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Abstract:

Human neuroblastoma is a malignant childhood camgdr poor prognosis. The tumor is heterogeneous,
consisting of three cell types (neurilemmal N-typpithelial-like S-type and intermediate I-type)khieh have
been observed both vitro andin vivo. These phenotypes have distinct molecular pragseeind they have been
suggested to contribute to the malignancy of timeotu In this study an advanced method for sepaydtie N-

and S-type cells from parental SH-SY5Y human ndastbma cell line was introduced, and their respsrte
various treatments were observed using light amafréiscence microscopy, and statistical analysisn&e acid

is a derivative of vitamin A and its ability to caudifferentiation has been used in cancer thesapig retinoic
acid has a minor apoptotic effect and cholesteas! heen proposed to support cell survival and réiffiation,
treatments of the parental cell line and newly ssjgea N- and S-type cells with retinoic acid, clstéeol, and
retinoic acid together with cholesterol, were idmoed. The survival of these cells was also studiéd
manganese treatments combined with the retinoid adid cholesterol treatments. Manganese was chosen
because it induces apoptosis and its distinct effedifferent cell types could be an importanttéadn cancer
treatments. The new advanced separation methoddesoan efficient way to study the distinct behawbthe

N- and S-type cell$n vitro. Retinoic acid was found to have no effect on $igype cell morphology, which
suggests that these cells are already differedti®kso, the S-type cells were most resistant sorttanganese-
induced cell death, which suggests that these getisit be behind the poor prognosis of human ndastéma
and the often observed reoccurrence of the tumbnoleSterol protected the cells from retinoic acitl a
manganese-induced apoptosis. The U373-MG humaocgsima cell line was used as a reference CNS tumor
cell line.

Keywords: apoptosis, astrocytoma, neuroblastoma, cholestdiftérentiation, GFAP, manganese, morphology,
retinoic acid, vimentin
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1. Introduction

Human neuroblastoma is one of the most malignamtera occurring in children. It is not yet
clear how and when it develops during embryogendsis it is thought to be a stem cell
cancer occurring during autonomic nervous systeveldpment (for a review see McConville
and Forsyth, 2003). Heterogeneous cell populasadypical for neuroblastoma and it is seen
both in vivo and in vitro. It has been suggested, that different cell typeshuman
neuroblastoma express different degrees of malignaand have differential effect on the
clinical outcome (Fidler, 1978; for a review seestBzberry, 1997). Human neuroblastoma
cells have been used as a model for tumor cekmdifitiation and neuronal development, as
well as a model for studies on neurodegeneratiseadies (for a review see Abemayor and
Sidell, 1989; Higashi et al., 2004).

Human astrocytoma (also known as glioblastomatoglioma) is a malignant cancer
occurring at all ages, with poor prognosis (foegiew see Preusser et al., 2006; Haque et al.,
2007b). The origin of human astrocytoma is stilkkmown, but stem cells or progenitor cells
have been proposed to be the source for this céfuceeviews see Read et al., 2006; Quigley
et al., 2007). Astrocytoma also manifests heteretgrof cell types, though these different
cell types are not as well studied as are thetydls of neuroblastoma (for a review see Miller
and Perry, 2007). The reasons behind human astroeytire unknown, and though much

used in studies, its characteristics are poorlyamo

1.1. Human neuroblastoma and its cell phenotypes

One of the first studies describing human neuraebiaa was by Beckwith and Perrin
(1963), and since then this cancer type has beeelyistudied. Despite of the years of
research, it is still not known how this devastgtinmor arises and how to effectively treat it.
There are speculations about environmental factmsociated with the occurrence of
neuroblastoma, though no study has yet confirmesd Reuroblastoma usually develops from
postganglionic neurons in the preaortic ganglia at@nal gland, and the heterogeneous cells
in neuroblastoma reflect the whole spectrum ofedéhtiated and undifferentiated cells of

developing sympathetic nervous system (for a revsew McConville and Forsyth, 2003).
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Despite this heterogeneity, neuroblastoma formatsonightly regulated and cell lineage-
dependent, as neuroblastoma never develops fromalnevecursor cells of other than
sympathoadrenal origin (for a review see Nakagawaral Ohira, 2004). Human
neuroblastoma has been classified according testtent of the tumor to stages I-1V, and the
survival of patients is largely age-dependent, gmunchildren having better prognosis
(Breslow and McCann, 1971). Most of the therapeeseuroblastoma include dose-intensive
chemotherapy and surgery (for a review see Castigb#997). The variability in human
neuroblastoma may also be the reason for varyisgltse obtained from different studies.
Also, the differences observed in tumorigenicityted human neuroblastoma cells reflect their
phenotype. The S-type (epithelial-like) cells aomimalignant, the I-type (intermediate) cells
are most malignant, and the N-type (neuronal) dejsbetween these two forming slowly
growing malignant tumors (Walton et al., 2004). Qmanswered question is, whether these

different cell phenotypes also play a role in tumegression.

The cells lines derived from neuroblastoma tumapbies have been difficult to
establish, because the cells form tight clustedsraaither chemical, nor mechanical separation
produces single cells for cell cultures (Schlesirggeal., 1976). However, different cell types
have been obtained from established cell lines thed characteristics have been studied,
despite the difficult maintenance of some of thiss¢ated cell clones (Biedler et al., 1973;
Ciccarone et al, 1989). Most of the cell lines dedi earlier from the tumors consist of two
types of cells; one which is a small, aggregateafog and has short processes (N-type cell),
and the other which is a large, flat and epithdiia cell (S-type cell). When the cells have
been cultured for a longer time, epithelial-likdiselisappear from the culture and the neural
type remains.

The cell lines established from tumors exprestedint characteristics, including cell
surface markers, neurotransmitter synthesis enzyandsodd chromosomes (Biedler et al.,
1973; West et al., 1977, Biedler et al., 1978; @iooe et al., 1989). There is a larger variation
between different established S-type cell linestiva different N-type cell lines, and the
limited growth of S-type cells suggests, that thesks are more differentiated than N-type

cells. In contrast to S-type cells, all establishedand I-type cell cultures have been immortal
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from the start (Ciccarone et al., 1989). Despitséhdifferential proliferation patterns of cell
types, the N-type cells have been suggested tchdamost differentiated cell type in the

human neuroblastoma bathvivo andin vitro.

The cell types seemn vitro have been characterized as neuronal, neurilemmal
(Schwann cells) and melanocytic cell types (Ross Biedler, 1985; DeClerck et al, 1987,
Rettig et al., 1987; Tsokos et al., 1987; Moralgtz901). Neuronal cells have processes and
neurosecretory granules, neurilemmal cells areaftat non-pigmented, and melanocytic cells
are flat and pigmented (Tsokos et al., 1987). ¢t lbeen suggested that the Schwann-type cells
observed in the neuroblastomas might be due toctigenoattractive factors produced by
differentiating neuroblastoma (N-type) cells, ahds these cells would not be neuroblastoma
cells (Ambros et al.,, 1996). At present, the nealtand epithelial-like (previously named
Schwann-like) phenotypes are called N- and S-tgls eccording to their morphology. The
N-type cells are neuroblastic, contain noradremelgosynthetic enzymes, attach better to
each other than to substrate and form pseudogaregienbling aggregates (Ciccarone et al.,
1989; for a review see Ross et al., 2003). Thep8-tells are epithelial-like and do not have
neuronal properties. They adhere strongly to satestrshow contact inhibition, and have
tyrosinase activity which is a melanocytic propgi@iccarone et al., 1989; for a review see
Ross et al., 2003). The N- and S-type cells can sintaneously transdifferentiate to each
other (Figure 1.).

Besides the N- and S-phenotypes, I-type cells hmen characterized from human
neuroblastoma (Figure 1). These intermediate gp#d have characteristics of both N- and S-
type cells, and they have been suggested to bstéhne cell from which the N- and S-type
cells arise (Ciccarone et al., 1989; Rettig et187; Ross et al., 1995; for a review see Reya
et al., 2001; Walton et al., 2004).



12

N-type

differentlatmn {
transcdifferentiation
I-type @f

diff erentlatlon\3 @

Jype

Figure 1. Proposed model for the different phenotype occueein the human neuroblastonmavivo andin
vitro. The I-type cell represents a stem cell, from Wtitee N- and S-type cells arise. In cell cultutes N- and
S-type cells can transdifferentiate to each otted, possibly back to I-type cell.

