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Abstract A synthetic -analog of sphingosine named
FTY720 (Fingolimod), phosphorylated by sphingosine
kinase-2, interacts with sphingosine-1-phosphate (S1P)
receptors expressed on various cells. FT'Y720 suppresses
the disease activity of multiple sclerosis (MS) chiefly by
inhibiting S1P-dependent egress of autoreactive T lym-
phocytes from secondary lymphoid organs, and possibly by
exerting anti-inflammatory and neuroprotective effects
directly on brain cells. However, at present, biological
effects of FIY720 on human microglia are largely
unknown. We studied FTY720-mediated apoptosis of a
human microglia cell line HMO6. The exposure of HMO6
cells to non-phosphorylated FIY720 (FTY720-non-P)
induced apoptosis in a dose-dependent manner with IC50
of 10.6 4 2.0 pM, accompanied by the cleavage of
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caspase-7 and caspase-3 but not of caspase-9. The apop-
tosis was inhibited by Z-DQMD-FMK, a caspase-3 inhib-
itor, but not by Pertussis toxin, a Gi protein inhibitor,
suramin, a S1P3/S1P5 inhibitor, or W123, a S1P1 com-
petitive antagonist, although HMOG6 expressed S1P1, S1P2,
and S1P3. Furthermore, both phosphorylated FTY720
(FTY720-P) and SEW2871, S1P1 selective agonists, did
not induce apoptosis of HMO6. Genome-wide gene
expression profiling and molecular network analysis indi-
cated activation of transcriptional regulation by sterol
regulatory element-binding protein (SREBP) in FTY720-
non-P-treated HMO6 cells. Western blot verified activation
of SREBP2 in these cells, and apoptosis was enhanced by
pretreatment with simvastatin, an activator of SREBP2,
and by overexpression of the N-terminal  fragment
of SREBP2. These observations suggest that FT'Y720-non-
P-induced apoptosis of HMOG6 human microglia is inde-
pendent of S1P receptor binding, and positively regulated
by the SREBP2-dependent proapoptotic signaling pathway.
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Abbreviations :

CNS Central nervous system

DAVID Database for Annotation, Visualization,
and Integrated Discovery

EDG Endothelial differentiation gene

FTY720-non-P - Non-phosphorylated form of FTY720

FTY720-P Phosphorylated form of FTY720

G3PDH Glyceraldehyde-3-phosphate
dehydrogenase

GPCR G-protein-coupled receptor

INSIG1 Insulin-induced gene 1

LDLR Low density lipoprotein receptor
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MS Multiple sclerosis

oprC Oligodendroglial progenitor cell

S1pP Sphingosine-1-phosphate

SPHK?2 Sphingosine kinase-2

SREBP Sterol regulatory element-binding
protein

PARP Poly-ADP-ribose-polymerase

PTX Pertussis toxin

Introduction

FTY720 (Fingolimod) is a synthetic analog of sphingosine
generated by chemical modification of myriocin, a natural
product of the fungus Isaria sinclairii. FTY720, phosphor-
ylated by endogenous sphingosine kinase-2 (SPHK?2), is
converted into the biologically active form FTY720-P that
binds to sphingosine-1-phosphate (S1P) receptors expressed
on various cells (Brinkmann et al. 2010). S1P receptors
belong to the endothelial differentiation gene (EDG)
receptor family of G-protein-coupled receptors (GPCRs).
FTY720-P interacts with S1P1, S1P3, S1P4, and S1P5 but
not with S1P2. S1P1, S1P2, and S1P3 are distributed widely
in the immune system, cardiovascular system, and the cen-
tral nervous system (CNS), and S1P4 expression is more
restricted to the lung, spleen, and thymus, while S1P5 is
located chiefly on the skin, spleen, and brain. FT'Y720-P not
only serves as an agonist for SIP receptors, but also acts as a
functional antagonist for S1P1 by downregulating the
receptor expression via internalization, ubiquitination, and
proteasomal degradation (Mullershausen et al. 2009). The
latter induces unresponsiveness to endogenous S1P,

Recent clinical trials indicate that FTY720 has promis-
ing therapeutic effects on multiple sclerosis (MS), a human
demyelinating disease affecting exclusively the CNS white
matter (Brinkmann et al. 2010). Oral administration of
FTY720 reduces the number of gadolinium-enhanced
lesions on MRI and decreased annual relapse rate in the
patients with relapsing-remitting MS (Kappos et al. 2006).
Consequently, US Food and Drug Administration (FDA)
approved FTY720 as the first oral medication for MS in
September 2010. FTY720-mediated immunomodulatory
effects on the disease activity of MS are chiefly attributable
to inhibition of S1P-dependent egress of autoreactive T
Iymphocytes from secondary lymphoid organs (Brinkmann
et al. 2010).

Increasing evidence indicates that FTY720, capable of
passing the blood-brain barrier due to its lipophilicity,
exerts anti-inflammatory and neuroprotective effects within
the CNS by interacting with a battery of SIP receptors
expressed on neural cells (Dev et al. 2008). Reactive
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astrocytes in active MS lesions show a robust increase in
SI1P1 and S1P3 expression, where FTY720-P inhibits
production of proinflammatory cytokines from astrocytes
(Van Doorn et al. 2010). FTY720-P persistently down-
regulates SI1P1 expression on astrocytes, and thereby
attenuates the disease activity of experimental autoimmune
encephalomyelitis (EAE), an animal model of MS (Choi
et al. 2011). FTY720-P induces rapid phosphorylation of
ERK1/2 and activates the PI3-kinase/Akt pathway in rat
oligodendrocyte progenitor cells (OPCs), and subsequently
protects OPCs from apoptosis caused by proinflammatory
mediators (Coelho et al. 2007). FTY720-P promotes pro-
cess extension of human OPCs and enhances their survival
(Miron et al. 2008).

Microglia, acting as antigen-presenting cells and proin-
flammatory effector cells in the CNS, play a central role in
development of demyelinating lesions in MS (Jack et al.
2005). Therefore, it is possible that FTY720 acts directly
on microglia at the site of inflammation in MS brains.
S1P1-expressing cells positive for CD68, a marker of
microglia/macrophages, are accumulated in MS lesions
(Van Doorn et al. 2010). Rat microglial cells express
mainly S1P1 and S1P3 (Dev et al. 2008). In mouse orga-
notypic cerebellar cultures affected with lysolecithin-
induced demyelination, FTY720-P induces proliferation of
microglia (Miron et al. 2010), while FTY720 reduces the
accumulation of reactive microglia/macrophages in the
lesions of traumatic brain injury (Zhang et al. 2007).
FTY720 reduces the lesion size of cerebral infarct in mice
with middle cerebral artery (MCA) occlusion and improves
neurological deficits, accompanied by a decrease in the

‘number of activated microglia/macrophages and apoptotic

neurons (Wei et al. 2011). FTY720-P does not affect the
global cytokine production by cultured human microglia
(Durafourt et al. 2011). However, at present, immuno-
modulatory effects of FTY720 on human microglia remain
largely unknown. The aim of the present study is to
investigate biological effects of FTY720 on a human
microglial cell line HMO6.

Methods
Human Microglia Cell Line HMO6

The HMOG cell line was established by immortalizing
cultured microglia isolated from human embryonic telen-
cephalon tissues with a retroviral vector PASK1.2 encod-
ing v-myc oncogene (Nagai et al. 2001). HMO6 cells
express the markers of the microglia/macrophage line-
age cells, including CD11b, CD68, CD86, HLA-ABC,
HLA-DR, and ricinus communis agglutinin lectin-1
(RCA), serving as a model of human microglia both in
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vitro and in vivo (Narantuya et al. 2010). The cells were
maintained in Dulbecco’s Modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin
and 100 pg/ml streptomycin (feeding medium). Human
neural and non-neural cell lines other than HMO6 were
described elsewhere. LDH release from cultured cells was
assessed by using a LDH cytotoxicity detection kit (Takara
Bio, Shiga, Japan).

Chemicals

Non-phosphorylated - FTY720 (FTY720-non-P; Calbio-
chem, Darmstadt, Germany) and (S)-FTY720 phosphate
(FTY720-P; Echelon Biosciences, Salt Lake City, UT,
USA) were usunally dissolved in dimethyl sulfoxide
(DMSO), providing the stock solution at the concentration
of 10 mM. For negative controls, the inclusion of DMSO at
the concentration of 0.1% v/v. (1:1000 dilution) was
applied. We found that the solvent alone never induces
apoptosis of HMOG6 at any incubation time. Sphingosine
1-phosphate (S1P) was obtained form Sigma, St. Louis,
MO, USA. SEW2871, a selective S1P1 agonist and W123,
a competitive S1P1 antagonist were obtained from Cayman
Chemical, Ann Arbor, MI, USA. Suramin, a S1P3/S1P5
_ inhibitor, Z-DQMD-FMK, a caspase-3 inhibitor, and sim-
vastatin, a HMG-CoA reductase inhibitor were obtained
from Calbiochem. Pertussis toxin (PTX), a Gi protein
inhibitor, was obtained form Seikagaku Biobusiness,
Tokyo, Japan.

