer synthase by 
PDMP decreased the level of GlcCer and consequently increased intracellular 
ceramide levels. Another observation that GlcCer is involved in cellular 
proliferation was made in multidrug-resistant (MDR) cancer cells. It was 
shown that these cells had high intracellular levels of GlcCer [10] and 
inhibition of GlcCer synthesis by chemotherapeutic compounds, like 
tamoxifen, verapamil and cyclosporin A, or by PDMP reversed MDR [11]. 

Previously, the existence of an amino acid-induced anabolic signal 
t ransduct ion pathway in rat hepatocytes was reported, leading to the mTOR-
dependent phosphorylation of the ribosomal protein S6 [12; 13]. In these 
studies, it was also shown that the increase in S6 phosphorylation in 
response to amino acids was accompanied by decreased autophagic 
proteolysis and increased protein synthesis. The existence of an amino acid-
dependent s e r / t h r kinase pathway leading to the phosphorylation of p70S6 
kinase, a kinase responsible for the phosphorylation of S6, and also of 4E-
BP1, a protein involved in the control of the initiation of protein synthesis, 
was recently confirmed in other cell types (reviewed by van Sluijters et al. 
[14]). The phosphorylation of both S6 and 4E-BP1 are important steps in the 
induction of protein synthesis. The lipid kinase PI-3-kinase is also believed 
to play a role in the amino acid-stimulated phosphorylation of p70S6 kinase 
and 4E-BP1 (reviewed by van Sluijters et al. [14]). 

In order to obtain information on the possible role of GlcCer in the 
control of cell proliferation, the GlcCer levels of the h u m a n hepatoma cell-
line HepG2 were manipulated by incubation with CBE or PDMP. The effect of 
altered GlcCer concentration on protein synthesis was dermined either in the 
absence or in the presence of amino acids. Furthermore, the effect of 
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changes in GlcCer concentration on the amino acid-induced signal 
t ransduct ion pathway, was determined. It is shown tha t in HepG2 cells 
changes in the amount of intracellular GlcCer have no effect on either 
protein synthesis or amino acid-mediated signal t ransduct ion. 

Materials and methods 

Materials 
PDMP, rapamycin, Folin reagens and the chemicals for enhanced chemi-luminescence 

(ECL) were obtained from Sigma (ST. Louis, MO, USA). LY294002 and CBE was obtained from 
Biomol (Plymouth Meeting, PA, USA). Rabbit anti-p70S6 kinase and rabbit anti-MAP kinase 
antibodieswere obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Goat anti-
rabbit HRP conjugated antibody was obtained from Biorad (Hercules, CA, USA). 

All other chemicals and enzymes were obtained from either Boehringer (Mannheim, 
Germany) or Sigma (St. Louis, MO, USA). 

Methods 
Cell culture 

HepG2 cells were grown to confluence in HAM/DMEM (1/ l(Gibco BRL Life Technologies, 
Paisley, Scotland) supplemented with 10% FCS (Gibco BRL Life Technologies, Paisley, 
Scotland) at 37 °C and 5 % CO2. CBE (300 uM) and PDMP (15 uM) were added to the culture 
medium either 3 or 6 days prior to the experiments. In the experiments, cells were incubated 
with the indicated compounds for the indicated time periods. 

DAM quantification 
DNA was quantified as was previously described by Labarca and Paigen [15]. HepG2 cells 

were homogenised in phosphate-saline buffer (50 mM Na2P04 , 2 mM EDTA, 2 M NaCl, pH 
7.4) and briefly sonicated. Aliquots of the homogenate were mixed with phosphate-saline 
buffer containing Hoechst 33258 to a final concentration of 1 ug/ml. Fluorescence was 
measured at excitation wavelength 356 nm and emission wavelength 458 nm. 

Protein quantification 
Cells were lysed in distilled water and briefly sonicated. Protein was measured by Lowry 

assay [16] using a standard BSA solution for calibration. 

Protein synthesis 
Protein synthesis was measured as incorporation of L-[14C]valine according to Hensgens 

and Meijer [17]. Prior to the determination of protein synthesis the cells were incubated 
overnight in minimal medium (Krebs-Henseleit bicarbonate buffer plus 10 mM Na-Hepes (pH 
7.4) and 20 mM glucose) supplemented with a complete mixture of amino acids at a 
concentration 4 times the concentration found in the portal vein of a fasted rat [18] except 
that the leucine concentration was 1 mM. At t=0 the cells were washed 3 times with minimal 
medium and incubated for 1 or 3 hours in minimal medium supplemented with 0.4 uCi L-
[14C] valine and the complete mixture of amino acids as described above except that the 
concentration of valine was 2.5 mM. After the incubation cells were washed 4 times with 
minimal medium supplemented with 2.5 mM valine. The cells were taken up in 10 % 
trichloric acid (TCA) and the precipitated protein pellet was washed 4 times with 10% TCA 
supplemented with 2.5 mM valine. The pellet was dissolved in 0.1 M KOH and the 
incorporated L-[HC] valine was determined with a ß-counter. 

