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Abstract Cell density is one of the extrinsic factors to
which cells adapt their physiology when grown in cul-
ture. However, little is known about the molecular changes
which occur during cell growth and how cellular responses
are then modulated. In many cases, inhibitors, drugs or
growth factors used for in vitro studies change the rate of
cell proliferation, resulting in different cell densities in
control and treated samples. Therefore, for a comprehen-
sive data analysis, it is essential to understand the implica-
tions of cell density on the molecular level. In this study,
we have investigated how lipid composition changes dur-
ing cell growth, and the consequences it has for transport
of Shiga toxin. By quantifying 308 individual lipid spe-
cies from 17 different lipid classes, we have found that
the levels and species distribution of several lipids change
during cell growth, with the major changes observed for
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diacylglycerols, phosphatidic acids, cholesterol esters,
and lysophosphatidylethanolamines. In addition, there is
a reduced binding and retrograde transport of Shiga toxin
in high density cells which lead to reduced intoxication by
the toxin. In conclusion, our data provide novel informa-
tion on how lipid composition changes during cell growth
in culture, and how these changes can modulate intracel-
lular trafficking.

Keywords Shiga toxin - Gb3 - Lipidomics - Endocytosis -
Retrograde transport

Introduction

Cell lines are widely used in molecular biology and genetic
studies. However, various factors, such as growth condi-
tions, passage number, cell cycle and cell-to-cell interac-
tions, may lead to significant changes in cells, thus affect-
ing the data obtained. For instance, cell density in the
culture modulates cell sensitivity to drugs [1], cytokines
[2], and viruses [3], as well as bacterial and plant toxins [4,
5] in various cell types, both normal and cancer-originated.
Nevertheless, cell density is often underestimated dur-
ing evaluation of results, although cell growth is affected
by various widely used inhibitors and drugs which lead to
different cell densities in the control and treated samples,
and thus may affect results and their interpretation. There-
fore, a better knowledge of cell density induced molecular
changes is required for proper experimental planning and
data interpretation in most cell culture-based studies.

Shiga toxins (Stx), bacterial protein toxins pro-
duced by the bacteria Shigella dysenteriae and certain
strains of Escherichia coli, have been proven to be useful
tools for studying mechanisms of intracellular transport
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[6, 7]. Interestingly, cell sensitivity to Stx has been shown
to be dependent on cell density in the culture. Confluent
HUVEC cells were found to be up to 50-fold less sensi-
tive to Stx than cells in non-confluent culture [4]. Stx binds
the carbohydrate moiety of the glycosphingolipid globo-
triaosylceramide (Gb3; abbreviations of all lipid classes
are given under the section “Annotations of lipid species”
in “Materials and methods ) in the extracellular leaflet of
the plasma membrane in target-cells [8—10]. Interestingly,
both the biosynthesis [11-13] and the content of Gb3 [11,
14] have been shown to increase with increasing cell den-
sity, which would suggest increasing cell susceptibility to
the toxin in high density cultures. However, the binding of
Stx is not only influenced by the number of receptors but
also depends on Gb3 species [15—17] and/or the membrane
environment of the receptor [17]. While the sphingosine
chain in the ceramide part of Gb3 is relatively invariable,
the fatty acyl chain varies both in length and saturation [17,
18]. Since Gb3 species vary in their ability to bind Stx [15],
the distribution of the different Gb3 species in the mem-
branes may affect Stx-binding to target-cells. Moreover,
other membrane lipids, such as cholesterol [19-22], affect
Stx binding to Gb3, probably by modulating the presenta-
tion of the carbohydrate head of glycosphingolipids [22,
23]. Although surface expression of Gb3 is a prerequisite
for Stx toxicity, it is in itself not sufficient for cytotoxic
action of the toxin [24-26]. Gb3-bound Stx needs to be
endocytosed and transported retrogradely to the endoplas-
mic reticulum (ER) where its enzymatically active A;-moi-
ety (StxA)) is released into the cytosol and inhibits protein
synthesis [7]. Therefore, not only binding but also changes
in multiple transport steps may modulate cell sensitivity to
Stx. It has been shown that Gb3 association with detergent-
resistant membranes (DRMs) is necessary for efficient Stx
intracellular transport and toxicity [19, 27], suggesting that
Stx transport is affected by membrane composition in the
cells.

Increasing amounts of data now support the idea that
not only proteins but also lipids are involved in control-
ling vesicular transport. The localization of different phos-
phoinositides is strictly regulated within certain vesicular
membranes, and therefore function as specific markers and
docking sites recognized by dedicated transport proteins
[28]. Furthermore, DAG has been shown to be required
for retrograde Golgi-to-ER transport by facilitating COPI-
coated vesicle formation [29], and for protein transport
from the trans-Golgi network to the plasma membrane
[30], presumably by participating in membrane bend-
ing and neck formation [31]. Importantly, lipid phosphate
phosphatase 3 (LPP3, also known as PAP2b) was recently
found to be essential for both COPI-dependent and COPI-
independent retrograde transport in HeLa cells [32]. MS
analysis is now providing increasing knowledge about
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eukaryotic lipidomes and their flexibility [33], but addi-
tional studies are needed to understand the biological func-
tions of different lipids in the cells, and how the lipid com-
position is regulated in response to intra- and inter-cellular
signals.

In the present study, we have employed two different
approaches to study cell density-induced changes: (1) we
performed quantitative MS analyzes to study the effects
on lipid composition, and (2) we analyzed intracellular
trafficking by using Stx as a tool. Firstly, we found that
increasing cell density induced multiple changes in the lipi-
dome of HEp-2 cells, with most profound effects on PA,
DAG, LPE, neutral glycosphingolipids, and CE. Secondly,
we tested Stx binding and transport in HeLa and HEp-2
cells, and found that high cell density significantly reduced
Stx binding to the cells, without affecting either efficiency
of Stx endocytosis or the rate of Stx transport to the Golgi.
However, the release of StxA; from the ER into the cyto-
sol was reduced, suggesting that either Stx transport to the
ER and/or translocation of StxA, across the ER membrane
was impaired in high density cells. Interestingly, increased
cell density had opposite effects on HeLLa and HEp-2 cells
with regards to Gb3 content, since there was a significant
reduction in total Gb3 in high density HeLa cells, but rather
a small increase in HEp-2 cells. However, both these cell
types showed identical cell density-dependent responses to
Stx treatment, supporting the hypothesis that it is not the
number of the receptors but the distribution of different
species and/or membrane microenvironment that regulates
Stx binding and intracellular transport. Although addi-
tional studies are required to fully understand cell density-
induced changes in the cultured cells, our data provide the
most detailed analysis so far on how lipids and certain steps
of cellular trafficking are affected by cell density.

Materials and methods

If not specified otherwise, the reagents were purchased
from Sigma Aldrich, MO, USA. Purified Stx was a gift
from J.E. Brown (USAMRIID, Fort Detrick, MD, USA).
Glycosphingolipids extracted from human erythrocytes was
a kind gift from Prof. Dr. Johannes Miithing (Institute for
Medical Physics and Biophysics, University of Miinster,
Germany). HPTLC (high-performance thin-layer chroma-
tography) silica gel 60 glass plates were purchased from
Merck Millipore (Germany). For activation, the plates were
heated for 30 min at 110 °C, and cooled down before use.

Cells

HeLa and HEp-2 cells were grown at 37 °C under 5 % CO,
in DMEM + GlutaMAX™ medium supplemented with
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10 % (v/v) fetal bovine serum (FBS), 100 U/ml penicillin
and 100 pg/ml streptomycin (all Gibco®, Life Technolo-
gies, UK). If not specified otherwise, cells were seeded
1 day prior to the experiment. At the day of the experi-
ment, cells were examined by phase contrast microscopy
to roughly evaluate cell density: cell confluency was in the
range of 80-90 % in high density samples, and in the range
of 20-30 % in low density samples. This difference was
achieved either by seeding similar number of cells to differ-
ent culture dishes (approximately five times difference in
growth area), or by seeding different numbers of cells into
similar dishes. Using the second approach, the cell number
in low and high density cultures is different, and it might
interfere with some of the treatments. Therefore, all the
experiments where reproduced at least once by using the
first seeding approach where equal starting number of the
cells was seeded into different size culture dishes.