RT-PCR Analysis

Total cellular RNA was extracted by using TRIZOL
(Invitrogen). RNA treated with DNase I was processed for
cDNA synthesis using oligo(dT),o primers and SuperScript
IT reverse transcriptase (Invitrogen).. Then, cDNA was
amplified by PCR using HotStar Taq DNA polymerase
(Qiagen, Valencia, CA, USA) and a panel of sense and
antisense primer sets following: 5'aagcgctctttacttggtcge
tgg3d’ and 5'tgatctecacccttcccagtgeatd’ for an 189 bp prod-
uct of S1P1; 5'ccacagacctgggtgatgtte3’ and 5'tceecttaaatgetgee
tgec3’ for a 200 bp product of S1P2; 5actttgggcetccagagtct
ttc3’ and 5'cattctacgcacaggaaatgtagtgd’ for an 193 bp
product of S1P3; 5'gttgcagtcttgegtgtggatge3’ and 5 ggtgac
catgggaagcccatttg3’ for an 183 bp product of S1P4; 5'ag-
ggaatggeatgegeaaag3’ and 5'cttctatggeteccaccteacte3’ for a
200 bp product of S1P5; and 5'ccatgttcgteatgggtgtgaacca’’
and 5'gccagtagaggcagggatgatgttc3’ for a 251 bp product of
the glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
gene.

For quantitative real-time RT-PCR (qPCR) analysis,
c¢DNA was amplified by PCR in LightCycler ST300

(Roche Diagnostics, Tokyo, Japan) using SYBR Green I
and a panel of sense and antisense primer sets with the
following: S'tgatcgttccagaagtggecttggd’ and 5'aactgtcgte
ctatgttccccace3’ for an 186 bp product of insulin-induced
gene 1 (INSIG1) and 5'ctgggggtcticctictatggaagd’ and
5'cacgtcatectccagactgaccat3’ for an 168 bp product of low
density lipoprotein receptor (LDLR). The expression levels
of target genes were standardized against the levels of
G3PDH, an internal control, detected in corresponding
cDNA samples. All the assays were performed in triplicate.

Microarray Analysis

For microarray analysis, total cellular RNA was isolated by
using the TRIZOL Plus RNA Purification kit (Invitrogen).
The quality of total RNA was evaluated on Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).
One hundred ng of total RNA was processed for cRNA
synthesis, fragmentation, and terminal labeling with the
GeneChip Whole Transcript Sense Target Labeling and
Control Reagents (Affymetrix, Santa Clara, CA, USA).
Then, it was processed for hybridization at 45°C for 17 h
with Human Gene 1.0 ST Array that contains 28,869 genes
(Affymetrix). The arrays were washed in the GeneChip
Fluidic Station 450 (Affymetrix), and scanned by the
GeneChip Scanner 3000 7G (Affymetrix). The raw data
were expressed as CEL files and normalized by the robust
multiarray average (RMA) method with the Expression
Console software version 1.1 (Affymetrix). The annotation
was studied by searching genes on the Database for
Annotation, Visualization, and Integrated Discovery
(DAVID) (david.abce.nciferf.gov) (da Huang et al. 2009).

Molecular Network Analysis

KeyMolnet is a comprehensive knowledgebase that con-
tains the contents on 123,000 relationships among human
genes and proteins, small molecules, diseases, pathways
and drugs, regularly updated, and curated by expert biol-
ogists (Satoh et al. 2009). By importing the list of Entrez
Gene IDs derived from microarray data, KeyMolnet auto-
matically provides corresponding molecules as a node on
networks. Among various network-searching algorithms,
the “neighboring” network-search algorithm selected one
or more molecules as starting points to generate the net-
work of all kinds of molecular interactions around starting
molecules, including direct activation/inactivation, tran-
scriptional activation/repression, and the complex forma-
tion within the designated number of paths from starting
points. The generated network was compared side by side
with 430 human canonical pathways of the KeyMolnet
library. The algorithm counting the number of overlapping
molecular relations between the extracted network and the

@ Springer

—139—



1012

Cell Mol Neurobiol (2011) 31:1009-1020

canonical pathway makes it possible to identify the
canonical pathway showing the most significant contribu-
tion to the extracted network. The significance in the
similarity between both is scored following the formula,
where O = the number of overlapping molecular relations
between the extracted network and the canonical pathway,
V = the number of molecular relations located in the
extracted network, C = the number of molecular relations
located in the canonical pathway, T = the number of total
molecular relations, and the X = the sigma variable that
defines coincidence.

Min(C,V)
Score = —10g2(8c01‘e(p)) Score (p) - E f(x)
x=0

f(x) =cCx*1-cCv_x/:Cv

Transient Expression of SREBP2

To transiently overexpress sterol regulatory element-binding
protein-2 (SREBP2), the gene encoding the N-terminal
fragment of SREBP2 spanning amino acid residues 1-484
was amplified by PCR using PfuTurbo DNA polymerase
(Stratagene, La Jolla, CA) and a sense and antisense primer
set of 5'gcgatggacgacageggegagetgd’ and 5'tcacagaagaatceg
tgageggte3’, and cloned in the expression vector pEF6
(Invitrogen). The vector was transfected into HMOG cells by
X-tremeGENE HP DNA transfection reagent (Roche Diag-
nostics). At 24 h after transfection, the cells were processed
for western blot analysis. For the control, V5-tagged LacZ
cloned in the pEF6 vector was transfected into sister cultures.

Western Blot Analysis

To prepare total protein extract, the cells were homogenized
in RIPA buffer supplemented with a cocktail of protease
inhibitors (Sigma). The protein extract was centrifuged at
12,000 rpm for 5 min at room temperature (RT). The pro-
tein concentration was determined by a Bradford assay kit
(BioRad Hercules, CA, USA). The mixture of the super-
natant and a 2x Lammeli loading buffer was boiled and
separated on SDS-PAGE gels ranging from 8 to 12%. After
gel electrophoresis, the protein was transferred onto nitro-
cellulose membranes, and immunolabeled at RT overnight
with rabbit anti-poly-ADP-ribose-polymerase (PARP)
antibody (#11835238001; Roche Diagnostics), rabbit
anti-cleaved caspase-3 (Aspl75) antibody (#9661; Cell
Signaling Technology, Danvers, MA, USA), mouse anti-
caspase-7 antibody (#9494; Cell Signaling Technology),
rabbit anti-caspase-9 antibody (#9502; Cell Signaling
Technology), rabbit anti-S1P1 antibody (sc-25489, EDG-1,
H-60; Santa Cruz Biotechnology, Santa Cruz, CA), or
goat anti-SREBP2 antibody (sc-8151, N-19; Santa Cruz
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Biotechnology). Then, the membranes were incubated at
RT for 60 min with HRP-conjugated anti-mouse IgG, anti-
rabbit IgG, or anti-goat IgG (Santa Cruz Biotechnology).
The specific reaction was visualized by exposing the
membranes to a chemiluminescent substrate (Thermo Sci-
entific, Rockford, IL, USA).

In some experiments, the antibodies were stripped by
incubating the membranes at 50°C for 30 min in stripping
buffer, composed of 62.5 mM Tris-HCl, pH 6.7, 2% SDS,
and 100 mM 2-mercaptoethanol. Then, the membranes
were processed for relabeling with goat anti-heat shock
protein HSP60 antibody (sc-1052, N-20; Santa Cruz Bio-
technology) used for an internal control of protein loading,
followed by incubation with HRP-conjugated anti-goat IgG.

Results

S1P Receptor Expression on Human Microglia Cell
Line HMOG6

The expression of five SIP receptor mRNAs in a panel
of human neural cells and tissues was determined by
RT-PCR. All the cells and tissues examined, including the
human cerebrum (CBR), fetal astrocytes (AS), neuronal
progenitor (NP) cells, NTera2 teratocarcinoma-derived
neurons, SK-N-SH neuroblastoma, IMR-32 neuroblastoma,
U-373MG astroglioma, and the microglia cell line HMOG®,
expressed varying levels of S1P1, S1P2, and S1P3 mRNAs,
except for Y79 retinoblastoma that did not express S1P1
(Fig. la—c, lanes 2-10). In contrast, the levels of G3PDH, a
housekeeping gene, were almost constant in the cells and
tissues examined (Fig. 1f, lanes 2-10). Although discern-
ible levels of S1P4 and S1P5 mRNAs were identified in the
human cerebrum (CBR), both of these mRNAs were
almost undetectable in HMO6 (Fig. 14, e, lanes 2 and 10).
No products were amplified when the reverse transcription
step is omitted (Fig. 1a—f, lane 1). We verified S1P1 pro-
tein expression in HMOG6 by western blot (not shown).