Lipid extraction 
Cells were homogenised in 1 ml of distilled water and briefly sonicated. 500 ul of the 

homogenate was used to determine the protein content. The remaining 500 ul were used to 
extract the lipids according to Folch [19]. The lipids were extracted in CHCb:MeOH =1:1 (v/v) 
for 1 h at room temperature under constant stirring. Precipitated proteins were collected by 
centrifugation and the pellet was re-extracted twice as described above. The total 
CHCl3:MeOH fraction was brought to CHCLr.MeOH: NaCl (0.73%) = 2:1:0.6 (by volume) and 
mixed. The phases were separated by centrifugation at 3000 rpm for 5 min and the lower 
CHCb phase was retrieved in a clean glass tube. The upper phase was re-extracted twice with 
CHCI3. The CHCb fractions were pooled and dried under nitrogen. The lipid residue was taken 
up in CHCb:MeOH = 2:1 (v/v) and spotted on a Silica gel TLC plate. 
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Separation by TLC and charring densitometry 
The lipids were separated by thin layer chromatography using two solvents. The first 

solvent, CHCl3:MeOH:H20:NH40H = 50:50:2:1 (by volume), was allowed to migrate to 70% of 
the TLC plate. The TLC plate was dried and developed farther by migration in the same 
direction of a second solvent, CHCl3:MeOH:H20:NH40H = 90:10:0.5:0.5 (by volume) to 100%. 
To visualise the lipids, the TLC plate was sprayed with 3% Cu(Ac)a in 8% H3PO4 and dried 
during 20 min at 180 °C. GlcCer was quantified by densitometry using a standard solution for 
calibration. 

Gel retardation assay 
After incubation with the indicated compounds, the cells were lysed in 500 jjl of SDS 

sample buffer and brought to 95°C for 5 min. An equivalent of 60-80 |jg of cell protein per 
sample was separated by SDS-PAGE. In order to separate the different phosphorylated forms 
of p70S5 kinase a 10% Polyacrylamide gel was used. After separation a standard Western 
Blotting procedure was performed and the PVDF blot was incubated with an antibody against 
p70S6 kinase. The proteins were specifically visualised by enhanced chemi-luminescence 
(ECL). 

Results 

To determine whether HepG2 cells were affected by incubation with CBE 
and PDMP, GlcCer was visualised by TLC and charring. As shown in Fig. 1, 
after incubation with CBE for 3 days the amount of GlcCer increased 
compared to control cells, whereas incubation with PDMP for 3 days 
decreased the amount of GlcCer to hardly detectable levels, as expected. 
Incubation with CBE and PDMP for 6 days did not have an additional effect 
on GlcCer. Because ceramide cannot be separated from other neutral 
sphingolipids and fatty acids, the increase in intracellular ceramide 
concentration that accompanies the decrease in GlcCer induced by PDMP 
could not be detected by TLC. 

lltlll 
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Fig. 1. The effect of CBE and PDMP incubation on intracellular GlcCer in 
H e p G 2 cel ls . HepG2 cells were grown for 3 and 6 days in the presence or absence of GlcCer 
or PDMP. Lipid extracts and separation were performed as described in "Materials and 
Methods". 

Glucosylceramide 
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The amount of protein and the amount of DNA per well were determined 
after incubation with CBE or PDMP for 3 days. In Table 1 it is shown that 
the amount of protein per well was similar unde r control conditions, in the 
presence of CBE or of PDMP. The amount of DNA was also similar unde r the 
three culture conditions. 

Protein (mg/well) DNA (ug/well) 
Control 1.30 + 0.02 (4) 92.0 ± 0.8 (4) 
CBE 1.27 ± 0 . 0 3 (4) 87.5 ± 4.3 (4) 
PDMP 1.23 ± 0 . 0 7 (4) 88.0 ± 7.4 (4) 
Table 1. The amoun t of protein and DNA per well after 3 days culture. HepG2 
cells were grown for 3 days under control conditions and in the presence of CBE or PDMP. 
Protein and DNA were determined as described in "Materials and Methods". The mean 
amount of protein and DNA is depicted ± sem. 

The rate of protein synthesis was not affected by CBE (Table 2). 
Surprisingly, rapamycin, an inhibitor of p70S6 kinase phosphorylation, did 
not inhibit the rate of protein synthesis. The PI-3-kinase inhibitors 3-
methyladenine and wortmannin did inhibit protein synthesis, as expected. 