Shiga toxin toxicity

Cells were seeded in 24-well culture plates with different
starting number of the cells, which led to high- and low
density cultures at the day of the experiment. Cells were
washed with leucine-free HEPES-buffered medium and
incubated with tenfold serial dilutions of Stx in HEPES-
buffered medium for 2 h at 37 °C. Then, the cells were
washed and incubated with leucine-free HEPES-buffered
medium containing 1 pwCi/ml [*H]leucine (PerkinElmer,
MA, USA) for 20 min at 37 °C. The proteins were precipi-
tated with 5 % (w/v) trichloroacetic acid (TCA), washed
once with 5 % (w/v) TCA, and dissolved in 0.1 M KOH.
The amount of incorporated [*H]leucine was measured by
p-counting on a Tri-Carb 2100TR Liquid Scintillation Ana-
lyzer (Packard Bioscience, CT, USA). The cytotoxicity was
determined as the concentration of the toxin which reduced
protein synthesis by 50 % (ICs).

Analysis of Gb3 content in cells by HPTLC

Cells were seeded in 225-ml culture flasks with differ-
ent starting numbers, and were of low and high density
when they were harvested by trypsinization on the third
day after seeding. Cells were counted using Coulter Z1
Particle Counter (Coulter International, FL, USA), and
1-2 x 107 cells/sample were transferred to methanol pre-
washed centrifuge glass tubes. The cells were centrifuged
at 400g for 10 min at 10 °C, and the pellet was resus-
pended in 10 ml methanol. The suspension was then soni-
cated for 15 min and centrifuged at 5,500g for 10 min at
10 °C. The supernantant was transferred to a 60-ml Sample
Genie Genevac glass bottle by means of filtration. The pel-
let was resuspended in 10 ml 1:2 (v/v) chloroform:methanol
following the sonication and centrifugation steps as

described above. The procedure was repeated two more
times resuspending the pellet in 1:1(v/v) and 2:1 (v/v)
chloroform:methanol, and the supernatants were collected
in Genevac glass bottle. The samples were dried using
Genevac EZ-2 automated evaporation system (Genevac,
NY, USA).

For hydrolysis of esterified lipids, dried lipid extracts
were incubated with 4.5 ml 1 M NaOH for 1 h at 37 °C.
Then, 450 1 10 M HCI was added, and the samples were
transferred to dialysis tubes (Spectra/Pro No4, MWCO
12-14,000) following the dialysis against water for 2 days.
The extracts were then dried using Genevac EZ-2 auto-
mated evaporation system (Genevac) and resuspended in
2:1 (v/v) chloroform:methanol with a volume of 25 ul per
1 million cells.

The extracts were applied to HPTLC Silica gel 60 plate
using Linomat 5 (CAMAG, Switzerland) and chroma-
tographed with a mixture of chloroform:methanol:water
(70:30:4) as the mobile phase, following the staining by
0.3 % (w/v) orcinol solution in 3 M H,SO. Developed
plates were scanned using GS-800 Calibrated Densitometer
(Bio-Rad Laboratories, CA, USA) and the bands were
quantified by Quantity One 1-D Analysis Software (Bio-
Rad Laboratories).

Quantification of protein and cholesterol content in cell
lysates

Protein content in cell lysates was measured using BCA
protein Assay (Thermo Scientific, MA, USA) as described
by the manufacturer, and using bovine serum albumin as
standard protein.

For cholesterol measurements, low and high density
cells were washed with 37 °C PBS and lysed in lysis buffer
(0.1 % (w/v) SDS, 0.1 M Tris, 1 mM EDTA, pH 7.4) for
5 min at 37 °C. The lysates were homogenized by pass-
ing ten times through a 19G needle, and the content of free
cholesterol was measured using Amplex® Red Cholesterol
Assay Kit (Invitrogen, UK) according to the manufacturer’s
protocol.

Harvesting of cells for lipidomic analyzes

Cells were washed in 37 °C HEPES-buffered medium;
trypsin/EDTA was added and the incubation continued at
37 °C with 5 % CO, until the cells detached. Cells were
then resuspended in HEPES-buffered medium and trans-
ferred to microfuge tubes, centrifuged for 10 min at 2,500g,
washed with PBS, and centrifuged again before freezing at
—80 °C.

For protein quantification, cells were lysed in cell lysis
buffer [0.1 M NaCl, 10 mM Na,HPO,, 1 mM EDTA,
1 % (w/v) Triton X-100, cOmplete EDTA-free Protease
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Inhibitor Cocktail (1 tablet/50 ml; Roche Diagnostics,
Switzerland), 60 mM octyl B-p-glucopyranoside, pH 7.4].

Annotations of lipid species

The different lipid species of phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol (PI), phosphatidic acid (PA), phosphati-
dylglycerol (PG) and diacylglycerol (DAG) are listed with
the two fatty acyl groups separated with a slash, e.g., PC
16:0/18:1 (sni/sn2). LysoPC and lysoPE are abbreviated as
LPC and LPE, respectively, and cholesteryl esters are abbre-
viated CE. The ether-linked phospholipids are shown as PC
O (alkyl), PC P (alkenyl), PE O (alkyl), and PE P (alkenyl).
The fatty acyl groups of ether-linked lipids and the N-ami-
dated fatty acyl groups for SM, ceramide (Cer), and gly-
cosphingolipids are shown after the slash. Abbreviations for
glycosphingolipids are: glucosylceramide (GlcCer), lactosyl-
ceramide (LacCer), and globotriaosylceramide (Gb3).

Lipid extraction for MS analyzes

Lipids were extracted from 0.5 to 1.5 million cells contain-
ing 150-230 pg of protein using a modified Folch lipid
extraction procedure [34]. Known amounts of deuterium-
labeled or heptadecanoyl-based synthetic internal standards
of LPC, PC, PE, PS, PG, PA, DAG, CE, Cer, HexCer, Lac-
Cer, and Gb; were added and used for quantification of the
endogenous lipid species as described [35, 36]. Following
lipid extraction, samples were reconstituted in 1:2 (v/v)
chloroform:methanol and stored at —20 °C prior to MS
analysis of two replicates.

MS analyzes

The species of all phospholipids, SM, DAG, and CE were
analyzed by shotgun analysis on a hybrid triple quadru-
pole/linear ion trap mass spectrometer (QTRAP 5500; AB
SCIEX, MA, USA) equipped with a robotic nanoflow ion
source (NanoMate HD; Advion Biosciences, NY, USA)
[37]. These analyzes were performed using both posi-
tive and negative ion modes using multiple precursor ion
scanning (MPIS) and neutral loss (NL) based methods [34,
38], whereas CEs were analyzed in positive ion mode [39].
Sphingolipids were analyzed by reverse phase ultra-high
pressure liquid chromatography (UHPLC) as previously
described [40] using an Acquity BEH C18, 2.1 x 50 mm
column with a particle size of 1.7 wm (Waters, Milford,
MA, USA) coupled to a hybrid triple quadrupole/linear
ion trap mass spectrometer (QTRAP 5500; AB SCIEX). A
25-min gradient using 10 mM ammonium acetate in water
with 0.1 % (v/v) formic acid (mobile phase A) and 10 mM
ammonium acetate in 4:3 (v/v) acetonitrile:2-propanol
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containing 0.1 % (v/v) formic acid (mobile phase B) was
used. Quantification of sphingolipids was performed using
multiple reaction monitoring. Data from one such experi-
ment are shown; similar results were obtained in another
independent experiment.

