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Globotriaosylceramide (Gb3) and globotetraosylceramide (Gb4) 
are the proposed functional receptors for Shiga toxin (Stx). To elu-
cidate the effect of Gb3 content on Stx-induced cytotoxicity in 
HeLa cells, we cloned HeLa cells and determined the correlation 
between glycolipids content and Stx-induced cytotoxicity. The 
29 HeLa cell clone (HLCC) lines used showed a wide range of sen-
sitivity to Stx, compared to Gb3-rich cells which were more sensi-
tive, showing as little as 20% viability to 100 pg/ml Stx. In con-
trast, Gb3-deficient cells proved resistant as they were more than 
80% viable to 100 ng/ml Stx. Gb3 content in the HLCC lines cor-
responded with Stxs-induced cytotoxicity as well as Gb3 synthase 
expression, but no correlation with Gb4 content was noted. 
These data show that Gb3 content, which is regulated by the ex-
pression of Gb3 synthase, determines the sensitivity of HeLa cells 
toward Stx. [BMB reports 2009; 42(5): 310-314]

INTRODUCTION

Shiga toxins (Stxs, also referred to as verotoxins), a family of 
bacterial protein toxins generated by Stx producing-Escherichia 
coli (STEC) such as E. coli serotype O157:H7, are believed to 
cause hemorrhagic colitis and hemolytic uremic syndrome 
(HUS) (1, 2). Stxs are divided into two main groups referred to 
as Stx1 and Stx2. Stx1 is essentially identical to Stx from 
Shigella dysenteria, whereas Stx2 is approximately 56% homo-
logous in amino acid sequence with Stx1 (3-5). The results of 
epidemiological and experimental studies have indicated Stx2 
may be of greater clinical significance than Stx1 (6, 7).
All shiga toxins consist of a single A subunit in association 
with several pentamer B subunits (8-10). The A subunit as a 
ribosomal RNA N-glycosidase removes the adenine of the 28S 
RNA within the 60S ribosomal subunit (11), thereby rendering 
ribosomes inactive for protein synthesis (12). In contrast, 

functionality of the B subunit requires binding to the plasma 
membrane and internalization (4). The B subunit of these to-
xins are 62% identical in amino acid sequence (9), and 
moreover bind specifically to the glycosphingolipid Gb3, 
which is present on select eukaryotic cells (13, 14). Stxs have 
further been reported to bind to globotetraosylceramide (Gb4), 
which harbors an N-acetyl-D-galactosamine residue that 
connects to the trisaccharide of Gb3 (15, 16). The binding of 
Stx2 to Gb4 apparently explains the preferential cytotoxicity 
for Vero and HeLa cells (17, 18). 
In a recent report Gb3 synthase knock-out mice exhibited a 
loss of sensitivity to verotoxins following the complete 
deletion of globo-series glycosphingolipids (19). However, the 
functional receptor that mediates Stx cytotoxicity remains 
unknown because it is unclear which of the two glycolipid 
receptors, either Gb3 or Gb4, is the principal factor mediating 
the observed loss of sensitivity to verotoxins. 
In this study, we cloned HeLa cells and analyzed their 
cytotoxicity to Stxs in order to determine the correlation 
between Gb3 and Gb4 content and Stx-induced cytotoxicity.

RESULTS

Gb3 content in HeLa cell clones
In this study 29 HLCC lines were obtained from the parental 
HeLa strain cell line by performing limiting dilutions. Basal 
levels of Gb3 and Gb4 content were assessed via several 
different techniques. The pattern of glycosphingolipid expre-
ssion was analyzed by TLC and revealed different levels of 
Gb3 and Gb4. However the content of LacCer and GlcCer was 
almost the same (Fig. 1). Quantification of Gb3 and Gb4 
revealed greater variation in Gb3 content (1.2-12.9 μg/mg 
protein) than in Gb4 (1.2-5.6 μg/mg protein). Varying levels of 
Gb3 were also observed when tested by flow cytometry (data 
not shown).

Differential sensitivity of HeLa cell clones to Shiga toxins
In order to evaluate the cytotoxicity of Stxs in HLCC lines, 
various dilutions of Stx1 (1 pg-100 ng/ml) were prepared and 
incubated with cell monolayers, followed by determining the 
number of remaining viable cells by MTT assay. A total of 29 
HLCC were acquired, including five highly-sensitive clones 
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Fig. 1. TLC of glycosphingolipids extracted from HLCC lines. Cellular
lipids were extracted from 1-2 × 106 cell with chloroform/methanol
(2:1), and Folch’s lower fractions that correspond to 0.12 mg cell pro-
tein were separated on TLC plates in a chloroform/methanol/water
(60:35:8) solvent system. Glycosphingolipids were visualized by spray-
ing orcinol-sulfuric acid reagent. 200 ng each of the standard glyco-
sphigolipids of Gb3 and Gb4 were separated on a TLC plate simulta-
neously and the position of each lipid is indicated. 