Control (nmol va l /mg protein/h) CBE (nmol va l /mg 
p r o t e i n / h } _ 

Control 5 . 1 + 0 . 2 4.8 + 0.3 
3-Methyladenine 3 . 0 ± 0 . 2 2.8 + 0.1 
Wortmannin 2.1 ± 0.1 2.7 ± 0.1 
Rapamycin 6 . 1 + 0 . 4 6.5 ± 0.3 
Table 2. Protein synthesis in HepG2 cells in the presence and in the absence 
of C B E . 3-Methyladenine was used at 10 mM, wortmannin at 100 nM, rapamycin at 100 nM 
and CBE at 300 |aM. Cycloheximide (25 |aM), a known inhibitor of protein synthesis, was used 
as a negative control. Protein synthesis is expressed in nmol valine/mg protein/h ± sem, as 
the mean of 2 independent experiments. 

Taken together, these findings indicate tha t in HepG2 cells changes in 
ceramide and GlcCer concentration have no effect on cellular proliferation. 

The phosphorylation of p70S6 kinase was increased upon incubation of 
the HepG2 cells with 4xAA (Fig. 2). This was expected from similar 
experiments with primary rat hepatocytes (see part II of this thesis). Changes 
in the levels of GlcCer had no effect on the amino acid induced 
phosphorylation of p70S6 kinase. Incubation with either CBE or PDMP did 
not affect p70S6 kinase phosphorylation, either in the presence or in the 
absence of amino acids (Fig. 2). 
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- ^ ^ ^ — P70S6 kinase 

CBE - + - + 
PDMP - - + + 
4xAA - - - + + + 

Fig. 2 The effect of CBE and PDMP on p70S6 kinase phosphorylation in the 
presence and absence of amino acids. HepG2 cells were incubated for 3 days in the 
presence or absence of CBE or PDMP. After incubation overnight with minimal medium 
supplemented with 5 mM glucose, the cells were incubated in the presence or absence of 
4xAA. The phosphorylation of p70S6 kinase was determined as described in "Materials and 
Methods". 

Discussion 

This s tudy showed a lack of response of HepG2 cells to changes in the 
intracellular levels of GlcCer. This is in contrast with previous findings in 
animal studies and other cell types (see chapter 1 of this thesis). There are 
multiple explanations for our findings. Firstly, the basal level of GlcCer in 
HepG2 cells was high relative to primary rat hepatocytes (about 0.9-1 
nmol /mg protein versus 0.08-0.09 n m o l / m g protein). HepG2 cells display a 
high proliferation rate. Because increased concentration of GlcCer is believed 
to lead to increased proliferation [20-22] and oncogenic transformation 
[23;24], the concentration of GlcCer in HepG2 cells might be involved in the 
regulation of the proliferation. In MDCK cells, the proliferative response of 
these cells upon t reatment with CBE was less pronounced than the 
inhibition of proliferation upon t reatment with PDMP [20]. Furthermore, in 
MCT cells a similar mechanism was described. MCT cells grown in high 
glucose had increased concentration of GlcCer. However, the increase in 
GlcCer concentration had no effect on the proliferation rate, whereas a 
decrease in GlcCer by incubation PDMP inhibited proliferation significantly 
[21]. In both studies it was concluded that in these cell lines the GlcCer 
concentration was already at a level needed for active growth and that , 
therefore, an increase in this level had no additional effect. However, HepG2 
cells did not respond to either an increase or decrease of GlcCer 
concentration. Analogous to the hypothesis by Shayman et al. this could 
indicate that HepG2 cells, even after incubation with PDMP, contain enough 
GlcCer maintain the proliferation rate. 

As expected, protein synthesis in HepG2 cells was inhibited by the PI-3-
kinase inhibitors wortmannin and 3-methyladenine. Surprisingly, inhibition 
of p70S6 kinase and 4E-BP1 phosphorylation by rapamycin had no effect on 
protein synthesis. In another s tudy (described in chapter 2 in part II of this 
thesis) it was shown that amino acid dependent phosphorylation of p70S6 
kinase is rapamycin-sensitive. This would suggest that the inhibitors of the 
ups t ream component PI-3-kinase, wortmannin and 3-methyladenine, do not 
affect protein synthesis via PI-3-kinase inhibition bu t ra ther by aspecific 
inhibitory actions. It has been suggested previously that the PI-3-kinase 
inhibitors LY294002 and wortmannin may not be entirely specific [25-27]. 
Based on the fact that protein synthesis in HepG2 cells is not inhibited by 
rapamycin it may be hypothesised that a component downstream of p70S6 
kinase, involved in the initiation of protein synthesis, is constitutively active. 

In line with the lack of effect on protein synthesis, manipulat ion of 
GlcCer did not influence the p70S6 kinase phosphorylation, either in the 
presence or absence of amino acids. If indeed HepG2 cells have a 

40 



Manipulation of glucosylceramide concentration 

constitutively active anabolic signal t ransduct ion pathway this is not a 
suitable model for studying the anabolic effects of GlcCer. 

Taken together, the data presented in this chapter give no evidence that 
changes in the GlcCer concentration affect protein synthesis. It remains to 
be determined whether hepatosplenomegaly in Gaucher disease is partly 
caused by GlcCer-induced proliferation. 
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