The MS lipidomic analyzes were performed in a labo-
ratory which works according to GLP (Good Laboratory
Practice), and the published validation data show less than
15 % variation for most lipid species even when analyzed
on three different days [36].

Data processing

The MS data files were processed as previously described
[35] using Lipid Profiler™ and MultiQuant™ software for
producing a list of lipid names and peak areas. A stringent
cutoff was applied for separating background noise from
actual lipid peaks. Masses and counts of detected peaks
were converted into a list of corresponding lipid names.
Lipids were normalized to their respective internal stand-
ard [35] and the concentrations of molecular lipids are pre-
sented as nmol/mg protein. Quality control samples were
utilized to monitor the overall quality of the lipid extrac-
tion and mass spectrometry analyzes [36] mainly to remove
technical outliers and lipid species that were detected
below the limit of quantification.

Quantitative real-time reverse transcription (QRT)-PCR

Cells were grown in 6-well culture plates, washed with ster-
ile ice-cold PBS twice, and then stored in a —80 °C freezer.
Total RNA was isolated using RNeasy Plus Mini Kit and
QIAcube (QIAGEN, Germany) for automated sample han-
dling. For RNA purification, the protocol “Purification of
total RNA from easy-to-lyse animal tissues and cells using
gDNA Eliminator columns” (v.2, October 2007; QIAGEN)
was used. If not used immediately, samples with isolated
RNA were stored in a —80 °C freezer. The RNA content
in the samples was measured with NanoDrop 2000 spec-
trophotometer (Thermo Scientific). Complementary DNA
was synthesized from 0.5 pg/sample of the isolated RNA
using iScript cDNA synthesis kit (Bio-Rad Laboratories).
For negative control, one additional tube was prepared con-
taining all components except for the reverse transcriptase.
gRT-PCR was performed using LightCycler 480 SYBR
Green I Master kit and LightCycler 480 (Roche Diagnos-
tics, Switzerland). All samples were run in duplicate, and
serial dilutions of one cDNA sample were used for stand-
ard curve plotting. Primers used: QuantiTect Primer Assay
for Gb3 synthase (QIAGEN) and custom made primers
for TATA-binding protein gene (TBP) (forward: 5-GCC
CGAAACGCCGAATAT-3/, reverse: 5'-CGTGGCTCTCT
TATCCTCATGA-3’; MWG-Biotech, Germany). Relative
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quantification of the ratio of Gb3syn/TBP was performed
using LightCycler 480 Analysis software.

Expression and purification of the non-toxic Shiga like
toxin 1 mutant (Stx1-mut)

The Shiga like toxin 1 mutant (Stx1-mut) used in this study
carries two point mutations in the active site which render
it non-toxic. The tyrosine at position 77 had been changed
to serine (T77S) and the glutamate at position 167 had
been changed to glutamine (E167Q) [41]. For expression
of Stxl-mut, E. coli DH10 (pSW09) were first grown in
LB medium supplemented with ampicillin [100 pg/ml; LB
(amp)] at 37 °C, 220 rpm to stationary phase. This culture
was diluted 1:100 in fresh LB (amp) and incubated over-
night under the same conditions. Bacteria were harvested
by centrifugation at 5,000g for 10 min. The bacterial pellet
was resuspended in 20 % (w/v) sucrose (in 1 mM EDTA,
20 mM Tris buffer, pH 8.0), incubated for 20 min at room
temperature and centrifuged at 5,000g for 10 min. The pel-
let was resuspended in ice-cold de-ionized water, incubated
for 10 min on ice and spun down at 13,000g for 10 min.
Proteins in the supernatant were precipitated by incubation
in 60 % (w/v) ammonium sulfate for 1 h at room tempera-
ture, followed by centrifugation at 13,000g for 10 min. The
pellet was dissolved in a buffer containing 1 M ammonium
sulfate and 50 mM sodium phosphate (pH 8.0). The sample
was centrifuged at 13,000 g for 10 min. The proteins were
separated on a HiTrap Butyl HP column (GE Healthcare,
UK) using a linear gradient from 1 to 0 M ammonium sul-
fate in 50 mM sodium phosphate (pH 8.0). Fractions con-
taining Stx1-mut were pooled, the buffer was changed by
ultrafiltration using Amicon Ultra filters with molecular
weight cut-off of 10 kDa (Millipore, MA, USA) and the
retained sample was loaded onto a MonoQ 5/50 GL col-
umn (GE Healthcare). The proteins were separated by a
linear gradient starting with 20 mM Tris (pH 8.0) and end-
ing with 20 mM Tris, 1 M NaCl (pH 8.0). The fractions
in which Stx1-mut eluted were pooled, concentrated, and
loaded onto a Superdex 200 5/150 GL column (GE Health-
care). An isocratic mobile phase (20 mM Tris—Cl, pH 8.0)
was used to elute the proteins. The fractions containing
Stx1-mut were pooled. The purity of the Stx1-mut prepara-
tion was assessed by Coomassie staining following SDS-
PAGE on a 4-20 % polyacrylamide gel. The result showed
only the two bands corresponding to the A- and B-subunits
of the Stx1-mut (data not shown).

Analysis of Stx1-mut transport to Golgi by
immunofluorescence microscopy

HeLa cells were grown on glass coverslips in common
cell culture dishes. To have a synchronous internalization

of the toxin and its transport to the Golgi, cells were pre-
cooled on ice for 15 min, and then incubated with 100 ng/
ml Stx1-mut for 20 min on ice. Cells were washed twice
with cold and once with 37 °C HEPES-buffered medium,
and then fresh 37 °C HEPES-buffered medium was added.
At this moment, the time counting for the toxin transport
was started. Samples for the 0 min time point were fixed
straight after the washing. Cells were fixed by 10 % (v/v)
formalin solution (Sigma Aldrich), permeabilized by 0.1 %
(w/v) Triton-X/PBS for 5 min and blocked by 10 % (v/v)
FBS/PBS for 30 min at room temperature. Samples were
labeled by monoclonal mouse anti-Stx antibody (STX1-
3C10; Toxin Technology, FL, USA) and polyclonal rabbit
anti-giantin antibody (Covance, NJ, USA). Finally, sam-
ples were incubated with fluorophore-labeled secondary
antibodies (Jackson ImmunoResearch Laboratories, PA,
USA) and mounted in ProLong® Gold Antifade Reagent
(Molecular Probes®, Life Technologies, UK). Images were
taken by Olympus Scan”R fluorescence microscope and
analyzed using Olympus Scan”R Analysis software. Three
individual slides with 20-50 images/slide were analyzed
for each time point and condition, which resulted in more
than 250 cells analyzed for each sample. Samples were
also examined with a confocal fluorescence microscope
LSM 710 (Carl Zeiss, Germany).

125]_labeling of Stx1-mut

Stx1-mut was '’I-labeled by the iodogen method with the
IODO-GEN Iodination Reagent (Pierce Biotechnology,
MA, USA) according to the manufacturer’s protocol. The
yield of iodine incorporation varied from batch to batch
with the lowest of 33 cpm/pg protein and the highest of
44 cpm/pg protein. The amount of free iodine was less than
1 % in all batches. To determine the amount of pre-nicked
Stx A-subunit (StxA) or free StxA; moiety in our labeled
toxin preparations, 1 pl of each batch was separated by
non-reducing (without dithiothreitol (DTT); —DTT) or
reducing (with 0.2 M DTT; +DTT) SDS-PAGE and visual-
ized by autoradiography. There were no detectable amounts
of pre-nicked Stx1-mut or free StxA, detected in prepared
125[_Stx 1-mut fractions.

Shiga toxin nicking and StxA, release

To obtain different cell densities but similar sample size,
equal numbers of HeLa cells were seeded into 12-well
culture plate and 60-mm Petri dishes 1 day prior to experi-
ment. In 12-well plate, cells were of high density (80-90 %
confluence), and in 60-mm Petri dishes, they were of low
density (20-30 % confluence). In wells/dishes parallel to
the ones used for sampling, cells were counted to ensure
equal size of low and high density samples. Cells were
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treated with 10 ng/ml '®I-Stx1-mut in HEPES-buffered
medium for 5 h at 37 °C. After incubation with the toxin,
cells were washed once with HEPES-buffered medium
and incubated with 1 mM N-ethylmaleimide (NEM) in
HEPES-buffered medium for 5 min at 37 °C. Finally, cells
were lysed in sample buffer, and proteins were separated
by non-reducing (—DTT) or reducing (+DTT) SDS-PAGE
to determine the amount of released StxA, or the amount
of nicked StxA, respectively. Proteins were transferred to
polyvinylide difluoride (PVDF) membranes, visualized by
autoradiography and quantified using the Quantity One
1-D Analysis Software (Bio-Rad Laboratories). The values
were normalized to total StxA signal for each sample.

StxA| release to cytosol

HeLa cells were seeded and treated with the '>I-Stx1-mut
as described in the previous section. Then, the cells were
incubated with fresh HEPES-buffered medium for 30 min
at 37 °C to reduce the amount of surface exposed '>I-Stx1-
mut. Following this, cells were treated with 1 mM NEM for
5 min at 37 °C. Cells were placed on ice and washed twice
with ice-cold KOAc buffer (115 mM CH;COOK, 25 mM
HEPES, 2.5 mM MgCl,, pH 8.6) supplemented with
0.9 mM CaCl, and 0.5 mM MgCl,. At this stage, activated
ice-cold Streptolysin O (SLO; Sigma Aldrich) was added
at a final concentration of 5 pwg/ml. The activation of SLO
was performed by incubating SLO with 20 mM sodium
2-mercaptoethanesulfonate (MESNa) in KOAc buffer (pH
8.6) supplemented with 0.1 % (w/v) BSA for 30 min at
37 °C. After 10 min incubation on ice with SLO, cells were
washed twice with ice-cold KOAc buffer (pH 7.4) supple-
mented with 0.9 mM CaCl, and 0.5 mM MgCl, to remove
the unbound SLO. To induce SLO pore formation, warm
(37 °C) transport medium [KOAc buffer supplemented
with 5 mM EGTA, 2.5 mM CaCl,, 0.1 % (w/v) BSA, pH
7.4] was added, and the cells were incubated for 10 min
at 37 °C. Finally, cells were placed on ice and incubated
with gentle rotation for 30 min to allow cytosolic proteins
to leak out into the medium. The medium (cytosolic frac-
tion) was collected and stored on ice. The cells were lysed
in cell lysis buffer (0.1 M NaCl, 10 mM Na,HPO,, 1 mM
EDTA, 1 % (w/v) Triton X-100, cOmplete EDTA-free Pro-
tease Inhibitor Cocktail (1 tablet/50 ml; Roche Diagnos-
tics), 60 mM octyl B-p-glucopyranoside, pH 7.4). The cyto-
solic fraction as well as the cell lysates were centrifuged
for 10 min at 4 °C at 8,000 rpm in an Eppendorf centrifuge
5417R (Eppendorf, Germany) to remove cell debris. One-
tenth of the samples was used to determine the efficiency
and selectivity of the cell permeabilization (see below).
From the remaining samples, '*’I-Stx1-mut was immuno-
precipitated with monoclonal mouse anti-Stx antibodies
(STX1-3C10; Toxin Technology) immobilized on protein
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A-Sepharose CL-4B (GE Healthcare). The immunoprecipi-
tate was washed twice with 0.35 % (w/v) Triton X-100 in
PBS, separated by non-reducing SDS-PAGE (10 %) and
transferred to a PVDF membrane using Trans-Blot Turbo
Transfer System (Bio-Rad Laboratories). Dried membranes
were exposed to Kodak BioMax MR film (Eastman Kodak,
NY, USA) at room temperature. Band intensities were
quantified using QUANTITY ONE 1-D Analysis Software
(Bio-Rad Laboratories).

The permeabilization efficiency was estimated based on
the release of a cytosolic enzyme lactate dehydrogenase
(LDH) into the medium. The LDH activity in the cytosolic
fractions and cell lysates (collected as described above) was
analyzed using LDH Activity Assay Kit (Sigma-Aldrich)
according to the manufacturer’s instructions. The fluo-
rescence was measured by a microplate reader Synergy 2
(Biotek Instruments, VT, USA). Permeabilization efficiency
was calculated as follows: [LDH Activity cyosolic fraction’
(LDH Activity + LDH Activity .o jyeaes)]
x 100 %.

Selective permeabilization of plasma membrane, but not
the ER membrane, was confirmed by the absence of the
ER protein calreticulin in the cytosolic fraction using the
monoclonal mouse anti-calreticulin antibody (SPA-601;
Enzo Life Sciences, NY, USA). LDH was detected by poly-
clonal goat anti-LDH-A antibody (sc-27230; Santa Cruz
Biotechnology, CA, USA) and was used as loading control.
Cells were counted in parallel wells/dishes and all meas-
urements were normalized to cell number.

cytosolic fraction

Results
High density cells are less sensitive to Shiga toxin

Confluent HUVEC [42] and Vero [43] cells are shown to
be more resistant to Shiga-like toxin 1 (Stx1) than non-
confluent cells, but little is known about the factors caus-
ing this cell density-dependent effect on Stx toxicity. Stx
binding and toxicity may depend on the cell cycle [43, 44].
In order to eliminate the cell cycle as a possible variable
in this study, we grew high density cells only up to 90 %
confluency, and did not observe any significant difference
in cell cycle phase distribution between low and high den-
sity cells (Online supplementary material 1, Fig. S1). In
addition, we measured the incorporation of [*H]leucine per
cell into newly synthesized proteins in low and high density
HeLa cells, and found only a slight reduction (by approx.
17 %) in high compared to low density cells (Online sup-
plementary material 1, Fig. S2), indicating that cell density
had almost no effect on the rate of protein synthesis.

We tested toxicity of Stx, and also, for comparison,
toxicity of diphtheria toxin (DT), in low and high density
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Fig. 1 High density HeLa cells are less sensitive to Shiga toxin but
not to diphtheria toxin. Low and high density HeLa cells were treated
with tenfold serial dilutions of Shiga toxin (Stx) or diphtheria toxin
(DT) for 3 h in leucine-free medium. Cells were then incubated in
the presence of [*H]leucine for 20 min, and protein synthesis was
measured. IC5, was determined, and the ratio between ICs of low and

HeLa cells by measuring incorporation of [*H]leucine into
newly synthesized proteins (Fig. 1). The concentrations of
each toxin required to give 50 % inhibition of protein syn-
thesis (ICs,) was determined. Based on the I1Cs, values for
high and low density cells, high density HeLa cells were
sixfold less sensitive to Stx, while there was no difference
in sensitivity to DT (Fig. 1¢). Similar reduction in cell sen-
sitivity to Stx at high cell density was also observed for
HEp-2 cells (Online supplementary material 1, Fig. S3).

Shiga toxin binding is decreased in high density cells

We tested binding of Stx and Stx1-mut to HeLa and HEp-2
cells grown at low and high densities in the culture. Essen-
tially identical reduction by 60-70 % in the toxin-associ-
ation per cell to high density cells compared to low den-
sity cells was observed for both toxins and cell lines tested
(Fig. 2). To exclude the possibility that reduced binding
in high density cells is due to toxin depletion from the
medium, we quantified how much of the toxin was left in
the medium after cell treatment, and saw no significant
reduction in the concentration of the toxin in the medium,
indicating that only a small fraction of the added toxin was
associating with the cells during the incubation time used
(data not shown).

HeLa but not HEp2 cells have a lower amount of Gb3 in
high density culture

Since Gb3 is the receptor for Stx, the reduction in bind-
ing might be caused by reduced Gb3 levels in cells grow-
ing at high density. To analyze cellular levels of Gb3, we
extracted glycosphingolipids from the cells grown at low
and high density cultures as described in the “Materials and
methods”, and analyzed the extracts by HPTLC. Compared
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—8— Low

IC(High)/IC,(Low)
-

—— High
0_

01 1 10 100 Stx DT

DT, ng/ml Toxin

high density samples was calculated. One representative experiment
is shown for a Stx and b DT. Error bars represent difference between
the mean value and two parallels. ¢ The quantification of the ratio
between ICs, of high and low density cells + SEM, n = 8 for Stx and
n =4 for DT
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Fig.2 Stx binding is decreased in high density HeLa and HEp-2
cells. Low and high density cells were incubated with biotinylated
Stx (Stx-biotin) or iodinated Stx1-mut (*’I-Stx1-mut) at 37 °C for
20 and 30 min, respectively. Non-bound toxin was washed away and
cell-associated toxin was quantified in cell lysates. For Stx-biotin
detection, the toxin was precipitated by streptavidin-coated beads and
measured by electrochemiluminescence via a Ru(Il)-tag-labeled Stx
antibody, while '°I-Stx1-mut was measured directly in cell lysates
by a gamma counter. Results were normalized to low density samples
and plotted as mean values + SEM, n = 3, *p < 0.01, paired Student’s
1 test

to low density cells, cellular Gb3 content was reduced by
45 % in high density HeLa cells (Fig. 3b), while there was
no change observed in Gb3 for HEp-2 cells (Fig. 3b).
During chromatography, Gb3 separates into two bands,
C16 and C24 (Fig. 3a), consisting of different Gb3 species.
The C16 band consists mainly of Gb3 species with 16 and
18 carbon atoms in the fatty acyl chain, while C24 mainly

@ Springer



1104 S. Kavaliauskiene et al.
a Hela HEp-2
Std Low High Low High
LacCer | ° - — —
_. -
Gb3 | W - - ' c24
== =8 8
Gb4 . -
b 420 € 100
Il Low
= 80 | == High
o o)
- e
LB O 60 -
05 s
— T =]
[1v] -—
E E 5 40 4
e =X
o
R 20 -
0 J
Low Hela HEp2 Cc16 C24
Gb3 species
High density

Fig. 3 The Gb3 content is reduced in high density HeLa but not in
HEp-2 cells. Glycosphingolipids were extracted from low and high
density HeLa and Hep-2 cells with chloroform/methanol as described
in “Materials and methods ”. Samples were then dried, resuspended in
1 M NaOH, dialyzed against water and dried again. Finally, samples
were resuspended in 2:1 (v/v) chloroform:methanol, applied on a sil-
ica plate and chromatographed. The bands were visualized by orcinol
staining and scanned for intensity quantification. a A representative
chromatogram is shown. Gb3 separated into two bands, C16 and C24,
which were named according to the number of carbon atoms in the

consists of Gb3 molecules with 22 and 24 carbon atoms
in the fatty acyl chain [16]. We observed no significant
changes in the ratio between C16 and C24 band intensity
in Gb3 extracted from high density HeLa cells compared
to low density cells, suggesting that it is rather a reduction
in total cellular Gb3 than change in its species distribution
that causes reduced Stx binding and toxicity to high density
HeLa cells. Other factors than Gb3 itself are also likely to
be involved, since high density HEp-2 cells bound less Stx
even without detectable reduction in their Gb3 content.
Since we could not detect reduction in Gb3 in HEp-2
cells by HPTLC which would explain the reduced Stx
binding to these cells in high density culture, we performed
MS/MS-based quantitative lipidomic analysis of HEp-2
cells to investigate potential differences in the Gb3 spe-
cies distribution which could lead to reduced Stx binding.
HEp-2 cells were grown for 1, 2, or 3 days in culture before
lipid extraction. Cells were of 30 % confluence at day 1,

@ Springer

fatty acyl chains of major Gb3 species present in each band. b Quan-
tification of Gb3 content in HeLLa and HEp-2 cells. For plotting, band
intensity values were normalized to low density samples. For HelLa
cells, the experiment was performed four times, and the graph shows
mean value + SEM; *p < 0.01, paired Student’s ¢ test. The lipid
extraction from HEp-2 cells was performed once, and the bar shows
the mean value of two separate chromatographic analyzes performed
on the extract. ¢ Quantification of major Gb3 species in low and high
density HeLa cells, n = 4

and these samples represent a low density culture similar
to what was used for other experiments. After 2 days in
the culture, cells reached 50-60 % confluence, and after
3 days, they were close to forming a confluent layer (den-
sity of approx. 90 %).

We observed a tendency to increased Gb3 and its precur-
sors Cer and GlcCer during HEp-2 cell growth, but no effect
on the total amount of LacCer (Fig. 4a). When the species
composition of these lipid classes was compared between
cells grown for 1, 2, or 3 days in the culture, only small
changes were observed except for LacCer d18:1/22:0 and
d18:1/24:0 (Fig. 4b). As there is very little Gb3 d18:1/22:0
in these cells, it is most likely that LacCer d18:1/22:0 is
used for synthesis of other glycosphingolipids, e.g., gan-
gliosides [45]. We have not analyzed gangliosides in this
study, but it has previously been shown that ganglioside
synthesis is also dependent on cell growth and density [13].
In agreement with our data from HPTLC-based analysis of
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Fig. 4 The content and species composition of Cer, GlcCer, LacCer
and Gb3 in HEp-2 cells. a The content of Cer, GlcCer, LacCer and
Gb3 in the HEp-2 cells after 1, 2, and 3 days growth in the culture.
Data are normalized to the total lipid content detected for each time
point. The error bars show the difference between the mean value

Gb3 in low and high density HEp-2 cell cultures, MS/MS
analysis did not show any significant changes in Gb3 spe-
cies during cell growth from low to high density in HEp-2
cells (Fig. 4b). Thus, neither a change in the amount of cel-
lular Gb3 nor a shift in its species content seems to explain
the reduced Stx binding and toxicity to high density HEp-2
cells.

Lipid profile of HEp-2 cells is dependent on cell density

Binding and intracellular transport of Stx is dependent not
only on Gb3 itself but also on other membrane lipids [19-
22]. We therefore quantified 308 lipid species from 17 differ-
ent lipid classes in lipid extracts from HEp-2 cells grown in
the culture for 1, 2, or 3 days (Online supplementary mate-
rial 1, Table S1; Online supplementary material 2). For the
quantitative data shown in the figures, the minor lipid species
of each class (see Online supplementary material 2) were
excluded to make it easier to get the overview, and the final
calculations were performed with 129 lipid species for 17
lipid classes. The lipid content was quantified as pmol lipid
per ng of protein in the sample. The total amount of quanti-
fied lipids increased by 14 and 23 % in samples from cells

and two independent biological replicas. b Species distribution of
Cer, GlcCer, LacCer, and Gb3 in the HEp-2 cells after 1, 2, or 3 days
growth in the culture. The content of each species is represented as a
percentage of the total amount of the class

grown for 2 and 3 days, respectively, compared to the sam-
ples obtained after 1 day (Online supplementary material 1,
Table S1). The data are also presented as mol% of lipids.

The mol% of several lipid classes changed during cell
growth (Fig. 5). The highest increase, 1.8-fold and 2.8-
fold after 2 and 3 days, respectively, was observed for PA
(Fig. 5b). The levels of PA can be modulated by PA-DAG
interconversion, where DAG is formed by phosphatidic
acid phosphohydrolases (PAPs), and PA results from the
activity of the DAG-consuming kinases (DAGKs) [29].
During cell growth, the levels of DAG increased only
slightly by 1.15-fold (Fig. 5b), but there was a significant
change in DAG species distribution with an increase in
DAG 16:0/18:1 from 35 to 60 mol% of DAG and a decrease
in DAG 16:1/18:1 from 41 to 12 mol% of DAG (Fig. 6).
It should be noted, that the changes in DAG species were
opposite to the changes observed for PA, where relative
amount of PA 16:0/18:1 decreased from 59 to 40 mol%
during cell growth, whereas the PA 16:1/18:1 increased
from 5 to 12 mol% of PA (Fig. 6). Thus, our data indicate
that the total levels and species distribution of PA and DAG
change during cell growth, and that these changes seem to
be interdependent.
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The largest reduction was observed for LPE with a 1.8-
fold decrease after 3 days (Fig. 5b), which was mainly
due to reduction in LPE 18:0. The level of CE showed a
1.6-fold reduction after 2 days, but it was recovered after
3 days (Fig. 5b). Interestingly, there was a dramatic change
in the composition of CE species with a shift towards short
fatty acids containing species during cell growth (Fig. 7d),
which suggests a significant impact on cholesterol
metabolism by cell density. However, we could not detect
significant changes in free cholesterol levels either in HeLa
or in HEp-2 cells (Fig. 7a). Since we analyzed whole cell
extracts, this does not exclude the possibility that there are
local changes in cholesterol levels in plasma membrane
and/or internal cellular membranes.

The overall saturation and chain length of fatty acyl
chains (FA) in the lipids were analyzed. The chain length
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Lipid class

of FA did not change during cell growth except for a slight
reduction in the FAs with 20 carbon atoms (Online sup-
plementary material 1, Fig. S4a). As for overall saturation,
there was an increase in mono-unsaturated FAs (MUFA)
by approximately 15 % in the cells grown for 3 days com-
pared to 1 day, and an almost twofold reduction in poly-
unsaturated FAs (PUFA) (Online supplementary material 1,
Fig. S4b). These changes were mainly due to an increase
in glycerolipid species with two MUFAs and a decrease in
glycerolipid species with one PUFA (Online supplemen-
tary material 1, Fig. S4c). Interestingly, DAG was the only
glycerolipid showing a decrease in the species with two
MUPFASs (in particular, DAG 16:1/18:1; Fig. 6), while, for
all other glycerolipids, the relative amount of species with
two MUFAs increased or did not change during cell growth
(Online supplementary material 1, Fig. S4d).
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Fig. 6 Species composition of major lipid classes in HEp-2 cells.
Samples were collected 1, 2, or 3 days after HEp-2 cell seeding to
culture plate dishes, and analyzed by MS/MS. The amount of indi-
vidual lipid species was quantified as percentage of the total content

of the lipid class. For clarity, minor species are not presented in the
graph (for full species list and quantitative data, see Online supple-
mentary material 2). A contamination of an isobaric alkyl species can
exist for the PC P and PE P species
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The expression of Gb3 synthase is modulated by cell
density

We have previously shown that newly synthesized Gb3

seems to be important for cell sensitivity to Stx [18], and
the possibility existed that there was a decrease in Gb3
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CE species

synthesis at increased cell density. The last step of Gb3 bio-
synthesis from LacCer is mediated by the enzyme a-1,4-
galactosyltransferase (later referred to as Gb3 synthase)
[46—48]. We therefore analyzed the expression of the Gb3
synthase gene in HelL.a and HEp-2 cells at different cell den-
sities. Total mRNA extracts were analyzed by qRT-PCR,
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Fig. 8 Gb3 synthase gene expression is up-regulated in high density
cells. Total mRNA extracts from the cells were analyzed by qRT-
PCR, and relative expression of the Gb3 synthase gene was quantified
in the samples. TBP encoding gene was used as a reference for the
quantification. a Expression of the Gb3 synthase gene in low and high
density HeLa cells. For plotting, data were normalized to low den-

and the house-keeping gene, TBP, was used for relative
quantification since the expression of TBP was steady and
did not depend on cell density (data not shown). We found
that, based on mRNA levels, Gb3 synthase expression was
2.2-fold higher in high density HeLa cells compared to low
density culture (Fig. 8a). For HEp-2 cells, mRNA levels for
the Gb3 synthase gene were analyzed 1, 2, and 3 days after
cell seeding, and there were 1.9-fold and 2.8-fold increases
in Gb3 synthase expression after 2 and 3 days, respectively
(Fig. 8b). Although our data only show the increase in
mRNA levels for Gb3 synthase and not the activity of the
enzyme itself, the results are in agreement with published
data showing that both Gb3 synthase activity [12] and the
biosynthesis of Gb3 [13] were increased in high density
BHK cells and cultured human skin fibroblasts, respec-
tively. Therefore, a reduced synthesis of Gb3 in high density
HEp-2 cells does not seem to explain the lower sensitivity to
Stx in these cells. As for HeLa cells, although the expression
of Gb3 synthase gene was increased in response to high cell
density, our data from HPTLC analysis suggest that there
is a reduction in LacCer, a precursor for Gb3 biosynthesis
(Fig. 3a), which would impair Gb3 biosynthesis and lead to
the reduced Gb3 levels we have observed in these cells.

Stx endocytosis and transport to the Golgi is not dependent
on cell density

To investigate whether reduced binding of Stx to high den-
sity cells is the only determinant for the reduced sensitivity

normalised to 1 day samples

b
3 HEp-2 '|'
21 T
14
0 - T I
1 day 2 days 3 days

Time after seeding

sity samples, and the graph represents mean values + SEM, n = 3,
*p < 0.01, paired Student’s ¢ test. b Expression of the Gb3 synthase
gene in HEp-2 cells 1, 2, and 3 days after cell seeding. For plotting,
data were normlized to 1-day samples, and the graph represents mean
values of two independent experiments. The error bars show the dif-
ference between the mean value and values of the two experiments

of these cells to the toxin, we analyzed Stx endocytosis and
transport to the Golgi in low and high density HeLa cells.
Low and high density HeLa cells were treated with biotin-
labeled Stx and the ratio between endocytosed and total
cell-associated toxin was quantified. As shown previously,
binding of the biotin-labeled Stx to high density cells was
reduced to 32 % of the binding to low density cells (Fig. 2).
However, there was no effect on the efficiency of Stx endo-
cytosis, since in both low and high density HeLa cells an
equal portion of Stx (approx. 35 % of total cell-associated
toxin) was internalized during 20 min incubation at 37 °C
(Online supplementary material 1, Fig. S5).

To test whether Stx retrograde transport to the Golgi
is affected by cell density, we pre-incubated low and
high density HeLa cells with Stx1-mut for 20 min on ice,
removed the unbound toxin and started cell incubation at
37 °C (time point 0 min). Cells were washed and fixed at
multiple time periods from 10 to 90 min. Cells were then
immunostained by antibodies against Stx and the Golgi
marker giantin, and analyzed by fluorescence microscopy.
To quantify the colocalization between Stx and giantin,
multiple images for each time point were taken by Olympus
Scan”R microcope, and at least 250 cells were analyzed for
each data point. All samples were also observed by confo-
cal microscope to confirm the quantitative data obtained.
We observed approx. three-times lower signal for Stx in
high density samples at all time points (Fig. 9), which is
in agreement with previous data showing the reduction in
Stx binding to high density cells (Fig. 2). As for Stx1-mut
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Fig. 9 Stx transport to the Golgi is not affected by cell density. Low
and high density HeLa cells were pre-cooled on ice for 15 min, and
then incubated with Stx1-mut for 20 min on ice. Non-bound toxin
was washed away and 37 °C HEPES-buffered medium was added
(time point 0 min). Cells were fixed, permeabilized, and imunolabeled
for Stx (green) and giantin (red). a Multiple images for each time
point were taken by Scan”R fluorescence microscope. For low density
samples, two different camera exposure times, of 5 and 15 ms, were
used. To quantify the colocalization between Stx1-mut and giantin, at
least 250 cells were analyzed for each data point using Scan”R Analy-
sis software, and the representative data from one of two independent

transport to the Golgi, we could not observe any significant
difference between low and high density cells, when not
considering the difference in signal intensities. In both con-
ditions, the toxin was transported to the Golgi at a similar
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experiments are shown here. Error bars represent standard deviation
between values obtained from individual microscopy slides. b Repre-
sentative images of 0, 20, and 45 min time points obtained by confo-
cal fluorescence microscope. For visualization, the exposure time for
Stx1-mut signal was increased by 3 times in high density samples.
The top rows of the images show maximum intensity projection of
multiple z-planes; the middle rows show 3D volume reconstruction
with the cut along the xz-plane; the botfom rows show the colocaliza-
tion volume (yellow) between giantin and Stx1-mut. Scale bars 5 pm.
Image reconstruction was performed using Imaris x64 7.5.2 software
(Bilplane)

rate, and the maximum colocalization between Stx1-mut
and giantin was reached after 45-60 min (Fig. 9a). We also
tested cellular levels of two retromer components, sorting
nexins SNX1 and SNX2, because retromer complex has
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Fig. 10 Release of StxA, is reduced in high density HeLa cells. Low
and high density HeLa cells were treated with 10 ng/ml '>’I-Stx1-mut
for 5 h at 37 °C. Then, cells were washed and incubated with 1 mM
NEM for 5 min at 37 °C and lysed. The lysates were separated by
non-reducing (—DTT) or reducing (+DTT) SDS-PAGE to determine
StxA, release or nicking of StxA, respectively. A representative auto-
radiogram is shown in (b) (sample loading was equalized according to
cpm values). The amount of released or nicked StxA; was calculated
as a percentage of total Stx (the sum of both StxA and StxA, bands)
in low and high density cells. Finally, results were normalized to low
density samples and plotted as mean values + SEM, n =4, *p < 0.01,
paired Student’s ¢ test; shown in (a)

been previously shown to be involved in Stx sorting from
endosomes to the Golgi [49-51]. We did not find any dif-
ference in protein levels of SNX1 or SNX2 between low
and high density HeLa cells (data not shown), which is in
agreement with the finding that Stx transport to the Golgi is
not dependent on cell density.

Release and translocation of StxA into the cytosol is
reduced in high density cells

For the cytotoxic action, Stx needs to be transported from
Golgi to the ER, where the enzymatically active moiety
of the toxin, StxA,, is released and translocated into the
cytosol [6]. Stx also requires nicking by the protease furin,
which occurs in the endosomes or the Golgi apparatus [52],
followed by the reduction of the disulfide bond connecting
A,- and A,-moieties in the ER. To test whether these steps
are affected, we incubated low and high density HeLa cells
with 12I-Stx1-mut for 6 h followed by SDS-PAGE under
reducing (+DTT) and non-reducing (—DTT) conditions
to quantify release of the StxA, from the holotoxin. In the
autoradiogram, the bottom band represents StxA, (27 kDa)
and the top band StxA (32 kDa) (Fig. 10b). When samples
were run under reducing conditions (+DTT), the disulfide
bond connecting A,- and A,-moieties was reduced, and all

furin-precleaved StxA; was separated from non-cleaved
StxA. In contrast, StxA, present at non-reducing (—DTT)
SDS-PAGE represents the fraction of the A;-moiety
released by reducing conditions in the ER. We observed
no change in Stx nicking by furin between low and high
density cells (Fig. 10), but there was a significant reduc-
tion by 20 % in release of StxA, from the holotoxin in high
density HeLa cells (Fig. 10a), suggesting that less toxin has
reached the ER.

To investigate the translocation of StxA, into the cyto-
sol, we used Streptolysin O to permeabilize the plasma
membrane in '2[-Stx1-mut treated HeLa cells, and then
analyzed released cytosolic fractions from low and high
density cells. The efficiency of the permeabilization was
controlled for each experiment by measuring LDH activ-
ity in the cell lysates and cytosolic fractions. The released
fraction of LDH varied between 20 and 50 % of total cellu-
lar LDH (Fig. 11c). The cells were regularly monitored by
light microscopy, but the permeabilization did not induce
cell detachment during the experiment. Furthermore, in all
experiments, the specific permeabilization of plasma mem-
brane, but not the ER membrane, was confirmed, since the
latter would interfere with the results. We did not detect any
traces of the ER protein calreticulin in cytosolic fractions in
any of the experiments (Fig. 11e), confirming that the ER
membrane was intact during plasma membrane permeabi-
lization. Finally, to analyze the content of StxA, in the col-
lected cytosolic fractions, the toxin was up-concentrated by
immunoprecipitation, and then separated by non-reducing
(—DTT) SDS-PAGE. During quantification, the content of
StxA,; per cell was also adjusted to permeabilization effi-
cacy, since it was always 20-30 % higher in high density
cells (Fig. 11c). Hence, we observed a significant reduction
by 65 % in StxA, release into the cytosol in high density
HelLa cells compared to low density cells (Fig. 11a). Impor-
tantly, this reduction was significantly larger than the dif-
ference in total cell associated toxin between low and high
density cells (Fig. 11a), which confirms that the release of
StxA, in the ER is impaired in high density cells.

Discussion

In this study, we have shown that the lipid composition
strongly depends on cell density in the culture. Moreover,
binding, intracellular transport, and the cytotoxic action of
Stx are reduced at high cell density, supporting the findings
that multiple changes appear in the cells during growth in
culture. At least part of these changes may be related to
modification in the cellular lipidome.

To study the effect of cell density on the lipidome, we
performed quantitative lipidomic analysis of HEp-2 cells
grown for 1, 2, or 3 days in culture and compared the total
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Fig. 11 Release of StxA, into the cytosol is reduced in high den-
sity HeLa cells. Low and high density HeLa cells were treated with
10 ng/ml '?51-Stx1-mut for 5 h at 37 °C. Then, cells were washed and
incubated with fresh HEPES-buffered medium for 30 min at 37 °C
to reduce the amount of surface exposed Stx. Finally, | mM NEM
was added to cells for 5 min at 37 °C. Cells were permeabilized with
activated Streptolysin O, and then incubated with transport medium
for 30 min on ice to allow the cytosol to leak out (cytosolic fraction).
Transport medium was then collected, and the cells lysed. The toxin
was immunoprecipitated from cytosolic fraction and then separated
by non-reducing SDS-PAGE. a The amount of StxA, released to the
cytosol was quantified from the autoradiogram, and adjusted accord-
ing to permeabilization efficiency and cell number of each sample. To
determine total cell-associated toxin, radioactivity was measured in
cell lysates from non-permeabilized samples, and normalized to cell

levels and species distribution of 17 lipid classes. The larg-
est increase in total content was observed for PA with sig-
nificant change in its species distribution as well. Impor-
tantly, there was an opposite tendency on changes in DAG
species, suggesting that the changes in PA and DAG spe-
cies was at least in part caused by interconversion between
these two lipids. Both PA and DAG have been associated
with COPI-dependent and COPI-independent retrograde
protein transport from Golgi to the ER [29, 32]. DAG is
suggested to induce membrane bending and formation of
highly curved membranes due to its small and electrically
neutral polar head, and it has been reported to enhance
membrane fusion [53]. Decreased levels of Golgi-asso-
ciated DAG have been demonstrated to inhibit retrograde
(Golgi-to-ER) but not anterograde (ER-to-Golgi) trans-
port [29, 32]. It should be noted that the effect on the ret-
rograde transport depended on which pathway of the DAG
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plotted as mean value + SEM, n = 3, *p < 0.001, **p < 0.05 Stu-
dent’s ¢ test. b LDH activity per cell in low and high density samples;
representative graph from one of three experiments. Error bars show
the difference between the mean value and the two parallels. ¢ The
efficiency of cell permeabilization calculated as percentage of total
LDH which was released to the medium; representative graph from
one of three experiments. Error bars show the difference between the
mean value and the two parallels. d A representative autoradiogram of
immunoprecipitated toxin from the cytosolic fractions. e One-tenth of
cell lysates and cytosolic fractions were precipitated by TCA, sepa-
rated by reducing SDS-PAGE and blotted to PDF membrane. A rep-
resentative western blot of ER protein calreticulin and LDH levels in
the cytosolic fractions and cell lysates is shown

production that was blocked. The most profound effect was
observed after propanolol (inhibits DAG generation form
PA) treatment, and a smaller effect by inhibitor U73122
(blocks DAG generation from phosphoinositides PI4P/
PI4,5P,), but no effect by FB1 (inhibits ceramide synthase
leading to lowered SM levels and reduced DAG genera-
tion from SM) were observed [29], suggesting that only
certain DAG pools are involved in the retrograde transport.
DAG has been proposed to facilitate the recruitment of
ADP-ribosylating factor GTPase-activating protein (ARF-
1GAP1) at early Golgi compartments [29]. ARFIGAP1
constitutes a structural component of the COPI coat and
is required for COPI-coated vesicle formation on Golgi
membranes [54]. ARF proteins are shown to activate PC-
specific phospholipase D (PLD), which generates PA from
PC [55]. Therefore, the action of PLDs and PAPs are pro-
posed to regulate PA and DAG levels in the membranes
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(including Golgi membranes). As a result, PA has also been
implicated in Golgi vesicle formation and budding [56].
Interestingly, the knockdown of either COPI or ARF1 pro-
tects cells against Stx [57]. However, the protection could
be due to secondary changes occurring during knockdown,
as retrograde transport of Stx has been demonstrated to
be COPI-independent [58—60]. Nevertheless, the balance
between the lipids might be important for retrograde Stx
transport. For instance, DAG has also been found to be
important for COPI-independent transport [29]. Also, it is
possible that not only the level of DAG but also the spe-
cies play a role. As observed in this study, DAG 16:0/18:1
is increased whereas DAG 16:1/18:1 is decreased in high
density cells, suggesting a role for the latter species in the
retrograde transport. This is in agreement with the idea
that disordering of the membrane has a functional role in
the ER and Golgi [61]. Thus, high cell density-induced
changes in DAG and PA could impair Golgi-to-ER trans-
port, and therefore lead to reduced StxA, release in the ER,
as we have observed in high density cells.

Golgi transport and vesicle formation have been shown
to depend on the action of phospholipase A2 [62], which
cleaves membrane phospholipids into lysophospholipids
and free fatty acids. We observed a reduction in LPE levels
during cell growth, suggesting that phospholipase activity
or localization to membranes was reduced in high density
cells, and therefore could additionally impair Stx trans-
port, since reduction in LPE levels might affect membrane
curvature.

In this study, we compared how cell density modulates
Gb3 levels in two well-known cancer cell lines, HelLa and
HEp-2, and found striking differences between these two
cells with respect to Gb3. Although both cells express Gb3
and are sensitive to Shiga toxin, at high cell density, HeLa
cells showed almost a twofold reduction in Gb3 content,
while there was a slight increase in Gb3 in HEp-2 cells.
Since both of these cell lines up-regulate Gb3 synthase
gene expression at high cell density, we speculate that the
reduction in Gb3 in HeLa cells is caused by depletion of
LacCer or earlier precursors for Gb3 synthesis, since we
could detect a reduction in LacCer in high density HeLa
cells. Although the total content of Gb3 was changing
during cell growth, there was no significant change in the
ratios of different Gb3 species in either HeLa (analyzed
by HPTLC) or HEp-2 (analyzed both by HPTLC and MS)
cells. Interestingly, the binding of Stx was reduced to the
same extent in both of these cells at high density, support-
ing the hypothesis that other factors, rather than the number
of receptors, caused reduced binding in dense cells.

One of the explanations for reduced Stx binding in
HEp-2 cells, which do not have reduced Gb3 levels, could
be different Gb3 localization in the plasma membrane (to
DRMs or not) or within the cell. It has been demonstrated

that Stx binding depends on Gb3 localization to DRMs [19,
27, 63], as well as lipid composition of DRMs [63], and
the majority of the data suggest that Stx preferably binds to
DRM-associated Gb3. As for localization within the cell,
Gb3 could be internalized from the plasma membrane and
up-concentrated in the internal vesicles/membranes, where
it would not be accessible for Stx. Additionally, since we
analyzed the whole cell extracts, we cannot exclude the
possibility that there are local changes in Gb3 species,
which would affect its function.

It has been shown that cholesterol can modulate the ori-
entation of the carbohydrate group of several glycosphin-
golipids, including Gb3, and thus affect Gb3 availability for
Stx binding [19-22]. We did not find any significant change
in total levels of free cholesterol between low and high den-
sity cells when the whole cell lysates were analyzed. How-
ever, we observed significantly higher permeabilization
efficiency by Streptolysin O, a cholesterol binding toxin, in
high density cells compared to low density cells, suggest-
ing that cholesterol levels in the plasma membrane might
be increased in high density cells, and thus lead to reduced
Stx binding. Furthermore, there was a surprisingly large
shift of CE species towards isoforms with shorter fatty acyl
chains, suggesting that cholesterol metabolism was highly
affected by cell density. CE is synthesized in the ER, and
one could therefore speculate that changes in CE composi-
tion might affect ER functions. It has been suggested that
CE and lipid droplets might facilitate transport from the ER
and into the cytosol [64].

As indicated by the change in mRNA levels for the Gb3
synthase, cellular expression of specific proteins might also
be affected by cell density and thus modulate Stx toxicity.
Since the translocation of the StxA, across the ER mem-
brane is suggested to occur via the cellular ER-associated
protein degradation (ERAD) pathway and to be mediated
by Sec61 protein [65], we tested the levels of Sec61p,
which is a component of the translocon complex, and has
been shown to be involved in Stx intoxication [66], but
we found no effect on Sec61p levels by cell density (data
not shown). Protein synthesis inhibitors have been shown
to increase cell sensitivity to Stx [67], as hypothesized, by
reducing the competition between newly synthesized pro-
teins and the StxA, for the components of ERAD. How-
ever, we did not observe an increase in protein synthesis in
high density cells, which eliminates the possibility that the
release of StxA, in the ER was impaired due to higher com-
petition with newly synthesized proteins in high density
cells. We have no reason to believe that the small reduction
actually observed in the rate of overall protein synthesis in
high density cells is related to the large protection against
Stx toxicity. However, this does not rule out that there are
changes in the expression of specific proteins which con-
tribute to decreased Stx toxicity. Finally, it must be noted

@ Springer



1114

S. Kavaliauskiene et al.

that the reduction in StxA, release in the ER and transloca-
tion into the cytosol that we observed in high density cells
could be at least in part caused by impaired Stx transport
from Golgi to the ER, and not by changes in the ER itself,
but at this moment, we do not have an efficient method to
evaluate the rate of Stx transport from Golgi into the ER,
and to test this possibility.

In summary, we have demonstrated that both lipid
composition and transport of Stx to the cytosol is modu-
lated by cell density in the culture. The data demonstrate
that important changes in lipid composition occur, changes
known to affect several cellular transport steps. The results
shown here may throw light on differences previously
reported, and indicate that close control of culture condi-
tions is essential for reproducibility and understanding of
molecular mechanisms studied. In conclusion, our results
provide important information on how lipids and changes
in lipids can affect intracellular trafficking.
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