Fig. 2. Morphology of Stx-treated HeLa cells. HeLa cell clones were 
obtained from the parental strain HeLa cell line by limiting dilutions.
HLCC1 (A) and HLCC12 (B) (each 1 × 104) was incubated in a 96-
well plate with Stx1 (100 pg/ml) for 24 hr. Phase-contrast micrographs
of HLCC1 (C) and HLCC12 (D) are showed. Original magnification
×100.

Fig. 3. Correlation of Gb3, Gb4 content and cell viability in HLCC 
lines. Gb3 and Gb4 cell content in whole lines of HLCC was de-
termined as described in “materials and methods”. Cell viability in 
response to 100 pg/ml of Stx1 was determined by MTT assay, and 
was compared to quantified levels of Gb3 (A) and Gb4 (B). Also pre-
sented is the viability in response to Stx2, and was compared to levels
of Gb3 (C) and Gb4 (D). The solid line represents the best fit of the
data to a negative exponential equation.

with minimum CD50 (lower than 10 pg/ml Stx) values, and six 
low-sensitivity clones with an undetectable CD50 (higher than 
100 ng/ml Stx) values (data not shown). HLCC lines, which 
demonstrated considerably different levels of Gb3, were tested 
for viability in the presence of Stx1 (Fig. 2). Results reveal 
viability of the cell clones differs as levels of Gb3 range from 
deficient to rich. Cellular viability was reduced markedly upon 
increased levels of Stx1, and the HLCC lines evidenced a wide 
range of sensitivity. Gb3-rich cells (HLCC12) were more 
sensitive, showing as little as 20% viability to 100 pg/ml Stx. 
In contrast, Gb3-deficient cells (HLCC1) proved resistant, 

showing more than 80% viability to 100 ng/ml Stx. Therefore, 
these two lines were utilized in order to assess the mor-
phological changes induced by Stx. Eight hours following 
treatment of the two cell lines with Stx1 (100 pg/ml), cells rich 
in Gb3 (HLCC12) became apoptotic and displayed cytopla-
smic shrinkage. After 24 hours of incubation they were re-
leased in the culture medium, whereas no such morphological 
changes were observed in the Gb3-deficient cells (HLCC1).

Correlation of Gb3, Gb4 content and cell viability to Shiga 
toxins
Cellular viability in the presence of Stx1 (100 pg/ml) was 
inversely related to Gb3 content, as high levels of Gb3 were 
detected in relatively low-viability cases (less than 20%) and 
low levels of Gb3 were observed in relatively high-viability 
cases (more than 80%). This is a high level of correlation with 
an R2 value of 0.807 (Fig. 3A). In contrast, no such correlation 
was observed between cellular viability and Gb4 content (Fig. 
3B). A comparison with Stx2 further revealed the correlation 
between cell viability and levels of either Gb3 (R2=0.7473) or 
Gb4 was fairly similar to that of Stx1 (Fig. 3C, D).

Expression level of Gb3 synthase mRNA
To investigate the differing levels of Gb3 within the HLCC 
lines, the expression levels of enzymes that affect Gb3 content 
were assessed. The differential levels of α1,4Gal-T (Gb3 syn-
thase) expression were observed, but the expression level of 
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Fig. 4. Expression level of Gb3 metabolic enzymes in HLCC lines.
RNAs were prepared from whole line of HLCC, and RT-PCR was 
performed for Gb3 synthase, α-Gal A and G3PDH expression. (A) 
Representative analysis of RT-PCR products. (B) The bands were 
quantified and presented along with the relative optical density of 
the Gb3 synthase PCR signal, which is normalized to the PCR 
signal of G3PDH (black bars) and Gb3 content (gray bars).

α-galactosidase A, which catabolizes Gb3 to LacCer, was 
almost identical amount in all HLCC lines (Fig. 4A). The Gb3 
synthase/G3PDH ratio was approximately 10-fold greater in 
Gb3-rich cells (1.13) than in Gb3-poor cells (0.12), which is 
similar to the observed pattern of Gb3 content (Fig. 4B). In 
addition, our results demonstrate the expression level of Gb3 
synthase corresponds well to Gb3 content, as evidenced by a 
R2 value of 0.7602 (data not shown).

