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S100B is a Ca* binding protein mainly secreted by astrocytes in the vertebrate brain that is considered a
multifunctional cytokine and/or a damage-associated molecular pattern (DAMP) protein and a marker of brain
injury and neurodegeneration when measured in different body fluids. It has been widely shown that this protein
can exert diverse effects in neural cultures depending on its concentration, having detrimental effects at micromo-
lar concentrations. The molecular mechanisms underlying this effect are still largely unknown. This study at-
tempts to delineate the genome-wide gene expression analysis of the events associated with exposure to micro-
molar concentration of S100B in a human neuroblastoma cell line. In this experimental condition cells undergo
a severe perturbation of lipid homeostasis along with cell cycle arrest. These mechanisms might reasonably
mediate some aspects of the SI00B-related detrimental effects of S100B, although obvious differences between
mature neurons and neuroblastoma cells have to be considered.
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INTRODUCTION

S100B is a Ca* binding protein of the EF-hand
type concentrated in glial cells in the nervous system,
being also produced by definite extraneural cell types
(34). S100B is mainly produced and secreted by
astrocytes in the vertebrate brain where it exerts para-
crine effects on neurons along with possible autocrine
effects (22), being considered a multifunctional cyto-
kine and/or a damage-associated molecular pattern
(DAMP) protein. In particular, studies in neural cul-
tures revealed a detrimental effect of extracellular
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S100B at micromolar concentration, and conversely,
a trophic effect at pico- and nanomolar concentra-
tions was observed (15,42,46).

S100B gene maps on the long arm of chromosome
21 (21g22.3); thus, an increase in gene expression for
the protein has been related to the processes associ-
ated with Down syndrome (DS) (1), the protein being
also overexpressed in the amniotic fluid of fetuses with
trisomy 21 (20). A possible role of S100B has also been
proposed in Alzheimer’s disease (AD), which is known
to share some pathogenic aspects with DS. It is note-
worthy in this respect that brains from AD patients con-
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tain elevated levels of SI00B mRNA and protein and
that B-amyloid (AP) has been shown to stimulate the
synthesis of S100B (15,36,42,46). In addition, trans-
genic mice overexpressing S100B have been shown to
exhibit an increased susceptibility to A (13) and to
perinatal hypoxia-ischemia (47).

Increased levels of S100B in biological fluids have
been demonstrated to constitute a reliable index of
active brain injury (33), although the role of this pro-
tein in neuropathological processes is still unclear.
Several brain disorders, including trauma, ischemia,
neurodegenerative diseases, psychiatric disorders,
and perinatal brain damage, have been described as
being associated with peripheral increases in S100B.
Furthermore, S100B levels generally correlate with
the severity of brain injury and have been reported to
have a predictive association with adverse neurologi-
cal outcomes (32,42). Despite compelling evidences
suggesting that S100B overexpression and increased
release lead to neuronal injury, poor information is
currently available on the molecular events evoked
by extracellular S100B in target cells.

Microarray analysis can be considered a powerful
investigative tool as it covers the simultaneous ex-
pression profiling of the entire genome and appears
to be especially useful for a comprehensive investiga-
tion of the intracellular function of bioactive mole-
cules. The aim of this study is therefore to clarify the
general molecular mechanisms elicited by S100B in
neural cells at a concentration regarded as being
toxic, by means of a genome-wide expression analy-
sis performed using microarray technology. For this
purpose, we treated LAN-5 human neuroblastoma
cells, which have already been shown to be respon-
sive to the recombinant S100B protein (9). Data will
be shown indicating essentially an S100B-dependent
perturbation of cholesterol homeostasis accompanied
by interference in the cell cycle. This gene modula-
tion could underlie the detrimental effects of the pro-
tein in this model.

MATERIALS AND METHODS
Peptide Synthesis

Recombinant S100B was expressed in Escherichia
coli BL21 using the S100B expression vector se-
quence (50) and purified as described elsewhere
(14,26). The recombinant peptide was passed through
END-X B15 Endotoxin Affinity Resin column (Asso-
ciated of Cape Cod) to remove contaminating bacte-
rial endotoxin. Residual bacterial endotoxin was eval-
uated using the chromogenic Limulus amoebocyte
lysates assay (Associated of Cape Cod), resulting in
bacterial endotoxin concentration <0.2 pg/mg.
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Cell Cultures and Treatments

The LAN-5 neuroblastoma cell line was grown in
Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 2 mM glutamine, 40 pg/ml gentami-
cin, and 10% heat-inactivated fetal calf serum (FCS)
(all chemicals were purchased from Sigma, St. Louis,
MO) in an atmosphere of 5% CO, at 37°C.

Cells were plated at a 10*/cm? seeding density and
incubated at 37°C for 24 h in a humidified incubator
with 5% CO,. S100B protein treatments were carried
out using scalar concentrations ranging from 0.5 nM
to 5 uM for cell viability assay (see following para-
graph). Cells were treated with 5 uM S100B and har-
vested 48 h after the treatment for RNA isolation.
Untreated cells were cultured as controls.