Non-Phosphorylated FTY720 Induced Apoptosis
of HMO6

A 6 h-exposure of non-phosphorylated FTY720 (FTY720-
non-P) induced LDH release from HMOG6 cells and cell
death in a dose-dependent manner with IC50 of
10.6 = 2.0 pM (Fig. 2a, c). It is worthy to note that the
concentration of FTY720-non-P at lower than 5 pM was
completely ineffective in inducing cell death of HMOG6
(Fig. 2a). Generally, LDH release did not discriminate
apoptotic and necrotic cell death. The exposure of
FTY720-non-P at a concentration of 10 pM mediated the
cleavage of PARP in the incubation time longer than 4 h,
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Fig. 1 SIP receptor expression in human neural cell lines. The
expression of five S1P receptor mRNAs was studied by RT-PCR.
a S1P1, b S1P2, ¢ S1P3, d S1P4, e S1P5, and £ G3PDH. The lanes
(1-10) represent (1) the human frontal cerebral cortex (CBR) without
inclusion of the reverse transcription (RT) step, (2) CBR with
inclusion of the RT step, (3) cultured astrocytes (AS), (4) cultured
neuronal progenitor (NP) cells, (5) NTera2 teratocarcinoma-derived
neurons (NTera2N), (6) Y79 retinoblastoma, (7) SK-N-SH neuro-
blastoma, (8) IMR-32 neuroblastoma, (9) U-373MG astrocytoma, and
(10) HMO6 microglia. The 100 bp ladder marker is shown on the left

indicating that FTY720-non-P induced cell death of HMOG6
via apoptosis (Fig. 2d, lanes 7-10).

FTY720-non-P-induced apoptosis of HMO6 was
accompanied by the cleavage of caspase-7 and caspase-3
(Fig. 3b, c, lane 2) but not of caspase-9 (Fig. 3e, lane 4),
suggesting that the mitochondrial pathway of apoptosis that
usually activates caspase-9 did not play a major role.
Furthermore, Z-DQMD-FMK, a caspase-3-specific inhibi-
tor, completely blocked FTY720-non-P-induced apoptosis
of HMOG6 (Fig. 3g, h, lane 10).

FTY720-Induced Apoptosis of HMOG6 was Independent
of SIP Receptor Binding

Because FTY720, when phosphorylated, binds to S1P1,
S1P3, S1P4, and S1P5, all of which are G protein-coupled
receptors (GPCR), we utilized Pertussis toxin (PTX), a Gi
protein inhibitor, suramin, a S1P3/S1P5 inhibitor, and
W123, a S1P1 competitive antagonist to block the ligand-
receptor interaction. However, none of these receptor
blockers could inhibit FTY720-induced apoptosis of
HMOG6 (Fig. 4a, lanes 4, 6, 8). Furthermore, SEW2871, a
S1P1 selective agonist, and phosphorylated FTY720
(FTY720-P) at a concentration of 10 uM each did not
induce apoptosis of HMO6 during the incubation time of

12 h (Fig. 4c, lanes 11 and 12). In addition, the combined
administration of FTY720-P (10 pM) and FTY720-non-P
(10 pM) did not inhibit apoptosis of HMO6, and treatment
with sphiongosine-1 phosphate (S1P) (10-50 uM) did not
induce apoptosis of HMO6 (data not shown). These results
suggest that FTY720-non-P-induced apoptosis of HMO6
was independent of S1P receptor binding, and both
FTY720-P and S1P were incapable of inducing apoptosis
of HMO6.

FTY720 Induced SREBP-Responsive Genes

To investigate the molecular mechanism responsible for
triggering FT'Y720-non-P-induced apoptosis of HMOG6, we
studied the genome-wide gene expression profile by
microarray analysis. We identified 30 genes with an over
2-fold increase in HMOG cells treated for 2 h with 10 pM
FTY720-non-P versus those exposed to the vehicle (DMSO)
(Table 1). Among them, the DAVID program categorized
seven genes as a group of the genes associated with steroid
and/or sterol metabolism (Table 1). None of apoptosis ini-
tiator and executor genes were induced in HMOG6 cellsat 2 h
after initiation of the treatment. Upregulated expression of
INSIG1 and LDLR in FTY720-non-P-treated HMOG cells
was validated by qPCR analysis (Fig. 5a, b).

Next, we imported the list of Entrez Gene IDs of the 30
genes upregulated in FTY720-non-P-treated HMOG cells
into KeyMolnet, a tool for analyzing molecular interactions
on the comprehensive knowledgebase. KeyMolnet gener-
ated the molecular network, presenting with the most sig-
nificant relationship with transcriptional regulation by
sterol regulatory element-binding protein (SREBP) (the
score = 69.719 with the P-value = 1.029E-21) (Fig. 5¢).
These results suggest that in HMOG6 cells, FT'Y720-non-P
activates SREBP proteins, either SREBP1 or SREBP2,
belonging to the bHLH-Zip transcription factor family that
promotes the synthesis of enzymes involved in cholesterol
and fatty acid biosynthesis. To exclude a direct effect of
vehicle (DMSQ), in which FTY720-non-P was dissolved,
on gene expression, we performed an additional set of
microarray experiment by exposing HMO6 cells to
FTY720-non-P dissolved in ethanol. We again identified
the similar gene expression profile composed of upregu-
lation of key SREBP-target genes, regardless of the solvent
(See Table 1 in Electronic Supplementary Material).

SREBP?2 is primarily involved in cholesterol synthesis,
while SREBP1 chiefly regulates fatty acid synthesis (Sato
2010). INSIGI identified by microarray analysis encodes
an ER protein that plays a pivotal role in regulating
intracellular cholesterol levels by interacting with SREBP
cleavage-activating protein (SCAP) having the sterol-
sensing domain activated by reduced cellular cholesterol
levels. Thereafter, we have focused on SREBP2 expression
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Fig. 2 Non-phosphorylated FTY720 induced apoptosis of HMOG6
cells. HMOG cells were exposed for various time periods to varying
concentrations of non-phosphorylated FTY720 (FTY720-non-P).
a LDH release assay, b the phase contrast photomicrograph of the
cells exposed for 6 h to vehicle (DMSO), ¢ the phase contrast pho-
tomicrograph of the cells exposed for 6 h to 10 pM FTY720-non-P,

hour

d western blot of PARP (an 116-kDa uncleaved form and an 85-kDa
cleaved form), and e western blot of HSP60, an internal control of
protein loading. The lanes (/-10) represent () untreated HMOG cells,
and HMOG cells treated for (2) 15 min, (3) 30 min, (4) 1 h, (5) 2 h,

(6)3h,(7)4h,(86h,(99h, and (J0) 12 h with 10 pM FTY720-
non-P

3 4 5 6

HMO6 Jurkat
FTY720-non-P (20 Vi) . + - -
etoposide (42.5 M) - - - +
(b)
@ - ®
@]

FTY720-non-P (20 pM) - +

FTY720-non-P (10 pM)

()
()

Z-DQMD-FMK (10 ;1M) - + - +

Fig. 3 FTY720-induced apoptosis of HMOG6 was accompanied by
activation of caspases 3 and 7. HMOG6 cells were exposed for various
time periods to varying concentrations of FTY720-non-P. For the
positive control of caspase-9 activation, Jurkat cells were exposed to
etoposide, an apoptosis-inducing agent. a-i indicate western blot of a,
g PARP, b caspase-7 (a 20-kDa cleaved form), ¢, h caspase-3 (a
19-kDa cleaved form), e caspase-9 (a 37-kDa cleaved form), and d, f,
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i HSP60, an internal control of protein loading. The lanes (/-10)
indicate HMOG cells treated with (/, 3) vehicle (DMSO) and (2, 4)
20 uM FTY720-non-P for 9 h, and Jurkat cells treated with (5)
vehicle (DMSO) and (6) 42.5 pM etoposide for 6 h, and (7) untreated
HMO6 cells, and HMOG6 cells treated with (8) 10 pM Z-DQMD-
EMK, (9) 10 uM FTY720-non-P, and (J0) a combination of 10 uM
Z-DQMD-FMK and 10 uM FTY720-non-P for 12 h
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Fig. 4 FTY720-induced apoptosis of HMO6 was independent of S1P
receptor binding. HMO6 cells were exposed for 12 h to 10 uM
FTY720-non-P with or without inclusion of various SIP receptor
agonists and antagonists. Pretreatment started at 30 min before
exposure to FTY720-non-P. a-d indicate western blot of a, ¢ PARP
and b, d HSP60, an internal control of protein loading. The lanes
(I-12) indicate (/, 9) untreated HMOG6 cells, and HMOG6 cells treated
with (2, 10) 10 uM FTY720-non-P exposure alone, (3) 100 nM

in HMOG6 cells. The N-terminal fragment of SREBP2 is
cleaved, dimerized, and translocated to the nucleus in
response to the activating stimuli (Sato 2010). We identi-
fied the cleaved form of SREBP2 in HMOG6 cells following
an 1 h-exposure to FI'Y720-non-P ranging from 10 to
20 uM or by treatment with 3 pM simvastatin, a HMG-
CoA reductase inhibitor capable of activating SREBP2
(Fig. 6a, lanes 2—4). Neither FTY720-non-P nor simva-
statin alone at a concentration of 5 pM each induced
apoptosis of HMO6 (Fig. 2a; Fig. 6b, lanes 7, 8). In con-
trast, a 12 h-pretreatment with 5 pM simvastatin enhanced
FTY720-non-P-induced apoptosis of HMO6 cells, sug-
gesting a proapoptotic effect mediated by SREBP2 acti-
vation following simvastatin treatment (Fig. 6b, lane 10).

A recent study showed that statins activate SREBP2,
which positively controls the expression of caspase-7,
resulting in induction of apoptosis of human gastric cancer
cells (Gibot et al. 2009). When the N-terminal fragment of
SREBP2 was overexpressed in HMOG6 cells, the cleavage
of PARP and caspase-3 was greatly enhanced, compared
with the cells with overexpression of LacZ (Fig. 6c, f, lane
12), while the levels of procaspase-7 and cleaved caspase-7
were unaltered (Fig. 6g, lane 12).

4 5 6 7 8
+ - + - +
+ - - - -
- + + - -
- - - + +

pertussis toxin (PTX) pretreatment alone, (4) 100 nM PTX pretreat-
ment and 10 pM FTY720-non-P exposure, (5) 10 pM suramin
pretreatment alone, (6) 10 uM suramin pretreatment and 10 pM
FTY720-non-P exposure, (7) 10 pM W123 pretreatment alone, (8)
10 M W123 pretreatment and 10 pM FTY720-non-P exposure, and
HOMEG cells treated with a 12 h-exposure to (/1) 10 pM SEW2871 or
(12) 10 pM phosphorylated FTY720 (FTY720-P)

Discussion

The present study revealed that non-phosphorylated
FTY720 (FTY720-non-P) induced apoptosis of human
microglia HMO6 in a time- and dose-dependent manner
with IC50 of 10.6 == 2.0 pM. The apoptosis was inhibited
by Z-DQMD-FMXK, a caspase-3 inhibitor, but not by Per-
tussis toxin, a Gi protein inhibitor, suramin, a S1P3/S1P5
inhibitor, or W123, a S1P1 competitive antagonist,
although HMOG6 expressed SI1P1, S1P2, and S1P3. Fur-
thermore, both phosphorylated FTY720 (FTY720-P) and
SEW2871, S1P1 selective agonists, did not induce apop-
tosis of HMOG6. These observations suggest that FTY720-
non-P-induced apoptosis of HMOG6 cells is independent of
S1P receptor binding.

Supporting these observations, FTY720, serving as a
potential anti-cancer agent, induces apoptosis of various
human cancer cell lines derived from liver, kidney, pan-
creas, and breast, multiple myeloma and leukemia cells,
which is often mediated by S1P receptor-independent
mechanisms (Matsuoka et al. 2003; Lee et al. 2004; Liu
et al. 2010; Nagaoka et al. 2008). The concentrations
required to induce apoptosis of tumor cells in vitro are about
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Table 1 Upregulated genes in HMOG6 following treatment with FTY720-non-P

Rank Fold change Entrez gene ID Gene symbol Gene name

1 5.75 25774 " GSTTP1 Glutathione S-transferase theta pseudogene 1

2 3.16 150527 LOC150527 Hypothetical LOC150527

3 2.78 728380 RPL7P26 Ribosomal protein L7 pseudogene 26

4 2.74 3638 INSIG1 Insulin induced gene 1

5 2.72 158160 HSD17B7P2 Hydroxysteroid (17-beta) dehydrogenase 7 pseudogene 2
6 2.70 3157 HMGCS1 3-hydroxy-3-methylglutaryl-coenzyme A syhthase 1 (soluble)
7 2.68 346007 EYS Eyes shut homolog (Drosophila)

8 2.48 26834 RNU4-2 RNA, U4 small nuclear 2

9 2.46 163720 CYP4Z2P Cytochrome P450, family 4, subfamily Z, polypeptide 2 pseudogene
10 2.44 54541 DDIT4 DNA-damage-inducible transcript 4

11 241 6351 CCL4 Chemokine (C-C motif) ligand 4

12 2.39 3949 LDLR Low density lipoprotein receptor

13 2.37 6307 SC4MOL Sterol-C4-methyl oxidase-like

14 2.34 286359 LOC286359 Hypothetical LOC286359

15 2.30 391003 PRAMEF18 PRAME family member 18

16 2.29 23175 LPIN1 Lipin 1

17 2.25 54897 CASZ1 Castor zinc finger 1

18 2.16 3156 HMGCR 3-hydroxy-3-methylglutaryl-coenzyme A reductase

19 2.16 196335 OR56B4 Olfactory receptor, family 56, subfamily B, member 4
20 2,10 3283 HSD3B1 Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 1
21 2.09 8553 BHLHEA40 Basic helix-loop-helix family, member e40

22 2.07 10517 FBXW10 F-box and WD repeat domain containing 10

23 2.06 256892 ORS1F1 Olfactory receptor, family 51, subfamily F, member 1
24 2.05 4598 MVK Mevalonate kinase

25 2.04 196074 METTSD1 Methyltransferase 5 domain containing 1

26 2.04 901 CCNG2 Cyclin G2

27 2.03 439927 Clorf180 Chromosome 1 open reading frame 180

28 2.01 10551 AGR2 Anterior gradient homolog 2 (Xenopus laevis)

29 2.01 91074 ANKRD30A Ankyrin repeat domain 30A

30 2.00 1831 TSC22D3 TSC22 domain family, member 3

HMOS cells were exposed to non-phosporylated FTY720 (10 uM) or vehicle (DMSO) for 2 h. The genome-wide transcriptome was studied on
Human Gene 1.0 ST array. The genes with an over 2-fold increase in FTY720-non-P-treated HMOG cells are listed. The genes associated with
steroid and/or sterol metabolism annotated by the DAVID program are underlined

two orders of magnitude greater than the blood concentra-
tion in the clinical setting, i.e., 5.4 ng/ml in plasma
(Brinkmann et al. 2001, 2010). FTY720 has a half-life of
approximately 10 days in vivo, and is cleared predomi-
nantly by a metabolic pathway requiring cytochrome P450
4F2 (CYP4F2) (Jin et al. 2011). The enzymatic activity of
CYP4F2 is inhibited by certain drugs like ketoconazole, and
the gene encoding CYP4F2 has a variety of single nucleo-
tide polymorphisms (SNPs) (www.ncbi.nlm.nih.gov/snp).
Therefore, in poor metabolizers of FTY720 receiving a
CYP4F?2 inhibitor, if they exist, the blood concentration of
FTY720 could increase up to the range of toxic levels.
FTY720-non-P goes through the plasma membrane
without requirement of the receptor binding, and targets

@ Springer

directly key intracellular enzymes involved in sphingolipid
metabolism, such as sphingosine kinases, phospholipase
A2, and S1P lyase (Bandhuvula et al. 2005). FTY720 also
inhibits ceramide synthases, resulting in a decrease in
cellular levels of ceramide, dihydroceramide, shingosine,
and S1P, and an increase in dihydrosphingosine and
dihydroshingosine-1-phosphate, all of which alter the
endogenous balance between survival and apoptotic signals
(Berdyshev et al. 2009). FTY720-non-P promotes phos-
phorylation of 14-3-3zeta on Ser58 that disrupts 14-3-3
dimer formation, resulting in releasing proapototic media-
tors (Woodcock et. al. 2010). FT'Y720, phosphorylated by
SPHK?2 Jocated inside the plasma membrane, is transported
outside the cells via the S1P transporter named spinster
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Fig. 5 FTY720 Induced SREBP-Responsive Genes. HMOG cells
were exposed for 2 h to 10 uM FTY720-non-P or vehicle (DMSO).
Then, total RNA was processed for the genome-wide gene expression
profiling on a microarray, followed by molecular network analysis by
KeyMolnet and validation by qPCR. We identified 30 upregulated
genes in FTY720-non-P-treated HMOG cells (Table 1). a—c indicate
qPCR of a INSIG! and b LDLR, and ¢ molecular network of
FTY720-non-P-induced genes. Abbreviations: D, vehicle (DMSO); F,
FTY720-non-P; 0.5, 30 min; 2, 2 h; and 4, 4 h. In ¢, red filled nodes

homolog 2 (SPNS2), and then the phosphorylated FTY720
binds to S1P receptors expressed on the surface of the
plasma membrane (Hisano et al. 2011).

Being consistent with our observations, FT'Y720-non-P
but not FTY720-P induces apoptosis of human breast and
colon cancers (Nagaoka et al. 2008). FTY720 inhibits
cytosolic phospholipase A2 (cPLA;) in a manner inde-
pendent of S1P receptor binding (Payne et al. 2007).
FTY720-non-P but not FTY720-P inhibits PKC activation,
which is associated with cell-surface expression of S1P1
(Sensken and Gridler 2010). Furthermore, FTY720-P
counteracts FT'Y720-non-P-induced apoptosis of human
fibroblasts by activating Bcl-2 (Potteck et al. 2010).

Several previous studies showed that FI'Y720-induced
apoptosis is often accompanied by activation of a series of
caspases (Wang et al. 1999). We found activation of both
caspase-3 and caspase-7 during FTY720-non-P-induced
apoptosis of HMO6. Furthermore, FTY720-induced apop-
tosis also involves various mechanisms, such as dephos-
phorylation of protein kinase B (Akt) (Matsuoka et al.
2003; Lee et al. 2004), deregulation of mitogen-activated

represent FTY720-non-P-induced genes, whereas white open nodes
exhibit additional nodes extracted automatically from the core
contents of KeyMolnet to establish molecular connections. The
molecular relation is indicated by solid line with arrow (direct binding
or activation), solid line with arrow and stop (direct inactivation),
solid line without arrow (complex formation), dash line with arrow
(transcriptional activation), and dash line with arrow and stop
(transcriptional repression). The transcription factor SREBP
(SREBP2) is highlighted by a red thick circle

protein kinases (MAPKSs), focal adhesion kinase (FAK),
and Rho-GTPase (Matsuda et al. 1999; Sonoda et al. 2001),
and activation of protein phosphatase 2A (PP2A) (Liu et al.
2010). Here, we for the first time showed that FTY720-
non-P-induced apoptosis of HMOG6 cells is positively reg-
ulated by the SREBP2-dependent signaling pathway.

A recent study showed that statins induce apoptosis of
human gastric cancer cells by activating SREBP1 and
SREBP2, both of which transcriptionally upregulate cas-
pase-7 (Gibot et al. 2009). Statin-dependent apoptosis is
prevented by replenishment of mevalonate, the immediate
product by the HMG-CoA reductase activity (Xia et al.
2001). A previous study showed that activation of caspase-3
releases SREBP proteins from ER membrane in a proteo-
lytic reaction distinct from the sterol-regulated cleavage,
resulting in nuclear transport of SREBP and transcriptional
activation of sterol-regulatory genes (Higgins and Ioannou
2001). However, during FT'Y720-non-P-induced apoptosis
of HMOG cells, we identified activation of SREBP2 as early
as at 1 h after initiation of the treatment, which is long
before detection of the PARP cleavage, suggesting that
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Fig. 6 Activation of SREBP2 by FTY720-non-P in HMO6 cells.
HMOG6 cells were exposed to FTY720-non-P or simvastatin, or
transfected with the vector expressing the N-terminal fragment of
SREBP2 (SREBP2-N) or LacZ. a-h indicate western blot of a,
d SREBP2, b, ¢ PARP, e V5, f cleaved caspase-3, g caspase-7 (a
35-kDa proform and a 20-kDa cleaved form), and h HSP60. The lanes
1-12 represent (/, 5) untreated HMOG cells, and HMOG cells treated
for 1 h with (2) 10 pM FTY720-non-P, (3) 20 uM FTY720-non-P,

(4) 3 uM simvastatin, and HMO6 cells pretréated for simvastatin

SREBP activation is not a secondary phenomenon following
caspase-3 activation. Furthermore, we found that activation
of SREBP2 by overexpression of the N-terminal fragment of
SREBP2 in HMOG cells enhances the cleavage of PARP and
caspase-3 in the absence of FTY720. Moreover, we found
that pretreatment with simvastatin enhanced FT'Y720-non-
P-induced apoptosis of HMOG6 cells. Statins activate
SREBP2 and induce apoptosis of various cells (Xia et al.
2001; Gibot et al. 2009). All of these observations suggest
that the SREBP2-dependent signaling pathway is intrinsi-
cally proapoptotic, when it is aberrantly regulated.

A recent study showed that FT'Y720 inhibits intracellular
transport of cholesterol to ER in human macrophages, being
independent of S1P1 binding, indicating that FTY720-non-
P certainly affects the cellular cholesterol processing (Blom
et al. 2010). Importantly, cholesterol interacts specifically
with sphingosine in human intestinal epithelial cells under
physiological conditions (Garmy et al. 2005). S1P is intra-
cellularly generated by sphingosine kinases SPHK1 and
SPHK?2 from sphingosine, a breakdown product of the cell
membrane constituent sphingomyelin (Chi 2011). S1P and
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starting at 12 h before a 6 h-exposure to FTY720-non-P, whose
conditions are composed of (6) 3 uM simvastatin pretreatment alone,
(7) 5 pM simvastatin pretreatment alone, (8) no simvastatin pretreat-
ment and 5 pM FTY720-non-P exposure, (9) 3 pM simvastatin
pretreatment and 5 M FTY720-non-P exposure, and (10) 5 pM
simvastatin pretreatment and 5 pM FTY720-non-P exposure, and
HMOG cells with overexpression of (11) V5-tagged LacZ or (12)
SREBP2-N

its synthetic analog FT'Y720-P share S1P1, S1P3, S1P4, and
S1P5 expressed on the plasma membrane. All of these
observations propose a possible scenario that excessive
amounts of intracellular FTY720-non-P disturb the com-
plex metabolic network of cholesterols and sphingolipids,
resulting in activation of the SREBP2-dependent proapop-
totic signaling pathway.
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Background: Nasu-Hakola disease (NHD) is a rare autosomal recessive disorder,
characterized by a combination of progressive presenile dementia and formation of
multifocal bone cysts, caused by genetic mutations of DAP12 and TREM2, which
constitute a receptor/adapter signaling complex expressed on osteoclasts, dendritic
cells, macrophages, and microglia. No Japanese patients with TREM2 mutations have
been reported previously.

Methods: We reported three siblings affected with NHD in a Japanese family.
Amongst them, two died of NHD during the fourth decade of life. The analysis of
genomic DNA, cDNA cloning, and western blot of lymphocyte proteins was per-
formed on samples of the living patient. The transcriptome was studied in the
autopsied brain of one patient.

Results: We identified a homozygous conversion of a single nucleotide T to C at the
second position of intron 3 in the splice-donor consensus site (¢.482+2T >C) of the
TREM?2 gene, resulting in exon 3 skipping and aberrant expression of truncated
proteins. We identified 136 upregulated genes involved in inflammatory response and
immune cell trafficking and 188 downregulated genes including a battery of GABA
receptor subunits and synaptic proteins in the patient’s brain.

Conclusions: This is the first report of a Japanese NHD family caused by a
splicing mutation of TREM?2 that induces both neuroinflammation and neurode-

generation.

Introduction

Nasu-Hakola disease (NHD; OMIM 221770), also
designated polycystic lipomembranous osteodysplasia
with sclerosing leukoencephalopathy (PLOSL), is a
rare autosomal recessive disorder, characterized by a
combination of progressive . presenile dementia and
formation of multifocal bone cysts [1]. The  clinical
course of NHD is divided into four stages: (i) the latent
stage with normal early development, (ii) the osseous
stage beginning at the third decade of life, character-
ized by pathological bone fractures, (iii) the early
neuropsychiatric stage occurring at the fourth decade
of life, presenting with a frontal lobe syndrome, and
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ics and Molecular Neuropathology, Meiji Pharmaceutical University,
2-522-1 Noshio, Kiyose, Tokyo 204-8588, Japan (tel.: +81 42

495 8678; fax: +81 42 495 8678; e-mail: satoj@my-pharm.ac.jp).

© 2010 The Author(s)
European Journal of Neurology © 2010 EFNS

(iv) the late neuropsychiatric stage, characterized by
profound dementia, and death usually by age 50 years
[11.

Nasu-Hakola disease is caused by a structural defect
in one of the two genes, DAPI2 (TYROBP) or
TREM2, both of which induce a clinicopathologically
identical phenotype [2,3]. DAPIL2, expressed as a
disulfide-bonded homodimer on NK cells, monocytes/
macrophages, dendritic cells, osteoclasts, and brain
microglia, constitutes a transmembrane adaptor that
non-covalently associates with several cell-surface
receptors, including TREM2, TREM1, NCR2 (NKp44),
SIRPB1, and MDLI, and transmits activating or
inhibitory signals depending on the avidity of their
ligands. The TREM2/DAPI12 complex regulates key
signaling events involved in immune responses, differ-
entiation of dendritic cells and osteoclasts, and
phagocytic activity of microglia. Until present, 17 dif-
ferent NHD-causing mutations have been identified in
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cither DAP12 or TREM2 [2,3]. DAP12 mutations are
predominant in Finnish and Japanese, whilst TREM?2
mutations are distributed widely. However, no NHD
patients with TREM2 mutations have been previously
found in Japan. In this study, we describe the first case
of a Japanese NHD family caused by a splicing muta-
tion of TREM2.