DISCUSSION

In this study, 29 HLCC lines were obtained from the parental 
HeLa cell strain via limiting dilution, and the basal levels of 
Gb3 and Gb4 were measured using several different methods. 
The pattern of glycosphingolipid expression was analyzed via 
TLC and revealed differences in Gb3 content among the HLCC 
lines. However the content of LacCer or GlcCer were almost 
identical. The HLCC lines displayed a wide range of sensitivity 
to Stx. Cell viability upon exposure to Stx is inversely 
proportional to Gb3 content, as high levels of Gb3 are present 
in low-viability cases, and low levels of Gb3 are seen in 
high-viability cases. Therefore these data indicate the Gb3 
content of HeLa cells determines the cytotoxic response to Stxs. 
The high sensitivity of Gb3-rich cells toward Stxs may be may 
be attributable to apoptosis, as reported by Fujii et al. (20).

Differences in cytotoxicity of Stx in the cloned cell lines 
have been described in several previous studies (21, 22). 
Accordingly, HeLa cells were cloned in this study and the 
correlation between Gb3 or Gb4 content and cell viability 
upon exposure to Stxs was assessed. In order to exclude the 
experimental artifacts due to unusual conditions, we assessed 
the cytotoxicity of Stx using all 29 HLCC lines, which conse-
quently have different levels of Gb3. The length of fatty acids 
has been previously shown to affect the mobility of glycolipids 

in TLC (23). In this study, these findings were also observed in 
HLCC 17. However, differences in sensitivity in HLCC 17 and 
other lines with the same level of Gb3 were not observed. In 
addition, the role of lipid rafts in signaling has been reported, 
as they function as physical platforms for the concentration 
and assembly of signal transduction machinery (24-26). Thus, 
the low-viability Gb3-rich cells upon exposure to Stxs may be 
a consequence of a membrane rich in lipid rafts, and this result 
would bolster the conclusions of previous studies (27, 28).

In an effort to elucidate the regulatory mechanisms under-
lying Gb3 synthesis in the HLCC lines, the expression levels of 
enzymes associated with Gb3 metabolism were assessed. 
While differential levels of α1,4Gal-T (Gb3 synthase) expre-
ssion were absorbed, α-galactosidase A displayed almost iden-
tical expression levels in all HLCC lines. The expression of 
Gb3 on the cellular surface was assessed via flow cytometry 
with anti-Gb3 mAb and found clone with high levels of Gb3 
synthase displayed stronger fluorescence than the low expre-
ssion clone (data not shown). In addition, the expression level 
of Gb3 synthase corresponds well to Gb3 content. These data 
show the level of Gb3 synthase expression determines the 
level of Gb3 in HeLa cells.

In an effort to understand the upregulation of Gb3 synthase, 
we evaluated the idea that cytokines could elicit secretion of 
TNF-α and IL-1, which would then bind to HeLa cells and 
induce expression of Gb3 via the well-established phenomenon 
of receptor-mediated Gb3 expression (29, 30). However, neither 
TNF-α nor IL-1 mRNA was observed to have a relationship 
with Gb3 content in our HLCC lines (data not shown). It was 
reported the exact mechanism of Gb3 synthase activation was 
unknown, however the results of the present study support the 
notion that a pathway of Gb3 expression in HeLa cells exists, 
and will require further study for its thorough elucidation.

In conclusion, our results demonstrate that the level of Gb3, 
which determines sensitivity toward Stxs, may be regulated in 
HeLa cells via the expression of Gb3 synthase. In addition, 
these cell lines should provide further insights into the 
molecular mechanisms underlying Gb3 expression relative to 
cytotoxic action, and further understanding of cell injury 
mediated by bacterial toxins, possibly in the development of a 
screening method that could protect against Stx-mediated 
cytotoxicity.

MATERIALS AND METHODS

Materials
Stx1 and Stx2 were purchased from Nacalai Tesque, Inc. 
(Kyoto, Japan). HisProbe-HRP was purchased from Pierce 
Biotechnology, Inc. (Rockford, IL). All other chemical reagents 
were acquired from Sigma-Aldrich Fine Chemical (St. Louis, 
Mo., USA.), unless otherwise indicated.

Cloning and maintenance of HeLa cells
The HeLa cell line (JCRB9004) was purchased from the Hu-
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man Science Research Resources Bank (Osaka, Japan) and 
maintained at 37oC in Dulbecco’s Modified Eagle’s Medium 
supplemented with 10% heat-inactivated (55oC, 30 min) fetal 
calf serum (Biological Industries, Haemek, Israel) under a 
humidified 5% CO2 atmosphere. Pre-cultured cells were cloned 
by limiting dilutions (21). The HeLa monolayers were dis-
aggregated in trypsin-EDTA (Invitrogen Japan K.K., Tokyo) and 
counted and diluted to 10 cell/ml in culture medium. Of this 
diluted cell suspension, 100 μl was seeded onto 96-well plates. 
Colonies that developed over 2 weeks were serially transferred 
to 12-well plates and then to 6-well and 10-cm culture dishes. 
Gb3 content of the HeLa cell clone (HLCC) was assessed in 
terms of its sensitivity to Stxs. Cells were recultured, retested 
and maintained via weekly passage. Phenotypic consistency 
was confirmed weekly over the course of these experiments.