Cell Viability Assay

Cell survival was determined by the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide) reduction assay (24). For this purpose cells
were plated in 24-well plates and treated with scalar
concentrations (0.5 nM to 5 uM) of S100B. After 48
h cells were incubated with 100 ul RPMI containing
0.5 mg/ml of MTT for 3 h at 37°C in a humidified
incubator containing 5% CO,. The reaction was
stopped by adding 100 pl of lysis buffer [20% (w/v)
SDS in 50% of N,N-dimethylformamide, pH to 4.79]
to each well. The amount of MTT formazan product
was determined by measuring absorbance at 570 nm
using a microplate reader (Bio-Rad, Hercules, CA).
The viability was determined as the percentage of ab-
sorbance measured in treated cultures compared with
that of untreated controls.

Microarray Analysis

Total RNA, isolated from control and treated cells
(5 uM S100B), in triplicate experiments (six sam-
ples), was analyzed by Affymetrix Genechip micro-
array, as previously described (29). Briefly, total
RNA was isolated using RNeasy Mini Kit (Qiagen
Inc., Valencia, CA) according to the manufacturer’s
instructions. In order to avoid genomic DNA in sam-
ples, RNA was digested with amplification grade
DNase I (Qiagen). The yield of RNA isolation was
determined using spectrophotometry (Beckman DU800,
Beckman Coulter, Inc., Fullerton, CA). The quality
and integrity of total RNA were assessed using the
Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA). The syntheses of cDNA and biotinyl-
ated cRNA were performed according to the proto-
cols provided by the manufacturer (Affymetrix, Santa
Clara, CA). Also cRNA quality control was performed
using the Bioanalyzer (Agilent Technologies). Bio-
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tinylated fragmented cRNA probes were hybridized
to the Human Genome Focus Array (Affymetrix),
which contained probe sets for over 8,700 known
transcripts and expressed sequence tags. Hybridiza-
tion was performed at 45°C for 16 h in a hybridiza-
tion oven (Affymetrix). The Genechips were then
automatically washed and stained with streptavidin—
phycoerythrin conjugate in an Affymetrix Genechip
Fluidics Station. Fluorescence intensities were scanned
with a Affymetrix GeneChip Scanner 3000. Hybrid-
izations were carried out independently for each con-
dition using three biological replicates, according to
MIAME guidelines (8).

Data Analysis Preprocessing

Gene expression Affymetrix data were then ana-
lyzed using Partek Genomics Suite software (version
6.4 © 2009 Partek Inc., St. Louis, MO). For this pur-
pose CEL files were imported using the default Par-
tek normalization parameters. Probe-level data were
preprocessed, including background correction, nor-
malization, and summarization (51), using robust
multiarray average (RMA) analysis; subsequent data
normalization was performed across all arrays using
quantile normalization (7,28). The normalized probe
intensity values were then compiled, or summarized,
within each probe set, using the median polish tech-
nique, to generate a single measure of expression
(28). These expression measures were then log trans-
formed, base 2.

Data Analysis Differential Expression Analysis

Quality control on data set was performed using
Principal Component Analysis (PCA) on all the
genes in order to test the segregation efficiency. The
list resulting from the statistical analysis of micro-
array data (see following section) was annotated ac-
cording to functional roles or biological processes ac-
cording to the Gene Ontology Consortium directions
4).

In addition, the gene list was analyzed by Ingenu-
ity Pathway Analysis (IPA), Ingenuity® Systems
(www.ingenuity.com). This generated functional net-
works and canonical pathways that connect the dif-
ferentially expressed genes, using the IPA Knowl-
edge base, in which the interactions are supported by
peer-reviewed publications and which contains over
1.4 million interactions between genes, proteins, and
drugs. Scores were assigned allowing ranking of the
networks, using a Fisher’s right tailed exact test.
First, data were subdued to IPA Functional Analysis,
enabling to associate biological functions and dis-
eases to the experimental results. The canonical path-
ways output allowed to display the most significant

canonical pathways across the entire dataset, assign-
ing a p-value indicating the statistical significance of
the association. Moreover, the software allowed for
toxicity analysis; that is, it helped to explain and de-
lineate the cell response, mechanism of action, and
mechanism of toxicity of a molecule (SI00B) in a
biological system (LAN-5 cells). In fact, this output
listed all molecules in the data set that are known to
be involved in a particular type of toxicity, based on
IPA database.

Real-Time PCR

Two-step real-time PCR was carried out in order
to validate gene expression results obtained by micro-
array analysis, using three independent replicate RNA
samples generated from LAN-5 cells treated with 5
uM S100B at the same time point (48 h). In addition,
in order to evaluate the transcriptional modulation in-
duced by subtoxic concentrations of S100B, the ex-
pression of selected genes was assessed by means of
real-time PCR in LAN-5. For this purpose cells were
cultured in presence of 50 nM S100B and gene ex-
pression was measured after 48 h. Untreated cells
served as controls. All experiments were performed
in triplicate.

Real-time PCR was also used to assess the activa-
tion of the SI00B Receptor for Advanced Glycosyla-
tion End-products (RAGE) in the same experiments.

For these purposes, single-strand cDNA was syn-
thesized from 1 pg total RNA using SuperScript™ III
First-Strand Synthesis System (Invitrogen, Carlsbad,
CA,) using random hexamers, following the manu-
facturer’s instructions. In order to rule out genomic
DNA contamination, no-reverse controls (i.e., RT
reactions carried out in the absence of the reverse
transcriptase enzyme) were added for each sample.
Thereafter, 1 pl of a 1:10 dilution of the single-stran-
ded cDNA (corresponding to 20 ng of total RNA)
was used for real-time PCR, performed in a reaction
volume of 20 ul using the SYBR green PCR master
mix (Applied Biosystem, Foster City, CA) and 1 uM
of both forward and reverse primers. The analysis
was performed on an ABI Prism 7900 Sequence De-
tection System (Applied Biosystem).

The following genes were selected for validation,
as either being indicative of the main functional
groups of modulated transcripts or exerting the high-
est levels of modulation: ATP-binding cassette sub-
family G member 1 (ABCG1), cyclin A2 (CCNA2),
retinoblastoma like-2 (RBL2); mevalonate(diphos-
pho)decarboxylase (MVD; EC4.1.1.4), 3-hydroxy-3-
methylglutaryl-coenzyme A synthase 1 (HMGCSI;
EC2.3.3.10), 3-hydroxy-3-methylglutaryl-coenzyme
A reductase (HMGCR; EC2.7.11.31), 7-dehydro-
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cholesterol reductase (DHCR7; EC1.3.1.21), 24-de-
hydrocholesterol reductase (DHCR24; EC1.3.1.71),
farnesyl-diphosphate farnesyltransferase 1 (FDFTI;
EC2.5.1.21), squalene epoxidase (SQLE; EC1.14.99.7).
The glyceraldehyde-3-phosphate dehydrogenase (GAPDH,;
EC 1.2.1.59) gene was used as an endogenous control
to correct for potential variation in RNA loading or
efficiency of the amplification, as it showed the
steadiest expression in all conditions across all the
standard housekeeping genes present in the micro-
array data.

The tested genes and sequences of the correspond-
ing primer sets were as follows: ABCG1_F, 5’-tgagg
gatttgggtctgaac-3” and ABCGI_R, 5’-ctgctgggttgtgg
taggtt-3"; CCNA2_F, 5'-ttattgctggagctgecttt-3° and
CCNA2_R, 5'-tattcaggccagctttgtcc-3’; RBL2_F, 5'-
tctteetttaggagggagttatc-3” and RBL2_R, 5'-gccaggaa
cacccaaaaata-3’; MVD_F, 5'-tgcaccaggaccagttaaaa-3’
and MVD_R, 5'-tgaagtccttgctgatgacg-3"; HMGCSI1_F,
5’-gggccaaatgctectttaat-3” and HMGCS1_R, 5'-gttg
catatgtgtcccacga-3’; HMGCR_F, 5’-gacctttccagag
caagcac-3 and HMGCR_R, 5’-gagttggaactgaggg
caaa-3’; DHCR7_F, 5’-cgtctctecctgacttetge-3” and
DHCR7_R, 5'-ctcctacgtagecgggtaga-3’; DHCR24_F,
5’-gatgggtgtggcagtgtatg-3" and DHCR24_R, 5’-ccc
catgaccaaagaagaaa-3’; FDFTI1_F, 5’-catggagagcaag
gagaagg-3’ and FDFTI_R, 5’-ggagatcgttgggaagtcct-
3’; SQLE_F, 5’-ccatcacggaagattcatca-3’" and SQLE_R,
5’-ctctgecatagetgetttee-3"; RAGE_F, 5'-gtgctgatcetec
ctgagatag-3"; RAGE_R, 5’-acagctgtaggttccctggte-3”
GAPDH_F, 5-tggaaggactcatgaccaca-3" and GAPDH_R,
5’-gtcttetgggtggcagtgat-3”.

The PCR conditions were as follows: an initial in-
cubation at 50°C for 2 min and 95°C for 10 min fol-
lowed by 40 cycles at 94°C for 15 s and 60°C for 1
min. All reactions were performed in triplicate. Stan-
dard curves were generated for all the assays to verify
PCR efficiency.

The threshold cycle, CT, which correlates in-
versely with the levels of target mRNA, was mea-
sured as the cycle number at which the reporter fluo-
rescence emission exceeded a preset threshold level.
The amplified transcripts were quantified using the
comparative CT method as previously described,
with the formula for relative fold change = 24T,
where ACT = [ACT gene of interest (treated sample) —
ACT GAPDH RNA (treated sample)] — [ACT gene
of interest (control sample) — ACT GAPDH (control
sample)]. ACT represents the mean CT value of each
sample (30).

Statistical Analysis

In the cell viability assay, statistical significance of
count variations between controls and treated groups
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was calculated using one-way ANOVA followed by
post hoc comparisons by means of Tukey-HSD test,
with a significance level of p < 0.05. Statistical analy-
sis of microarray data was performed using algo-
rithms implemented in the Partek Genomic Suite
software. Differential expression levels were detected
using a one-way ANOVA. A restricted gene list was
then generated from the intersection of two criteria:
p-value cutoff <0.05 and mean change in signal in-
tensity of 1.1-fold or greater, between the treatment
and the control group.

RESULTS
Effects of S100B Treatment on Cell Survival

The number of viable cells was assessed by means
of MTT colorimetric assay 48 h after S100B treat-
ment. Results, based on mean values plus standard
deviation of OD measurements obtained from qua-
druplicate experiments for each S100B concentration,
are shown in Figure 1. Slight changes in cell viability
could be measured in cells treated with nanomolar
concentrations of S100B, while a significantly re-
duced number of viable cells was detected at the
higher concentrations of S100B (>1 uM, see Fig. 1).
These results indicated that micromolar concentra-
tions of S100B are able to significantly affect the via-
bility of neuroblastoma cells, in accordance with
well-established data in the literature. The highest
tested concentration (5 uM) of the protein was there-
fore used for the microarray analysis experiments.

Genome-Wide Transcriptional Effects of S100B

In order to test the effects of S100B exposure on
gene expression, microarray analysis was performed
on RNA isolated from LAN-5 cells treated with
S100B, using an active concentration of 5 uM, for 48
h. Three technical replicates per each experimental
condition (cells treated with the protein and negative
controls) were run, so that a total number of six
arrays were analyzed.

The complete raw data set obtained by microarray
analysis was submitted to the “Gene Expression Om-
nibus” (GEO) database (http://www.ncbi.nlm.nih.gov/
geo/, accession number GSE15218).

The data set was analyzed by unsupervised PCA
in order to check the sample’s segregation, which
proved to be efficient (data not shown).

We then analyzed genes modulated in treated cells
using one-way ANOVA as described in Materials
and Methods. The overall number of modulated
genes resulting in the dataset was 401, with 85 tran-
scripts being upregulated and 316 downregulated. All
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Figure 1. MTT cell viability assay. MTT cell viability assay on LAN-5 treated with scalar concentrations of S100B. Data are mean + SD
from three separate experiments performed in quadruplicate. *Groups that differ significantly from control group, p < 0.05.

genes in this dataset were annotated based on their
biological function, allowing the categorization of 12
distinct groups (Fig. 2). In particular, the gene ex-
pression profiling suggests that S100B in this experi-
mental model seems to modulate several biological
activities related to lipid homeostasis and cell cycle.

Functional Analysis

Lipid Metabolism and Homeostasis. The anno-
tated gene list included 40 genes related to choles-
terol, fatty acid and steroid biosynthesis, 35 of them
being downregulated and 5 upregulated (EHHADH,
ABCG1, STXBP3/MUNCI8C, ABCA4, PLCL1)
(Table 1).

In particular 15 downregulated genes (CYP51AL,
DHCR7, DHCR24, FDFT1, FDPS, HMGCR,
HMGCS1, IDI1, LSS, MVD, NSDHL, SC4MOL,
SC5DL, SQLE, HSD17B7) code for enzymes in-
volved in cholesterol metabolism (Fig. 3). In particu-
lar, HMGCR codes for the key enzyme that catalyzes
the rate-limiting step of the biosynthetic pathway. It
is also interesting that the expression of DHCR24,
also known as selective Alzheimer disease indicator-
1 (Seladin-1), has been associated with AD-related
neurodegeneration (23). This gene codes for the 3[3-
hydroxysterol-A24 reductase, which catalyzes the re-
duction of desmosterol to produce cholesterol. In

addition, five downregulated genes are related to ce-
rebral and peripheral cholesterol and lipoprotein
transport and homeostasis (LDLR, ABCG4, APOE,
APOA4, BACEL), which are also implicated in the
amyloid precursor protein (APP) signaling. The cho-
line kinase alpha (CHKA) gene, coding for the en-
zyme that catalyzes the first steps of phosphatidyl-
choline and sphyngomyelin synthesis, was also
downregulated in this group. Finally, the gene coding
for the lipid myeloperoxidase (MPO) was downregu-
lated; this enzyme is thought to be involved in the
early steps of the inflammatory process leading to
amyloidogenesis (12).

Cell Cycle Regulation. The annotated gene list
comprised 32 genes related to cell cycle regulation,
apoptosis, and cell death. In particular, five of them
(CDKN2A, RB1, RAD17, RBL2, MOAPI) were
upregulated and 27 downregulated (Table 2).

The list of genes that were positively regulated in
the dataset included retinoblastoma 1 (RB1) and reti-
noblastoma-like 2 (RBL2, p130), which are a nega-
tive regulator of the cell cycle; cyclin-dependent sig-
naling kinase inhibitor 2A (CDKN2A, pl6), an
inhibitor of CDK4 kinase; RAD17 homolog (S.
pombe) (RAD17), a member of a family of essential
factors that activate cell cycle checkpoint. Finally,
this group also contained the modulator of apoptosis
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Figure 2. GEO Biological Processes pie chart. All genes resulting from microarray analysis included in the selected list are categorized

based on Gene Ontology Biological processes annotations.

1 gene (MOAP1), involved in caspase-dependent ap-
optosis.

An overall number of 27 transcripts coding for pro-
teins involved in cell cycle regulation were downreg-
ulated. In particular, six genes are annotated as regu-
lators of G,/S transition of mitotic cell cycle (INHBA,
RCCI1, DBF4, GSPT1, TNXA, TNXB); two genes
belong to the cyclin family (CCNA2, CCNB2) and
two are annotated in apoptotic pathways (MYC,
GAS2). Moreover, the polo-like kinase 1 (PLKI1)
gene is involved in G/M arrest. Finally, the CDC28
protein kinase regulatory subunit 2 (CKS2) is an es-
sential component of cyclin/cyclin-dependent kinase
complexes and contributes to cell cycle control.

IPA Analysis

The restricted list comprising 401 genes from the
previous analytical steps was then analyzed using In-
genuity System software, with default statistical sig-
nificance setting (p <0.05). The IPA-based Func-
tional Analysis provided an overview of the functions
that are more significantly involved in the experimen-
tal model. Based on this analysis, the more relevant
molecular functions were found in the cell cycle cate-
gory, which includes a distinct subcategory corre-
sponding to different phases, with a p-value ranging
from 4.98 x 1072 to 1.51 x 10*. IPA also identified a
number of canonical signaling pathways that were
most significantly affected (Fig. 4, top). The highest

score in this analysis was obtained for steroid biosyn-
thesis (p =7.16 x 107) and liver X receptor/retinoid
X receptor (LXR/RXR) activation (6.67 x 1073). The
LXRs o and B are oxysterol-activated nuclear recep-
tors that play an important role in the control of cellu-
lar and whole-body cholesterol homeostasis. In addi-
tion, IPA allowed the delineation of putative toxicity
mechanisms induced by S100B treatment in this cel-
lular model. Also in this list, cholesterol biosynthesis
and LXR/RXR activation achieved the highest scores
(Fig. 4, bottom).

Real-Time Gene Expression Validation

Gene expression results obtained by microarray
analysis were also validated by real-time PCR per-
formed on 10 selected transcripts. The assay con-
firmed the modulated expression of the target genes
tested, showing consistent alignment with the trends
shown in the microarray analysis (Fig. 5). Moreover,
the expression of selected genes, which resulted down-
regulated at micromolar concentration of S100B, was
also analyzed in LAN-5 cells treated with 50 nM
S100B for 48 h. The result showed that six genes
(HMGCR, HMGCS1, MVD, FDFT1, SQLE, DHCR?7)
were upregulated, showing an opposite trend of gene
expression than was observed in the 5 uM (Fig. 6).
The remaining four genes (DHCR24, RBL2, CCNA2,
ABCGI1) were not significantly modulated in cells
exposed to nanomolar concentrations of S100B.
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Finally, considering the higher sensitivity of the
technique, we used real-time PCR to quantify the ex-
pression of the RAGE gene, as microarray data did
not suggest a significant modulation of the S100B
receptor gene. The RAGE gene was found to be
slightly upregulated in cells treated with either 5 uM
or 50 nM of the recombinant peptide compared with
controls, with a fold change variation of 1.80 and
2.20, respectively.

DISCUSSION

S100B has been reported to play multiple functions
in the nervous system, being secreted by astrocytes
and acting as a cytokine and/or a DAMP protein. Al-
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though many hypotheses have been formulated, sev-
eral aspects regarding the functions of S100B are still
controversial. In particular, the molecular mediators
of its intracellular action are still largely unknown
(15,46).

The results obtained in this study provide the first
description of the genome-wide transcriptional modu-
lation induced by high concentrations (the “Hyde
face”) of S100B in LAN-5 neuroblastoma cells. In
different cellular models it has been demonstrated
that S1I00B protein can influence the expression of
selected genes either via the activation of RAGE (45)
or via a RAGE-independent manner (44).

In this experimental model, the most significant
gene modulation induced by micromolar S100B lev-

GENES INVOLVED IN LIPID METABOLISM AND HOMEOSTASIS

Gene Ontology Biological Process

TABLE 1

Gene Fold

Symbol GenBank Change  p-Value
CHKA NM_001277 -1.16 0.0024
HMGCS1 NM_001098272  -2.16 0.0012
SC4MOL NM_001017369  —1.93 0.0007
FDFT1 NM_004462 —-1.80 0.0001
HMGCR NM_000859 -1.60 0.0003
DHCR7 NM_001360 -1.59 0.0048
DHCR24 NM_014762 -1.41 0.0029
SQLE NM_003129 -1.55 0.0073
IDI1 NM_004509 —1.48 0.0030
CYP51A1 NM_00786 —-1.45 0.0056
FDPS NM_002004 —1.44 0.0036
LSS NM_001001438  —1.44 0.0105
SC5DL NM_001024956  —1.43 0.0018
MVD NM_002461 —-1.34 0.0045
NSDHL NM_001129765 -1.25 0.0225
MPO NM_000250 -1.12 0.0132
EHHADH  NM_001966 1.11 0.0195
ABCG4 NM_004827 -1.19 0.0350
ABCGlI NM_004915 2.08 0.0002
BACE1 NM_012104 -1.13 0.0058
CHRND NM_000751 -1.15 0.0172
GABRE NM_004961 -1.13 0.0387
LDLR NM_000527 -1.25 0.0117
APOA4 NM_000482 -1.15 0.0408
APOE NM_00041 -1.11 0.0270
HSD17812 NM_016142 -1.13 0.0127
HSD1787 NM_016371 —-1.58 0.0006
STXBP3 NM_007269 1.24 0.0209
INSIG1 NM_005542 -1.57 0.0031
DHCR24 NM_014762 -1.14 0.0029
Cl4orfl NM_007176 -1.33 0.0028
FADS2 NM_004265 -1.30 0.0305
BDH2 NM_020139 -1.17 0.0007
TM7SF2 NM_003273 -1.16 0.0425
CEL NM_001807 -1.15 0.0051
ACOT7 NM_007274 -1.11 0.0291
ELOVL5 NM_021814 -1.10 0.0140
AGPAT2 NM_001012727  —1.10 0.0009
ABCA4 NM_000350 1.11 0.0344
PLCLI NM_001114661 1.12 0.0196

lipid metabolic process
lipid metabolic process
fatty acid metabolic process
steroid biosynthetic process
steroid biosynthetic process
blood vessel development
steroid biosynthetic process
metabolic process

steroid biosynthetic process
steroid biosynthetic process
steriod biosynthetic process
steriod biosynthetic process
lipid metabolic process
steroid biosynthetic process
hair follicle development
antiapoptosis

lipid metabolic process
transport

transport/lipid

proteolysis

transport

transport

protein amino acid O-linked glycosylation
innate immune response in mucosa
response to reactive oxygen species

steroid biosynthetic process
steroid biosynthetic process
transport

lipid metabolic process
steroid biosynthetic process
steroid biosynthetic process
lipid metabolic process
fatty acid B-oxidation
steroid biosynthetic process
lipid metabolic process
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Figure 3. Cholesterol biosynthetic pathway. Genes coding for cho-
lesterologenic enzymes downregulated in this model are listed on
the left side of the figure with the corresponding fold change (FC);
the most relevant molecular intermediates of the metabolic path-
way are listed on the right.

els occurred for genes involved in lipid homeostasis,
including LXR signaling, LDL and apolipoprotein
trafficking, and cholesterol metabolism and transport.
The influence exerted on these genes might reason-
ably mediate the detrimental effects exerted by mi-
cromolar SI00B on LAN-5 cells. In particular, our
results indicate the inhibition of intracellular choles-
terol production and extracellular cholesterol uptake.
The transcriptional modulation of cholesterol efflux
from cells would result unclear, as ABCGI1 and
ABCGH4 showed opposite trends of expression. None-
theless, based on the entity of expression variation
(FC) and on statistical significance of data (p-value),
ABCGI1 upregulation was among the most notewor-
thy data emerging from the gene list (Table 1). Taken
together, these data supported the idea of a reduction
of intracellular cholesterol in this model. It has been
widely demonstrated that a certain level of choles-
terol inside the cell is essential for plasma membrane
integrity, as reduced cholesterol increases membrane
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fluidity and cell vulnerability to stress and toxic
noxae (3). In this respect, one of the most studied
pathological situations is the involvement of the amy-
loidogenic pathway leading to neural toxicity in AD
pathogenesis (10). High cholesterol levels in the ex-
tracellular compartment are currently regarded to rep-
resents a risk factor for AD (40). On the other hand, it
has been demonstrated that cholesterol in the plasma
membrane confers protection against AP toxicity, in-
creasing membrane stiffness and counteracting the
channel-forming activity of the toxic AP peptides,
thus reducing Ca?* influx (3,37,38). These results
could also support previous data showing that micro-
molar concentrations of S100B increase susceptibility
of LAN-5 cells exposed to extracellular AB (9).

Within the cholesterologenic enzymes, the Seladin-
1 gene was significantly downregulated (FC 1.41;
p =0.0029) in our experimental model. This gene, in-
volved in the final steps of cholesterol biosynthesis,
was originally identified and named after its selective
downregulation in brain areas implicated in the AD
neurodegenerative process (23). In addition, its over-
expression in culture has been shown to be protective
against AP toxicity, inducing membrane cholesterol
enrichment in the plasma membrane of neural cells
(11,23). Seladin-1 has also been demonstrated to be
important in the formation of cholesterol-enriched
lipid rafts, required for several signaling pathways,
being also an LXR target gene (48). The endogenous
LXR signaling pathway, which is among the most
significantly downregulated canonical pathways in
our model, is believed to impact the pathogenesis of
neurodegenerative disorders. In particular, LXRs are
known to modulate APP processing and decrease A3
accumulation, although comprehensive reports on
LXR functions in the brain are still lacking (49,52).
In this model the downregulation of Seladin-1 gene
could be reasonably connected to the downregulation
of the LXR signaling pathway (48), although further
studies aimed at investigating all the transcription
factors acting specifically on the DHCR24 promoter
could better address this issue. Moreover, other au-
thors showed that the expression of DHCR24 gene is
reduced in selected brain regions degenerated in AD
patients and is associated with tau protein hyperphos-
phorylation (27).

It has been recently demonstrated that micromolar
S100B concentrations induces tau protein hyperphos-
phorylation through the RAGE-dependent disruption
of Wnt signaling in human neural stem cells, suggest-
ing a new possible direct connection between the
S100B protein and formation of neurofibrillary tan-
gles in the pathogenesis of AD (17). It should also be
noted that in vitro and in vivo studies suggest that
intracellular cholesterol homeostasis has an effect on
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TABLE 2

GENES INVOLVED IN CELL CYCLE REGULATION
Gene Fold
Symbol GenBank Change p-Value Gene Ontology Biological Process Pathway
CHKA NM_001277 —1.16  0.0024 lipid metabolic process acetylcholine synthesis
CASP1 NM_001223 -1.11 0.0373  proteolysis apoptosis
MYC NM_002467 —-1.20  0.0351 transcription apoptosis/G, to S cell cycle
CCNA2 NM_001237 -1.18  0.0112 cell cycle cell cycle
CCNB2 NM_004701 -1.18  0.0152 cell cycle cell cycle
PLK1 NM_005030 —1.20  0.0097 protein amino acid phosphorylation cell cycle
CDC20 NM_001255 —1.19  0.0230 ubiquitin-dependent protein catabolic process cell cycle
DBF4 NM_006716 —1.19  0.0337 Gy/S transition of mitotic cell cycle cell cycle/DNA replication
CDKN2A NM_000077 1.10 0.0144  cell cycle checkpoint G, to S cell cycle
RBI1 NM_000321 1.16  0.0229  cell cycle checkpoint G, G, to S cell cycle
TNXB NM_019105 -1.19  0.0123 transcription G, to S cell cycle
TNXA NM_019105 —1.17  0.0039 transcription G, to S cell cycle
INHBA NM_002192 -1.22 0.0491 G//S transition of mitotic cell cycle TGF-B signaling

ENG NM_000118 —-1.22  0.0083 transport TGF-B signaling
MPO NM_000250 —1.12  0.0132  antiapoptosis

C170rf88 XR_017759 -1.21 0.0151  apoptosis

DAP NM_004394 —1.10  0.0234  apoptosis

GAS2 NM_005256 -1.11 0.0131  apoptosis

TNFRSF14 NM_003820 —-1.11 0.0243  apoptosis

MOAPI1 NM_022151 1.12 0.0328 apoptosis

CETN2 NM_004344 -1.17  0.0192 cell cycle

NCAPG NM_022346 -1.16  0.0182 cell cycle

RBBP4 NM_005610 —1.13  0.0004 DNA replication

RAD17 NM_002873 1.11 0.0205 DNA replication checkpoint

GSPT1 NM_001130006 —1.21 0.0208  G//S transition of mitotic cell cycle

RCC1 NM_001048194  -1.25 0.0228  G//S transition of mitotic cell cycle

MPHOSPH6  NM_005792 -1.11 0.0104 M phase of mitotic cell cycle

NUSAP1 NM_001129897 -1.25 0.0140  mitotic sister chromatid segretation

BCL71 NM_001024808 —1.20  0.0348 negative regulation of transcription

CDKN3 NM_001130851 —1.23 0.0077  regulation of cyclin-dependent protein kinase activity
CKS2 NM_001827 —1.14  0.0134 regulation of cyclin-dependent protein kinase activity
RBL2 (p130) NM_005611 1.19 0.0053 transcription

APP B-cleavage (18,39,41,43). In this respect, data
have been reported indicating that APP B-cleavage
is a cholesterol-dependent process occurring in the
cholesterol-enriched lipid raft domains of the plasma
membrane, through the action of the P-secretase
(BACEl) enzyme (40) (see Fig. 3 for cholesterolo-
genic enzymes). Our data indicated the inactivation
of BACEI gene along with the upregulation of the
MUNCI18C gene, which stabilizes APP on the
plasma membrane, blocking the endogenous amy-
loidogenic pathway (25) (see Fig. 7 for a schematic
view of all these molecular processes).

Thus, the increased fluidity of cell membranes de-
termined by lower cholesterol levels, rather than the
direct effect on the intracellular APP processing,
might constitute the basis for the detrimental effects
mediated by micromolar concentrations of S100B
protein in this cellular model. We could assume that
cells exposed to SI00B are more vulnerable to toxic
insults coming from the extracellular environment
due to an imbalance of lipid homeostasis. More in

general, S100B-induced low intracellular cholesterol
levels could reasonably affect the integrity of intra-
cellular membranes interfering with a number of cell
functions including biosynthetic pathways and intra-
cellular trafficking.

A quite unexpected effect induced by micromolar
S100B in our model was a significant inhibition of
cell proliferation: the reduced cell viability induced
by S100B in the present experimental system is rea-
sonably mediated, at least in part, by the transcrip-
tional modulation of genes involved in cell cycle reg-
ulation and apoptosis. In particular, we observed the
upregulation of the tumor suppressor retinoblastoma
(RB1) gene and of the RB-linked genes p130 (RBL2)
and p107 (RBL1; p =0.017 and FC = 1.05, see com-
plete gene list on GEO; http://www.ncbi.nlm.nih.gov/
geo/, accession number GSE15218). The overexpres-
sion of these proteins can induce growth arrest in the
G phase (16). Furthermore, we observed the modula-
tion of a number of nuclear molecules acting up-
stream of RBI, including the cyclin-dependent ki-
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Figure 4. IPA analysis results. Top: The canonical pathways that are involved in this analysis are displayed along the x-axis; the y-axis
displays the significance (—log p-value). The threshold line is set as default at p = 0.05. Bottom: Putative toxic molecules are grouped in
lists displayed along the x-axis; the y-axis displays the significance (—log p-value). The threshold line is set as default at p = 0.05.

nase-D (CDK) inhibitor p16, which is upregulated. It
has been reported that both reduced p16 activity and
cyclin D1 overexpression produce persistent RB1 hy-
perphosphorylation, resulting in cell cycle arrest (21).
Thus, p16 activity has a crucial role in blocking cells
in a “nonproliferative” state (35). Our results also
showed the downregulation of the oncogene MYC,
coding for a multifunctional nuclear phosphoprotein
that affects cyclin D1 and CDK4 activity. Other au-

thors demonstrated that MYC downregulation in
astrocytoma cells led to G, accumulation and inhibi-
tion of cell proliferation with S phase delay (2).
Previous reports indicated that S100B binds to the
tumor suppressor p53 gene influencing its oligomer-
ization state and its subcellular localization and func-
tion (19). In this regard, we have observed the tran-
scriptional modulation of selected pS53-interacting
molecules: PERP was slightly upregulated, and
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Figure 5. Real-time PCR validation. Results of real-time PCR on selected genes. RT: fold change obtained in real time; Microarray: fold

change obtained by means of microarray analysis.

CKS2 and CDC20 were both downregulated. Based
on their reported functions, the final effect of the
transcriptional modulation of p53 target genes should
lead to G,/M transition block (5,6,31).

On the whole, the direct effects of micromolar con-
centrations of S100B on cell viability of LAN-5
seemed to occur by blocking cell proliferation at the
main cell cycle checkpoints, although this effect
could be likely brought back at least in part to the

J

higher mitogenic activity of LAN-5 cells. Thus, in
light of the cell growth kinetics differences between
mature neurons and neuroblasts, the present finding
might not perfectly suit for understanding the mecha-
nisms of SI100B detrimental effects on neurons.
Nonetheless, the cell growth potential of neuroblasts
replacing dead neurons could be considered as an ad-
ditional key for the interpretation of these data. This
would possibly suggest that the effect of micromolar

N W e v ) N @
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Figure 6. Gene expression in 50 nM S100B-treated cells. Results of real-time PCR for selected genes involved in the cholesterologenic
pathway. Fold change values are expressed as mean = SD of replicated experiments.
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Figure 7. Interactions between membrane—lipid metabolism, APP processing and B-secretase (BACE) activity, cholesterol uptake/efflux and
cell cycle regulation. Upregulated genes appear in red boxes, downregulated genes in green boxes. Biosynthesis of endogenous cholesterol
is inhibited (broken arrows) as genes coding for critical enzymes in this pathway, including Seladin-1, are downregulated. AP peptide
channel-forming activity, allowed by cholesterol depletion in this model, could increase calcium influx (left upper corner of the image).
Exogenous cholesterol uptake (APOA4, APOE, LDLR) is downregulated while ABCG1, responsible of cholesterol efflux from cells, is
upregulated. As a result of gene regulation observed in this experimental model, the amyloidogenic cleavage of APP seemed to be inhibited.
Inside the nucleus, the modulation of genes involved in cell cycle regulation and apoptosis led to both G,/S and G,/M arrest, resulting in
the inhibition of proliferation (see text for details). ECS, extracellular space; ER, endoplasmic reticulum.

S100B could be also the result of the interference
exerted on the regenerative process, rather than a di-
rect effect on differentiated cells.

In conclusion, considering the transcriptional effects
observed in lipid homeostasis, the present study pro-
posed new clues toward the definition of an active role
of S100B in neurodegenerative processes. Reasonably,
a different pattern of gene expression profiling should
be expected after administration of nanomolar S100B,
because the protein is not known to display any role in

neurodegenerative processes at this concentration. Fi-
nally, well-established evidences indicating the reliabil-
ity of S100B as a marker of active brain injury should
also be considered in light of these findings, which
could help to clarify the molecular cascade of events
triggered by S100B in cells.
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