Methods

Mutation analysis

After written informed consent was obtained, high
molecular weight genomic DNA was extracted from
whole peripheral blood. The Ethics Committee of MPU
approved this study. All five exons and 5 and 3’
flanking regions of the TREM2 gene were amplified by
PCR using primer sets following: exon 1, S'cac-
cgeettcataattcacce3” and 5’gactcetecteccetetgte3’; exon
2, Sagtgggtggttctgeacac3’ and 5'getecttcagggeaggatitl’;
exon 3, Sgctctagttgectigtaattigtagt3’ and S'agigtaat-
gacctgatccacataggald’; and exons 4 and 5, 5tcttcctt-
cacgtgtctctcageed” and S'aaggeccatcecagggatggtect3’
The purified PCR products were processed for direct
sequencing on the 3730x] DNA Analyzer (Applied
Biosystems, Foster City, CA, USA). cDNA and protein
extract were prepared from peripheral blood mononu-
clear cells (PBMC). The junctional sequence of exons 3
and 4 or the sequence spanning the entire open-reading
frame (ORF) and 5" and 3’ flanking regions amplified
by PCR of ¢cDNA was cloned in the pcDNA4/HisMax-
TOPO vector (Invitrogen, Carlsbad, CA, USA) and
processed for sequencing analysis.

DNA microarray and molecular network analysis

Total RNA was isolated from a small piece derived
from the fragmented bulk of autopsied frozen frontal
lobe tissues of the patient 1. In parallel, we studied gene
expression profile of the normal human frontal lobe
RNA (636563; Clontech, Mountain View, CA, USA),
pooled from unspecified regions isolated from four
male/female Caucasians of ages 32-61 died of sudden
death, serving as a control. The RNA integrity number
(RIN) of total RNA on 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) was 6.1 for the
control and 6.7 for the patient’s sample, respectively.
One hundred ng of total RNA was processed for
microarray analysis with Human Gene 1.0 ST Array
(Affymetrix, Santa Clara, CA, USA) containing 28 869
genes. The CEL file data were normalized by the robust
multiarray average (RMA) method. When compared
with gene expression levels in the control, the genes
showing upregulation greater than fourfold or down-

regulation smaller than 0.1-fold were defined as differ-
entially expressed genes. To identify biologically
relevant molecular pathways, we utilized Ingenuity
Pathways Analysis (IPA) tool (Ingenuity Systems). By
uploading the list of Gene 1Ds and expression values,
the network-generation algorithm identified focused
genes integrated in a global molecular network with the
score P-value reflecting the statistical significance of
association between the genes and the networks by the
Fisher’s exact test.

Results

The Japanese NHD family

A 36-year-old woman (the patient 3; the index) was
admitted to the hospital because of epileptic seizure.
Her parents are consanguineous. The patient has three
siblings. The eldest brother (the patient 1) developed
intractable epileptic seizures at age 33 was diagnosed as
having NHD, became bedridden, and died at age 39
because of decubital infection in a different hospital,
where the autopsy was performed. The second elder
brother (the patient 2) was also clinically diagnosed as
NHD in another hospital, and lead to sudden death of
an unknown cause at age 31. The elder sister at age 44 is
currently healthy.

The patient 3 has been normal until age 34, when she
gradually began to show personality change, charac-
terized by laziness, lack of concentration and insight,
and loss of judgment and social inhibitions. At age 36,
she showed a sign of apathy and memory disturbance
and was affected with generalized tonic-clonic seizures.
On admission, she was postictal but neurologically
normal except for diffuse hyperactive deep-tendon
reflexes and occasional myoclonic jerks. She showed a
profound decrease in the score (seven of 30) on exam-
ination of a revised version of Hasegawa’s Dementia
Scale.

X-ray examinations showed multifocal radiolucent
lesions distributed in distal ends of humerus, radius,
femur, tibia, and metatarsal bone (Fig. 1a). Brain CT
revealed bilateral calcification of the basal ganglia
(Fig. 1b). Brain MRI showed moderate atrophy of the
frontotemporal cortex and marked dilatation of the
lateral ventricle on a T2-weighted image (Fig. lc).
99mTc-ECD SPECT showed moderate hypoperfusion
in the frontotemporal cortex with preservation of the
cerebral blood flow in the basal ganglia (Fig. 1d). An
EEG displayed sporadic spike waves in diffuse slow
activities. The routine laboratory examination of blood
and cerebrospinal fluid was normal. All of neurological
and radiological findings described earlier supported a
clinical diagnosis of NHD.

© 2010 The Author(s)
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Figure 1 Neuroradiological features of the patient 3. (a) X-ray film. A cystic lesion in the fifth metatarsal bone (arrow). (b) Brain CT. High
density lesions in the bilateral basal ganglia. (¢) Brain MRI. Moderate atrophy of the frontotemporal cortex and marked dilatation of the
lateral ventricle on an axial T2-weighted image (TR: 4500 ms, TE: 98 ms). (d) 99mTc-ECD SPECT. Moderate hypoperfusion in. the
frontotemporal cortex with preservation of the cerebral blood flow in the basal ganglia.

Identification of a splicing mutation in intron 3 of the
TREM2 gene

In the patient 3, we identified a homozygous conversion
of a single nucleotide T to C at the second position
of intron 3 in the splice-donor consensus site
(c.482+2T>C) of the TREM2 gene (Fig. 2a). No
mutations were found in the DAPI12 gene. The junc-
tional sequence between exon 3 and exon 4 was not
detected by PCR of cDNA of the patient 3 (Fig. 2b,
lane 1). By western blot, a 38-kDa full-length TREM2
protein was identified in PBMC of a normal subject
(Fig. 2c, lane 2), whereas 27-kDa and 24-kDa truncated
TREM?2 proteins were detected in the patient 3 (Fig. 2c,
lane 1).

The cloning and sequencing of the TREM2 ORF
verified exon 3 skipping in combination with deletion of
exon 2 and/or exon 4, followed by emergence of the
premature or original stop codons (Fig. S1, panels a—d).
The exon 3-skipped genes are predicted to encode four
distinct truncated proteins, composed of 157 amino
acids (35-kDa), 135 amino acids (28-kDa), amino acids
40 (11-kDa), or 18 amino acids (0.5-kDa), tentatively
named as variant 1, 2, 3, or 4, respectively. The wild-

(@) (b)
atctccaghtacagcegatg

RIS 3 ' Exons 3-4 |
s

Exon 3 Intron 3

G3PDH

type full-length TREM?2 protein consists of 230 amino
acids, composed of a 13-amino acid signal peptide,
followed by an 154-amino acid extracellular immuno-
globulin superfamily (Ig-SF) domain pivotal for bind-
ing to the ligand, a 33-amino acid transmembrane (TM)
domain essential for binding to DAPI2, and a
30-amino acid cytoplasmic domain. InterProScan
(http://www.ebi.ac.uk/Tools/InterProScan) search
indicated that variants 1 and 2 have the Ig-SF domain
but do not have the TM domain, whilst variants 3 and 4
lack both Ig-SF and TM domains, suggesting that all of
these variants are non-functional. It remains unknown
whether these variants expressed as truncated proteins
produce a dominant negative effect on TREM2/DAP12
signaling.

Gene expression analysis of autopsied brain tissues

We again identified the ¢.482+ 2T > C mutation in the
genomic DNA isolated from the brain of the patient 1.
The transcriptome analysis of the brain identified
totally 136 upregulated genes (Table S1) and 188
downregulated genes (Table S2). Macrophage/micro-
glia marker genes, such as CD163, MSR1, and CD68,

(c)
38-kDa

27-kDa
24-kDa

1 2 1 2

Figure 2 TREM2 mutation of the patient 3. (a) Direct sequencing. PCR and sequencing of all five exons and exon-intron boundaries of
the TREM2 gene identified a homozygous conversion of a single nucleotide T to C in the splice-donor consensus site at the second position
of intron 3 (¢.482+ 2T > C). (b) The junctional sequence of exons 3 and 4. The junctional sequence of exons 3 and 4 of TREM2 (upper
panel) and G3PDH (lower panel) amplified by PCR from cDNA of PBMC. The lanes (1, 2) represent (1) the patient and (2) normal
subject. (¢) TREM2 protein expression. Western blot of PBMC protein with anti-TREM2 antibody (HPA010917, Sigma). The lanes (1, 2)
represent (1) the patient and (2) normal subject.
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European Journal of Neurology © 20106 EFNS European Journal of Neurology 18, 1179-1183

—151—



1182

Y. Numasawa et al.

were greatly upregulated, whercas the genes encoding
nine different GABA receptor subunits, such as GAB-
RG2, GABRA1, GABRB2, GABRA2, GABRA4,
GABRA3, GABRAS, GABRB3, and GABRBI, along
with various synaptic components, such as SYTI,
SNAP25, SV2B, SYNPR, SYT4, SYT13, SYN2, and
SYTS5, were coordinately downregulated. Top 10 genes,
either upregulated or downregulated, are listed in
Table 1. Upregulation of RGS! and CD163 and
downregulation of GABRG?2 and SYT1 were validated
by gRT-PCR analysis (Fig. S2). With respect to neu-
ronal and glial marker genes, the fold change of gene
expression levels in the patient’s brain vs. the control is
NEFH (neurons), 0.30; PVALB (GABA neurons), 0.18;
GFAP (astrocytes), 2.57; MBP (oligodendrocytes),
1.60; and G3PDH (housekeeping gene), 0.63, suggest-
ing marked loss of neurons with enhanced astrogliosis
in the NHD brain at a terminal stage.

By IPA, the set of 136 upregulated genes constituted
a highly complex network of 64 focused genes showing
the most significant relationship with inflammatory
response, cellular movement, and immune cell traffick-
ing (P = 1.00E-116) (Fig. S3a), whilst 188 downregu-
lated genes formed the network of 91 focused genes
showing the most significant relationship with cell-to-
cell signaling and interaction, nervous system develop-
ment and function, and genetic disorder (P = 1.00E-
168) (Fig. S3b).

Discussion

Here, we described the first report of a Japanese NHD
family caused by a splicing mutation of TREM2. Three
patients showed clinical features typical of NHD, and
the patient 1 and the patient 3 exhibited a homozygous
¢.482+ 2T > C mutation inducing exon 3 skipping of
the TREM?2 gene. The identical mutation was reported
previously in two patients of an Italian family [2-4].
Until present, 20 patients with 11 different TREM2
mutations have been reported worldwide, including one
patient with G40T (Ql4stop), four with C97T
(Q33stop), one with G132A (W44stop), two with
G233A (W78stop), one with 267delG (frameshift fol-
lowed by premature termination), one with 313delG
(frameshift followed by premature termination), two
with T377G (V126G), one with A401G (D134G), two
with G558T (K86N), two with ¢.482+2T > C (splicing
mutation), or three with ¢.40+3delAGG at the third
position of intron 1 in the splice-donor consensus site
(splicing mutation) [2—6].

TREM?2 is expressed exclusively in osteoclasts, den-
dritic cells, tissue-infiltrating macrophages, and a
subpopulation of microglia, located in the Golgi com-
plex and exocytic vesicles, on cell-surface membranes,
and in part released extracellularly [7]. TREM2 ex-
pressed on mouse microglia plays a key role in tissue
debris clearance and resolution of inflammation [§]. We

Table 1 Top 10 upregulated and downregulated genes in the brain of a Nasu-Hakola disease patient with TREM2 mutation

Rank Fold change Gene ID Gene symbol Gene description
Upregulated genes
1 40.2 5996 RGSI Regulator of G-protein signaling |
2 13.3 9103 FCGR2C Fc fragment of 1gG, low affinity 1lc, receptor for (CD32)
3 13.2 9332 CD163 CD163 molecule
4 12.9 312 ANXAI13 Annexin Al13
5 12.1 4640 MYOI1A Myosin TA
6 11.6 7852 CXCR4 Chemokine (C-X-C motif) receptor 4
7 1.5 118932 ANKRD22 Ankyrin repeat domain 22
8 10.7 84689 MS4A14 Membrane-spanning 4-domains, subfamily A, member 14
9 10.7 1610 DAO D-amino acid oxidase
10 10.4 3606 IL18 Interleukin 18 (interferon-gamma-inducing factor)
Downregulated genes
1 0.008 7447 VSNLI1 Visinin-like 1
2 0.010 2566 GABRG2 Gamma-aminobutyric acid (GABA) A receptor, gamma 2
3 0.010 2554 GABRALI Gamma-aminobutyric acid (GABA) A receptor, alpha |
4 0.011 5999 RGS4 Regulator of G-protein signaling 4
5 0.011 6857 SYT1 Synaptotagmin 1
6 0.012 6616 SNAP25 Synaptosomal-associated protein, 25kDa
7 0.014 8507 ENCI Ectodermal-neural cortex (with BTB-like domain)
8 0.016 114569 MAL2 Mal, T-cell differentiation protein 2
9 0.018 4753 NELL2 NEL-like 2 (chicken)
10 0.018 9899 SV2B Synaptic vesicle glycoprotein 2B

The transcriptome of {rontal lobe tissues of the patient 1 was studied using Human Gene 1.0 ST array (Alfymetrix). When compared with the gene
expression levels in the control, top 10 upregulated and downregulated genes are listed with fold change, Entrez Gene ID, gene symbol, and

description. See Tables SI and 82 for the entire list.

© 2010 The Author(s)
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for the first time characterized the genome-wide tran-
scriptome of the NHD brain, although the case, the
control, and the region of the brain, possibly affecting
gene expression profiles, are fairly limited because of
restricted availability of the samples. We identified a
panel of upregulated genes closely associated with
inflammatory response and immune cell function, and
downregulated genes related to the nervous system
function, indicating a concurrence of neuroinflamma-
tory and neurodegenerative events in NHD brains.
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Figure S1. The ¢.482 +2T > C mutation induces exon
3 skipping. The ORF of TREM2 amplified by PCR was
cloned in the vector. Four distinct clones were pro-
cessed for sequencing analysis. The panels (a—d) repre-
sent (a) variant 1 with deletion of exon 3, composed of
157 amino acids, (b) variant 2 with deletion of exons 3
and 4, composed of 135 amino acids, (c) variant 3 with
deletion of exons 2 and 3, composed of 40 amino acids,
and (d) variant 4 with deletion of exons 2, 3, and 4,
composed of 18 amino acids. The stop codon is
underlined in variants 2 and 4.

Figure $2. Validation of microarray data by
gRT-PCR. The microarray data was validated by
quantitative RT-PCR on LightCycler ST300 (Roche
Diagnostics). The panels represent (a) RGS1, (b) CD163,
(c) GABRG2, and (d) SYT!. The expression levels of
each gene were standardized against those of G3PDH.
Frontal lobe cDNA of NC (the normal control), NHD
(the patient 1), ALS]1 and ALS2 (two patients with
amyotrophic lateral sclerosis), and AD1 and AD2 (two
patients with Alzheimer disease) were analyzed.

Figure S3. Molecular network of 136 upregulated
and 188 downregulated genes in the brain of a NHD
patient with TREM2 mutation. By Ingenuity Pathways
Analysis of brain transcriptome data of the patient 1,
136 upregulated genes constitute the network of 64
focused genes (red) that has the most significant rela-
tionship with inflammatory response, cellular move-
ment, and immune cell trafficking (P = 1.00E-116)
(panel a), whilst 188 downregulated genes constitute the
network of 91 focused genes (green) that has the most
significant relationship with cell-to-cell signaling and
interaction, nervous system development and function,
and genetic disorder (P = 1.00E-168) (panel b).

Table S1. The list of 136 upregulated genes in the
brain of a NHD patient with TREM2 mutation.

Table S2. The list of 188 downregulated genes in the
brain of a NHD patient with TREM2 mutation.
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A Japanese Case with Nasu-Hakola Disease of DAP12 Gene
Mutation Exhibiting Precuneus Hypoperfusion

Kiyotaka Nakamagoe', Ayako Shioya', Tetsuto Yamaguchi', Hiroyuki Takahashi',
Reiko Koide', Tatsuya Monzen®, Jun-ichi Satoh® and Akira Tamaoka'

Abstract

A 38-year-old Japanese man with Nasu-Hakola disease (NHD) had repeated pathological fractures and
frontal lobe symptoms which developed when he was 18 and 26 years old, respectively. Neuropsychological
testing showed memory impairment, and in particular, visuo-spatial memory at the age of 35. Furthermote,
single-photon. emission computed tomography revealed precuneus hypoperfusion. The patient later suffered
prolonged. convulsive seizures, which left him in a persistent vegetative state. Genetic testing confirmed a
heterozygous mutation in the DAPI12 gene (a single-base deletion of 141 G in exon 3) specific to NHD, Pre-
cuneus dysfunction might contribute to characteristic memory impairment of NHD,

Key words; Nasu-Hakola disease, DAP12, TREM2, SPECT, MR, precuneus

(Intern Med 50: 2839-2844, 2011)
(DOT: 10.216%internalmedicine.50.5891)

Introduction

Nase-Hakola disease (NHD), an extremely rare atutosomal
recessive inherited disease also referred to as polycystic
lipomembranous osteodysplasia with sclerosing  leukoen-
cephalopathy (PLOSL), occurs most commonly among the
Japanese and Finnish populations. Our PubMed literature
search identified approximately 50 reported cases of NHD,

The cardinal symptoms include multiple bone cysts ac-
companied by pathological fractures and early-onset demen-
tia induced by leukoencephalopathy. The clinical course of
NHD follows four stages: latent, osseous, early neurological,
and late neurological stages (1-5). The latent stage generally
takes place before the patient reaches the age of 20. The os-
seous stage, which begins after the patient is 20, is charac-
terized by the development of multiple bone cysts, which
occur most frequently at the epiphyses of long tubular
bones, accompanied by bone pain and repeated pathological
fractures. The early neurological stage starts after the patient
is 30, with the manifestation of frontal lobe symptoms, in-
cluding disinhibition, euphoria, and personality disorder, as
well as the onset of epileptic seizures. The late neurological

stage sets in after the patient is 40, and the patient develops
a rapidly progressive, profound dementia, and eventually be-
comes bedridden. Most patients die in their 30s or 40s.