Biagiotti et al. (2006) divided the SH-SY5Y neuabnand epithelial-like cell
phenotypes further into subgroups of N- and S-ggdés (Ny-, Ns-, S, Si- and $-subtypes)
according to time intervals when the morphologarad electrophysical changes occurred. The
So-subtype occurred soon after the isolation of ddife cell types and remained in the culture
until day 60. After this the cells changed intesBbtype, and after 120-140 dayssBbtypes
appeared in the cell culture. The-Subtype was identical to the parental SH-SY5Y Led#
and did not change its morphology. TheNibtype appeared in the S-type cell cultures, and
these cells needed to be removed in order to alhenws-type cells to proliferate. Besides the
morphological changes, the subtypes were distmtteir expression of ion channels, and the
subtype conversions in the cultures were confirtmgdhese electrophysiological changes. In
addition to characterization as N-, S- and I-typdls¢c an infrequently used way of
classification, mainly used in diagnostics, is teide the human neuroblastoma cells in
undifferentiated, poorly differentiated and diffetiated cell types (Shimada et al., 2001).
Also, cells with different genetic markers and eli#int amount of genetic changes from low to
high have been classified into three different goo(Valent et al., 1999). These three groups

may be the N-, S- and I-type cells presented above.
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1.2. Human astrocytoma

Human astrocytoma is a malignant brain tumor, whglproblematic in terms of therapy
efficiency. The poor prognosis and insufficiency ofiemotherapy makes this cancer
challenging and important to study (Haque et &Q7b). Human astrocytes are one of the few
cells, which can proliferate in the adult humanrraut astrocytoma has been suggested to be
formed from a neuronal progenitor cell, though ¢batribution of a specific stem cell has not
been ruled out (for reviews see Preusser et d06;2Read et al., 2006; Quigley et al., 2007).
Environmental factors and various genetic changesablso suggested to be involved in the
formation of this cancer (for reviews see Stupplgt2007; Quigley et al., 2007). Astrocytoma
can be found at any age, though the peak of timserds in adults over 40 years (for a review

see Preusser et al., 2006).

Human astrocytomas are classified according to WWOrld Health Organization) to
stages I-IV, where stage | represents low-gradengdi and stage IV most malignant glioma.
The astrocytoma tumors can evolve over the yeans flow-grade glioma to a malignant
tumor, or a malignant astrocytoma can be foundctyre Unlike many other cancers,
malignant human astrocytomas do not metastasizsjgth all patients with malignant
astrocytoma will have reoccurrence of the tumor &seview see Stupp et al., 2007). One of
the reasons behind the poor prognosis is the Imghasiveness of astrocytoma cells and their
resistance to apoptosis (for reviews see Preussar, 2006; Furnari et al., 2007). As with
human neuroblastoma, human astrocytoma prognosigldy dependent on the age of the
patient, older people being more susceptible (fiaveew see Stupp et al., 2007).

Human astrocytomas are also heterogeneous wéh thajor types of cells; fibrillary,
gemistocytic and giant cells (for a review see &fithnd Perry, 2007). The fibrillary cells have
large and irregularly shaped nuclei, scant cytoplasd they form loose processes. The
gemistocytic cells have rough nuclei, rich cytoptasnd they form short processes. The only
occasionally found giant cells have a large andwgea cytoplasm (for a review see Miller
and Perry, 2007). These cell types vary especialltheir amount of genetic changes, but
these changes related to the different degree#fefahtiation have not been studied in these

human astrocytoma cell phenotypes (for a reviewQ@eigley et al., 2007). Though many
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neurological disorders include interactions withfedéve astrocytes, the neuron-glia

interactions are mainly unidentified (for a revisee Seifert et al., 2006).

1.3. Retinoids and retinoic acid in cell differentiation

Retinoids are natural and synthetic derivativesiamin A, and their differentiating effect is
known (for a review see Abemayor and Sidell, 19838nerally cancer cells are responsive to
retinoic acid (RA), and this is the reason whyneiils are widely used in cancer therapies (for
a review see Miller, 1998). The differentiating ldlgs of different isoforms of retinoids have
been tested earlier (Ponzoni et al., 1995; Hews$ah.,£2000). The most effective isoform is
9-cis retinoic acid, but it is toxic to cells (Hewson at, 2000). Alltrans retinoic acid has
proven to be an effective differentiating agentd amly slightly toxic in relatively large
dosages (Phuphanich et al., 1997). This makesaa retinoic acid a good candidate for
inducing differentiation and to be specifically dse cancer therapies (Haque et al., 2007b).
RA has been used with promising results, thoughtrs@ment does not provide a cure for
cancer, and there are also unresponsive cases (¥urg)., 1996; Defer et al., 1997;
Phuphanich et al., 1997). Treatment of human néasttima cells with RA increases their
survival from hypoxia (Hoehner and Prabhakaran,3200his suggests that RA treatment
might, instead of disturbing cancer cells, enhaheecell survival, and thus the benefits of RA
applicationin vivo in cancer therapies are still controversial. Femtiore, the retinoids are not
effective alone, and additional agents need tambed for increasing the efficiency of the RA
therapies for cancer (Preis et al., 1988; Defat.ef1997).

Retinoic acid is lipofilic and it is transportedto cells with the help of Cellular
Retinoic Acid Binding Protein (CRABP), which is gpitously expressed in all cells
(Haussler et al., 1983; for a review see AbemapdrSidell, 1989). RA regulates target genes
by binding to Retinoic Acid Receptors (RAR) andiReid X Receptors (RXR), which form
heterodimers to become active in both human neastdrhas and astrocytomas (Cheung et
al., 1996; Hewson et al., 2000). This heterodinestiprotein complex then binds to Retinoic
Acid Responsive Element (RARE), which becomes tmapsonally active leading to cell
differentiation (Joshi et al., 2006). Different $yfes of these receptors are expressed in

different cell types, and this leads to distindtedentiation pattern. By transfecting cells with
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these receptor subtypes, cells can effectivelynbdeded to undergo neuritogenesis, or just to
stop proliferating (Cheung et al., 1996). Espegialiman neuroblasts have been reported to
be sensitive to retinoid treatments, though thesponses are not uniform, and depend on the
cell phenotype (for a review see Abemayor and §idéB9; Tsokos et al., 1987; Voigt and
Zintl, 2003; Joshi et al., 2006). The differencasresponses might exist because of the
difference in retinoid receptor expression (Cheangl., 1996; Joshi et al., 2006; Joshi et al.,
2007). The one known common response to retinogdgheir effect to decrease cell
proliferation in all neuroblastoma cell types, lvatry little is known about their effects on
astrocytoma cells.

Generally RA induces the neuroblastoma cells tonfétonger neurites (which is a
commonly used sign of neuronal differentiation)d anange their morphology towards the
small N-type cells (Preis et al., 1988; Ross et1&95). It has been shown by Barletta et al.
(1997), that the SH-SY5Y human neuroblastoma ol has reduced invasiveness when it is
treated with RA for more than four days. Howevethe SH-SY5Y cells are treated with RA
for only a short time, especially the N-type celtghance their migration and invasion without
any effect on proliferation (Preis et al., 1988;i¢tand Zintl, 2003; Joshi et al., 2006). It has
also been earlier shown that with large conceminat{10 uM) and long exposure times (over
five days), most of the human neuroblastoma cglésyconvert into N-type cells, though a
small number of S-type cells can be seen througtimutreatment (Ross et al., 1995; Walton
et al.,, 2004; Sarkanen et al., 2007). However, mmqgy changes in the human
neuroblastoma cells are seen with ten times, on duendred times lower than 10 pM
concentrations of RA (Haussler et al., 1983; Peerl., 1988). Some of the S-type cells do not
change their morphology, and if RA is removed fribra culture medium, I-type cells can be
seen (Ross et al., 1995). In the human astrocyietia the RA treatment changes the cell
soma to become slim, induces formation of long @sses and decrease cell proliferation, thus

causing differentiation towards a reactive astredie cell (Haque et al., 2007a).

1.4. Cholesterol in central nervous system

Cholesterol (Chol) is an important major non-pdigid in membranes and it acts as protein

binding domain in the plasma membrane. Inside #ile cholesterol is synthesized in the ER
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(Endoplasmic Reticulum) and it seems to have a ilIER-Golgi trafficking. From there
cholesterol is usually targeted to recycling endoss, synaptic vesicles, mitochondria and

plasma membrane (for a review see lkonen, 2008).

In the Central Nervous System (CNS) lipoprotemsifly Low Density Lipoproteins,
LDL) are used to transport lipids and cholesteretween different cell types, though
cholesterol is taken inside the cells also via AB&sporters (ATP-Binding Cassette
transporters, Albrecht et al., 2008). Once instie €NS, cholesterol is not released because
of the high turnover of cholesterol into myelinr(Boreview see Ikonen, 2008). However, little
is known about the trafficking and compartmentaiaaof cholesterol in the cells of CNS as
most of the previous studies on cholesterol havenbmade with fibroblasts. Earlier
cholesterol studies with astrocytoma cells have ardluded experiments on oxidative stress
(e.g. Girdo et al., 2003; for a review see lkor&08). It is known, that cholesterol can be
released from astrocytes in the CNS, and therefs®ocytes are beneficial for the
maintenance of proper neuronal cholesterol conagoftr. Also, astrocytic supply of
cholesterol has been shown to have an importaatinothe maturation of synapses (Barres
and Smith, 2001; Gdaritz et al., 2005; Funfschilliegal., 2007). Cholesterol has also been
associated with neurodegenerative diseases, sublzfaasimer’s disease, by functioning with
ApoE (Apolipoprotein E), which has a role in regetize processes in the CNS (for a review
see Ikonen, 2006).

It has been reported, that during the clinical R&atments cholesterol levels of the
cancer patients are elevated, for as yet unknowasore (Yung et al., 1996). At present the
only study available of the effects of cholesteéoglether with RAIn vitro is by Sarkanen et al.
(2007). In that study the authors describe the fiteregf using cholesterol together with RA to
support the survival of SH-SY5Y neuroblastoma cellsen they are differentiated. Also,
according to other studies, cholesterol has beewrsho help the cells to avoid the apoptotic
effect of RA (Ponzoni et al., 1995; Mantymaa et 2000). The protective role of cholesterol
could play a critical role in therapies against noeegenerative diseases, as well as in

applications in cancer therapies.
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1.5. Manganese in central nervous system

Manganese (Mn) is an essential trace element, waglan overdose causes Parkinson’s
disease resembling manganism (Levy and Nassettd3)20’he main routes by which
manganese gets into the body and CNS include tpestive system and respiratory tracts.
The transportation of manganese into cells is ret wnderstood, but DMT1 (Divalent Metal
Transporter 1) and transferrin, both of which camrginy metals, are suggested to transport
also manganese (Roth, 2006). In cells manganes#idus as a cofactor for many enzymes
(Welder, 1996). The reason behind the accumulattdbnmanganese, especially into
dopaminergic regions of brain, is unknown (Fitsas&k al., 2006). It has been suggested, that
manganese exerts its effects by causing oxidatresssin mitochondria, as they do not have
outward transport mechanism for manganese, andféegtiag the ER (Higashi et al., 2004,
Dukhande et al., 2006). The molecular effects ohgaaese are studied but as yet poorly

understood (for a review see Normandin and Ha2602).

Based on earlier studies, glial cells are in tiNSGhe most resistant cells to the effects
of manganese, and manganese causes morphologacajashin astrocytes, resembling those
observed in Alzheimer disease patients’ astrocitezell et al., 2006). Manganese induces
decline in cell viability in a dose-dependent manimeboth the human neuroblastoma and
astrocytoma cells (Yin et al., 2008). It has begported, that the human neuroblastoma cells
are more vulnerable to manganese treatments tleadiffierent glial cells, and that astrocytes
can take up more manganese than other cells i@& (Shukakidze et al., 2002; Higashi et
al., 2004; Malthankar et al., 2004; Dukhande et24106; Gunter et al., 2006). The manganese
induced cell death reported by Dukhande et al. §208 predominantly necrotic, possibly
because of a high manganese concentration (1 méd). kisowever, results by another group
suggest that the human astrocytoma cells die bytapis also with high manganese
concentrations (Puli et al., 2006). In the manganstdies, various Mn concentrations,
ranging from physiological (0.01 mM) to highly tox{4.0 mM) concentrations, with many
different exposure times, have been used, thus ngakhe data highly inconsistent
(Malthankar et al., 2004).
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2. Aim of the Study

The main aim of this study was to find an efficiemtthod for separating the N- and S-type
cells from the parental SH-SY5Y human neuroblastaeialine, and from each other in a

way, that they do not transdifferentiate in thedusell culture conditions.

The second aim was to study if the newly separate@nd S-phenotypes, and the
parental SH-SY5Y cells, respond differently on eiéintiation treatments with RA. As
cholesterol has been shown to support the diffexéonn of the SH-SY5Y cells, additional
treatments with cholesterol were introduced. Als® possible distinct survival of the different

cell types from the manganese-induced cell deatholaerved.

Same experimental treatments introduced to theahumeuroblastoma SH-SY5Y cells
were applied also to the human astrocytoma U373-d0d{B to further clarify the possible
differences between neuronal and glial CNS tumbs.ce
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3. Materials and Methods

Changes in the human neuroblastoma SH-SY5Y andcgstma U373-MG cell morphology
were studied by light and fluorescence microscogyd the differential effects of RA,

cholesterol and manganese on the proliferationsandval of these cells were evaluated.

3.1. SH-SY5Y cell culture and imaging

The human neuroblastoma SH-SY5Y cell line (origindrom American Type Culture
Collection, ATCC, CRL-2266, Manassas, VA, USA) wagind gift from the University of
Tampere, Departments of Cell Biology and Environtakioxicology. The SH-SY5Y cell
line and the separated phenotypes were culturet:inMEM (Modified Eagle Medium,
21090) and F-12K (Kaighn’s Modification, 21127) me@dGIBCO Invitrogen, Carlsbad, CA,
USA) in 5 % CQ and + 37 °C. Medium was supplemented with 1 mMutagnine (Immuno
Diagnostics, Wobum, MA, USA), Non-Essential Aminaids (NEAA, 1 %, GIBCO), Fetal
Bovine Serum (FBS, 10 %, PAA Laboratories, Paschigstria) and with streptomycin and
ampicillin (1 %, PAA Laboratories). The details fure culture medium are presented in
Appendix 7.1.

The SH-SY5Y cells of passages 25-31 used in thidyswere subcultured once a
week, and the culture medium was additionally cledngnce a week. Cells were washed with
PBS (Phosphate Buffered Saline) and trypsinizegp$tn-EDTA, Ethylene Diamine
Tetraacetic Acid, GIBCO) for three minutes, aftdrieh the cell suspension was neutralized
with culture medium, and cells were collected bytg&igation (1500 rpm for 3 min,
Labofuge 400, Heraeus Instruments, Hanau, Germadgl). pellet was resuspensed with
culture medium and cells were counted by using logtometer (Marienfeld Laboratory
glassware, Lauda-Konigshofen, Germany). Cells weesled with a density of 0.2X1¢ells /

2 ml medium on 3 cm diameter dishes (Nunc, Roched®, USA and Falcon, BD

Biochemicals, San Jose, CA, USA). For 25°@nd 80 crh flasks (Nunc and Falcon) cells
were seeded with a density of 0.581@lls / 10 ml medium and 2x%@lls / 15 ml medium,

respectively.
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For morphological images Artcam-300MI camera (Qdwys, Tokyo, Japan) connected
to CX40 microscope (Olympus) was used and the isagere taken by using QuickPhoto
version 2.2 software (Promicra, Praha, Czech RepubPicture editing was done with
Photoshop C2S software (Adobe Systems, San JosdJEA). All images in this study were

taken randomly and editing was kept minimal.

3.2. N- and S-phenotype separation

The initial separation of the N- and S-type ceflenf the parental SH-SY5Y cell line were
done by using a mechanical separation method peopyg Biagiotti et al. (2006). However,

as the method was problematic and not as effieismixpected, a new method was developed.

Initially there were two dishes of SH-SY5Y pardntalls, for which the slightly
different separation methods were introduced. Tépgamtion was started when the parental
cell line was at passage 26, and the cells werired for 7 DIV (Daysln Vitro). For the
future N-type cells a short trypsinization (1.5 nah RT, Room Temperature) was used to
detach only the loosely adherent N-type cells. Alieis the N-type cell cultures were
subcultured similarly to the parental SH-SY5Y cebist the trypsinization time was for two
minutes. To keep the cultures clean from the S-tgiks, all cells in the culture were never

fully detached.

For the future S-type cell culture, a very shoypsinization (1 min at RT) was first
introduced to detach the N-type cells, which weaeetully removed, and trypsinization was
continued at +37 °C for additional three minutesdétach the tightly adherent S-type cells.
After this the S-type cells were subcultured sinyiao the parental SH-SY5Y cells, but with
initial trypsinization for one minute to remove thetype cells, followed by a longer final
trypsinization for four minutes. Imaging was penfied as presented in section 3.1.

3.3. U373-MG cell culture

The human astrocytoma U373-MG cell line (originaltgm European Collection of Cell
Cultures, ECACC, No: 89081403, Wiltshire, UK) wasiad gift from the University of

Tampere, Departments of Cell Biology and Environtakfmoxicology and in this study cell
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passages 187-196 were used. The cells were cultuM&M (21050, GIBCO) supplemented
with sodium (Na) pyruvate (1 %, GIBCO), 1 mM L-gintine (Immuno Diagnostics), NEAA
(1 %), FBS (10 %) and 1 % antibiotics (all from PAgboratories) in 5 % COand + 37 °C.

Details for the culture medium are presented inexujix 7.2.

Cells were subcultured every fourth day with tigpstion for seven minutes. The
number of cells seeded for different plates was dfahat used for the SH-SY5Y cells: for the
3 cm diameter culture dishes 0.1%Xlls / 2 ml medium, for 25 cfmand 80 crh flasks
0.25x16G cells / 10 ml medium and 1x4@ells / 15 ml medium, respectively. All dishes are

from Nunc and Falcon and the cell images were talsetiescribed in section 3.1.

3.4. Calculation of cell proliferation

A hemocytometer (Marienfeld Laboratory) was useddounting the SH-SY5Y and U373-
MG cells. Cells were cultured in 3 cm diameter arllture Petri dishes and trypsinized,
centrifuged and resuspensed in 1 ml of culture omadas presented in 3.1. According to the
manufacturer, the 3 cm diameter dishes have ancdr@a8 cnf, and the following equations

were therefore used:

number of cells in a dish = cells/ml *x 1 ml

number of cells in a dish
5.8cm?

cells/em? =

Cells were first counted after 24 hours and théeeah time points of two, four, six,
eight and ten days. For each counting a new Peth df cells was used. The statistical
analysis was done by using OriginPro 7.5 softwanegfnLab, Northampton, MA, USA) for
the independerittest (significance level P < 0.05) and linear esgion.

3.5. Immunocytochemistry

The intermediate filaments of the astrocytoma UBI@-and different cell types of the SH-
SY5Y neuroblastoma cells were labeled with vimer{irf00, anti-vimentin from goat, V
4630), NF68 (1:1000, monoclonal anti-NeuroFilam@atfrom mouse ascites fluid, N 5139)
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and GFAP (1:200, anti-Glial Fibrillary Acidic Pratefrom rabbit antiserum, G 9269. The
nuclei were stained with Hoechst 33258 (1:1000how the presence of apoptotic nuclei (all
primary antibodies and nuclei stain are from Sigktdich, St Louis, MO, USA).

Cells were grown in multiwell chamber slides (LBé&k™ Permanox Multiwell, Nunc)
9 000 cells / 0.5 ml medium for the SH-SY5Y celtglad 500 cells / 0.5 ml medium for the
U373-MG cells, and quickly washed twice with PBSfdpe fixation with 4 % PFA
(paraformaldehyde, Merck, Whitehouse Station, NSAUfor 30 minutes. After fixation, the
cells were washed with PBS three times for fiveutes each. Cells were permeabilized with
0.5 % Triton-X (Sigma Aldrich) in PBS for 15 minsteafter which the chamber frame was
carefully removed. Cells were again washed with BiB&e times for five minutes each. After
this, the chambers were marked using a PAP penafab€ambridge, UK) and unspecific
binding sites were blocked with 10 % Bovine Seruthuinin (BSA, Sigma Aldrich) for 30
minutes (100 pl for each chamber). Blocking solutiwas carefully removed and primary
antibodies were added (100 ul for each chamberthfee hours at RT or overnight at + 4 °C.

The primary antibody solutions were prepared in BSA.

After incubation the cells were washed with PBféhtimes for ten minutes each and
the secondary antibodies were added (1:200, 1@6rdach chamber): Alexa Fluor 488 IgG
goat anti-mouse (A-11029), Alexa Fluor 546 1gG iiabinti-goat (A-21085) and Alexa Fluor
633 IgG goat anti-rabbit (A-21071). All secondanytibodies are from Molecular Probes,
Invitrogen Corporation, Carlsbad, CA, USA. The siolus were prepared in 1 % BSA and
cells were incubated in dark for 90 minutes at Rifer this, cells were further washed with
PBS three times for five minutes each, and nuckiewabeled using Hoechst 33258 for five
minutes at RT (100 pl for each chamber). Cells vagia@n washed with PBS six times for five
minutes each and embedded by using Mowiol-Dabam{&iAldrich). Cells were incubated at
least overnight at + 4 °C before imaging and aftext stored horizontally at the same

temperature in dark.

Fluorescence images were taken by using Leiz DMRBEera (Leica, Solms,

Germany) connected to Axiovert 25 microscope (Zelesa, Germany) with Spot Advanced
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software (Diagnostics Instruments, Sterling HeighMtg USA). Picture editing was done with
Photoshop C2S software (Adobe Systems) and editasgkept minimal.

3.6. Retinoic acid and cholesterol treatments

The alltrans retinoic acid (MP Biomedicals, Solon, OH, USA) artblesterol (B-hydroxy-5
cholestene, Merck) stock solutions were made bsotlisng both RA and cholesterol in 96 %
ethanol to give 5 mM and 10 mg/ml solutions, refipety. The final ethanol concentration of
less than 0.1 % used in this study has no effecedirviability (Sarkanen et al., 2007). For the
RA treatments, a concentration of 5 uM was usedcliolesterol treatments a concentration
of 10 pg/ml was used, and for RA + chol treatmensolution with 5 uM RA and 5 pg/ml
cholesterol was used (Sarkanen et al., 2007). Qediee exposed to RA and cholesterol
starting the next day after subculturing, and ceMse cultured for 4, 7 and 10 DIV before
fixing and imaging. All cultures were kept in dadkring the treatments. Cell counting was
done at time points of 4, 7 and 10 DIV as descriipesection 3.4 and fluorescence labeling

was done as presented in section 3.5.

3.7. Manganese treatments

Mangan (Il) chloride-4-hydrat (MngdH,O, Merck) was used in these experiments. Before
experiments, a stock solution of 50 mM was prepardeBS, of which an apoptosis-inducing
concentration of 500 puM was used for experimengrsgnal communication, Prof. M.
Aschner, Vanderbilt University, Nashville, TennesddSA,; Yin et al., 2008). Manganese was
added when cells were at 6 and 9 DIV and cultureie\then left with manganese for another
24 hours before imaging. For cell counting, théscekere cultured for 10 DIV to allow proper
differentiation with RA and full effect of cholestd. Fluorescence labeling was done as
presented in section 3.5. Cell death was evalubyethe occurrence of plasma membrane
blebbing, detachment of the cells from the culdish, by rounded cells and apoptotic nuclei
(Bunone et al., 1997; Bian et al., 2002).
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4. Results

An advanced method for separating the N- and S-tgtle from the parental SH-SY5Y cell
line was developed in this study. With the new rodtthe neuronal N-type and non-neuronal
S-type cells were morphologically different alreaaffer two subcultures, and the responses
on RA, cholesterol and manganese treatments wstiaaly different. The S-type cells were
unresponsive to the differentiating effect of RAdarholesterol made the cells more stable in
RA treatments. Cholesterol also seemed to helBHSYS5Y and U373-MG cells to survive

from the manganese-induced apoptosis.

4.1. Initial experiments for phenotype separation

In the initial experiments for separating the diiat phenotypes from the parental human
neuroblastoma SH-SY5Y cell line, a mechanical metiméroduced by Biagiotti et al. (2006)
was first used. The separated N- and S-type chklires were observed regularly, and after the
second subculture the differences between thetgeds were not yet clear, though they
seemed to be morphologically distinct from the ptakSH-SY5Y cell culture. In the N-type
culture the cells grew in aggregates, in the S-tyglé culture the cells were scattered, and

there were plenty of dead cells in both cultures.

In the third subculture differences between theaNd S-type cell cultures became
clearer and both cells grew relatively evenly. Tii¢ype cells were smaller in size and
appeared to have more neurites compared to thpeSeslls, which were flat and larger. After
this subculture, the morphological differences beeanore obvious, though separation was
still not complete. Furthermore, there were stithilge number of dead cells in the N-type cell
culture. After these initial experiments, a new andre efficient method was developed to

obtain faster results for separating the N- angge-tells.

4.2. Advanced method for N- and S-phenotype separation

As the changes between the cell types are spontaneeitro, and the N-type cells become
dominant in the parental SH-SY5Y cell culture, @smecessary to develop distinct culturing

methods for the N- and S-phenotypes. In the N-tgleculture cells grew in aggregates and
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only a few S-type cells were present. In the S-tygéure the cells were flat and grew evenly.
Already after the second subculture the morphobkigidferences became obvious (Figure 2),
though cultures were never completely pure for phenotype. Dead cells were always

present in the cultures, though the viability analiferation of the living cells was good.

Parental cell culture

\ 4

3 DIV after

separation

10 DIV after

separation

Figure 2. A schematic view of the novel method developedhis study and the succession of the phenotype
separation. The differences between the parenteb'®bl, N- and S-type cells can clearly be seerr afte days
from the initial phenotype separation.

4.3. SH-SY5Y  neuroblastoma cell morphology and
proliferation

As can be seen in the Figures 3-5, already aftersmbcultures the N- and S-type cells were
clearly distinguishable from each other, and fréwva parental SH-SY5Y cell line. In Figure 3
the N- and S-type cells are shown by arrows inprental SH-SYS5Y cell culture, though the
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differences between the cell types are not as praced as in the totally separated N- and S-
type cell cultures (Figures 4 and 5). The pareStdiSY5Y cell morphology did not change
during normal culturing, though at 8 DIV there waghase of morphological change, when
the cells transiently changed to a more flat phget(Figure 3D). Same kind of period
showing transient change in morphology was also seé\- and S-type cells around 8 DIV
(Figures 4D and 5D).

The N-type cells grew in aggregates and were smtien the parental SH-SY5Y
cells. The neurites of these cells were short aaddhing, and the cell somata were triangle-
shaped (Figure 4), which is usually considereddalxlassical form of neuronal cell soma.
Compared to the N-type cells, the S-type cells wigaig large and they did not form
aggregates (Figure 5). They also grew thicker drmater neurites, and after 6 DIV lacked
them totally.

For the immunofluorescence experiments antibodynagaimentin was chosen to
further characterize possible differences betwéenN- and S-types, because it has earlier
been shown to label mainly the S-type cells (Ciooaret al., 1989; Messi et al., 2008). NF68
was used because of its suggested ability to lligeN-type cells (Biagiotti et al., 2006) and
Hoechst 33258 label to detect all nuclei in cukutdowever, the labels for NF68 and Hoechst
33258 were too faint to be seen in the taken imagas thus are not shown here. Also, NF68
was recently shown by Messi et al. (2008) not tepecific for the N-type cells, and thus was

eventually excluded from the experiments.
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Figure 3. The growth of parental human neuroblastoma SH-S¥él line. In A cells are at 2 DIV, in B at 4
DIV, in C at 6 DIV, and in D at 8 DIV. In E the ¢elare at 10 DIV and examples of the N- and S-type
resembling cells are shown by arrows. In F alldbented data points for the proliferation analgsia be seen
with a linear regression (N = 5 in even days are Nin odd days). The scalebar is 20 pm.
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Figure 4. The growth of the N-type cells derived from thegraal SH-SY5Y cell line. In A cells are at 2 DIM,
B at 4 DIV, in C at 6 DIV and in D at 8 DIV. Nothdt the cells seen in D1 are not growing in agge=gar his
was seen in about half of the images taken at 8 iDI®ll the N-type cell cultures. In E cells areaiged at 10

DIV. In F all the measured data points for the ipeohtion analysis can be seen with a linear regoes(N = 5 in
even days and N = 1 in odd days). The scalebdr sn2.
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Figure 5. The growth of the S-type cells derived from theep#al SH-SYS5Y cell line. In A cells are at 2 DIM,
B at 4 DIV, in C at 6 DIV and in D at 8 DIV. Thelteon D are distinct from the cells seen at otirae points
and these different looking S-type cells could bersin all S-type cell cultures at 8 DIV. In E tbells are
imaged at 10 DIV. In F all the measured data poiatsthe proliferation analysis can be seen witlinaar
regression (N =5 in even days and N = 1 in odgdayhe scalebar is 20 pum.
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Vimentin labeled some cells in all cultures, b fluorescence was clearly more
intensive in the S-type cells, than in the N-typ# cultures (Figure 6). There was also a larger
number of vimentin-positive cells present in théySe cell cultures, when compared to the
parental SH-SY5Y or N-type cell cultures, and thersxe no clear neurites in the vimentin-
positive cells. The vimentin label was granulatha parental SH-SY5Y cells and smoother in
the N-type cells, but otherwise the parental catid the N-type cells did not differ from each

other in the weak vimentin labeling.

A C

Figure 6. The fluorescence images of the vimentin labeletidru neuroblastoma cells. In A is the parental SH-
SY5Y cell culture, in B is the N-type cell cultuaad in C is the S-type cell culture. The scaleb@0 um.

For the proliferation analysis of the SH-SY5Y cetlse cells were counted in one set
of experiments once a day from 1 DIV to 8 DIV andather four sets of experiments every
second day from 2 DIV to 10 DIV. These resultsglrewn in Table I. The linear regressions
related to this analysis can be found in Figurés=3it can be seen from Table | and the
graphs shown in Figures 3-5, that the proliferattbthe parental SH-SY5Y, and the N- and
S-type cells followed approximately same pattetme fiumber of the parental SH-SY5Y cells
increased over the time, but large variations wi&hdom increase and decrease in the cell
number was seen. The N-type cells showed sameokinariation, and continued proliferation
at 10 DIV, which may indicate, that these cellsldobe cultured for longer times. When
compared to the parental SH-SY5Y or N-type celig, $-type cells proliferate slower towards
10 DIV. The significant differences marked withrstan Table | and Table Il (page 38)
describe the differences between the non-treatettatocells and RA, as well as between
controls and RA + chol treated cells, and will lesadibed in more detail in the next section
4.4.
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Table I. The means and standard errors (SE) of the SH-S8IYnumbers in the controls (cells without any
treatments). ** marks significant differences (B.85) between the control and RA, and between dnéral and
RA + chol treatments in both the N- and S-typesc@dee also Table I, page 38). N = 5 for eachtgph at each
time point.

2 DIV 4 DIV
Cell line | Mean + SE Cell line | Mean + SE
SH-SY5Y 1079.2+ 289.6 SH-SY5Y 2158.6 £851.5
N-type 1306.4 +410.1 N-type 1164.4 +212.5 **
S-type 1100.5 +121.2 S-type 1420.0 + 205.8 **
Cell line Mean + SE Cell line | Mean + SE
SH-SY5Y 1278.0 + 353.6 SH-SY5Y 1817.6 +295.8
N-type 1420.0 + 378.4 N-type 2215.4 £ 385.4
S-type 1448.4 + 230.7 S-type 3311.2£628.1
10 DIV
Cell line Mean + SE

SH-SY5Y | 3799.2 +1605.3
N-type | 4154.0 £1223.9 **
S-type 2875.7 £ 516.7 **

4.4. Effects of retinoic acid and cholesterol on SH-SY5Xells

All SH-SY5Y cell cultures were treated with retinoicid to follow their ability to
differentiate and with cholesterol to asses ite@# on cell phenotypes.

4.4.1.Morphology of SH-SY5Y cells

The parental SH-SY5Y cells treated with RA devetbpenger neurites (Figure 7), when
compared to the neurites of non-treated contratpu¢eé 3), and the cell somata appeared to be
triangle-like (a classical neuron). In the parerBd-SY5Y cells no clear morphological

differences were seen between the cells treatddRt or cholesterol (Figure 7), though cells
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treated with RA looked slightly more like the N-g/gells when compared to treatment with
cholesterol. With cholesterol treatment the nearité the cells were short until around 10
DIV, when extremely long neurites could be detectédth cholesterol and RA + chol

treatments there were S-type cells present in gnenpal SH-SY5Y cultures (Figure 7H and
[,). With RA + chol treatment the neurites seemedbaécshorter and thicker than what was
seen with cells treated with only RA. Cholesteraliged increased amounts of cell debris in

all cell cultures; more when only cholesterol wessent and less when also RA was present.

Figure 7. Retinoic acid and cholesterol treatments on thergal SH-SY5Y cells. The treatments are in veltica
columns and the time points are in horizontal calanmin A, D and G are RA treatments at 4, 7 andI\),
respectively, in B, E and H are cholesterol treatimat 4, 7 and 10 DIV, respectively, and in CnH hare RA +
chol treatments at 4, 7 and 10 DIV, respectivehe Scalebar is 20 um.
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In the RA treated N-type cells the neurites gremgkr and cell somata became slightly
smaller (Figure 8), when compared to the non-tceatitrols (Figure 4). When treated with
cholesterol, the neurites of the N-type cells waherter than in the RA treated cells, and the
cells appeared to be similar to the non-treatedrabopells. The cells grew in colonies as in
controls, but after 8 DIV the cells treated witloldsterol grew more evenly. The N-type cells
treated with RA + chol also had longer neuritestivhat was seen in the non-treated controls.

The slight apoptotic effect of RA treatment coukel deen at 10 DIV, as there were dead N-

type cells and live S-type cells in the cultures(iFe 8l).

Figure 8. Retinoic acid and cholesterol treatments on thgygé- cells where the treatments are in vertical
columns and the time points are in horizontal calanin A, D and G are RA treatments at 4, 7 andIN),
respectively, in B, E and H are cholesterol treatimat 4, 7 and 10 DIV, respectively, and in CnH hare RA +
chol treatments at 4, 7 and 10 DIV, respectivehe Scalebar is 20 pum.
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The S-type cells treated with RA did not changertherphology. When the S-type
cells were treated with cholesterol for 7 DIV trel€ developed a very different morphology
(Figure 9E) compared to all the other samples igufé 9. The same kind of transient
reversion to the N-type-like morphology was obsdraéso in the S-type control cells around

6 DIV (Figure 5C). However, most of those smalf@gcess-bearing cells disappeared when

cells were further cultured.

Figure 9. Retinoic acid and cholesterol treatments on thgp8-cells, where the treatments are in vertical
columns and the time points are in horizontal calanin A, D and G are RA treatments at 4, 7 andI\),
respectively, in B, E and H are cholesterol treat:ieat 4, 7 and 10 DIV, respectively. The disticetl
morphology seen in E was observed in most of theges taken at that time point in all sets of S-tgpk
cultures. In C, F and | RA + chol treatments amevahat 4, 7 and 10 DIV, respectively. The scaléb&0 pum.
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Vimentin fluorescence labeling was strong in all-S¥5Y cell cultures with no big
differences in fluorescence intensity between RA aholesterol treatments. However, only
some of the cells in each field were vimentin pesieind only these stained cells are seen in
Figure 10. In especially the parental and S-tygaices vimentin labeled cells with neurites,
which was not seen in non-treated controls (Fig)reThe label seemed to be grainy at the
borders of the cells treated with RA, when compaoeetthe images taken of cholesterol or RA
+ chol treated cells (Figure 10).

Figure 10. Vimentin fluorescence in the parental SH-SY5Y £€A-C), in the N-type (D-F) and in the S-type
(G-I) cells, where A, D and G are RA, B, E and Id aholesterol and C, F and | are RA + chol treatmehll
the cells were cultured for ten days. The scaleba® um.
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4.4.2 Proliferation of retinoic acid and cholesterol teshSH-SY5Y cells

The general trend in the cell numbers of the confRA and cholesterol treated human
neuroblastoma cells can be seen in Figure 11. Tlaeea large variation in the number of
cells in all treatments. When non-treated, all tgles had similar proliferation pattern, except
the parental SH-SY5Y cells at 2 DIV and the S-tgp#s at 8 DIV. However, there were no
statistically significant differences (P > 0.05)tleen the non-treated control cultures. The
parental SH-SY5Y, N- and S-type cells had similesliferation patterns also when treated

with RA and cholesterol.
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Figure 11. Cell proliferation of the parental SH-SY5Y, N-typ&d S-type cells, where A is control, B is RA
treated cells, C is cholesterol treated cells arigl BA + chol treated cells.
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During the ten days of culturing, there was no deain cell proliferation in the
parental SH-SY5Y, N- or S-type cells treated with RTable Il). When the non-treated
control N-type cell cultures (Table 1) were compmhte the N-type cell cultures treated with
RA (Table Il), there was a significant differende £ 0.037) in cell proliferation at 10 DIV.
When the RA and cholesterol treated N-type celtutat were compared, there was a
significant difference (P = 0.007) in cell proli&ion at 10 DIV. In both of these the amount
of cells was less in those cultures, where RA wessgnt. There were no statistically
significant differences (P > 0.05) between the patbers in the RA or RA + chol treated N-
and S-type cell cultures or between these anddhenpal SH-SY5Y cell cultures.

With cholesterol treatments, there was a slighticédn in the number of cells when
compared to non-treated control cell cultures, tede was also a significant difference (P =
0.019) between the N- and S-type cell culturedadlvV, where there were less cells in the N-
type cell cultures. Between cholesterol and RA el tteated N- and S-type cell cultures there
were significant differences (P = 0.004 and 0.0&8pectively) in the treatments at 10 DIV,

where there were less cells in the RA + chol tickatdl cultures.

With RA + chol treatment the cell proliferation tife parental SH-SY5Y, N- and S-
type cell cultures were reduced after an initiavgth (Table Il and Figure 11D). Also, when
the control cells were compared to RA + chol trédie and S-type cell cultures, there were
significant differences at 4 DIV (P = 0.035 and020respectively) and at 10 DIV (P = 0.025

and 0.008, respectively), where there were leds itethe RA + chol treated cell cultures.
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Table Il. Means and standard errors in the number of the ¢testerol and RA + chol treated human
neuroblastoma cells. ** marks significant differesq(P < 0.05) between control (see also Tabled)RA, as
well as between control and RA + chol treatmentbath the N- and S-type cells. Significant differercould
also be seen in cholesterol treatment between thentll S-type cells, between RA and cholesterotrreats in
the N-type cells, and between cholesterol and R#el treatment in the N-type cells. Also, in theyBe cells
there was a significant difference between chotestend RA + chol treatments. N = 5 for each cgetin each

time point.
RA
4 DIV Mean + SE
SH-SY5Y 1249.6 £312.4
N-type 937.2+£182.9
S-type 1221.2 + 366.5
7 DIV Mean + SE
SH-SY5Y 1079.0 £ 262.5
N-type 937.2 +152.9
S-type 1590.6 £ 687.7
10 DIV Mean + SE
SH-SY5Y 1874.6 £813.9
N-type 1192.8 + 369.2 **
S-type 1732.6 £631.1
RA + cho
4 DIV Mean + SE
SH-SY5Y 653.2 + 203.8
N-type 511.2 £146.2 **
S-type 426.2 + 89.8 **
7 DIV Mean = SE
SH-SY5Y 1533.8 +494.9
N-type 1390.2 £450.4
S-type 1760.8 £ 165.6
10 DIV Mean £ SE
SH-SY5Y 1278.0 £ 336.0
N-type 1022.4 £ 235.0 **
S-type 1050.8 £193.7 **

Cholesterc
4 DIV Mean + SE
SH-SY5Y 948.8 + 339.6
N-type 965.6 + 302.6
S-type 852.0 £ 209.0
7 DIV Mean + SE
SH-SY5Y 1562.0 +426.0
N-type 1185.0 + 620.6
S-type 1320.0 + 314.5
10 DIV Mean + SE
SH-SY5Y 2755.2 +1400.1
N-type 4630.2 £ 875.2 **
S-type 2528.2 + 459.1 **
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4.5. U373-MG astrocytoma cell morphology and proliferaton

The human astrocytoma U373-MG cell line was setetbebe used as a comparison to the
neuroblastoma SH-SY5Y cell line. Same morphology anoliferation experiments were
carried out with both tumor cell lines.

4.5.1.Morphology of U373-MG cells

The morphology images of the human astrocytoma tM@3cells are shown in Figure 12
where it can be seen, that the cells became flattébigger and the amount of cells increased

during culturing, but the cells never reached agaticy in these culture conditions.

In this study in addition to vimentin, the antiboagainst glial fibrillary acidic protein
was chosen for cell characterization. GFAP has Iskewn to be a marker of reactive type of
astrocytes and neurotoxicity (Ciccarone et al.,919Boimela et al., 1995; Encinas et al.,
2000). As is seen in Figure 13, the cell nucleievanly weakly stained, and GFAP label was
faintly detectable around the nucleus. Vimentin wasdributed throughout the cytoplasm,

being especially strong around the nucleus.
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Figure 12. The growth of the human astrocytoma U373-MG deé.lIn A cells are at 2 DIV, in B at 4 DIV, in C
at6 DIV, in D at 8 DIV and in E at 10 DIV. In Feathe measured data points for the proliferaticalyasis with a
linear regression (N = 5 in even days and N = &dd days). One data point (11659 at 8 DIV) was et to
get uniform scale for all the graphs shown in SHe¥Yand U373-MG cell morphology Figures 3-5F and .12F
The scalebar is 20 pum and the stripes seen imthgés are artifacts from the used Falcon dishes.
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Figure 13. The human astrocytoma U373-MG cell where A is auslistained with Hoechst 33258, B is GFAP
label, C is vimentin label and D is the merged imathe scalebar is 20 pm.

4 .5.2.Retinoic acid and cholesterol treatments of U373-64ls

When the human U373-MG astrocytoma cells were dteatith RA, their morphology

changed to a flatter form (Figure 14) when compaoedon-treated control cells (Figure 12).
When treated with cholesterol, cells developed I@ngcesses which were not seen in
controls. The long processes were also seen wieeoells were treated with RA + chol, and

thus may partly be cholesterol induced.
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Figure 14. Retinoic acid and cholesterol treatments of thendmu astrocytoma U373-MG cells, where the
treatments are in vertical columns and the timatgaire in horizontal columns. In A, D and G are tRfatments
at 4, 7 and 10 DIV, respectively, B, E and H arelebterol treatments at 4, 7 and 10 DIV, respelgtiand C, F
and | are RA + chol treatments at 4, 7 and 10 Dé&gpectively. The scalebar is 20 um.

From the vimentin and GFAP fluorescence imagesuf€id.5) it can be seen, that the
human astrocytoma cells treated with RA did noviserwell. When compared to Figure 13,
the GFAP labeling was much stronger with thesdrtreats than in non-treated control cells.
When treated with cholesterol, the U373-MG cellpegyed to be normal in morphology, but

when RA was present (the RA + chol treatments)c#ils shrunk and eventually died.
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G H

Figure 15. Fluorescence pictures of the U373-MG cells, wh&r€ is GFAP, D-F is vimentin and G-I are
merged images. In A, D and G are RA treated cell8, E and H are cholesterol treated cells an@,ifr and |
are RA + chol treated cells at 10 DIV. Scaleb&0gum.

4.5.3.Proliferation of U373-MG cells

The linear regression related to the U373-MG peddifion analysis can be found in Figure
12F. In one set of experiments the cells were @iliohce a day from 1 DIV to 8 DIV, and on
other four sets of experiments every second day 2dDIV to 10 DIV. The results of the cell

counts can be seen in Table Ill. The general tiertle cell numbers of the control, RA and
cholesterol treated U373-MG cells are seen in Ed@. After the initial growth, the number

of cells was generally lower at 4 DIV, and agaircrdased after 8 DIV. This behavior was
seen in all the U373-MG cell cultures. As with tiieman neuroblastoma cell cultures, the

U373-MG cells showed random increase and decr@ageicell numbers in the non-treated
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control cell cultures. With RA alone the cells had change in proliferation, and with

cholesterol treatments the numbers of cells ineredlightly after 7 DIV. In RA + chol

treatments the cell number slightly increases unbllV.
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Figure 16. Cell proliferation of the U373-MG cells where A @ntrol and B is cells treated with RA and
cholesterol.

When the number of cells was counted in RA, chelestand RA + chol treated U373-
MG cell cultures, no statistically significant difences (P > 0.05) were detected, though as
shown in Figure 16, cells grew better in the n@ated control cultures. After 8 DIV, the cell

numbers appeared to be almost the same in aliierds with RA and cholesterol.
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Table Ill. Means and standard errors in the number of hureincgtoma cells in controls, and in cells treated
with RA and cholesterol. N=5 in each time point.

control RA
DIV viean + SE DIV | wmeanz*SE
2 1363.2 +470.1 4 1789.4 + 463.8
4 937.2+182.9 7 1789.4 + 637.8
6 2187.0+£792.8 10 1817.8 +1076.4
8 4149.6 +£1916.7
10 1526.6 + 339.9
cholesterol RA + chol
DIV | Mean+SE DIV | Mean+SE
4 965.6 + 235.0 4 823.6 + 104.3
7 908.8 + 213.5 7 1619.0 £ 525.0
10 2016.6 £ 699.3 10 1590.6 + 438.8

4.6. Effects of manganese on SH-SY5Y and U373-MG cells

The neuroblastoma SH-SY5Y and astrocytoma U373-MIB evere treated with manganese
to find out if these cells have distinctly diffeteresponses to the manganese-induced
apoptosis. Also treatments with manganese togeitlterRA and cholesterol were introduced.
Manganese notably reduced the amount of cellseas i Figure 17, where the nuclei of the

parental SH-SY5Y cells are shown. The same patieaid be seen in all neuroblastoma and

astrocytoma cell cultures.

Figure 17. Hoechst 33258 labeled cell nuclei of the pareBtdlSY5Y cells. In A are the non-treated control
cells and in B are the manganese treated celtanitlearly be seen, that the amount of cells ikeaty reduced.
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4.6.1.Effects of manganese on SH-SY5Y cells

The SH-SY5Y cells were grown for 10 DIV and werther non-treated or treated with
RA, cholesterol or RA + chol before adding manganeBhe results of the manganese
treatments in the neuroblastoma cells are presémtéigures 18 and 19, and in Table IV. The
N-type cells seemed to be most sensitive to marsgamad the S-type cells the most resistant
ones, though no statistically significant differeadP > 0.05) were seen. In the parental SH-
SY5Y and N-type cell cultures mostly S-type cellsrev present after manganese-induced
apoptosis. With manganese alone and with mangasresecholesterol treatments, the cells

survived better than with manganese together wiktoRRA + chol treatments.

As before, mostly the S-type-like cells were pesitifor vimentin (Figure 19).
Vimentin staining was also more intense in mangatesated cells than in non-treated control

cells (Figure 6).
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Figure 18. Manganese treatments of the human neuroblatonts aell0 DIV, where the treatments are in
horizontal columns and the cell types in verticaluenns. The parental SH-SY5Y cells are in A, D, 1@l d, the
N-type cells are in B, E H and K, and the S-typkscare in C, F, | and L, where A, B and C are nargge
treatments, D, E and F are manganese with RA texanG, H and | are manganese with cholesteralrrents
and J, K and L are manganese with RA + chol treatsnd he scalebar is 20 pm.



48

-
-
--

Figure 19. Vimentin fluorescence of the parental SH-SY5Y A,G and J), of the N-type (B, E, H and K) and
of the S-type (C, F, and L) cells, where A-C arenganese, D-F manganese with RA, G-I manganese with
cholesterol and J-L manganese with RA + chol treatshat 10 DIV. The scalebar is 20 um.

There was a significant difference (P = 0.002) leevthe parental SH-SY5Y and the
S-type cells in their sensitivity to manganesettmemts, when more cells survived in the S-
type cell cultures. Significant differences could found in the parental SH-SY5Y cell
numbers between manganese and manganese with Rfnérgs, and between manganese

and manganese with RA + chol treatments (P = 0adtP0.003, respectively). In the N- type
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cells, there were statistically significant diffeces between manganese with RA and
manganese with cholesterol treatments, and betweanganese with cholesterol and
manganese with RA + chol treatments (P = 0.0420a082, respectively). In the S-type cells
there were significant differences between mangamesl manganese with RA treatments,
and between manganese and manganese with RA +trehathents (P = 0.0001 and 0.025,
respectively), similarly to the differences in tparental SH-SY5Y cells. In all these there
were fewer cells in manganese with RA or mangamedeRA + chol treatments than in the

manganese or manganese with cholesterol treatecutteires.

Table IV. Means and standard errors in different types ofSY3Y cells in manganese, manganese with RA,
manganese with cholesterol and manganese with BAoktreatments. ** marks significant differencextvoeen

the manganese treated parental SH-SY5Y and N-tgpie, detween manganese and manganese with RA, and
between manganese and manganese with RA + chohteets in the parental SH-SY5Y cells. . In the Nety
cells significant differences could be seen betweamganese with RA and manganese with chol, andeleet
manganese with chol and manganese with RA + clealtrtrents. Significant differences could be seen als
between manganese and manganese with RA, and nemegaith RA + chol treatments in the S-type cells=(

3 per cell type in each treatment).

Mn Mn + RA
Cell type | Mean = SE Cell type | iviean = SE
SH-SY5Y 994.0 +£82.0 ** SH-SY5Y 520.7 £94.7 **
N-type 1941.0 £593.4 N-type 473.3 +£125.2 **
S-type 1562.0 £ 0.0 ** S-type 284.0 £82.0 **
Mn + cholesterol Mn + RA + chol
Celltype | Mean+SE Cell type Mean + SE
SH-SY5Y 1136.0 £ 375.7 SH-SY5Y 378.7 £ 47.3*
N-type 1420.0 £ 295.6 ** N-type 331.3+47.3*

S-type 994.0 + 409.9 S-type 568.0 + 284.0 **
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4.6.2.Effects of manganese on U373-MG cells

The U373-MG cells were more sensitive to mangatiese the SH-SY5Y cells and especially

RA was enhancing the toxicity of manganese (Figde Both RA and manganese induced

apoptosis in these cells and their joint effechses to be cumulative.

Figure 20. Mangnanese treatments in the U373-MG cells, whAeissmanganese, B is manganese with RA, C is
manganese with cholesterol and D is manganeseRuith chol treated cells. The scalebar is 20 pm.

As can be seen from Figure 21, in the GFAP and niméabeled fluorescence images
the cells treated with cholesterol appeared toheenmost “normal” looking, though GFAP

labeling was strong in all manganese treated odliies with or without RA and cholesterol.
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Figure 21.Fluorescence images of the human astrocytoma WB33ells, where A, D, G and J is GFAP, B, E,
H and K is vimentin and C, F, | and L are mergeddss. Manganese treated cells are in A-C, mangavidse
RA treated cells are in D-F, manganese with chetektreated cells are in G-I and manganese with+Rkol
treated cells are in J-L. The scalebar is 20 pm.
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When cholesterol was added, more cells seemed rioveu(Table V), though no
statistically significant differences were seen P 0.062) between experiments with
manganese with or without cholesterol. There wasatistically significant difference (P =
0.026) in the cell proliferation between manganesk cholesterol and manganese with RA +
chol treatments, where there were less cells irRiler chol treated cell cultures. In addition
to manganese RA further reduced cell proliferatoml cholesterol helped cells to survive

from manganese-induced apoptosis.

Table V. Means and standard errors of the human astrocytoetia in manganese, manganese with RA,
manganese with cholesterol and manganese with RiAoltreatments. ** marks significant differencextvbeen
manganese with chol and manganese with RA + ckatrirent. N = 3 in each treatment.

treatment Mean + SE
Mn 601.3 +55.7
Mn + RA 710.0 £ 164.0

Mn + chol 994.0 + 142.0 **
Mn + RA + chol | 426.0 +82.0 **
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5. Discussion

The main aim of this study was to develop an adedrmoethod for separating the N- and S-
type cells from the parental SH-SY5Y cell line. Tdlistinct responses with RA, cholesterol
and manganese treatments were observed with lightflaorescence microscopy, and the

CNS tumor cell line U373-MG was used as a refereetldine with all introduced treatments.

5.1. Advanced method for SH-SY5Y cell phenotype separatn

The method for phenotype separation earlier useBlidyiotti et al. (2006) was used as
the initial methodology for this work. With this wmtanical method the morphological
changes of the cells eventually showed separatitmthe N- and S-type cells, but according
to Biagiotti et al. (2006) it took 140 days to cdetp. To avoid the long culturing time, a
faster method was developed in this study. Theotiseypsin instead of PBS was cleaner and
faster for the phenotype separation and with tive method separation of the two phenotypes
could be clearly seen already after two weeks ltual By this method the cells differentiate
into N- or S-phenotype in a culture, where there still interactions between different cells.
Different cell phenotype separation methods usu@tude a limiting dilution of the cell
suspension and then choosing one cell or one calbeglls for subcultures. However, these
methods produce cells which are isolated clonesl do not resemble the “normal”
transdifferentiating cells that appear in humanraelastoma cell cultures. In the method
developed in this study there are no isolationsingle cells after the first separation, but
removal of the “wrong” phenotype from the cultuadowing the “right” ones to remain. Also,
the S-type cells have been hard to maintain inieoaus cultures for longer times (Biedler et
al., 1973; DeClerck et al., 1987; Rettig et al8719Ciccarone et al., 1989; Marzi et al., 2007),
so a method for a quick cell phenotype separasoneeded to re-establish the wanted cell
typein vitro.

The neuroblastoma SH-SY5Y cell line used in thiglgtwas the third N-type clone
from the parental cell line SK-N-SH (Biedler et, dl978), which still does not exclude the S-
type cells (also observed by Encinas et al., 2080) thus caution should be used when

different cell lines are named to be of a certdierwtype. Initially the S-type cells resembled



54

more of the parental SH-SY5Y cells (Figure 5 A-R)f as the S-type cells were cultured for
longer times, the flat cell morphology became thainmphenotype and they seemed to
resemble morphologically more of the astrocytoma7®IBRIG cells. The N-type cells
resembled the parental SH-SY5Y cells, but in gdneese smaller and had more processes.
During this study both the N- and S-type cells sadwlistinctly different phenotype around 8
DIV and this might indicate that the cells diffetiate to their selected phenotype around this
time. The developed new separation method prodoceghologically differentiated cell type
cultures in 14 days, compared to the 120 daysdntred by Biagiotti et al. (2006).

As the human neuroblastoma cells are highly depr@noin oxygen and metabolites
vitro (Hoehner and Prabhakaran, 2003), the occasioablgms in cell culture may have been
caused by low amount of medium used in this stuidyis may partly explain the low
proliferation observed in the cell cultures. Thegages 25-31 of the SH-SY5Y cells used for
this study appeared to be generally slow in pr@iien (personal communication, Sarkanen,
University of Tampere, Tampere, Finland and Sih@nen, University of Jyvaskyla,
Jyvaskyla, Finland), and thus larger amount ofscellplating would have given better chance

for cell growth.

5.2. Retinoic acid toxicity on SH-SY5Y cells

To evaluate how the differentiation induced by R#d aupported by cholesterol affects the
morphology of the different SH-SY5Y cell types seqtad in this study, the cells were treated
with RA and cholesterol for up to 10 DIV. The contration of retinoic acid used in this study
has been shown not to be cytotoxic (Ross et a@5)13hough slight induction of apoptosis,
especially in the S-type cells, has been noted Z&anret al., 1995; Mantymaa et al., 2000;
Voigt and Zintl, 2003). However, in this study RAesned to cause cell death, especially in

the N-type cell cultures.

The RA treated cells generally showed less pmalifen when compared to the non-
treated cells. The significant differences seely after 10 days in culture is in agreement with
earlier results, where it has been shown how SHYSY! differentiation requires at least 5-7
days of RA treatment (Joshi et al., 2006; Sarkaeteal., 2007). Cultures treated with RA +
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chol showed cell proliferation until 7 DIV. Aftehis the number of cells decreased to same
levels seen with RA alone treatments in all typeSt8-SY5Y cultures, as was also observed
by Sarkanen et al. (2007). However, the decreasthancell proliferation in RA + chol
treatments is not as radical as seen in treatmeitts RA alone, because cholesterol is
beneficial for stabilizing the cells and when adtiedhe cells together with RA, cells survive

better from the RA-induced apoptosis.

5.3. S-type cell resistance to apoptosis

Marzi et al. (2007) observed that the S-type cglse more resistant to hypoxia and were not
vulnerable to apoptosis, when compared to the M-tglls, and that over time the S-type cells
outnumbered the N-type cells in these hypoxic dmot. Similar behavior was detected also
in this study, as there were still S-type celld ief the N-type cell cultures, which were
otherwise damaged by manganese and RA treatmarttssistudy the S-type cells proved to
be most resistant to the apoptotic effects of maega, which may indicate the more
differentiated status of the S-type cells. Also, B/ not differentiate the S-type cells to the
N-type cells, which corresponds to the observatmndlessi et al. (2008).

Recently, a study showed how human neuroblastolte aden treated with RA and
methyl mercury (MeHg) were more sensitive to théotmxic effects of MeHg (Kim et al.,
2007). In addition, it was shown, that those cellsich were differentiated with RA together
with MeHg addition, were more sensitive than caligady differentiated before adding the
MeHg. Also, cells treated with RA have been repbrte have elevated levels of MnSOD
(manganese Super-Oxide Dismutase, located inselenitochondria, Mantymaa et al., 2000)
which suggests, that RA could have similar antiaridproperties than manganese. Also, the
mitochondria of the N-type cells are generally mooenplex structurally than the S-type cells
mitochondria (Tumilowicz et al., 1970), which mag bne reason for the vulnerability of the

N-type cells to the manganese-induced apoptosis.
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5.4. Cholesterol and cell survival

Human U373-MG astrocytoma cell line was used asean® to compare the effects of RA,
cholesterol and manganese seen in the SH-SY5Y. @Galts were grown similarly to the SH-
SY5Y cells for up to 10 DIV, and treated with saramounts of RA, cholesterol and
manganese. U373-MG cells were not growing steaalilg never reached confluency with
these plating densities and in these culture cmmdit The surviving and proliferating U373-
MG cells were large and granular. It is known, ttta@ human astrocytoma cells exhibit
different phenotypes, but these have not beenedudiany detail (for a review see Miller and
Perry, 2007). However, the U373-MG cells seen & pghesent study are suggested to be the

occasionally observed giant type cells.

All fluorescence labels used (Hoechst 33258, vimeand GFAP) stained U373-MG
cells better than SH-SY5Y cells. It has been sholmat GFAP labels the fibrillary acidic
proteins in the human astrocytoma cells more imehswhen the cells are in apoptosis or
differentiated (Toimela and Tahti, 1995; Holden &wleman, 2007), and this was observed
also in this study. It has previously been showat the human astrocytoma cells are more
resistant to cell death than human neuroblastoiths (€&gashi et al., 2004; Malthankar et al.,
2004; Dukhande et al., 2006), but in this studydtaamt type U373-MG cells were extremely
vulnerable to manganese. However, cholesterol hads@ame protecting effect on U373-MG
cells as was seen with the SH-SY5Y cells. Cholektdso induced the formation of thick and
long processes in the U373-MG cells, the reasorwiaich is unknown and needs further
studies. Further studies, especially on the differesponses of the human astrocytoma cell
types with treatments with RA and cholesterol, asllvas on the possible differential

resistance to apoptosis, are also needed.

It has been reported, that patients treated with tBgfether with steroids have less
cytotoxic symptoms from RA, and have elevated kevel cholesterol. It has also been
suggested that cholesterol might have a proteefifieet to neuroblastoma cell toxicity (Yung
et al., 1996). These strengthen the suggestioh¢ckimhesterol could be used together with RA
treatments, and combined administrations of thebstances could provide more stable and

efficient results in cancer therapies, where cheltes might help to avoid inflammation and
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reduce side effects. For the future clinical thegaphe conversion of the malignant I- and N-
type cells into the non-malignant S-type cells i®e gpossibility. It has been suggested
elsewhere, that the transdifferentiation between $h and N-type cells could represent a
model of tumor regrowth and regression (Chen e2800). Also, Bian et al. (2002) suggest,
that the S-type cells could determine the diseageome. The results of the S-type cell
resistance to different treatments suggest thiatnbt sufficient to only change the cells into
one non-malignant phenotype, but to also removesehaon-malignant S-type cells.

Furthermore, induced apoptosis, especially to wiffeated cells, could provide a therapy

method when fighting against devastating CNS cancer

5.5. Conclusions

A new method for separating the N- and S-phenotyip@® the parental SH-SY5Y cell
culture was here introduced, and the different aasps of the N- and S-type cells to RA,
cholesterol and manganese treatments were stuliethe SH-SY5Y cell cultures with
different phenotypes, the treatments are desigoegkplain the differential behavior of the
whole cancer with multiple cell types. The methaeloped in this study might offer an
opportunity to study the cell phenotypes in a mmagiral environment, as the phenotypes are
not isolates, but have had the opportunity to cell-interactions before the phenotype

separation.

The N-type cells were found to be more vulnerablghie treatments with RA and
manganese, when compared to the S-type cells, wicid suggest that the N-type cells are
more differentiated than the S-type cells. Howewergontrast, the N-type cells are seen to
dominate over the S-type cells vitro, which suggest that the S-type cells are more
differentiated and not dividing as actively as Naycells. Also, the differentiating RA
treatment does not seem to cause morphologicabelsan the S-type cells. The ability of the
S-type cells to resist different treatments mayetelon their ability to transdifferentiate back
to the potential stem cell (the I-type cell). IEtN-type cells have lost the ability to do so, it
could be said, that the N-type cells are the maferdntiated cells alson vivo. As the
differentiation status of the N- and S-type cedl€ontroversial, more research on this issue is

needed.
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7. Appendices

7.1. Culture medium for SH-SY5Y cells

87 ml MEM (GIBCO Invitrogen, 21090, Carlsbad, CASAH)

89 ml F-12K (GIBCO, 21127)

1 ml L-glutamine (1 mM, Immuno Dianostics, WobumAMJSA)

1 ml non-essential amino acids (1 %, PAA laboragrPasching, Austria)
20 ml FBS (10 %, PAA-laboratories)

3 ml antibiotics (1 %, streptomycin and ampicillPAA-laboratories)

7.2. Culture medium for U373-MG cells

170 ml MEM (GIBCO, 21090)

2 ml Na-pyruvate (1 %, GIBCO)

2 ml L-glutamine (1 mM, Immuno Diagnostics)

2 ml non-essential amino acids (1 %, PAA-laborari
20 ml FBS (10 %, PAA-laboratories)

2 ml antibiotics (1 %, streptomycin and ampicillPAA-laboratories)