Glycosphingolipid extraction 
Glycosphingolipids were extracted from HeLa cells grown in 
10-cm culture dishes. Cultured HLCC lines (1-2×106) were 
washed in PBS, scraped and precipitated after 5 min of 
centrifugation at 2,000 rpm. Cell pellets were homogenized 
with a micro homogenizer (Physcotron, Niti-on, Inc., Chiba, 
Japan) in 0.2-ml of H2O. Following the determination of 
protein content with a DC Protein Assay kit (Bio-Rad Labor-
atories, Hercules, CA), the cellular lipids were extracted from 
homogenates containing 5-10 mg of protein with 20 volumes 
of chloroform-methanol (2:1, v/v). After filtration using 90- mm 
5A filter papers (Toyo Roshi Kaisha, Ltd., Tokyo, Japan), total 
extracts were dried and further treated for 2 h with 1 ml of 
methanolic NaOH (0.2 M NaOH in methanol) at 40oC. After 
neutralizing the solution with glacial acetic acid, the lipids 
were further subjected to Folch’s partitioning (chlo-
roform-methanol-H2O, 8:4:3 in v/v/v) (31). Glycosphin-
golipids recovered in the lower phase were pooled and dried, 
and the Folch’s lower fractions were utilized as a sample of 
cellular glycosphingolipids.

High-performance thin-layer chromatography (HPTLC)
The entire content of glycosphingolipids was extracted from 
1-2×106 of HLCC lines as described above, and were sepa-
rated on a HPTLC-Silica gel 60 plates (Merck & Co., Inc., 
Whitehouse Station, NJ) in a chloroform-methanol-water (60: 
35:8, v/v/v) solvent system. Glycosphingolipids were visua-
lized by spraying orcinol-sulfuric acid reagent for 5-10 min at 
100oC as previously described (32).

Quantification of Gb3 and Gb4
The content of Gb3 in the HLCC lines was determined via 
1B-His binding assay, as described in our previous study [32]. 
In order to determine Gb4 content, TLC analysis was con-
ducted quantitatively with TLC plates using a solvent system of 
chloroform-methanol-water (60:35:8, v/v/v). Glycosphingo-
lipids were visualized by spraying with orcinol-sulfuric acid 
reagent; and the Gb4 band intensities were determined using 

Scion Image image processing software (Scion Corporation, 
Frederick, MD).

Cell viability assay
HLCC lines were plated at 1×104 cells/well in 96-well plates, 
then allowed to settle via overnight cultivation. Stx1 and Stx2 
were diluted to 100 pg/ml in culture medium, and 100 μl of 
the dilutions were transferred to the cells. After 48 h of 
incubation, viable cell counts were estimated using an MTT In 
Vitro Toxicology Assay Kit (Sigma, St. Louis, Mo., USA.), in 
accordance with the manufacturer’s recommendations. Absor-
bance was measured at 570 nm and the cell viability was 
expressed as a percentage of the untreated cell count.

Reverse transcription-PCR (RT-PCR) analysis
For RT-PCR, total RNA was extracted using RNAiso (Takara 
Biotech. Co., Otsu, Japan) in accordance with the supplier’s 
protocols. The cDNA was synthesized using an RNA PCR Kit 
(Takara) by incubating incubation 500 μg of cellular RNA in a 
10 μl reaction mixture containing 5 mM MgCl2, 2.5 μM of a 
Random 9-mer Primer, 1 mM each deoxynucleoside tripho-
sphate, RNase inhibitor and AMV Reverse Transcriptase for 15 
min at 42oC. PCR was conducted using TaKaRa Ex Taq DNA 
polymerase in accordance with the supplier’s recommen-
dations. cDNA was utilized as a template for amplifying the 
coding region of the gene using specific primers as follows:　
for Gb3 synthase, forward primer 5'-TTCTTCCTGGAGACTT 
CAGA- 3' and reverse primer 5'-CGCAGGTTCTTGAGAAC 
AAT-3'; for α-galactosidase A, forward primer 5'-GTCCTTGGC 
CCTGAATAG-3' and reverse primer 5'-TCATTCCAACCCCC 
TGGT-3', and for the control amplimer, Glyceraldehyde 3- 
Phosphate Dehydrogenase (G3PDH) (Takara), forward primer 
5'-ACCACAGTCCATGCCATCAC-3' and reverse primer 5'-T 
CCACCACCCTGTTGCTGTA-3'. Sizes of the PCR products for 
Gb3 synthase, ＜-galactosidase A and G3PDH were deter-
mined to be 368 bp, 231 bp and 452 bp, respectively.
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