According to previous reports, the homozygous deletion
or point mutation of DAP12 (TYRO protein tyrosine kinase-
binding protein, TYROBP) or the triggering receptor ex-
pressed on myeloid cells 2 (TREM2) is the typical genetic
defect observed in NHD (3, 4, 6, 7). Furthermore, Kuroda et
al reported a case in which a compound heterozygote of a
defective DAP12 gene was detected (8). Genetic mutations
of DAPI2 and TREM2 lead to losses of function expressed
in microglia in the brain and osteoclasts in the bone, which
cause symptoms to appear in the central nervous system and
bone.

NHD can be diagnosed with relative ease when it is ac-
companied by bone lesions, in which case the presence of
polycystic lipomembranous osteodysplasia, which is specific
to NHD, in the bone biopsy specimen confirms the diagno-
sis. However, without such bone lesions, diagnosis can be
very difficult. According to Chouery et al, some patients in
whom the mutation of the TREM?2 gene was present devel-
oped carly-onset dementia without exhibiting bone le-
sions (9). In such patients, genetic testing may be needed to
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Table 1. Summary of Neuropsychological Tests

Neuropsychological Tests ©

Results

MinicMental State Examination (MMSE)

Wechsler Memory Scale-Revised

(WMS-R; Index scores'less Lh'm 85 md.cate
abnor mal decline. )

28/30 (errors on caleulation and memory)
Verbal Memory Index: 82

Visual Memory Index: <50

General Mermory Index: 65

Attention/Concentration: 73

Alzheimer’s Disease Assessment

Delayed Memory: <50

- Scale-cognitive, wmponunt-mpamsu version - 9/70

(ADAS-J ¢og.) '
Clock Drawing Test: Errorin standard version. Improvement in copied version.
~Verbal Flueucy Test Difficuliy in recalling words with initial Japancse letler, .

The’ testing was: pcrformed when the patient was 35 years old, before the onset of ‘convulsive seizures. The pm{“ Te
‘shows the impairment in memory. dysfunction (especially, visuospatial memory) and frontal dy:»functmn, although
overall cognitive function (by MMSE) wis shown to be stil) intact

arrive ata dmgmsxs of NHD

Recent research lias revealed. an immune: dlmonmhty in-
duced by genetic. mutatlons associated with NHD (5, 10). In
this paper, we report a case of NHD exhibiting a defective
DAPI2 gene with a focus on the relationship between clini-
cal symptoms and image ﬁndmgs

Case Report

The present case is a 38- yedrwold man, In his family his-
tory, his brother; who had multiple bone cysts and was sus-
pectcd of havmtr NHD dled na ttafﬁc awtdam at the agc
the age of 18 he expenenced ‘paii in the 3(>mt<*. of both lege
and had repeated pathological fractures. His Kerays showed
multiple cystic radiolucent: areas- at the epiphyses of both
legs: and thickening of the trabecular bone. A bone biopsy,
performed following autologous transplantation of the bones
of both ankles, revealed polycystic lipomembranous osteo-
dysplama Signs ‘of disinhibition, personality changes, and
behavioral abnormalities became evident when the patient
was 26, Patticularly abnormal behaviors, such as stealing
and the reckless borrowing of money, escalated over time.
T2-enhanced brain MRI images taken when the patient was
34 years old revealed diffuse high-intensity areas. in the
white matter as well as hippocampal atrophy. Neuropsy-
chological tests performed when the patient was 35 showed
higher-order cognitive dysfunction, including memory. im-
pairment (Table 1). Nine months after the testing; the patient
had generalized seizures and subsequently received the an-
tiepileptic agent phenytoin: Later, hypobulia became. evident,
and the patient became withdrawn. However, he was still
able to perform daily activities, such as eating and walking.
At the age of 36, he was admitted to our hospital immedi-
ately after having generalized tonic-clonic seizuves, which
resulted in prolonged convulsive seizures. ‘

Physical findings on-admission: The patient exhibited pro-
foundly impaired consciousness with 4 score of 4 (E1, VI,
M3) on the Glasgow Coma Scale. The sizé of both puapils
was 2 mm and the light reflexes were absent from both
eyes, The deep tendon reflexes were exaggerated in all

limbs. Foot and knee cloni were positive bilaterally. Both
Babinski and Chaddock reflexes were positive bilaterally.
The palmomental reflex was also positive. Furthermore, the
patient had double incontinence.

Disease progression after admission: The patient was put
on a mechanical ventilator. Intravenous phenytoin and con-
tinvous intravenous midazolam infusion were initiated to
treat prolonged generalized tonic-clonic seizures, Shortly af-
terwards, the generalized seizures disappeared and never re-
turned. The patient had only transient episodes of partial sei-
zures of the left upper limb. As the patient’s condition im-
proved, he was weaned from the mechanical ventilator on
the 11th day of hospitalization. Around that time, the patient
showed decerebrate rigidity. The convulsions ‘were con-
trolled by administration -of 500 mg/day phenytoin via a
gastric tube. Since that time the patient remained in a persis-
tent vegetative state for over one year with no sign of im-
provement in the level of consciousness.

Neuropsychological testing was administered when the
patient was 35 years old, prior to the first episode of con-
valsive seizures (Table 1). The patient scored 28 on the
Mini-Mental State Examination (MMSE), indicating normal
overall cognitive function, He made some errors on the
items related to caleulation and memory. On the Wechsler
Memory Scale-Revised (WMS-R), the patient disclosed
memory impairment in all indexes (less than 85), among
which the scores were extremely low in visual memoty and
delayed memory (less than 50). On the Clock Drawing Test
(CDT), the patient could not image the clock face exactly
and hesitated to draw by organizing the parts of the clock;
however, he could copy the clock face when he wus shown
a clock drawn by the tester, indicating that his ervor in' CDT
was not due to constructive apraxia but frontal: executive
dysfunction and memory dysfunction. There was also evi-
dence of frontal lobe dysfunction, i.e., difficulty in” verbal
fluency task (recalling words with Japanese ka as the initial
letter). With these results, the neuropsychological profile of
this case resembles those often observed in patients with
mild cognitive impaivment (MCI), i.e., normal overall cogni-
tive function with an abnormal decline in memory and fron-
tal function; however, there is an additional striking feature
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Figure 1. Plain X-ray images of hands and fingers, Multiple
bone cysts were found at the epiphyses (arrow),

in this case, namely, that extreme dysfunction which was
observed in visuo-spatial memory in the WMS-R visual
memory index as well as in the errors on the CDT, which
seemed to be inconsequential to the normal MMSE score
obtained.

lmaging findings:

Plain X-ray images of hands and fingers revealed multiple
bone cysts at the epiphyses (Fig. 1). T2-enhanced brain MRI
images revealed diffuse high-intensity areas in the white
matter as well as low-intensity areas in the basal ganglia
(Fig. 2). FLAIR images showed progressive brain atrophy,
with particularly significant bilateral atrophy of the hip-
pocampus. The atrophy of the brain progressed much more
rapidly aftér the patient suffered prolonged convulsive sei-
zures compared to before the seizures,

A statistical analysis of the brain tomographic images ob-
tained via N-isopropyl-p[*’I] iodoamphetamine single-
photon emission computed tomography (PI-IMP SPECT)
was performed (Fig. 3). The spatial distribution of abnormal
regional cerebral blood flow (fCBF) was evaluated using the
Neurological Statistical Image Analysis Software (3), and
the Z score was calculated (11). Data on normal controls
aged 30 to 39 years were derived from a normal database
(ChibaDB_ver2) developed by Chiba. University Hospital for
age-group analysis. The result showed a decrease in blood
flow to the frontal lobe after the convulsive seizures com-
pared to that before the seizures. Diminished blood flow
was also observed in the posterior parietal area, including
the precuneus.

Genetic analysis: After informed consent was obtained,
high-molecular-weight genomic DNA was extracted from
whole peripheral blood vsing the GenomicPreP blood DNA
isolation kit (GE Healthcare UK, Lid., Buckinghamshire,
England). All five exons and 5° and 3° flanking regions of
the DAPIZ gene (TYROBP; GenBank accession No. AF
019563) were amplified by PCR using the primer sets spe-
cific for individual exons (3). The purified PCR products
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Figure 2. Brain MRL A, B, C, and D show T2-enhanced im-
ages and FLAIR images taken when the patient was 34 and 35
years old, immediately after the onset of convulsive seizures
when the patient was 36 years old, and one mouth after the
convulsive seizures, respectively. A comparison of A and B,
which represent images taken before the onset of prolonged
convulsive seizures, reveals only a mild progression of brain
atrophy. In contrast, rapid progression of brain atrephy is evi-
dent when comparing C, which represents images taken after
the convulsive seizures, and B. D, which represents images
taken one month after the convulsive seizures, shows even
greater progression of brain atrophy.

were processed. for direct sequencing by the dideoxynucleo-
tide chain termination method on the. 3730x1 DNA Analyzer
(Applied Biosystems, Foster City, CA, USA), A single-base
deletion of 141 G (141delG) was found in exon 3 of the
DAPI2 gene (Fig. 4). