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2DG

2-deoxy-D-glucose

BSA

Bovine serum albumin

IC50

Concentration of a toxin which inhibits protein synthesis by 50%

cDNA

Complementary DNA

DMEM

Dulbecco’s modified Eagle’s medium

DRM

Detergent resistant membrane domain

DT

Diphtheria toxin

EDTA

Ethylenediaminetetraacetic acid

ER

Endoplasmic reticulum

FBS

Fetal bovine serum

Gb3

Globotriaosylceramide

Gb3syn

Gb3 synthase gene

GSL

Glycosphingolipid

HUS

Haemolytic uremic syndrome

MESNa

Sodium 2-mercaptoethanesulfonate

PBS

Phosphate buffered saline

PDMP

DL-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol

PCR

Polymerase chain reaction

qRT-PCR

Quantitative real time reverse transcription polymerase chain reaction

RPMI

Medium developed by Moore et al. at Roswell Park Memorial Institute

RT

Room temperature

RT-PCR

Reverse transcription polymerase chain reaction

SEM

Standard error of the mean

SLT

Shiga-like toxin

Stx

Shiga toxin

StxB-sulf2

A modified B-moiety of Stx containing two sulfation sites

TBP

TATA-binding protein

TCA

Trichloroacetic acid
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Abstract
Gb3 (Gal α1-4, Gal β1-4, Glc β1-1, Ceramide) is a neutral glycosphingolipid specifically
expressed in several human tissues, and is recognised as a receptor for Shiga toxins. Gb3 has
been demonstrated to be upregulated in a number of cancer types [1], which makes it a
feasible target for cancer diagnosis and therapy. However, little is known about the
regulation of Gb3 biosynthesis in the cells, and further investigations are needed. In this
study, a quantitative real time RT-PCR technique was used to investigate the changes in Gb3
synthase gene (Gb3syn) expression in several cancer cell lines. We demonstrated that
Gb3syn expression was upregulated in response to higher cell density and longer culturing
time in HEp-2 cells, while no regulation was detected in other cell lines tested. The effects of
two Gb3 synthesis modulating compounds, 2-deoxy-D-glucose (2DG) and sodium butyrate,
were also studied. 2DG inhibited the expression of Gb3syn in HEp-2 cells and induced cell
protection against Shiga toxin (Stx) and diphtheria toxin (DT). The binding and endocytosis
of Stx was not affected by 2DG, and cell sensitivity to Stx was not rescued by pyruvate
indicating that the protection observed after 2DG treatment was not due to lack of ATP.
Thus it was concluded that later steps of intoxication by Stx, retrograde transport to the
Golgi apparatus and the endoplasmic reticulum and/or translocation to the cytosol, were
perturbed by 2DG-treatment and led to cell protection against the toxin. In contrast, sodium
butyrate upregulated Gb3syn expression in colon cancer cells, and increased their sensitivity
to Stx. The data indicated that two distinct mechanisms, changed intracellular transport
and/or higher binding of the toxins, were responsible for cell sensitisation by sodium
butyrate. Finally, the relation between Gb3 and cancer cell metastatic potential was studied
using a live time-lapse imaging combined with immunofluorescence microscopy, which
allowed us to analyse individual cells. The preliminary data suggest that there is a
correlation between Gb3 exposed on the plasma membrane and the motility of cancer cells.
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Aim of the study
Gb3 is a neutral glycosphingolipid specifically expressed in several human tissues with the
highest levels present in kidneys [2-4], microvascular endothelium [5;6] and platelets [7].
Gb3 serves as a receptor for several protein toxins, such as Shiga toxin and ricin, and also
has been found to be over-expressed in numerous cancer types [1]. Moreover, several studies
have indicated a relation between the expression of Gb3 and cancer metastasis [8;9], thus
making Gb3 a feasible target for cancer diagnosis and therapy. However, little is known
about the regulation of Gb3 synthesis in the cells. An increased knowledge about Gb3
expression may help to understand the development and progression of cancer, and thereby
suggest new ways for cancer diagnosis and treatment.
The first part of this study was focused on the regulation of Gb3 synthesis in cancer cells.
We studied expression of the Gb3 synthase gene (Gb3syn) in several cancer cell lines, and
investigated changes induced by two Gb3 synthesis modulating compounds, 2-deoxy-Dglucose (2DG) and sodium butyrate. To investigate the consequences of altered expression
of Gb3syn and the associated changes in cellular Gb3, we used Shiga toxin and other protein
toxins to study the levels of Gb3 available for ligand binding. Furthermore, changes in cell
sensitivity to these toxins allowed us to predict molecular effects provoked by 2DG and
sodium butyrate in cancer cells.
In the second part of the study, we investigated a possible relationship between Gb3 and
metastatic potential of cancer cells. Furthermore, since the level of detectable Gb3 had been
shown to vary dramatically not only between different cell types, but also within the same
cell culture, a method based on individual cell analysis was needed. Therefore, we combined
two methods, the continuous phase contrast imaging followed by the conventional
immunofluorescence microscopy. This approach allowed us to study a direct correlation
between migratory capacity and the cellular Gb3 of an individual cell.
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1. Introduction
1.1. Sphingolipids
Sphingolipids are a diverse group of lipids sharing a common backbone structure consisting
of a fatty acid chain linked via an amide bond to a long-chain aliphatic base – sphingoid
(Fig. 1.1). Sphingolipids have longer and more saturated hydrocarbon chains than other
membrane lipids, and thus they are thought to accumulate in specialized transient
cholesterol-rich membrane domains called lipid rafts [10]. However, due to their nano-scale
size and dynamicity, lipid rafts are difficult to study. Most of the studies on lipid rafts are
based on detergent extraction and/or labelling with multivalent ligands which may cause
redistribution and clustering of specific lipids [11]. Therefore, there is still an ongoing
debate about the existence and functions of lipid rafts in natural biological membranes.
However, the controversies in the field inspired new efforts, and advanced microscoping
techniques, which can go beyond the diffraction limit, and improved lipidome analysis are
now being employed in the field [12].

1.1.1. Synthesis and metabolism
The simplest sphingolipid, ceramide, serves as a key intermediate molecule for the synthesis
of complex sphingolipids. Ceramide can be synthesised de novo from serine and fatty acids –
fatty acids enter the reaction bound to coenzyme A (FA-CoA) (Fig. 1.1). Ceramide can also
be rapidly formed by the breakdown of more complex sphingolipids, such as sphingomyelin
[13]. De novo synthesis of ceramide occurs on the cytosolic side of the endoplasmic
reticulum (ER) and possibly in ER-associated membranes such as the perinuclear membrane
[14]. However, more complex sphingolipids and glycosphingolipids are synthesised in the
Golgi, and thus ceramide needs to be transported between the ER and the Golgi (Fig. 1.2).
Two distinct pathways have been revealed for ceramide transport from the ER to the Golgi:
(i) non-vesicular transport by ceramide transfer protein CERT and (ii) vesicular transport.
The CERT-mediated transport of ceramide has been shown to deliver ceramide specifically
for the synthesis of sphingomyelin, while de novo glycosphingolipid synthesis in the Golgi
has been suggested to be CERT-transport independent [15].

12

Fig. 1.1. De novo biosynthesis of ceramide. During the first two reactions, dihydrosphingosine (dhSph) is
synthesised from serine and palmitic acid (C16:0). The dhSph is then N-acylated by fatty acyl-CoA (FA-CoA)
to form dihydroceramide (not shown). Finally, the dhSph part of the dihydroceramide is desaturated in the
position 4,5 and ceramide is formed. The sphingosine is depicted in yellow, and the fatty acyl chain is marked
in green (here shown as C18:0) in the structure of the ceramide. More complex sphingolipids can be
synthesised by the addition of head groups such as carbohydrates (glycosphingolipids) or phosphocholine
(sphingomyelin) to the ceramide backbone. The head groups of complex sphingolipids are linked via the
hydroxyl group shown in red.

1.1.2. Glycosphingolipids
Glycosphingolipids (GSLs) share a common backbone structure (ceramide) with other
sphingolipids, but are distinguished from the rest by carbohydrates attached to the terminal
hydroxyl group of the ceramide [16]. Monoglycosylceramides, GSLs containing a single
sugar molecule, are synthesized by a direct transfer of the carbohydrate moiety from a sugarnucleotide, e.g. uridine 5-biphosphate(UDP)-galactose or UDP-glucose, to ceramide [13].
The galactosylation and glycosylation of ceramide take place in two different compartments
of the cell: galactosylceramide (GalCer) is synthesized on the luminal side of the ER
membrane, while glucosylceramide (GluCer) is synthesized on the cytosolic surface of the
Golgi membrane [11]. GluCer, which is the precursor of the majority of GSLs in the cells, is
translocated to the lumen of the Golgi where the synthesis of more complex GSLs occurs
[14] (Fig. 1.2). GluCer is then converted to lactosylceramide (LacCer) by the addition of one
galactose residue, and it is then further glycosylated to more complex GSLs [11] as shown in
Fig. 1.3.
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Fig. 1.2. Sphingolipid metabolism. De novo synthetic pathway of sphingolipids is depicted by green arrows.
De novo synthesis of ceramide (Cer) occurs in the cytosolic side of the endoplasmic reticulum (ER) and
possibly in ER-associated membranes, such as the perinuclear membrane. The newly synthesised Cer is
transported to the Golgi by either vesicular or non-vesicular transport. The non-vesicular transport of Cer is
mediated by ceramide transfer protein CERT which specifically delivers Cer for the synthesis of
sphingomyelin (SM) [15]. The Cer transported by vesicles enters glycosphingolipid (GSL) synthesis pathway.
Glucosylceramide (GluCer) is synthesised on the cytosolic side of the Golgi membrane and transferred to
distal Golgi compartments. This can be accomplished by the flow of Golgi membrane – vesicular
transport/cisternal maturation [17] (not shown), or by non-vesicular transport mediated by protein FAPP2 [18].
Further synthesis of GSLs takes place in the lumen of the distal Golgi compartments. Thus GluCer is
translocated from cytosolic to luminal leaflet of the Golgi membrane [14]. Delivery of Golgi-synthesised SM
and complex GSLs to the plasma membrane occurs by vesicular transport. Acid sphingomyelinase (SMase)
present in the outer leaflet of the plasma membrane or neutral SMase in the inner leaflet can metabolize SM to
Cer, and thus new Cer may also be generated on the plasma membrane. SM and GSLs can be internalised
through endosomal pathways and reach a lysosomal compartment, where they are degraded by SMase and
glucosidases to form Cer [14]. Finally, Cer is hydrolysed by acid ceramidase (CDase) to form sphingosine
(Sph). It is postulated, that Sph may be salvaged from lysosomal degradation and recycled back to ER for
synthesis of Cer [14]. Salvage pathway is depicted in dashed arrows. The figure is modified from a review
article by Hannun and Obeid [14].
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1.1.3. Functions of glycosphingolipids
Since the discovery of the most common GSLs such as GluCer, GalCer, sulfatide, LacCer
and brain gangliosides in 1960s [19], extensive effort has been made to understand their role
(in the context of a single cell and that of a whole organism). GSLs were found to interact
with specific functional proteins such as integrins, growth factor receptors and be important
for the localisation of signal transducers (e.g. Src family kinases [20]). Moreover, GSLs
were shown to be involved in cell adhesion, signal transduction, phenotype determination,
growth, motility and differentiation [19]. Some examples on how these processes depend on
GSLs are mentioned below.
A concept of “glycosynapse”, a membrane microdomain involved in carbohydratedependent cell adhesion and signal transduction events, was introduced by Hakomori in
2002, emphasising the role of GSLs in signalling across the cellular membrane [21]. The
concept is based on numerous examples of positive and negative effects on signal
transduction which are described for specific GSLs, e.g. (i) ganglioside GM3 interacts with
the extracellular part of the epidermal growth factor receptor (EGF-R) and inhibits tyrosine
phosphorylation without affecting binding of the ligand [22], (ii) binding of Shiga toxin to
its receptor, globotriaosylceramide (Gb3), activates Syk kinase and induces signalling which
facilitates endocytosis of the toxin [23].
The expression of certain GSLs is strictly regulated during embryonic development
suggesting their implication in the determination of the cell fate [21;24]. In vivo studies on
genetically engineered mice with disrupted genes for specific glycosyl-transferases revealed
that GluCer, the precursor for majority of complex GSLs, was essential for embryonic
development and cellular differentiation. Offspring lacking active glucosylceramide
synthase showed embryonic lethality at a very early stage [25;26]. The knock-out of
individual glycosyl-transferases, involved in synthesis of more complex GSLs, displayed
less profound or no effects in mouse models suggesting functional subdivision among
complex GSLs: the functional role of the missing GSL may be taken over by existing GSLs
and therefore no well-defined changes can be observed [26].
Multiple GSLs are recognised as tumour-associated antigens [21]. Cancer related changes in
glycosylation are described in 1.2.
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Fig. 1.3. Synthesis of glycosphingolipids. Glucosylceramide (GluCer) is used as a precursor for the synthesis
of majority of GSLs in the cell, while galactosylceramide (GalCer) is metabolised only to a few GSLs, such as
sulfatide [27]. Based on the core structure of the carbohydrate chain, lactosylceramide (LacCer)-originated
GSLs are subdivided into three subclasses: globo-, lacto- and ganglio-series GSLs [19]. GalNAc – Nacetylgalactosamine, GluNAc – N-acetylglucosamine, SA – sialic acid, Amino-CTH – glucosaminyl lactosyl
ceramide. The figure is modified from Furukawa et al. [27].

1.1.4. Globotriaosylceramide (Gb3)
Globotriaosylceramide (Gal-α1J4Gal-β1J4Glu-β1JCer, Gb3) is the first product in the
synthetic pathway of globo-series GSLs (Fig. 1.3). Gb3 is synthesized from LacCer by the
addition of one galactose, and the reaction is catalysed by Gb3 synthase (α-1,4galactosyltransferase) [1] (Fig. 1.4).
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Fig. 1.4. Chemical structure of globotriaosylceramide (Gb3). The sphingosine (highlighted in yellow) most
often contains chain length of 18 carbon atoms, whereas the fatty acyl chain (highlighted in green) varies both
in length and saturation (here shown as C18:0). The sugar chain is: Gal-α1J4Gal-β1J4Glu-β1J(Cer). The
bond α1J4Gal at the core of the sugar chain is a distinct characteristic to all globo-series GSLs.

The expression of Gb3 is not homogenous throughout the human body. Normally, the
highest levels of Gb3 are found in the kidney epithelium and endothelium [2-4], in
microvascular endothelial cells [5;6] and in platelets [7]. In carbohydrate defined P histoblood group system, Gb3 constitutes the rare Pk antigen present on the erythrocytes [28]. In
the immune system, Gb3 represents a lymphocyte differentiation antigen, termed CD77,
which is expressed in a subset of germinal centre B lymphocytes [29]. However, it is still
unclear why Gb3 is highly expressed in certain types of tissues and is absent in others.
Elevated levels of Gb3 have been demonstrated for several conditions including Fabry
disease [30;31] and a number of cancer types such as metastatic colon cancer [8;9;32] and B
cell lymphomas [33-36]. However, the physiological role of Gb3 is still unclear. In vivo
studies on Gb3 synthase knock-out mice, which displayed a total loss of Gb3 and other
globo-series GSLs, showed no changes in birth-rates and no apparent abnormalities over a
year of nurturing, with the exception of total loss of sensitivity to Shiga-like toxins as
compared to wild-type mice [37].
Binding of different ligands to Gb3 may trigger different signalling pathways in the cells. It
has been shown that anti-Gb3/CD77 mAb and Shiga-like toxin 1 (see below) induce
apoptosis in Burkitt’s lymphoma cells by different mechanisms: Shiga-like toxin 1 triggers a
caspase and mitochondria-dependent apoptotic pathway, while binding of anti-Gb3/CD77
mAb induces caspase-independent and oxidative stress-dependent signalling for apoptosis
[38]. This indicates that Gb3 may be involved in several cellular events and a more
comprehensive understanding of its functions is needed.
Gb3 serves as a receptor for plant and bacterial protein toxins, such as ricin, Shiga toxin and
Shiga-like toxins. Naturally, toxins cause damage to cells and thus lead to occurrence of a
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disease; however, they can also be employed for research and diagnosis/therapy in the
medicine [1;39]. The toxins, used in this study, are discussed in 1.3.

1.1.5. 2-deoxy-D-glucose and sodium butyrate as modulators of
Gb3 biosynthesis
Two compounds, 2-deoxy-D-glucose (2DG) and sodium butyrate, reported to affect Gb3
synthesis, were employed in this study.
2DG is a structural analogue of glucose, differing from glucose only by the absence of one
oxygen atom at the second carbon. Although structurally very similar to glucose, 2DG is not
metabolized by cells, and it induces multiple responses. The most apparent effect of 2DG is
the inhibition of glycolysis by competitive inhibition of glucose transport and
phosphorylation by hexokinase [40;41]. 2DG has been also shown to interfere with cell
cycle control [42] and DNA repair [43], and not necessarily by the mechanisms dependent
on glycolysis inhibition [44]. Of particular interest to this study, was a recently observed
inhibitory effect of 2DG on the expression of the Gb3 synthase and a resulting reduction of
cellular Gb3 [45]. Although 2DG has been previously demonstrated to have a repressive
effect on gene expression, which is mediated indirectly by inhibition of glycolysis [46],
activation of the class III histone deacetylase SIRT1 [47] or enhanced O-GlcNAc
modification of transcriptional factor Sp1 [48], non of these mechanism were found to be
involved in the inhibition of Gb3 synthase [45].
Sodium butyrate is a sodium salt of butyric acid which is a short chain fatty acid secreted as
a by-product of polysaccharide metabolism by the colonic bacterial flora [49]. Butyrate is
demonstrated to induce differentiation and suppress proliferation of various human
malignant [50;51] and normal cells [52] in vitro. Butyrate regulates gene expression (may
act as a stimulator or as a repressor) through the inhibition of histone deacetylases which are
involved in chromatin remodelling [53], and therefore induces multiple responses in the
cells. Of particular interest to this study, is the ability of butyrate to sensitize cells to Shiga
toxin and ricin, and even to induce changes in the composition of fatty acids in the ceramide
part of the Shiga toxin receptor glycosphingolipid Gb3 [54].
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1.2. Cancer
Cancer is a class of diseases characterized by abnormal cell growth and invasion to
surrounding tissues and/or distal organs. The incidence of most cancers was growing during
the past years, and it was estimated to be a cause of death for more than 1.5 million people in
Europe in 2008 [55]. High cancer mortality is mainly related to metastases, which are
challenging to diagnose and treat.

1.2.1. Metastasis
Metastasis is a multistage process by which malignant cells leave the primary tumour and
spread to distant organs [56]. There are several critical steps that have to be accomplished by
metastasizing cancer cells (Fig. 1.5). During cancer progression cells undergo numerous
genetic and biochemical changes which lead to changed morphology and behaviour,
enabling them to invade distant organs. The ability to migrate and invade is one of the
crucial changes for the occurrence of metastasis, which enable cancer cells to leave the
primary tumour, enter blood or lymph circulation, and finally re-enter a new location [57].
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Fig. 1.5. Development of metastases. (1) Cellular transformation and tumour growth; (2) Tumour
vascularisation; (3) Local invasion of the host stroma (the most common route is through lymphatic channels);
(4) Detachment and circulation of single or aggregated cancer cells in blood and lymph; (5) Survived cancer
cells reach distal organs; (6) Adherence to capillary endothelial cells; (7) Extravasation into organ
parenchyma; (8-10) Proliferation of tumour cells and angiogenesis, resulting in metastasis. The process can be
reinitiated and secondary metastases may develop from the initial metastasis. The figure is modified from a
review article by Talmadge and Fidler [56].

1.2.2. Cancer cell migration
Different types of cancer cell migration have been observed during metastasis, and are
classified into single- or collective- cell migration. Furthermore, it has been suggested that
cells of different origin may favour a particular type of migration, e.g. colon cancer cells
often migrate as a single cell, while squamous cell carcinomas invade predominantly in a
collective type of cell migration [57]. Due to the questions studied in the present work, only
single-cell migration is discussed here.
Based on morphology, single-cell migration is subclassified into a mesenchymal and an
amoeboid migration, and both mechanisms can be exploited by metastasing cancer cells. The
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mesenchymal cell migration is driven by a leading edge with membrane protrusions and
actin polymerization such as stress fibers, and firm integrin-mediated adhesion to the matrix.
On the contrary, cells which migrate by an amoeboid manner are round in their shape and
form neither mature focal adhesions, nor stress fibers [58]. Moreover, in order to pass the
barrier of the extracellular matrix, the mesenchymally migrating cells depend on
metalloproteases which cleave the collagen fibers (the main component of the stromal
extracellular matrix). Alternatively, cells migrating by the amoeboid manner are shown to be
able to squeeze through collagen-lined pores without proteolytic degradation of the matrix.
However, it is still unclear if metalloprotease-independent cell migration plays a significant
role in cancer cell migration [59].
In order to leave a solid primary tumour and invade surrounding tissue, cancer cells are
thought to undergo multiple inter- and intracellular changes by a process termed epithelialto-mesenchymal transition (EMT) [57;60]. A central hallmark of EMT is a process, termed
cadherin switch, a loss of the epithelial cell-cell adhesion molecule E-cadherin, and
concomitant expression of the mesenchymal cell-cell adhesion molecule N-cadherin. The
cadherin switch leads to cell separation from its "neighbours" [61]. Furthermore, the Ncadherin is suggested to influence tumour cell behaviour via the interaction with the receptor
tyrosine kinases. For example, N-cadherin has been shown to interact with fibroblast growth
factor receptor and prevent its internalization, resulting in increased levels of the receptor on
the surface and enhanced downstream signalling [62].
Other pivotal cellular players in the cell migration are members of the Rho GTPase family,
which transduce signal from growth factor and cell adhesion receptors to effector proteins
responsible for actin cytoskeleton remodelling. For instance, GTPases Rac1 and Cdc42
induce plasma membrane protrusions, such as lamellipodia and filopodia, while RhoA
regulates cell-cell and cell-matrix adhesion, and is involved in the tail detachment at the
back of the migrating cell [63].
The majority of cell adhesion and recognition events are considered to be mediated by
protein-protein interactions, which can be homotypic (between proteins of the same kind,
e.g. between cadherin receptors [64]), or heterotypic (between different proteins, e.g.
between integrins and extracellular matrix proteins [65]). In addition, two other types of
interactions involved in cell adhesion and recognition processes are described: (i)
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interactions based on glycosyl epitopes of glycoproteins or GSLs recognition by
carbohydrate binding proteins, i.e. lectins, and (ii) direct interactions between carbohydrate
chains of GSLs [19]. Therefore, GSLs may also play a crucial role in cancer cell migration.

1.2.3. Glycosylation and cancer
Changes in the glycosylation pattern are observed in all human cancer types and very often
relate to their invasiveness and metastasis: high expression of some glycosyl epitopes
correlates with shorter patient survival rates, while other glycosyl epitopes suppress tumour
progression and lead to higher survival rates following anti-cancer treatment [66]. Aberrant
glycosylation may occur both in glycoproteins and glycolipids; however, this chapter is
focused on aberrant glycosylation in GSLs. Further on, several GSLs are discussed in
relation to cancer.
Cancer related alterations in GSLs may occur in carbohydrate structure [67] and/or the
composition of the ceramide [68]. They can also manifest themselves as up- or downregulation of certain GSLs. Several GSLs are characterized as human tumour-associated
antigens. For example, Gb3 has been found to be characteristic for several types of B cell
lymphomas [33-36], colon carcinoma [8;9;32], breast cancer [36], testicular cancer [69] and
acute non-lymphatic leukaemia [70], while over-expression of GD3 is characteristic to
human melanomas [71;72]. On the other hand, ganglioside GM3 has been found to be downregulated in metastatic forms of bladder tumours [73]. Moreover, a correlation between
virus-induced oncogenic transformation and lowered levels of GM3 has been demonstrated
in several cell cultures [74;75]. However, the anti-cancer role of GM3 is not clear yet,
because opposite effects on GM3 levels were also observed [76]. Seemingly, the ratio
between different GSLs might be a more important determinant in the disease progression
than up- or down- regulation of only a single GSL.

1.2.4. Colon cancer
Colon cancer was estimated to be the most common type of cancer in Europe in 2008, and
with the death rate close to 50%, colon cancer was also expected to be one of the most
common cause of death from cancer [55]. While benign tumours can be surgically removed,
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the treatment of malignancies is much more complicated. Metastases spread to distant
organs are challenging to detect and treat, and therefore there is a huge demand for novel
diagnostic and therapeutic techniques for effective treatment of metastatic colon cancer.
Gb3 was recently demonstrated to be a potential target for treatment of colon cancer. The
expression of Gb3 was shown to be elevated in human tissue samples from primary
metastatic colonic tumours and their liver metastasis in contrast to benign tumours. This
suggested that Gb3-expressing colon cancer cells represented a potentially invasive subpopulation [8]. Moreover, upregulation of Gb3 synthase in benign colon cancer cells was
sufficient to drive their transition to the invasive form [8], suggesting that Gb3 may play an
important role in colon cancer progression. Further investigation might reveal novel
strategies for the effective treatment of colon cancer.

1.2.5. Colon cancer cell lines used in this study
Two colon cancer cells lines, SW480 and HT-29, were used as in vitro model systems in this
study and are featured in the following paragraphs.
The SW480 cell line was isolated from the primary adenocarcinoma arising in the colon
[77]. Later, this cell line was found to consist of two distinct sub-populations, which were
designated as E-type (epithelial) and R-type (round) [78]. The E-type cells form flat
epithelial-like colonies and constitute a majority (> 98%) of SW480 cells, while only a small
fraction (< 2%) is round in the shape and grows in clusters of piled-up cells. Both subpopulations were shown to be stable when cultured separately, and exhibited multiple
differences from each other both in vitro and in vivo. The R-type sub-population had half the
doubling time of the E-type, poor plate adhesiveness, and produced twice as big and less
differentiated tumours when injected to mice compared to the E-type cells. Both subpopulations were shown to have similar point mutations, and therefore were suggested to be
of the same origin [78]. Later, other groups compared metastatic potentials of these two subpopulations, and demonstrated that the E-type had a higher colony forming efficiency,
higher motility and invasion in vitro, and was capable of forming metastasis in vivo, in
contrast to the R-type cells. However, tumours derived from E-type cells had a high
frequency of spontaneous regression, which was not observed for tumours formed by the
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cells of R-type. Therefore, there was no clear conclusion as to which subpopulation
represented a more aggressive form of cancer [79].
The SW480 cell line was chosen for this study, because it was shown to migrate
spontaneously in vitro [80], and it diversely expresses glycosphingolipid Gb3, which made it
a potential model for studying the impact of Gb3 on cell motility.
The HT-29 cell line is a human colorectal adenocarcinoma cell line isolated from a
moderately differentiated primary tumour [51;81]. The HT-29 cells closely resemble small
intestinal crypt cells and even have a capacity to differentiate into a more villus-like
phenotype in vitro, e.g. in response to sodium butyrate treatment [50]. Since HT-29 cells
resemble a more differentiated form of colon cancer than SW480 cells, the HT-29 cell line
was chosen for this study to investigate the differences between various cell lines and their
responsiveness to treatment.

1.3. Protein toxins
Protein toxins are produced by certain bacteria and plants, and function as autonomous
killing devices, which target specific cells and modify specific intracellular components.
Protein toxins vary in their structure, receptor (and therefore cell type), their intracellular
target and the mechanism of intoxication. In this study, four different protein toxins, Shiga
toxin, Shiga like toxin 2, diphtheria toxin and ricin, were employed, and therefore are
discussed in following paragraphs. The last part of the chapter is dedicated to a short review
on protein toxin applications in research and medicine.

1.3.1. Shiga toxins
Shiga toxins comprise a family of related protein toxins, which are similar in their structure
(Fig. 1.6) and the mechanism of action, but are produced by different types of bacteria. Shiga
toxin (Stx) is secreted by Shigella dysenteriae, whereas Shiga-like toxins are produced by
certain strains of Escherichia coli and some other bacteria. Shiga-like toxin 1 (SLT-1) differs
from Stx only in one amino acid residue in the catalytic A-moiety of the toxin, whereas
Shiga-like toxin 2 (SLT-2) shares only ~60% sequence similarity with Stx and is
immunologically distinct [1].
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Fig. 1.6. The structural and schematic models of Shiga toxin. Shiga toxins consist of two non-covalently
linked moieties: an A-moiety of ~32 kDa, and a B-moiety, comprised of five 7.7 kDa B-chains. During
intracellular toxin transport, the A-moiety is cleaved by the protease furin into two fragments: an enzymatically
active A1 fragment (~27 kDa), and a carboxyl terminal A2 fragment, which remains linked by a disulfide bond
until arrival to the ER [1;39]. The structure image was prepared using PDB ProteinWorkshop 3.9 (PDB protein
data bank: 1DM0).

Shiga toxins bind to the cell surface through the interaction between the B-moiety and Gb3.
All Shiga family toxins, except for one SLT-2 variant, SLT-2e, which can bind to Gb4,
possess a high specificity for Gb3 [82]. The homopentameric B-moiety has multiple binding
sites (three potential trisaccharide-binding sites per B fragment [83]) for Gb3, and therefore
can achieve a high binding affinity for cells. Although in theory, one Stx molecule can
simultaneously bind up to 15 Gb3s, not all binding sites have equal affinity for the
carbohydrates of Gb3, and, therefore, not all sites might be required for binding to the cell
surface, but rather mediate additional recognition and membrane remodelling [84;85].
Furthermore, the lipid composition of the plasma membrane (particularly the level of
cholesterol) and types of fatty acids in the ceramide moiety of Gb3 are demonstrated to
modulate the interaction between Shiga toxins and the receptor [86;87]. However, SLT-2
differs in binding from Stx and SLT-1. Although SLT-2 is demonstrated to have lower
affinity for Gb3 than SLT-1 [88], it is much more lethal in animal models [89;90] and is
thought to be the main cause of life threatening infections in humans [91]. The
gastrointestinal infection with SLTs producing E. coli serotypes is highly dangerous to
children and adolescents, as it may lead to a severe complication, haemolytic uremic
syndrome (HUS), which involves kidney damage [92].
The B-moiety alone is not toxic to cells (with exception of B cells, where it may induce
apoptosis [93]) and functions as a delivery tool for the enzymatically active A-moiety. Upon
internalization, which may occur through clathrin-dependent and clathrin-independent

25
endocytic pathways [39], the A-moiety is cleaved by the protease furin in two fragments, A1
and A2 (Fig. 1.6), which remain linked to each other by the disulfide bridge. For the
cytotoxic action, the toxin needs to be transported retrogradely to the Golgi, and further to
the endoplasmic reticulum (ER) [94], where the internal disulfide bond is reduced and the
enzymatically active A1-fragment is translocated and released into the cytosol [39]. The A1fragment then inhibits protein synthesis by cleaving one adenine residue from the 28S RNA
of the 60S ribosomal subunit [95]. Moreover, the action of Shiga toxins in the cells is not
limited to the inhibition of protein synthesis, and other cellular responses such as cytokine
expression and apoptosis have been shown to be triggered by the toxin [82].

1.3.2. Diphtheria toxin
Diphtheria toxin (DT) is secreted by Corynebacterium diphtheriae as a single-chain
polypeptide with a molecular weight of ~58 kDa. DT belongs to the A-B family of toxins
and it consists of two moieties: an enzymatically active A-moiety (~21 kDa), and a B-moiety
(~37 kDa), which has a transmembrane T-domain and a receptor binding R-domain (Fig.
1.7) [96]. In the first step of the intoxication process, DT binds, via its R-domain, to the
heparin-binding epidermal growth factor precursor (pro-HB-EGF) [97] and undergoes
receptor-mediated endocytosis in a dynamin-dependent manner [98]. Upon binding to the
receptor, DT is cleaved by the protease furin in two fragments: the A- and B-moieties, which
stay linked to each other by the disulfide bridge [99]. The low endosomal pH then triggers
the conformational changes and the insertion of the T-domain into the endosomal membrane,
and aid the translocation of the A-moiety from the endosomes to the cytosol [100-102]. At
some point, probably during exposure to the cytosol, the reduction of the disulfide bond
between A- and B-moieties occurs, and the enzymatically active A-moiety is released to the
cytosol [96;100;103]. The A-moiety catalyzes ADP-ribosylation of the elongation factor 2,
resulting in the inhibition of protein synthesis [104;105].
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Fig. 1.7. The structural and schematic models of Diphtheria toxin. Diphtheria toxin consists of two
moieties: an enzymatically active A-moiety (~21 kDa) and a B-moiety (~37 kDa), which has a transmembrane
T-domain and a receptor binding R-domain. During intoxication, the host protease furin cleaves the peptide
bond between the A-moiety and the T-domain, but the A- and B-moieties remains linked by a disulfide bond
[99]. The structure image was prepared using PDB ProteinWorkshop 3.9 (PDB protein data bank: 1F0L).

1.3.3. Ricin
Ricin is a toxic carbohydrate-binding protein, which is present in the seeds of the castor bean
plant (Ricinus communis). Ricin belongs to the same A-B family of toxins, as diphtheria
toxin, and consists of two functionally different parts: an enzymatically active A-moiety
(~30 kDa) and a receptor binding B-moiety (~30 kDa) [106]. The two moieties are
represented by two individual polypeptide chains, which are linked to each other by a
disulfide bridge (Fig. 1.8) [107]. Ricin does not have a single receptor, and binds, via its Bmoiety, to both glycoproteins and glycolipids with terminal galactose, ant therefore is not
selective to a given cell type [108]. Furthermore, a depletion of GSLs does not protect cells
against intoxication with ricin, confirming that ricin exploits multiple targets on the cells
[109;110]. Upon binding, ricin is taken up by different endocytic mechanisms, i.e. its uptake
does not depend on a certain endocytic pathway. For example, ricin is still efficiently taken
up by cells after inhibition of both clathrin- and caveolae-dependent endocytic mechanisms
(the cells were stably expressing mutant dynamin, end were depleted from cholesterol)
[111].
The intoxication with ricin is similar to Shiga toxins by requiring retrograde sorting to the
Golgi, and further to the ER, where the enzymatically active A-moiety is translocated and
released to the cytosol [112;113]. The A-moiety possesses N-glycosidase activity and
catalyses cleavage of one adenine residue from the 28S RNA of the 60S ribosomal subunit,
leading to the inhibition of protein synthesis [114].
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Fig. 1.8. The structural and schematic models of ricin. Ricin consists of two moieties: an enzymatically
active A-moiety, and a binding B-moiety. Both moieties are of similar size (~30 kDa), and are linked together
by a disulfide bridge [106;107]. The structure image was prepared using PDB ProteinWorkshop 3.9 (PDB
protein data bank: 2AAI).

1.3.4. Toxins as tools
Toxins have been found to be valuable tools in research and medicine, and several such
examples are described bellow.
Toxins are employed to study endocytosis, intracellular transport and signalling pathways.
For instance, several ADP-ribosylating toxins target specific GTP-binding proteins. DT
targets elongation factor 2 and thus inhibits protein synthesis, whereas cholera toxin targets
the α-subunit of heterotrimeric Gs protein, and renders its persistent activity, leading to
several cellular responses such as increased cyclic AMP levels and protein phosphorylation
[115]. Furthermore, studies on transport mechanisms employed by toxins, such as Stx and
ricin, help to reveal endocytic and intracellular trafficking processes [39].
Protein toxins can be used by several means in medicine: (i) as carriers, which transfer a
coupled molecule to specific cells/tissues, (ii) as diagnostic tools, when coupled to an
imaging molecule, or (iii) as highly efficient drugs, which are modified to be specifically
targeted. The latter approach is based on toxin conjugation with, e.g. an antibody or a growth
factor, which provides specific targeting of the toxin. The first clinically approved toxin
derivative (denileukin diftitox) is a recombinant fusion protein of diphtheria toxin (without
receptor binding domain) and human interleukin 2, and is used for the treatment of
cutaneous T cell lymphoma [116]. Multiple other toxin derivatives are now being
investigated for the treatment of various conditions, including cancer, AIDS and allergy
[117-119].
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Biochemically engineered toxins can also be employed for the diagnosis of cancer. The nontoxic binding moiety of the toxin can be labelled with an imaging molecule, such as
fluorophore (for the optical/fluorescence detection), with positron emitters, such as
11

18

F and

C, for detection by positron emission tomography (PET), or gamma emitters, such as

99m

Tc, for single photon emission computed tomography (SPECT) [1]. For instance,

fluorescently labelled B-moiety of Stx has been demonstrated to target specifically human
colorectal carcinomas in mice models [120].
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2. Materials and Methods
2.1. Materials
2.1.1. Reagents and solutions
A detailed list of reagents and solutions used in this study is given in the Appendix.

2.1.2. Antibodies and primers
Antibodies
Isotype

Against

Species,
raised in

IgM

Gb3 (CD77),
human

Mouse

IgG

Shiga toxin

Mouse

IgM

Mouse

Goat

Conjugated to

Producer

Cat. No.

-

BD Pharmingen

551352

-

Toxin Technology

13C4

Jackson

115295075

Rhodamine red X

Primers for qRT-PCR
Name

Producer

Product No.

QuantiTect Primer Assay for Gb3 synthase

QIAGEN

QT00204652

TBP forward
5′-GCCCGAAACGCCGAATAT-3′

MWG-Biotech AG

Custom-made

TBP reverse
5′-CGTGGCTCTCTTATCCTCATGA-3′

MWG-Biotech AG

Custom-made

2.1.3. Toxins
Stx was a gift from J.E. Brown (USAMRIID, Fort Detrick, MD, USA). SLT-2 was a gift
from J. Müthing (Institute for Hygiene, Food Chemistry, Germany). DT was purchased from
Connaught Laboratories (Canada, Toronto), and ricin was purchased from Sigma-Aldrich.
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The plasmid expressing StxB-sulf2 was a gift from Dr. B. Goud (Institute Curie, Paris,
France), and StxB-sulf2 was prepared as described by Lauvrak et al. [23].

2.1.4. Cell lines
All cells used in this study were subcultured twice a week by assisting personnel of the
department. HEp-2 and SW480 cell lines were purchased from The American Type Culture
Collection (ATCC). HT-29 cell line was provided by M. Eknes (Department of Cancer
Prevention, Institute for Cancer Research, Oslo). Short characterization of each cell line is
given below.

HEp-2
The HEp-2 cell line was established by Dr. Audrey Fjelcte in 1952. It was originally thought
to be epidermoid carcinoma, obtained from a man with a primary tumour of the larynx [121],
but later it was discovered to be derived via HeLa contamination [122].
HEp-2 cells were cultured in complete DMEM growth medium at 37 oC in a 5% CO2
atmosphere.

SW480
The SW480 cell line was established in Scott and White Clinic (Texas) in 1975. It was
isolated from primary adenocarcinoma of the colon [123]. The SW480 cell line consists of
two distinct subpopulations, designated as E-type (epithelial) and R-type (round) [78]. These
two subpopulations display different tumorigenic, invasive and metastatic potential [79].
SW480 cells were cultured in complete RPMI 1640 growth medium at 37 oC in a 5% CO2
atmosphere.

31
HT-29
The HT-29 cell line is a human colorectal adenocarcinoma cell line isolated from a
Caucasian woman in 1964 [124]. Morphologically, these cells are round-shaped with
microvillus-like structures, and they form compact colonies when growing in dense cultures.
HT-29 cells were cultured in complete DMEM/F12 growth medium at 37 oC in a 5% CO2
atmosphere.

2.1.5. Instruments
Liquid Scintillation Counter 2100TR (Packard)
The liquid scintillation analyzer detects small amounts of radioactivity, and was used for
assaying the inhibition of protein synthesis in this study. The principle underlying liquid
scintillation counting is that radioactive emission from the sample is converted to a visible
light, which then is detected by a photomultiplier tube in the instrument [125]. The
conversion from radioactive to electromagnetic energy is fulfilled when a scintillating
molecule (usually fluor) is exited by radioactive emission and releases the energy as an
electromagnetic wave (UV light in the case of fluor). The instrument counts burst of light –
fluorescence of fluor – and records it as counts per minute (cpm), which are proportional to
the amount of radioactive molecules in the sample. In the protein synthesis assay, cpm value
is proportional to [3H]leucine incorporated into the proteins during their synthesis, and it was
used to quantify protein synthesis activity in the cells.

Microplate reader: M1R Analyzer (BioVeris)
The M1R Analyzer is a multi-well microplate-based instrument for electrochemiluminescence detection, which was used in the endocytosis of biotin-Shiga toxin assay. Upon
activation by electric current, an electrochemiluminescent compound – ruthenium (II)
trisbipyridine (commercially named BV-TAG) – emits a photon of 620 nm (red light) and
returns to its initial state. The activation/emission cycle can be repeated many times, which
leads to an amplification of the signal [126]. BV-TAG can be chemically linked to various
molecules and thereby make these molecules detectable by the M1R Analyzer.
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In order to be excited, BV-TAG needs to be attached to the electrode in the instrument. This
is fulfilled by the attraction of paramagnetic beads to the magnet (step 2 in the Fig. 2.1).
Paramagnetic beads are used as carrier molecules and need to be linked to a target molecule
during the experimental procedure. During the detection, the magnet is removed and an
electric current is applied to the electrode. This causes the excitation of BV-TAG and
detection of red light by the instrument (step 3 in the Fig. 2.1).

Fig. 2.1. Detection by M1R Analyzer. Picture is taken from M-SERIES® M1R Analyzer User Guide [126].
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2.2. Methods
2.2.1. Toxicity Assays
Cell counting
Cells were cultured in 6- or 24-well culture plates with or without (control) a particular drug.
The medium was removed, cells were washed with a small volume of trypsin/EDTA solution
(37 oC), 0.5 ml (for 24-well plate) or 1.0 ml (for 6-well plate) trypsin/EDTA solution (37 oC)
was added to each well, and plates were placed back in a 5% CO2 incubator for 8 min. Cells
were mixed by pipetting up and down several times and inspected using a microscope with
phase contrast to see if they were detached. If some of the cells were still attached to the
bottom of the well, the plate was placed back into the incubator for additional 2 min. Finally,
0.5 ml (for 24-well plate) or 1.0 ml (for 6 well plate) HEPES medium was added to each
well, and 400 μl cell suspension was then transferred to counting tubes containing 20 ml
ISOTON II diluent. Cells were counted by a Particle Counter Z1 (Beckman Coulter). A tube
containing fresh ISOTON II diluent was counted between each sample to wash the system of
previously counted cells.

Protein content measurement
Cells were cultured in 6- or 24-well culture plates with or without (control) a particular drug.
After incubation, the medium was removed from all wells; the plates were placed on ice, and
all wells were washed with cold (+4 oC) PBS. Then, 200 μl (for 24-well plate) or 400 μl (for
6-well plate) freshly prepared cell lysis solution was added to all wells, and the plates were
kept on ice for 10 min. Cells were scraped (using 1 ml pipette tip), pipetted up and down,
and transferred to clean 1.5 ml Eppendorf tubes. Lysates were centrifuged at 5200 x g for 10
min at 4 oC to remove nuclei. Duplicates of 25 μl of supernatant were transferred to a 96well plate (10 μl of total cell lysates were used when performing the biotin-Shiga toxin
endocytosis assay). Pierce® BCA protein Assay Kit was used for total protein detection in
these samples. Bovine serum albumin (BSA) dilutions in the cell lysis solution in the range
of 25-2000 μg/ml were used to make a standard curve when measuring protein content for
the first time (dilutions prepared according to instructions given in the protocol for Pierce®
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BCA protein Assay Kit, Nr. 23225, Thermo Scientific). This curve was used to estimate if
the protein amounts in the samples corresponded to the linear range of the calibration curve.
When the experiment was repeated with similar conditions, a calibration curve was not used
and the protein amount in the samples was estimated relative to the control group. Freshly
prepared working reagent (mixture of kit reagents A and B by ratio 1:50) was added to the
wells containing samples, BSA dilutions or cell lysis solution (blank). The plate was covered
with Parafilm, briefly shaken and incubated at 37 oC for 30 min. Then the plate was taken off
the incubator and allowed to cool down to room temperature (RT) for 30 min. Finally,
absorbance at 562 nm was measured with a Synergy 2 (BioTek) plate reader. The
absorbance of blank wells was subtracted from absorbance values measured for the sample
wells prior to relative quantification. The relative protein amount (RPA) for treated samples
was calculated according to the equation: RPA = A562(sample)/A562(control).

2.2.2. Protein Synthesis Inhibition Assay
Cells were seeded in 24-well culture plates one day prior to the experiment. Seeding
densities were 5 x 104 cells/well for short incubation experiments and 3 x 104 cells/well for
long incubation (1-2 days) experiments. Next day, treatment with the drug (or combination
of drugs) started and cells were incubated at 37 oC in a 5% CO2 atmosphere. After the
incubation, cells were washed once with 1 ml leucine-free medium, and 300 μl leucine-free
medium with or without drug(s) were added to all wells. Toxins were then added in various
dilutions including toxin free control. Final concentrations of toxins were 1-1000 ng/ml for
ricin and DT, and 0.1-100 ng/ml for Stx and SLT-2. Cells were then incubated with gentle
agitation for 3 h at 37 oC in a normal atmosphere. All wells were washed with 0.5 ml
leucine-free medium once, and 200 μl leucine-free medium containing 2 μCi/ml [3H]leucine
was added. Cells were further incubated with gentle agitation for 20 min at 37 oC. The
medium containing [3H]leucine was then removed, 500 μl of 5% (w/v) TCA was added to all
wells, and the plates were left on lab-bench for 10 min or stored in a refrigerator before
proceeding next day. Washing with 5% (w/v) TCA was repeated twice. This ensured
fixation of the cells in the plate and washing out of unincorporated [3H]leucine. Finally,
TCA was removed and proteins were dissolved in 200 μl/well of 0.1 M KOH. Samples from
each well were transferred to separate counting vials, and 3 ml/vial of scintillation liquid
Emulsifier-Safe™ was added and mixed well. The amount of [3H]leucine in the samples was
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counted by the liquid scintillation analyzer (Packard). Counts per minute (cpm) correspond
to the amount of protein-incorporated [3H]leucine in the cells. The relative protein synthesis
(RPS) was estimated according to the equation: RPS = cpm(sample)/cpm(control).

2.2.3. Endocytosis of Biotin-Shiga Toxin
In order to be able to discriminate between cell-bound and internalized Shiga toxin, Shiga
toxin, covalently linked to biotin (EZ-Link Sulfo-NHS-SS-Biotin, Pierce Biotechnology; the
conjugation procedure was performed by J. Bergan in our department), was used in this
assay. The conjugate biotin-Shiga toxin (biotin-Stx) has a disulfide bridge which can be
reduced and thereby lead to cleavage of the conjugate. Sodium 2-mercaptoethanesulfonate
(MESNa) was used as a reducing agent. MESNa does not pass the cell membrane and
therefore acts only on the biotin-Stx present on the cell surface.
The detection system used for this assay is based on electrochemiluminescence. An
electrochemiluminescent compound, ruthenium (II) trisbipyridine, was conjugated to a
monoclonal antibody against Stx (Toxin Technology, 13C4; the conjugation procedure was
performed by J. Bergan in our department). A schematic representation of the assay (Fig.
2.2) and a detailed explanation of the experimental procedure are given below.
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Cells were seeded in 24-well culture plates one day prior to the experiment. Seeding
densities were 5 x 104 cells/well for short incubation experiments and 3 x 104 cells/well for
long incubation (1-2 days) experiments. Next day, treatment with a particular drug was
started and the cells were incubated at 37 oC in a 5% CO2 atmosphere (this step not shown in
the Fig. 2.2). The medium was removed and the cells were washed once with HEPES
medium (37 oC). Biotin-Stx with the final concentration of 40 ng/ml was added to each well,
and the plates were incubated with gentle agitation for 20 min at 37 oC in a normal
atmosphere (steps 1-2 in the Fig. 2.2). Medium with biotin-Stx, which were not bound to or
endocytosed by the cells, was removed, and all wells were washed with 1.6 ml ice-cold
HEPES buffer (pH 8.6). Then, 300 μl freshly prepared 0.1 M MESNa solution was added to
half of the plate, while rest of the wells were filled with 300 μl ice-cold HEPES buffer (pH
8.6). Plates were kept on ice for 30 min. MESNa breaks the sulfur bridge between the biotin
and Stx and removes the biotin from biotin-Stx conjugates on the surface of the cell, while
internalised biotin-Stx remain intact (steps 3-4 in the Fig. 2.2). After incubation, all wells
were washed with 1.6 ml ice-cold HEPES buffer (pH 7.4) and 90 μl freshly made cell lysis
solution was added. Plates were kept for 10 min on ice and then rotated for 10 s (step 5 in
the Fig. 2.2). Then, 75 μl of cell lysate from each well were transferred to a 96-well plate (3
wells with 75 μl lysis solution were included as background wells). The solution of 0.5
μg/ml TAG-13C4 and 0.1 mg/ml dynabeads-streptavidin was prepared in assay diluent and
distributed to each well (40 μl/well). The plate was wrapped in Parafilm and shaken at 400
rpm for 1.5 h with MS1 Minishaker (IKA) (step 6 in the Fig. 2.2). An additional 60 μl of
assay diluent was pipetted to all wells, and the luminescence measured with the microplate
reader (BioVeris) (steps 7-8 in the Fig. 2.2). The background counts from the wells without
cells (only lysis solution) were subtracted from the counts of the sample wells during the
mathematical analysis of the results.
To be able to normalise the endocytosis data according to the cell amount in the samples, 10
μl of the cell lysates were used for total protein measurement with the BCA method (detailed
procedure explained in 2.2.1) and/or half of the 24-well plate was used for cell counting
(explained in 2.2.1).
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2.2.4. Quantitative Real Time RT-PCR
Cells were seeded in 6-well culture plates one day prior to the experiment if not stated
otherwise. Seeding density, treatment and incubation time varied depending on the purpose
of the experiment and are specified in the results part. Straight after the treatment, all wells
were washed with sterile ice-cold PBS twice, plates wrapped with Parafilm and placed in
freezer at -80 oC. Plates with frozen cells were stored at -80 oC until RNA isolation.

RNA isolation from cells
RNeasy Plus Mini Kit (QIAGEN) was used for purification of RNA from cultured cells. The
kit is designed to purify RNA from small amounts of animal cells or tissues, with selective
removal of double stranded DNA and enrichment for mRNA. Lysis buffer was added and
pipetted up and down 15 times prior to transferring to sample tubes. The plate was kept on
ice during this procedure. The tubes were centrifuged 18900 x g for 30 s to remove any
foam, and placed into QIAcube (QIAGEN). For RNA purification, the protocol “Purification
of total RNA from easy-to-lyse animal tissues and cells using gDNA Eliminator columns”
(version 2, October 2007, QIAGEN) was used with 50 μl elution volume chosen. If not used
immediately, samples with isolated RNA were stored at -80 oC.

Measuring RNA content in the samples
A small portion (4 μl) of the isolated RNA was diluted 1:18 in RNase-free (DEPC treated)
water and kept on ice during whole procedure. Absorbance at wavelengths 230, 260 and 280
nm was registered with a GeneQuant pro spectrophotometer (GeneQuant), using a quartz
cuvette with 10 mm path length. Distilled water was used as reference. The
spectrophotometer displays RNA concentration in μg/ml and ratios of absorbance 260/230
(nucleic acids/salts) and 260/280 (nucleic acids/proteins). Samples were considered of
sufficient purity if both ratios were above 1.5. In some experiments the RNA content was
measured with a NanoDrop 2000 spectrophotometer (Thermo Scientific). The principle of
measurement is similar to the one described earlier, but there was no need to dilute the
sample, and a small volume (1-2 μl) of the sample was pipetted straight on the detector.
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cDNA synthesis
iScript cDNA synthesis kit (Bio-Rad) was used for cDNA synthesis from the isolated RNA.
The kit contains 5x reaction mixture (RNase inhibitors and a blend of oligo(dT) and random
primers), RNase H+ iScript reverse transcriptase and nuclease free water. RNase H+ reverse
transcriptases degrade RNA molecules present in RNA-DNA hybrids, ensuring a clean pool
of cDNA. The 5x reaction mixture, reverse transcriptase and nuclease-free water were
premixed in a sterile tube (referred as master-mix). The amount of RNA used for the
reaction was 0.5 μg/tube, and appropriate volumes were added according to the measured
RNA content of each sample. The components of the reaction were pipetted to the PCR
tubes in the following order: nuclease-free water, master-mix and RNA. The final reaction
volume was 20 μl/tube. One additional tube was prepared containing all components except
for the reverse transcriptase, and it was used as a negative control for quantitative real-time
RT-PCR and named -RT. cDNA synthesis was performed with a C1000 Thermal Cycler
(Bio-Rad) using the procedure detailed in the Table 2.1.
Table 2.1. Protocol for cDNA synthesis.

Temperature

Time

Process

25 oC

5 min

Primer annealing

42 oC

30 min

cDNA synthesis

85 oC

5 min

Inactivation of enzymes

4 oC

Until stopped

Cooling

The lid was heated and set to 105 oC for the entire time of the run.
After the run, the cDNA was collected and frozen (-20 oC freezer) or kept on ice if used
straight away.

Quantitative Real Time RT-PCR (qRT-PCR)
LightCycler 480 SYBR Green I Master kit (Roche), based on double stranded DNA binding
fluorescent dye (SYBR Green I), was used for qRT-PCR. The kit contains PCR-grade water
and 2x concentrated Master solution, consisting of FastStart Taq DNA polymerase, reaction
buffer, dNTP mix and SYBR Green I dye. The master solution, water and the primers were
pre-mixed in two separate RNAse-free tubes (master-mix). The first tube contained
QuantiTect Primer Assay (QIAGEN) for Gb3 synthase gene (Gb3syn), while the second
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contained forward and reverse primers (MWG-Biotech AG) for a housekeeping gene
encoding TATA-binding protein (TBP). The TBP gene was used as a reference for relative
quantification of Gb3syn expression. Finally, the template (cDNA, negative control –RT or
PCR-grade water) was mixed with the prepared master mixes (in separate wells for Gb3syn
and TBP) and distributed in 96-well PCR plates with two parallels of 20 μl for each. Serial
dilutions of one cDNA sample were used for standard curve plotting. qRT-PCR was
performed using LightCycler 480 (Roche) with the procedure detailed in the Table 2.2.
Table 2.2. Protocol for qRT-PCR.

Temperature

Time

Cycles

Process

95 oC

5 min

1

Preincubation

95 oC
60 oC
72 oC
95 oC
55 oC
97 oC

10 s
20 s
10 s
5s
1 min
Continuous*
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Amplification

1

Melting curve

40 oC

10 s

1

Cooling

* 0.11 oC/s rate.
Relative quantification of the ratio of Gb3syn/TBP was performed using LightCycler 480
software.

2.2.5. Immunofluorescence Confocal Microscopy
Live cell imaging
Cells (2 x 105 cells/dish) were cultured in 35 mm Petri dishes with 20 mm No. 1.5 coverglass
(MatTek) one day before the experiment. Part of the medium was aspirated (leaving ~1
ml/dish) and dishes were placed on ice for 20 min to cool down. Primary antibody, antihuman Gb3, was diluted 50 times in ice-cold HEPES medium, and 250 μl/dish were added
to aspirated dishes. Incubation proceeded for 1 h on ice. The cells were then washed three
times for 3 min with ice-cold HEPES medium. Secondary antibody, rhodamine red X – antimouse, was diluted 100 times in ice-cold HEPES medium, and 250 μl/dish were added for
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40 min on ice (kept in dark). Cells were washed again three times for 3 min with ice-cold
HEPES medium. For nucleus staining, cells were incubated with 10 μg/ml Hoechst 33342
(Sigma) for 10 min at 37 oC and quickly placed back on ice.
Fluorescence images were acquired with the laser scanning microscope LSM 710 (Zeiss).
Cells were kept at RT while microscoping, but no longer than 20 min/dish to reduce the
possibility of antibody internalisation.

Fixed cell imaging
Cells were seeded in 6-well culture plates one day prior to the experiment. Each well
contained three sterile round 10 mm No.1 microscope cover glasses. A subsequent
experiment-specific treatment of the cells is explained in the result part. Cells were washed
once with extensive amount of PBS and fixed in 10% (v/v) formalin solution (Sigma) for 15
min at RT. Formalin was aspirated and cells were washed three times for 5 min with PBS
and then permeabilised with 0.1% (v/v) Triton X-100 solution in PBS for 5 min at RT. Cells
were washed in PBS as previously described, and non-specific binding sites were blocked
with 10% (v/v) fetal bovine serum in PBS (blocking solution) for 30 min at RT. Primary
antibody, anti-human Gb3, was diluted 100 times in the blocking solution. Small drops (~20
μl) of diluted primary antibody were pipetted on a Parafilm sheet, and microscope slides
with cells facing downwards were placed on them. Incubation proceeded for 1 h at RT or
overnight at 4 oC. To avoid drying, cover slips were kept in a box with wet paper
underneath. After the incubation, cover slips were placed in a 24-well plate, and the washing
procedure was repeated. Secondary antibody, rhodamine red X – anti-mouse, was diluted
100 times in the blocking solution. Incubation with the secondary antibody was performed in
the same way as for the primary antibody but for 30 min at RT in the dark. Cover slips were
placed back in a 24-well plate, and the washing procedure was repeated. Finally, cover slips
were carefully dried using a paper napkin, and mounted with ProLong Gold antifade reagent
with DAPI (fluorescent probe for DNA), on microscopy slides. Slides were kept at 37 oC in
dark overnight to allow the mounting solution to harden, and then stored at 4 oC.
Fluorescence images were acquired with the laser scanning microscope LSM 710 (Zeiss).
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2.2.6. Time-Lapse Microscopy-Based Cell Migration Assay
Dish coating
In order to have a favourable surface for cell migration, 35 mm Petri dishes with 20 mm No.
1.5 coverglass (MatTek) were pre-coated with fibronectin or collagen prior to cell seeding.
Dishes were pre-treated with 1 M HCl for 10 min at RT, and then washed with sterile PBS
and sterile dist. water (this pre-treatment step is recommended by the producer to ensure
optimal coating of the dish). Coating with fibronectin (20 μg/ml in water) was performed at
37 oC for 10 min. Surface coating concentration was 1 μg/cm2. Several conditions were
tested for collagen coating: two different collagen concentrations, 10 μg/cm2 and 16 μg/cm2,
and two different diluents, 10 mM HCl and HEPES medium. Coating with the collagen was
performed at RT overnight. Dishes were washed twice with HEPES medium after the
coating, and, if the cells were not seeded straight away, the dish was filled with appropriate
growth medium and stored at 4 oC, but no longer then for one day.

Cell growth
Cells (1.2 x 105 cells/dish) were seeded to freshly pre-coated dishes one or two days before
imaging. The time and conditions for treatment with drugs or antibodies varied according to
experimental purpose, and are explained in details in the results part.

Time-lapse microscopy
Time-lapse microscopy, a continuous imaging with constant time periods between pictures
taken, was performed using Biostation IM (Nikon). The instrument is supplied with a red
LED light source for phase contrast imaging. The long wavelength red light is considered to
be cell-friendly and not produce any effect on cells even after several days of continuous
imaging. An external light source Intensilight C-HGFIE (Nikon) and filter set 41002c
TRITC (Chroma Technology) were used for fluorescence microscopy. The environment in
the cell-chamber was kept humid and stable at 37 oC and 5% CO2 during all time-lapse
experiments.
In the start of time-lapse experiment, 15-20 observation points per dish were selected. The
selections were chosen to have 5-10 cells/view and were distributed all over the
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microscoping field of the dish. Time periods between pictures were 20 min if not stated
otherwise, and total time-lapse experiment usually lasted for 20-24 h.

Immunofluorescence
In order to detect Gb3 present only on the cell surface, primary antibody, anti-human Gb3,
diluted 50 times in warm (37 oC) growth medium was added to the aspirated dish straight
after the time-laps experiment. Incubation with the antibody proceeded for 30 min. Cells
were washed three times with warm complete growth medium and fixed with 10% (v/v)
formalin solution for 10 min. Then formalin solution was aspirated, cells were washed as
explained previously and permeabilised with 0.1% (v/v) Triton X-100 solution in PBS for 5
min. Washing was repeated, and secondary antibody, rhodamine red X – anti-mouse, diluted
100 times in complete growth medium was added. Incubation with secondary antibody
proceeded for 30 min before cells were washed again.
When the total pool of Gb3 in the cells was the object for detection, cells were fixed and
permeabilised immediately after the time-lapse experiment. Subsequently, the samples were
incubated with primary and secondary antibodies as described in the previous section.
All steps of immuno-staining were performed at 37 oC in a 5% CO2 atmosphere (in the
Biostation cell-chamber). Fluorescence images were acquired by Biostation IM (Nikon)
using exactly the same observation points as for the time-lapse experiment.

Data analysis
Randomly chosen cells (5-10 from each observation point) were manually tracked using
ImageJ software. The tracking was stopped if the cell started to divide. Chemotaxis and
Migration Tool (Ibidi) – a plugin for the ImageJ software – was used to quantify cell
migration parameters: velocity, directionality, accumulated distance and Euclidean distance.
The quantification of fluorescence was performed using ImageJ software.
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2.2.7. Statistical data analysis
Standard error of mean (SEM) was used to plot the error bars for results obtained from
experiments repeated at least three times. SEM represents a standard deviation of the mean
and shows how far the estimated mean value is likely to be from the true mean of a given
population. SEM was calculated according to the following formula: SEM = s / n ; s –
standard deviation of the sample, n – the number of independent experiments. For the
experiments repeated only twice, |x-μ| was used for plotting the error bars; x – value
obtained from one of experiments, μ – mean value calculated from both experiments. |x-μ|
represents a distance between the mean value and values obtained from two independent
experiments.
Two sample Student’s t-test was used to estimate if the difference between two mean values
was significant. The mean values were considered statistically different if p value for the
Student’s t-test was lowers than 0.05.
The linear fitting of the data was performed using Originpro 8 software. The coefficient of
determination (r2) is calculated as a square of the correlation coefficient, and represents the
proportion of common variation in the two variables (for example, r2 = 0.5 means, that 50%
of the variance in X can be explained by variation in Y) [127]. Therefore r2 was used to
estimate the strength of correlation between two parameters measured.
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3. Results
3.1. The expression of Gb3 synthase gene in HEp-2
cells
In this study, we used a quantitative real time RT-PCR (qRT-PCR) technique to investigate
the expression of Gb3 synthase gene (Gb3syn) in cultured cancer cells. For the relative
quantification of Gb3syn mRNA levels in the samples, a housekeeping gene encoding
TATA binding protein (TBP) was used as a reference. The Cp values (threshold crossing
points) for the TBP remained constant within treated and control samples.

2DG inhibits Gb3syn expression in HEp-2 cells
2DG was recently reported to inhibit Gb3syn expression in HeLa cells (Gb3syn promoter
activity was measured indirectly using a reporter vector) [45]. To study if 2DG had a similar
inhibitory effect on Gb3 synthesis in HEp-2 cells, we subjected HEp-2 cells to 10 mM 2DG
for various time periods prior to extraction of mRNA, and performed qRT-PCR according to
the procedure described in 2.2.4. A significant reduction in Gb3syn expression was observed
after 4 h and 6 h of the 2DG treatment (Fig. 3.1 A), with the highest decrease (40%) in
Gb3syn/TBP ratio at the 6 h time point, compared to untreated (control) cells (Fig. 3.1 C).
However, the level of mRNA for Gb3syn was back to that of the control cells after 48 h of
the incubation (Fig. 3.1 C).
It was earlier demonstrated by Kijimoto and Hakomori that Gb3syn expression depended on
cell density and increased with higher cell confluency in the culture of non-transformed cells
[128]. This was also observed in this study (Fig. 3.1 A). The level of mRNA for Gb3syn
increased 2.5 folds when cell culture density changed from ~30% at 1 h to ~80% at 48 h (the
cell confluency was estimated visually according to dish surface covering; the increase in
cell number is presented in Fig. 3.1 B). However, the same increase in Gb3syn expression
was also observed in 2DG treated samples, though cell growth was partly inhibited by the
treatment, and cells reached only ~50% confluency after 48 h (Fig. 3.1 B).
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Fig. 3.1. Gb3syn expression in HEp-2 cells. HEp-2 cells were treated with 10 mM 2DG for various time
periods, total mRNA was isolated from treated and control (untreated) cells, and Gb3syn expression was
measured by qRT-PCR. TBP gene was used as a reference for relative quantification. (A) Gb3syn/TBP values
were normalised to the corresponding control at the 1 h time point. Values for Student’s t-test *p < 0.05. (B)
Cells were counted in control and 2DG-treated wells (performed in parallel to mRNA isolation). The cell
number was normalised to the control value at 1 h (C) The Gb3syn expression of 2DG treated samples was
calculated relative to the untreated control samples. The results are plotted as mean values ± SEM of three
independent experiments.

Fig. 3.2. Cell density and time of growth-induced changes in Gb3syn expression in HEp-2 cells. HEp-2
cells were seeded in culture dishes with various cell numbers and subjected to RNA extraction after different
time periods (time counted from the moment of cell seeding). The cell density was estimated visually using a
phase contrast light microscope, and presented as a percentage of dish surface coverage by cells. Gb3syn
expression was measured by qRT-PCR, and TBP was used as a reference gene for relative quantification.
Plotted: Gb3syn/TBP ratios in cells, which had reached different densities within (A) 6 h and (B) 24 h after cell
seeding, and (C) in cells, which were of similar density (70-80%), but were grown in the culture dish for
different time periods.

47
Gb3syn expression in HEp-2 cells is cell context dependent
Since we found that Gb3syn expression was increased not only in control, but also in 2DGtreated cells (which were growing much slower and were of lower density), we investigated
if Gb3syn expression was dependent on time which the cells had spent in the culture. To
study this, HEp-2 cells were seeded in culture dishes at different starting densities, and
mRNA was extracted after various time periods. To analyse the effect of cell density, the
Gb3syn/TBP ratios were compared between the samples from cells with different densities
after the same culturing time (Fig. 3.2 A, B), while samples from cells with similar cell
density, but different in the time of growth, were compared to each other to investigate the
contribution of timing (Fig. 3.2 C). Although the results are preliminary, it is clear that both
cell density and time of growth were affecting the expression of Gb3syn in HEp-2 cells, and
in both cases the Gb3syn was upregulated in response to higher cell density and longer time
spent in the culture dish. Six hours after seeding, cells were fully attached to the dish
surface, but there was yet no difference in Gb3syn expression between sparsely and densely
seeded cells (Fig. 3.2 A). However, in cells which had been growing for 24 h in the culture,
Gb3syn expression was 2.5 times higher in confluent cells than in cells which were growing
sparsely (Fig. 3.2 A). Furthermore, the Gb3syn expression measured in cells which all had
reached 70-80% density, but had been growing in the dish for 6 h, 24 h or 56 h after seeding,
was increased in cells grown for longer time periods, and within 56 h was 5 times and 1.4
times higher than that at the 6 h and 24 h time points, respectively (Fig. 3.2 C).

3.2. 2-deoxy-D-glucose induced protection against
protein toxins
To confirm that 2DG had a specific effect on Gb3 synthesis, cell intoxication by four protein
toxins, Shiga toxin (Stx), Shiga-like toxin 2 (SLT-2), Diphtheria toxin (DT) and the plant
toxin ricin, was tested. Gb3 serves as a receptor for Stx, SLT-2 and ricin (it must be noted
that ricin binds to both glycoproteins and glycolipids with terminal galactose), but not for
DT, which binds to the heparin-binding epidermal growth factor precursor (pro-HB-EGF)
[97]. All the toxins inhibited protein synthesis during cell intoxication. Therefore, the
remaining cellular protein synthesis was used to asses the efficiency of the intoxication.
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2DG protects against Stx and DT, but not against ricin
HEp-2 cells were treated with 10 mM 2DG for 24 h prior to addition of increasing
concentrations of a given toxin. Then, cells were incubated with [3H]leucine containing
growth medium, and incorporated [3H]leucine was measured. The results showed, that 2DGtreated HEp-2 cells were 40 times less sensitive to Stx and 30 times less sensitive to DT
(Fig. 3.3 A, D). Preliminary data also indicated that 2DG treatment induced protection
against SLT-2 to an even greater extent (Fig. 3.3 C). However, 2DG treatment had no effect
on cell intoxication by ricin (Fig. 3.3 B).
The protective effect of 2DG against Stx and SLT-2 may be an outcome of decreased levels
of surface Gb3, since cellular level of Gb3 has been shown to be reduced in teratocarcinoma
cells after 2DG treatment [45]. However, a lowered number of Gb3 on the cell surface can
not explain reduced cell sensitivity to DT. Therefore, we tested if cell protection could be
caused by cell deprivation of ATP, which is required for the receptor-mediated endocytosis
of the toxins.

Fig. 3.3. The effect of 2DG on HEp-2 cell sensitivity to bacterial and plant toxins. HEp-2 cells were
cultured with or without (control) 10 mM 2DG for 24 h. The cells were then incubated for 3 h with increasing
concentrations of (A) Stx, (B) ricin, (C) SLT-2 or (D) DT. Finally, incorporated [3H]leucine was measured to
determine remaining cellular protein synthesis. Protein synthesis was calculated as a percentage of samples
without toxin treatment, and plotted as mean values ± SEM; n, the number of independent experiments.
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Pyruvate does not restore HEp-2 cell sensitivity to Stx and DT
The most profound effect of 2DG on cells might be depletion of ATP caused by a glycolysis
inhibition. Medium supplementation with pyruvate has been demonstrated to partly recover
ATP yield in bovine pulmonary artery endothelial cells treated with 2DG [129]. To test if
depletion of ATP in HEp-2 cells accounted for the 2DG-induced protection against Stx and
DT, the cells were treated with 10 mM 2DG, 10 mM sodium pyruvate, or the combination of
these compounds for 4 h or 24 h. Cells were then incubated for 3 h with increasing
concentrations of the toxins, and incorporated [3H]leucine was measured.

4h

24 h

IC50, ng/ml

Protection

IC50, ng/ml

Protection

5.1 ± 2.7

–

3.7 ± 1.5

–

74 ± 5

19 ± 9

> 100

43 ± 15 *

10 mM 2DG

4.7 ± 2.4

0.93 ± 0.02

5.5 ± 2.5

1.5 ± 0.1

10 mM pyruvate

52 ± 9

13 ± 5

> 100

110 ± 75 *

2DG + pyruvate

Control

* Approximate values, because IC50 of these samples were higher then 100 ng/ml and were out of
the investigation range.
Fig. 3.4. HEp-2 cell sensitivity to Stx after 2DG and/or sodium pyruvate treatment. HEp-2 cells were
treated with 10 mM 2DG and/or 10 mM sodium pyruvate for (A) 4 h or (B) 24 h prior to incubation with
increasing concentrations of Stx for 3 h. Incorporated [3H]leucine was then measured, and protein synthesis
was calculated as a percentage of the samples, which were not treated with the toxin. Results are plotted as
mean values ± |x-μ| of two independent experiments. The table: IC50, concentration of the toxin which inhibited
protein synthesis by 50%. Protection, the ratio between IC50 of 2DG or/and sodium pyruvate-treated sample
and IC50 of the control. The values listed are means ± |x-μ| of two independent experiments.

The protection against Stx after 4 h incubation with 2DG was almost 20-fold and increased
up to more than 40-fold with longer incubation time (24 h) (Fig. 3.4). In contrast, a short 4 h
incubation with 2DG induced only a slight (less then 2-fold) protection against DT, and a
long incubation time (24 h) was needed to protect cells from DT (Fig. 3.5). Sodium pyruvate

50
alone did not affect HEp-2 cell sensitivity to Stx and DT, and when pyruvate was added in
combination with 2DG the cell protection against Stx was still at the same level as in cells
treated with 2DG alone (Fig. 3.4). However, although the IC50 values were not significantly
different between samples treated with 2DG or with a combination of 2DG and sodium
pyruvate, there was a significant rescue in cell sensitivity to DT when 24 h incubation with
drugs was followed by the addition of 100 ng/ml toxin (Fig. 3.5). This indicates that
mechanisms responsible for cell protection against Stx and DT by 2DG are at least partially
different, and ATP depletion is involved in protection against DT, while protection against
Stx is ATP-independent.

4h

24 h

IC50, ng/ml

Protection

IC50, ng/ml

Protection

52 ± 7

–

93 ± 15

–

84 ± 15

1.6 ± 0.1

> 1000

32 ± 10 *

10 mM 2DG

49 ± 6

0.93 ± 0.03

127 ± 30

1.3 ± 0.3

10 mM pyruvate

69 ± 5

1.4 ± 0.1

> 1000

38 ± 17 *

2DG + pyruvate

Control

* Approximate values, because IC50 of these samples were higher then 1000 ng/ml and were out of
the investigation range.
Fig. 3.5. HEp-2 cell sensitivity to DT after 2DG and/or sodium pyruvate treatment. HEp-2 cells were
treated with 10 mM 2DG and/or 10 mM sodium pyruvate for (A) 4 h or (B) 24 h prior to incubation with
increasing concentrations of DT for 3 h. Incorporated [3H]leucine was the measured, and protein synthesis was
calculated as a percentage of the samples, which were not treated with the toxin. Results are plotted as mean
values ± SEM of three independent experiments. Value for Student’s t-test **p < 0.05. The tables: IC50,
concentration of the toxin which inhibited protein synthesis by 50%. Protection, the ratio between IC50 of 2DG
or/and sodium pyruvate-treated sample and IC50 of the control. The values listed are means ± SEM of three
independent experiments.
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Protection against Stx by 2DG in different cells
In addition to HEp-2 cells, two colon cancer cell lines, SW480 and HT-29, were tested for
sensitivity to Stx. The HEp-2 cells and HT-29 cells showed similar sensitivity to Stx, while
SW480 was found to be 10 times less sensitive to the toxin (Fig. 3.6). To test if protection
against Stx caused by 2DG treatment is not restricted to HEp-2 cells, all three cell lines were
treated with 10 mM 2DG for 24 h prior to the addition of increasing concentrations of Stx. A
decreased sensitivity to Stx after 2DG treatment was observed in all cells. The HEp-2 and
HT-29 cells were protected more then 50 times against Stx, while SW480 showed lower, but
still high (~20-fold) protection against Stx after 24 h incubation with 2DG (Fig. 3.6).

HEp-2

HT-29

SW480

IC50, ng/ml

Protection

IC50, ng/ml

Protection

IC50, ng/ml

Protection

2.7 ± 0.7

–

1.7 ± 0.6

–

25 ± 19

–

> 100

> 50

87 ± 10

> 50

> 100

20 ± 5 *

Control
10 mM 2DG

* Approximate values, because IC50 of these samples were higher then 100 ng/ml and were out of the
investigation range.
Fig. 3.6. Protection against Stx by 2DG. (A) HEp-2, (B) HT-29 and (C) SW480 cells were treated with 10
mM 2DG for 24 h. Both treated and untreated (control) cells were then incubated for 3 h with increasing
concentrations of Stx, and incorporated [3H]leucine was measured. Protein synthesis was calculated as a
percentage of the samples without toxin treatment. Results are plotted as mean values ± SEM of four
independent experiments for HEp-2 cells, and as mean values ± |x-μ| of two independent experiments for HT29 and SW480 cells. The table: IC50, concentration of the toxin which inhibited protein synthesis by 50%.
Protection, the ratio between IC50 of a 2DG treated sample and IC50 of the control. The listed values represent
means ± SEM for HEp-2 cells, and means ± |x-μ| for HT-29 and SW480 cells.
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2DG does not affect Stx endocytosis in HEp-2 cells
The data shown above demonstrated that 4 h and 6 h incubation with 10 mM 2DG
significantly decreased the expression of Gb3syn, which should lead to decreased Gb3
synthesis and reduced Gb3 levels in the cells. To test, if 2DG treatment reduced the binding
and/or endocytosis of Stx and thus led to cell protection against the toxin, the binding and
endocytosis of Stx was measured as described in 2.2.3. HEp-2 cells were pre-treated with 10
mM 2DG for 4 h or 24 h prior to addition of biotin-Stx. Interestingly, there was no
significant change observed in total binding of biotin-Stx after either 4 h or 24 h treatment
with 2DG (Fig. 3.7 A). Furthermore, the decrease in the endocytosed proportion of the
labelled toxin was less then 10% and was not significant after 4 h or 24 h incubations with
2DG (Fig. 3.7 B). Therefore, neither decreased binding, nor inhibited endocytosis of Stx
could explain the 2DG-induced cell protection.
The control experiments were preformed on ice to test if MESNa treatment was sufficient to
cleave biotin from the biotin-Stx bound to the cell surface. The plate with cells was placed
on ice for 20 min and then ice-cold HEPES medium containing biotin-Stx was added for 30
min. The subsequent steps were performed according to the protocol given in 2.2.3. The
counts measured from the wells which were treated with MESNa were lower than 10 % of
the total binding. This was considered as the background level and was similar for all three
cell lines used in this study.

Fig. 3.7. Biotin-Stx endocytosis in control and 2DG treated HEp-2 cells. HEp-2 cells were incubated with
10 mM 2DG for 4 h or 24 h prior to the addition of biotin-Stx construct. One half of the wells was then treated
with MESNa solution to remove biotin from the cell surface-bound biotin-Stx. Finally, cells were lysed, and
intact biotin-Stx was quantified. The number of cells was measured in parallel plates and all counts were
normalised to cell number (counts/cell). (A) Total biotin-Stx binding, calculated as a percentage of untreated
control. (B) The endocytosed population of biotin-Stx, calculated as a percentage of the total binding in a
given sample. The results are plotted as mean values ± |x-μ| of two independent experiments.
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3.3. Cell sensitisation to Shiga toxin by sodium
butyrate
In contrast to 2DG, which has been found to protect cells against Stx, sodium butyrate is
known to sensitise cells to Stx. It was first demonstrated by Sandvig et al. [94] that cells
which normally were resistant to Stx became sensitive after treatment with butyric acid. To
test the sensitising effect of sodium butyrate on colon cancer cells, SW480 and HT-29 cells
were treated with 0.5 mM, 1 mM or 2 mM sodium butyrate for 48 h prior to addition of
increasing concentrations of Stx. Then, cells were incubated with [3H]leucine containing
growth medium, and incorporated [3H]leucine was measured. The results showed that even
the lowest concentration of sodium butyrate (0.5 mM) sensitised SW480 cells to Stx more
than 80 times (Fig. 3.8 A). The effect on HT-29 cells was lower, and at the highest a 6-fold
sensitisation was observed after treatment with 2 mM sodium butyrate (Fig. 3.8 B).
Interestingly, though HT-29 cells were much more sensitive to Stx than SW480 cells in
control conditions (there was a 10-fold difference between IC50 values), sodium butyrate
treatment sensitised SW480 cells to Stx to a much higher extent than HT-29 cells (Fig. 3.8).

SW480

HT-29

IC50, ng/ml

Sensitisation

IC50, ng/ml

Sensitisation

24 ± 16

–

1.9 ± 0.5

–

0.2 ± 0.1

85 ± 33

1 ± 0.5

2.6 ± 1.0

0.5 mM butyrate

0.1 ± 0.1

> 100

0.8 ± 0.5

3.3 ± 1.3

1 mM butyrate

0.1 ± 0.1

>100

0.4 ± 0.2

5.9 ± 1.9

2 mM butyrate

Control

Fig. 3.8. Sensitisation to Stx by sodium butyrate. (A) SW480 and (B) HT-29 cells were treated with sodium
butyrate for 48 h prior to the addition of Stx for 3 h, and incorporated [3H]leucine was then measured. Protein
synthesis was calculated as a percentage of the samples without toxin. Results are plotted as mean values ± |xμ| of two independent experiments. The table: IC50, the concentration of Stx, which inhibited protein synthesis
by 50%. Sensitisation, the ratio between IC50 of the control sample and IC50 of the sodium butyrate-treated
sample. The listed values represent means ± |x-μ|.
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Effect of sodium butyrate on binding and endocytosis of Stx
To test if cell sensitisation to Stx by sodium butyrate is related to increased binding and/or
internalisation of the toxin, SW480 and HT-29 cells were treated with 0.5 mM or 2 mM
sodium butyrate for 48 h prior to the addition of biotin-Stx. The detailed procedure used to
assess the binding and the endocytosis of biotin-Stx is given in 2.2.3.

SW480

HT-29

Fig. 3.9. Biotin-Stx endocytosis in control and sodium butyrate-treated colon cancer cells. SW480 (top)
and HT-29 (bottom) cells were treated with 0.5 mM or 2 mM of sodium butyrate for 48 h prior to the addition
of biotin-Stx. One half of the wells were then treated with MESNa solution to remove biotin from the cell
surface-bound biotin-Stx. Finally, the cells were lysed, and intact biotin-Stx was quantified. The number of
cells was measured in parallel plates and all counts were normalised to cell number (counts/cell). (A,C) The
total biotin-Stx binding, calculated as a percentage of the binding to untreated control cells. (B,D) The
endocytosed population of the biotin-Stx, calculated as a percentage of the total binding in a given sample. The
results are plotted as mean values ± |x-μ| of two independent experiments.

Sodium butyrate concentration-dependent increase in the total binding of biotin-Stx was
observed in both SW480 and HT-29 after two days of butyrate treatment (Fig. 3.9 A, C).
However, endocytosis of the labelled toxin was not affected by the treatment, and the same
proportion of biotin-Stx was endocytosed by control and butyrate-treated cells (Fig. 3.9 B,
D). In contrast to cell sensitisation to Stx by sodium butyrate, where 0.5 mM concentration
of butyrate was sufficient to increase SW480 cell sensitivity to Stx 80 times, the same
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treatment did not significantly change the total binding of biotin-Stx, suggesting that
sensitisation to Stx was not related to increased number of Stx molecules entering the cell.
However, the increased binding of Stx could be the reason for HT-29 sensitisation to Stx by
sodium butyrate, since the total binding of biotin-Stx was increased 3 times after 2 mM
sodium butyrate treatment (Fig. 3.9 C). These results suggest that different mechanisms
could be involved in SW480 and HT-29 sensitisation to Stx by sodium butyrate.

3.4. The effect of sodium butyrate on Gb3 synthase
gene expression in colon cancer cells
Since it was observed that sodium butyrate treatment sensitised SW480 and HT-29 cells to
Stx and increased biotin-Stx binding, the effect of butyrate on Gb3syn expression in these
cells was tested. The cells were pre-treated with 1 mM sodium butyrate for different time
periods prior to extraction of mRNA, and qRT-PCR was performed according to the
protocol described in 2.2.4. In SW480 cells, a significant 5-fold increase in Gb3syn
expression was observed 24 h after sodium butyrate treatment, and the expression also
increased slightly after even longer incubation (Fig. 3.10 A, C). The same tendency was
observed in HT-29 cells, but the increase in Gb3syn expression was only half that in SW480
cells (Fig. 3.10 D, F). The growth of both cell lines was inhibited slightly by sodium butyrate
treatment (Fig. 3.10 B, E).
Contrary to what was shown for HEp-2 cells, Gb3syn expression was not upregulated in
response to higher cell density in SW480 and HT-29 cells (Fig. 3.10 A, D). This could be
due to weak cell-to-cell contacts in SW480 culture, since these cells did not form well
defined colonies. However, HT-29 cells formed compact colonies in the dense culture, but
still there was no regulation of Gb3syn expression observed. The lack of Gb3syn
upregulation in response to cell culture density by SW480 and HT-29 cells is in agreement
with published data showing that the cell density-dependent regulation of glycosphingolipid
synthesis is lost during malignant cell transformation [128;130]. However, it should be noted
that HEp-2 cells are also cancer cells, but the expression of Gb3syn was upregulated in
response to increased cell culture density in these cells (Fig. 3.2 B).
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SW480

HT-29

Fig. 3.10. Gb3syn expression in colon cancer cells. SW480 (top) and HT-29 (bottom) cells were treated
with/without 1 mM sodium butyrate for various time periods. Then, total mRNA was isolated, and Gb3syn
expression was measured by qRT-PCR. TBP was used as a reference gene for relative quantification. (A,D)
Gb3syn/TBP values normalised to the corresponding control at the 0 h time point. (B,E) The cell number in
treated and control wells, normalised to the control value at the 0 h time point. (C,F) Gb3syn expression in
sodium butyrate-treated samples calculated relatively to the untreated controls. For SW480 cells results are
plotted as mean values ± SEM of three independent experiments. Values for Student’s t-test *p < 0.05. For HT29 cells preliminary data from one experiment is shown.
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3.5. The effect of sodium butyrate on the cell cycle
Sodium butyrate has been reported to induce cell cycle arrest in G2 phase in normal and
cancer cells [131-133]. To study if sodium butyrate interfered with the cell cycle in SW480
cells, we analysed phase contrast images of SW480 cells pre-treated with/without 0.5 mM
sodium butyrate prior to the time-lapse imaging. All the cells in the field of view were
assigned to one of the groups: (i) containing a single nucleus, (ii) containing two nuclei or
(iii) containing three or more nuclei. The results showed that 8% of sodium butyrate-treated
cells contained more than one nucleus, while only 4% of such cells were observed in the
control group. Furthermore, the percentage of binucleated cells was similar in the control
and sodium butyrate-treated samples, but a proportion of polynucleated cells was
significantly increased in the sodium butyrate-treated group compared to the control (Fig.
3.11 A). The observations also indicated that some of the sodium butyrate-treated cells were
unable to finish cytokinesis and fused back forming binucleated cells (Fig. 3.11 B). In
agreement with published data [132;133], binucleated cells were still able to reinitiate cell
cycle (without cytokinesis), which led to doubled number of nuclei and increased cell size
(Fig. 3.11 C).

Fig. 3.11. The increase in polynucleated cells after sodium butyrate treatment. SW480 cells were cultured
normally (Control), or with 0.5 mM sodium butyrate added to growth medium for 48 h (Butyrate). Then, phase
contrast images were taken and analysed. (A) The number of cells which contained 2 or more nuclei was
calculated as a percentage of total cells. The results are plotted as mean values ± SEM of five independent
experiments; n, number of cells analysed. Value for Student’s t-test *p < 0.05. (B) The time series of phase
contrast images showing an unsuccessful division of a SW480 cell grown in medium supplemented with 0.5
mM sodium butyrate. (C) The phase contrast image of the cell containing four nuclei.
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3.6. The detection of Gb3 by immunofluorescence in
live and fixed cells
It has been suggested that not all Gb3 present on the cell surface is available for the binding
by Stx or anti-Gb3 antibodies, since the orientation of the carbohydrate part might be
dependent on the concentration of cholesterol and the presence of other GSLs in the
membrane, and also membrane proteins may inhibit the binding [86;134]. In this study it
was tested if the mouse IgM anti-Gb3 antibody (supplied by BD Pharmingen) could be used
to detect Gb3 present on the cell surface. The cells were cooled on ice prior to addition of
ice-cold HEPES medium containing the antibody, and kept on ice during the whole labelling
procedure, except for a short 10 min incubation with Hoechst at 37 oC for nucleus staining.
The confocal fluorescence imaging was performed at room temperature, but only for short
time intervals to avoid warming of the samples.
Gb3 present in the plasma membrane was detected in all cells tested, but the proportion of
positively labelled cells differed between the cell lines. All HEp-2 cells were found to be
positive for Gb3 (Fig. 3.12 A). A majority (~70%) of the HT-29 cells was detected to be
positively labelled for Gb3 (Fig. 3.12 B), while less than 10% of SW480 cells had Gb3
detected by the immunofluorescence microscopy (Fig. 3.12 C). It has been demonstrated
earlier by Kovbasnjuk et al. [8] that colon cancer cells have different amounts (or different
pools) of Gb3 presented on the cell surface. In agreement with our observation, 90% of HT29 cells have been found to be positive for Gb3 when stained live with fluorescently labelled
StxB [8].

Fig. 3.12. Detection of surface Gb3 in live cells by immunofluorescence microscopy. (A) HEp-2, (B)
SW480 and (C) HT-29 cells were labelled on ice with mouse anti-Gb3, followed by rhodamine red X
conjugated anti-mouse IgG (red). Nuclei were stained with Hoechst 33342 (grey). Scale bars, 20 μm.
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Since we found that only a few live SW480 cells were labelled with the anti-Gb3 antibody,
we tested if higher amount of Gb3 could be detected in formalin-fixed and Triton X-100permeabilised cells. The 10% (v/v) formalin solution both fixed and partially permeabilised
the cells, which made it possible to label intracellular Gb3, whereas only a weak or no cell
surface staining was observed (Fig. 3.13 B). The additional permeabilisation step using a
0.1% (v/v) Triton X-100 solution gave a complete permeabilisation of cellular membranes,
and the Gb3 staining was detected on the cell surface and intracellularly, apparently even in
the nucleus (Fig. 3.13 C).

Fig. 3.13. Detection of Gb3 in SW480 cells. SW480 cells were (A) cooled on ice, (B) fixed with 10% (v/v)
formalin solution or (C) fixed with 10% (v/v) formalin solution and permeabilised with 0.1% (v/v) Triton
solution prior to labelling with mouse anti-Gb3, followed by rhodamine red X conjugated anti-mouse IgG
(red). Nuclei were stained with (A) Hoechst 33342 (grey), or (B,C) DAPI (grey). The bottom pane shows a
representative x-z section. Scale bars, 20 μm.

3.7. The relation between Gb3 and cell motility
It has been reported that the Gb3-enriched colon cancer cells are distinguished from other
cells by a filopodia forming phenotype. In addition, the Gb3-enriched phenotype has been
demonstrated to be closely related to cell invasiveness: the transfection of normally noninvasive epithelial cells with Gb3syn cDNA has induced the formation of filopodia and cell
migration across filter membranes [8]. The SW480 cell line consists of two distinct
subpopulations, which are different in their metastatic potential [78;79], and has been shown
to migrate spontaneously without chemoattractive stimuli in the 3D collagen matrix [80].
Therefore, these cells were chosen for studying the relation between Gb3 and cell migration.
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Firstly, several coating procedures were tested in order to have a favourable surface for cell
migration (the detailed coating procedures used are explained in 2.2.6.). Two concentrations,
10 μg/cm2 and 16 μg/cm2 collagen, prepared either in 10 mM HCl or HEPES medium, and 1
μg/cm2 fibronectin were tested. The results indicated that 16 μg/cm2 concentration of
collagen diluted in HEPES medium gave the best coating for the SW480 cell migration. The
proportion of SW480 cells which were migrating on the dish, coated with fibronectin, 16
μg/cm2 collagen/HCl and 16 μg/cm2 collagen/HEPES solution, was 8%, 7% and 20%,
respectively (a cell was considered migrating, if its velocity was greater than 5 μm/h) (Fig.
3.14). Therefore, the overnight coating procedure using 16 μg/cm2 collagen diluted in
HEPES medium was used for the rest of experiments.
Fig. 3.14. SW480 cell migration on differently coated
surfaces. The cover glass of the Petri dish (MatTek) was
pre-coated with 1 μg/cm2 fibronectin (in water), or 16
μg/cm2 collagen, diluted in 10 mM HCl or HEPES medium.
The imaging of the cells was started one day after cell
seeding and proceeded for 20 h (20 min between pictures).
Randomly chosen cells were tracked manually using
ImageJ software and the velocity was calculated. The
velocity of the cells was sorted in an ascending sequence
and ranked from 0 to 1 for the plotting. The number of cells
analysed for each condition, n = 65 (Fibronectin), n = 90
(Collagen in HCl), n = 109 (Collagen in HEPES).

The correlation between antibody-detected Gb3 and cell motility
SW480 cells were seeded in a collagen-coated dish one day prior to the time-lapse imaging,
which lasted for 20 h. Since the Gb3 labelling was found to be highly dependent on the cell
fixation and permeabilisation in SW480 cells, two different procedures for the labelling of
the Gb3 were used: (i) the anti-Gb3 antibody, diluted in 37 oC complete growth medium,
was added to live cells, or (ii) cells were fixed with 10% (v/v) formalin solution prior to the
addition of the anti-Gb3 antibody. The permeabilisation using a 0.1% (v/v) Triton X-100
solution was performed prior to the addition of the rhodamine red X-conjugated anti-mouse
IgG. The fluorescence images of the same observation points which were used for the timelapse imaging were taken using the Biostation. The cell tracking and the analysis of the
fluorescence images were performed using ImageJ software. Since SW480 cells were highly
variable in their size, the measured integrated intensity of the fluorescence was divided by
the cell area. The linear fitting of the data was performed using OriginPro 8.
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Fig. 3.15. The correlation between Gb3 and cell migration. The phase contrast images of SW480 cells
were taken continuously for 20 h (20 min between pictures). (A) Anti-Gb3 was added to live cells for 30 min,
or (B) cells were fixed with 10% (v/v) formalin solution prior to the addition of anti-Gb3. The cell
bound/internalised anti-Gb3 was labelled with rhodamine red X-conjugated anti-mouse IgG, and fluorescence
was detected using the Biostation. The cell tracking and fluorescence intensity measuring was performed
using ImageJ software. The linear fitting of the data (black line) was performed only on cells which had
velocity higher than 5 μm/h; r2, coefficient of determination, calculated as a square value of correlation
coefficient; n, number of cells included in the correlation analysis.

The preliminary results indicated that there was a weak correlation (r2 = 0.29) between the
Gb3, which was labelled by the antibody in live SW480 cells, and the velocity of the cells
(Fig. 3.15 A). However, there was no correlation detected between the immunolabelled Gb3
and the cell motility in the sample, where cells were fixed with formalin prior to
immunolabelling (Fig. 3.15 B). The immotile cells (velocity less than 5 μm/h) were excluded
from the statistical analysis, but they were still found to have a high content of Gb3 present
on the surface (Fig. 3.15 A). Therefore, further investigation is needed to elucidate the
relation between the motility of the cells and the diverse expression of Gb3 on the surface.

Sodium butyrate inhibits SW480 cell motility
We have demonstrated that sodium butyrate-treated cells were sensitised to Stx, had a higher
Gb3syn expression, and showed a perturbed cell proliferation. Therefore, we tested if
sodium butyrate also had an effect on cell migration. SW480 cells were grown normally or
with 0.5 mM or 2 mM sodium butyrate added to the complete growth medium. The growth
time was 2 days (from the cell seeding until the start of the imaging), and sodium butyrate
was added either immediately after the cell seeding (for 48 h incubation), or one day prior to
the start of the time-lapse microscopy (for 20 h incubation). The imaging was proceeded for
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20 h (with sodium butyrate still present in the medium), and then images were analysed
using ImageJ software.
We found 25% cells to be motile (velocity greater than 5 μm/h) in the control group, while
in sodium butyrate-treated samples, only 14% (0.5 mM butyrate treated) and 9% (2 mM
butyrate treated) of the cells were found to migrate (Fig. 3.16). However, some cells were
still found to migrate with the velocity as great as control cells in the sodium butyrate-treated
samples. In agreement with previous results (where the data indicated that sodium butyrate
interfered with the cell cycle), this suggested that the inhibitory effect on SW480 cell
migration was due to cell arrest in the cell cycle phase(s) with typically lower velocity,
rather than a direct effect of sodium butyrate on the cell migration.
Fig. 3.16. The effect of sodium butyrate on SW480 cell
migration. SW480 cells were grown normally or with 0.5
mM sodium butyrate added 48 h prior to the time-lapse
imaging, or with 2 mM sodium butyrate added 20 h prior to
the time-lapse imaging. Then phase contrast images of the
cells were taken continuously for 20 h (20 min between
pictures). The cells were tracked manually using ImageJ
software and the velocity was calculated. The velocity of
the cells was sorted in an ascending sequence and ranked
from 0 to 1 for the plotting. The control (black line)
represents data from two independent experiments (n=171),
the sodium butyrate treatment experiments were performed
once with n=92 (grey line) n=69 (green line) cells analysed.

Exogenously added anti-Gb3 antibody and StxB have no effect on SW480 cell
motility
To test if the cross-linkage and a subsequent internalisation of the cell surface Gb3 affect the
migration of SW480 cells, the motility of the cells was assessed before and after the addition
of either anti-Gb3 antibodies or the B-moiety of Stx to the cells. The cells were seeded one
day prior to the time-lapse imaging, and they were fed with fresh medium just before the
start of imaging. The anti-Gb3 antibodies and StxB-sulf2 were added to the cells 10 h after
the start of the time-lapse imaging. This addition did not disturb the cells and the focus of the
microscope was not changed. Therefore, the time-lapse microscopy was performed for
additional 10 h without stopping. The cells which had StxB-sulf2 added were fixed at the
end of imaging, and the StxB-sulf2 was detected by the immunofluorescence. The same cell
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(or a daughter cell, if the cell had divided) was tracked in the time-lapse images taken before
and after the addition of the antibody or Stx-sulf2 using ImageJ software.
The results showed that the percentage of spontaneously migrating SW480 cells in the
culture decreased with time, both in control and treated samples: from 47% to 34% in
control, from 42% to 25% in the anti-Gb3 treated group, and from 46% to 23% in the StxBsulf2 treated group (Fig. 3.17). The cells which had a detectable amount of StxB-sulf2
internalised were analysed separately, and the percentage of motile cells was found to
decrease from 45% to 32% (Fig. 3.17. D). Though there was a slightly higher decrease
observed in the proportion of migrating cells in the anti-Gb3- and StxB-sulf2-treated groups,
the additional analysis of the fluorescently labelled cells did not confirm that StxB-sulf2 had
an inhibitory effect on cell migration. Therefore, we concluded that neither anti-Gb3
antibodies nor StxB-sulf2 had any effect on SW480 cell motility.

Fig. 3.17 The effect of anti-Gb3 antibody and StxB on SW480 cell migration. The phase contrast images
of the cells were taken continuously for 10 h (15 min between pictures) (black line). Then (A) 20 μl sterile
PBS, (B) 7 μg anti-Gb3 antibody (centrifuged and resuspended in PBS), or (C) 2.5 μg StxB-sulf2 was added,
and imaging was proceeded for 10 h (grey line). (D) The StxB-sulf2-treated cells were fixed with 10% (v/v)
formalin solution and permeabilised with 0.1% (v/v) Triton solution prior to labelling with mouse anti-Stx,
followed by rhodamine red X-conjugated anti-mouse IgG (green) (insert). Only cells which had detectable
amounts of fluorescence were included for the plotting. The velocity of the individual cells was sorted in an
ascending sequence and ranked from 0 to 1 for the plotting; n, number of cells analysed.
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4. Discussion
Cell context- and 2DG-induced changes in Gb3syn expression
There is still little known about the regulation of GSLs biosynthesis in cells, though, in
1971, it was first observed by Kijimoto and Hakomori [128] that Gb3syn is upregulated in
response to high cell culture density in hamster fibroblasts. Moreover, it was shown that this
regulation was lost after extensive passages in vitro or after cell transformation by polyoma
virus. Therefore, it was concluded that the loss of Gb3syn regulation was related to
malignant transformation of the cells [128]. However, in this study we demonstrated that
cancer cell line HEp-2 increased Gb3syn expression in response to higher cell density in the
culture. Moreover, we found that Gb3syn was upregulated during the course of time spent
after cell seeding, even when the cells were of the same confluency. It has been suggested
that biosynthesis of neutral GSLs is upregulated in response to direct cell-to-cell contact, and
that GSLs are involved in cell density-dependent regulation of cell growth in normal cell
cultures, but this regulation is lost during malignant transformation [128;130;135]. However,
our findings show that a similar mechanism may also exist in cancer cells. Furthermore, our
preliminary data indicate that Gb3syn expression may be upregulated in response to soluble
factors rather than to direct cell contacts in cancer cells, since it has been found to be cell
density- and time-dependent. However, additional experiments are required to characterise
the mechanisms involved in Gb3 synthesis regulation in normal and cancer cells.
In agreement with earlier studies on HeLa cells [37], we found that 2DG inhibited Gb3syn
expression in HEp-2 cells after short incubation times. However, there were no studies of
Gb3syn expression in HeLa cells after longer 2DG treatment. Furthermore, the observed
recovery of Gb3syn expression in HEp-2 cells, continuously treated with 2DG for 48 h, is in
agreement with the idea that Gb3syn expression may be upregulated not only in response to
direct cell-to-cell contact, but also by released soluble factors, since we showed that treated
cells were inhibited in growth and did not reach high density, but still were able to increase
Gb3syn expression to the same extent as control cells.
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2DG-induced protection against bacterial toxins
We found that 2DG treatment induced protection against three bacterial protein toxins. As
far as we know, this has not been demonstrated by any other group. We also showed that the
2DG-induced protection was not limited to a single cell line or to a single bacterial toxin,
since all cell lines tested were protected against Stx, and the intoxication by three bacterial
toxins, Stx, SLT-2 and DT, was decreased in HEp-2 cells after treatment with 2DG. Only the
intoxication by the plant toxin ricin was found to be unaffected by 2DG treatment.
We also studied if a lowered number of Gb3 molecules could be a reason for decreased cell
sensitivity to Stx after 2DG treatment, which was found to inhibit Gb3syn expression in
HEp-2 cells. However, we did not observe a reduction in biotin-Stx binding and/or
endocytosis after 24 h of 2DG treatment, which reduced HEp-2 sensitivity to Stx by more
than 40 times. This indicates that Stx was able to enter the cells to the same extent as in
control conditions, but most probably, intracellular transport of the toxin was changed and
led to loss of toxicity in 2DG-treated cells. It has been shown that in cells which express
Gb3, but are normally resistant to Stx, the receptor bound toxin is mainly transported to
lysosomes and not detected in the ER, whereas the receptor-bound toxin is also observed in
the ER in Stx sensitive cells [136]. The retrograde transport of receptor-bound Stx from
endosomes to the Golgi and the ER is known to be crucial for the intoxication process
(reviewed in [137]), and therefore it might be perturbed in 2DG-treated cells leading to their
resistance to Stx.
The transport of Gb3-bound toxin from endosomes to the Golgi has been shown to be
reduced in cells treated with PDMP (DL-threo-1-phenyl-2-decanoylamino-3-morpholino-1propanol), which specifically inhibits the biosynthesis of hexosylceramide [110]. However,
PDMP treatment did not increase the localisation of Stx in organelles positive for lysosomal
marker LAMP1, and it was suggested that the toxin became trapped in endosomes or
transport vesicles, which were unable to fuse with the Golgi apparatus [110]. In addition,
the decreased levels of GlcCer in the cell membrane have been shown to protect cells against
SLT1, and reduce the localisation of Gb3-bound toxin to detergent resistant domains
(DRMs) in the membrane [138]. Multiple factors, such as length [54;87;139] and saturation
[140] of fatty acids in the Gb3 molecule, a ratio between different Gb3 species [87;139],
presence of other GSLs in the membrane [138], and the Gb3-bound toxin localisation within
detergent resistant domains (DRMs) [141;142] have been shown to modulate the binding
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and the intracellular transport of receptor-bound Stx in vitro. This supports the idea that
although the binding of Stx is not affected by 2DG treatment, the relative composition of the
Gb3 species might be changed, and thus lead to protection against the toxin. It was shown
that after treatment with PDMP, the Gb3 species with short fatty acid chain (C16:0) were
much faster depleted from HEp-2 cell membranes than those with long fatty acid chain
(C24:1), and a three times decrease in Gb3 (C16:0) was observed even after only 4 h
incubation with the drug [110]. Therefore, although there was only a small effect on total
Gb3 (the majority of the Gb3 in HEp-2 cells was shown to be with long fatty acids in the
structure [110]), the depletion of Gb3 with short fatty-acid chains led to a changed
proportion of Gb3 species, and thus could perturb the intracellular transport of receptorbound Stx.
However, the effect of 2DG is not completely similar to PDMP, since 2DG induces a high
20-fold protection against Stx after a rather short (4 h) incubation, while PDMP gives only a
slight 1.5-fold protection in HEp-2 cells after the same incubation time [110]. The PDMP
treatment does not alter the overall lipidome profile in HEp-2 cells, and specifically inhibits
only the synthesis of GlcCer [110]. In contrast, 2DG interferes not only with the synthesis of
Gb3, but is also known to inhibit protein N-glycosylation in the ER [143-145]. The latter
could explain the protective effect against DT observed in 2DG-treated HEp-2 cells. The
receptor for DT, pro-HB-EGF, is associated with membrane protein CD9/DRAP27 and
heparan sulphate proteoglycans, which both have been shown to enhance DT binding to the
receptor [146;147]. Since the short incubation with 2DG does not have a protective effect
against DT and longer incubation time is needed to obtain the effect, this agrees with the
idea that protection against DT is at least partially mediated through depletion of heparan
sulphate proteoglycans. Moreover, similar protective effect against DT has been
demonstrated by using tunicamycin, which also inhibits the synthesis of asparagine-linked
glycoproteins [148]. Finally, we have showed that ATP depletion is not involved in 2DGmediated protection against Stx, but may be involved in cell protection against DT, since a
small, but significant rescue of sensitivity to DT was observed after addition of sodium
pyruvate.
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Cell sensitisation to Stx by sodium butyrate
SW480 cells were found to be less sensitive to Stx compared to HEp-2 and HT-29 cells.
However, 48 h pre-treatment with sodium butyrate increased SW480 cells sensitivity to Stx
by more than 80-fold, and had a much higher sensitising effect on SW480 cells than on HT29 cells. It has been demonstrated by Sandvig et al. [94] that sodium butyrate induces
retrograde transport of the receptor-bound Stx to the ER in A431 cells, and thereby sensitises
cells to the toxin. Furthermore, it was revealed later that fatty acid chain length in the Gb3
molecules was changed in response to sodium butyrate treatment, and A431 cells, which
normally expressed only short fatty acid Gb3, were found to express both long and short
fatty acid Gb3 species after butyrate treatment [54].
Furthermore, we showed that sodium butyrate upregulated Gb3syn expression in colon
cancer cells. This led to increased binding of biotin-Stx in HT-29 cells, suggesting an
increase in Gb3 present on the cell surface. However, similarly to what had been earlier
shown with other cells [54], sodium butyrate had no effect on the endocytosis of the biotinStx in both colon cancer cell lines tested. Interestingly, the binding of biotin-Stx was only
slightly changed in SW480 cells, which were much more sensitised to Stx by sodium
butyrate than HT-29 cells, suggesting that two different mechanisms might be involved in
cell sensitisation to Stx after butyrate treatment in these cells. Our data indicate that HT-29
cell sensitisation to Stx can be due to a higher amount of Stx entering the cells, since the
butyrate-induced upregulation of Gb3syn expression in HT-29 cells probably led to a higher
number of Gb3 present on the cell surface, and therefore increased the number of cell-bound
and internalized toxin. In contrast, the mechanism responsible for SW480 sensitisation to Stx
by sodium butyrate seems to be different, since the increased Gb3syn activity only led to a
slight increase in the total binding of biotin-Stx, and this could not explain the 80-fold
sensitisation to Stx. Furthermore, unpublished data from our group indicate that there is a 2fold increase in the total content of Gb3 after sodium butyrate treatment in SW480 cells
(studied by high performance thin layer chromatography), and that there is a slight, but
significant change in the ratio of short and long fatty acid Gb3, with increased proportion of
long fatty acid Gb3 species in the butyrate-treated SW480 cells. Although the observed
change in the proportion of Gb3 species is much lower than that shown for the A431 cells
[54], it still may explain the increased cell sensitivity to Stx, since studies on model
membranes, containing different proportions of long and short fatty acid Gb3 molecules,
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show striking changes in the binding capacity and affinity of SLTs [87;139]. Therefore, we
suggest that a change in fatty acid composition of Gb3 molecules, and not the increase in
number of Gb3 available for binding, is involved in butyrate-mediated SW480 cell
sensitization to Stx.
However, it is yet not clear how butyrate treatment induces the changes in fatty acid
composition in the Gb3 molecules. It might be either by inducing synthesis of specific Gb3
species, or by modulating their degradation. However, the synthesis and not the degradation
of Gb3 seems to be involved, since the sensitising effect of butyrate has been shown to be
abolished when GSLs synthesis is inhibited in the cells [149]. There are six mammalian
ceramide synthases described. They show different tissue distribution and specificity for the
chain length of the FA-CoA they utilise for N-acylation of the dihydrosphingosine [150].
Thus butyrate treatment might induce the expression of a particular ceramide synthase, or
change the specificity of the expressed one in a given cell. However, no published data exist
describing a specific effect of butyrate on ceramide synthases.

The perturbation of the cell cycle and inhibition of cell migration by sodium
butyrate
In addition to cell sensitisation to Stx and the upregulation of Gb3syn expression, we
observed that sodium butyrate treatment perturbed the cytokinesis of SW480 cells and led to
an increased portion of polynucleated SW480 cells in the culture. We also found that sodium
butyrate treatment reduced the number of randomly migrating cells in the SW480 culture,
but it had no effect on the velocity of motile cells, indicating that the reduction of the
number of motile cells after sodium butyrate treatment might be due to cell accumulation in
a certain phase of the cell cycle (probably G2), rather than due to a direct effect on the
migratory machinery of the cell. Sodium butyrate has been shown to induce cell arrest in the
G2 phase in normal and malignant cells [132;133]. Furthermore, the G2 phase has been
indicated to be unfavourable for the cell migration, as shown for lymphocytes and rat
carcinoma cells [151;152], and our data therefore support the idea that sodium butyrate
indirectly inhibits SW480 cell migration through the cell arrest in the G2 phase of the cell
cycle.
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In addition, we found that binucleated SW480 cells, formed after the failed cytokinesis, were
still able to reinitiate cell cycle and start a second unsuccessful cytokinesis, which led to
formation of polynucleated cells. This has also been demonstrated for breast cancer cells
[133] and normal fibroblasts [132], and explains the observed increase in polynucleated, but
not binucleated cells in the sodium butyrate-treated SW480 cell culture. It is well known that
butyrate regulates gene expression through the inhibition of histone deacetylases, which are
involved in chromatin remodelling, and thus effects the expression of multiple genes.
Therefore, it is not surprising that some of the key regulators of the cell cycle, such as
cyclin-dependent kinases, has been shown to be affected by the sodium butyrate treatment
[153;154].

The correlation between cell migration and Gb3
It has been reported that Gb3-enriched colon cancer cells are distinguished from other cells
of the same culture by a filopodia forming phenotype, and have been shown to have a more
invasive phenotype than cells lacking Gb3 on the surface [8]. Therefore, we studied if there
was a direct correlation between Gb3 present on the cell surface and the motility of cancer
cells. We found that SW480 cells were labelled with anti-Gb3 antibodies to different extents,
when the labelling procedure was performed on live cells, suggesting that either some of the
cells do not express Gb3, or the epitopes for antibody binding are masked in these cells. The
later explanation agrees with the published data, showing that a large fraction of Gb3 might
be inaccessible for the recognition by their ligands [86], because the presentation of the
epitope can be modulated by cholesterol and other GSLs present in the membrane
[86;134;138]. In agreement to this, we also showed that all cells in the SW480 culture were
fluorescently labelled for Gb3 when cells were fixed and premeabilised prior to
immunolabelling. Therefore, we have shown that all SW480 cells are expressing Gb3, but
only in few of them the epitope is available for the recognition by the antibody and the B
moiety of Stx.
The continuous phase contrast imaging followed by the immunolabeling of the cells allowed
us to correlate the Gb3 detected by the antibody labelling to the calculated velocity of
individual cells. Our preliminary data suggest that there is a correlation between Gb3 which
is recognised by the antibodies and the cell velocity in the motile subpopulation of SW480
cells. Furthermore, we found no correlation between cell motility and immunolabelled Gb3
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detected after cell fixation by formalin. These observations indicate that it is not the
expression of Gb3 in the cells, but rather the interplay between Gb3 and other membrane
components or the composition of Gb3 molecules which is related to cancer cell motility.
Moreover, this could also explain, why there was no difference observed by Kovbasnjuk et
al. [8] in the expression of Gb3syn, when Gb3-positive and Gb3-negative subpopulations of
Caco-2 cells, discriminated according to their binding by StxB, were compared. Therefore,
although Gb3 has been shown to be over-expressed in several cancer types [1] and has been
related to colon cancer cell metastatic potential [8;86], it is becoming clear that other factors,
such as the microenvironment of the membrane and the composition of Gb3 molecules, are
not only regulating the function of Gb3 as a receptor for protein toxins, but also modulates
the involvement of Gb3 in cancer cell motility, and thereby probably the metastases.

The insights into SW480 cell migration
SW480 cells were seeded one day (or two days in case of sodium butyrate treatment) prior to
imaging in all the time-lapse experiments. However, we observed a clearly higher proportion
(up to 47%) of locomoting cells when the cells were fed with fresh growth medium before
the start of imaging. Only 20-25% cells were found to be locomotive in the control groups of
experiments where medium was not replaced prior to the cell imaging. This observation is in
agreement with published data showing that a greater proportion, up to 45% of SW480, is
locomoting when monitored three hours after cell seeding, and the number of locomotive
cells decreases during time, getting steady at around 25% [80]. It has been suggested that
SW480 cells have a time-dependent locomotion [80], but our data imply that SW480 cell
migration is dependent on growth factors (or other components) present in the growth
medium, rather than time itself.
There is an ongoing discussion in the field, as to whether the assays based on cell migration
on planar hard substrates can be used to mimic cell migration in vivo, where cells are
embedded fully in soft matrix. Not surprisingly, certain migratory mechanisms have been
shown to differ between the cells migrating on 2D matrixes and the cells embedded in 3D
matrixes [155]. However, our observations on SW480 cell migration on the planar collagencoated surface fully agree with the results obtained from SW480 cells migrating in 3D
collagen matrix [80]. Although it is clear that some mechanisms, such as matrix remodelling
are different in 2D and 3D migrating cells, we have demonstrated that planar migration-
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based assays can also be a useful tool to study cell responsiveness and changes in motility
within certain conditions.
The studies of this master thesis have contributed to our understanding of GSLs as important
mediators in membrane dynamics. However, further investigations are required to clarify the
functions of GSLs and the exact mechanisms involved in the regulation of GSL biosynthesis
in normal and cancer cells.
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Appendix
Reagents used in this study:
Product name

Supplier

Cat. No.

10% formalin solution

Sigma

HT5014

2-deoxy-D-glucose

Sigma

D6134

BSA (bovine serum albumin)

Sigma

A7888

CaCl2 · 2H2O

Merck Chemicals

156182

Collagen, rat tail, type I

BD Bioscience

354249

cOmplete EDTA-free Protease
Inhibitor Cocktail Tablets

Roche

04 693 132 001

DMEM growth medium

Invitrogen

41965

DMEM/F12 growth medium

Invitrogen

11320

Dynabeads M-280 Streptavidin

Invitrogen

112-06D

EDTA, disodium salt

Merck Chemicals

324503

Emulsifier-Safe™

PerkinElmer

6013389

EZ-Link Sulfo-NHS-SS-Biotin

Pierce
Biotechnology

21331

FBS (fetal bovine serum)

Sigma

F7524

Fibronectin

Sigma

F2006

HEPES

BDH Chemicals

4414767

Hoechst 33342

Sigma

B2261

ISOTON II diluent

Beckman Coulter

8546719

KCl

Merck Chemicals

529552

KH2PO4

Merck Chemicals

529568

L-[3,4,5-3H(N)]-leucine

PerkinElmer

NET460005MC

L-glutamine solution

Invitrogen

25030

MEM (minimal essential medium)

Invitrogen

22600134
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MEM (minimal essential medium
without leucine)

Invitrogen

11890

MESNa (sodium 2mercaptoethanesulfonate)

Sigma

M1511

Na2HPO4 · 12H2O

Merck Chemicals

106579

Na2HPO4 · 2H2O

Merck Chemicals

106580

NaCl

Merck Chemicals

106404

NaH2PO4 · 2H2O

Merck Chemicals

106346

NaOH

Merck Chemicals

567530

Octyl β-D-glucopyranoside

Sigma

O8001

Penicillin/streptomycin solution

Invitrogen

15140

ProLong Gold antifade reagent
with DAPI

Invitrogen

P-36931

RNase-free (DEPC treated) water

Invitrogen

75-0024

RPMI 1640 growth medium

Invitrogen

21875

TritonX-100

Sigma

T9284

Tween-20

Sigma

P1379

β-mercaptoethanol

Sigma

63689
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HEPES medium
Reagent

Amount

Final concentration

MEM (minimum essential
medium)

1 pack

-

HEPES

47.7 g

20 mM

L-glutamine solution

100 ml

2 mM

Penicillin/streptomycin solution

100 ml

100 U/ml – penicillin
100 μg/ml - streptomycin

Distilled water

10 l

-

Adjusted with NaOH to pH 7.7. Sterile filtered and stored at + 4 oC.
Leucine-free medium
Reagent

Amount

Final concentration

MEM without leucine

80 g

-

HEPES

44.7 g

20 mM

L-glutamine solution

100 ml

2 mM

Penicillin/streptomycin solution

100 ml

100 U/ml – penicillin
100 μg/ml - streptomycin

Distilled water

10 l

-

Adjusted with NaOH to pH 7.7. Sterile filtered and stored at + 4 oC.
Complete growth medium
Reagent/Solution

Amount

Final concentration

Medium (DMEM, DMEM/F12 or
RPMI 1640)

440 ml

-

Fetal bovine serum (FBS)

50 ml

10% (v/v)

L-glutamine solution

5 ml

2 mM

Penicillin/streptomycin solution

5 ml

100 U/ml – penicillin
100 μg/ml - streptomycin

Stored at + 4 oC.
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Trypsin/EDTA solution
Reagent

Amount

Final concentration

KCl

4.0 g

5.4 mM

NaCl

80 g

0.14 M

Glucose

10 g

5.6 mM

Phenol Red

0.10 g

28 μM

NaHCO3

3.5 g

4.2 mM

Trypsin

5.0 g

0.05% (w/v)

EDTA

2.0 g

0.54 mM

Penicillin/streptomycin solution

100 ml

100 U/ml – penicillin
100 μg/ml - streptomycin

Distilled water

10 l

-

Adjusted with NaOH to pH 7.6. Sterile filtered and stored at + 4 oC.
Phosphate buffered saline (PBS)
Reagent

Amount

Final concentration

NaH2PO4 · 2H2O

0.16 g

1.0 mM

Na2HPO4 · 12H2O

1.98 g

5.5 mM

NaCl

8.1 g

0.14 M

Distilled water

1l

-

Adjusted with NaOH to pH 7.5. Stored at + 4 oC.
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HEPES buffer
Reagent

Amount

Final concentration

CaCl2 · 2H2O

3.16 g

5.4 mM

HEPES

19.08 g

20 mM

NaCl

32.76 g

0.14 M

Distilled water

4l

-

Adjusted with NaOH to pH 7.0. Stored at + 4 oC.
Lysis buffer
Reagent

Amount

Final concentration

NaCl

2.92 g

0.1 M

Na2HPO4 · 2H2O

0.89 g

10 mM

EDTA

0.19 g

1 mM

Triton X-100

5 ml

1% (v/v)

Distilled water

up to 500 ml

-

Adjusted with NaOH to pH 7.4. Stored at + 4 oC.
Cell lysis solution
Reagent/Solution

Amount

Lysis buffer

4.8 ml

cOmplete EDTA-free Protease
Inhibitor Cocktail Tablets

1/10 of a tablet (dissolved in distilled
water and kept frozen before usage)

Octyl β-D-glucopyranoside

0.085 g

Freshly made at the same day of experiment and kept at + 4 oC.
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Lysis buffer – Rneasy Plus Mini Kit for RNA isolation
Reagent/Solution

Amount

Buffer RLT Plus

5 ml

β-mercaptoethanol

50 μl

Shelf life of 1 month.
MESNa solution
Reagent

Final concentration

Sodium 2-mercaptoethanesulfonate
(MESNa)

0.1 M

Bovine serum albumin (BSA)

2 mg/ml

HEPES buffer pH 8.6

(Prepared only as much as
needed for the current
experiment)

Freshly made at the same day of experiment and kept at + 4 oC.
Assay diluent for biotin-Stx endocytosis assay
Reagent

Amount

Final concentration

Bovine serum albumin (BSA)
(10 mg/ml stock in PBS)

4 ml

0.2% (w/v)

Tween-20

100 μl

0.5% (v/v)

PBS

up to 20 ml

-

Freshly made just before use.

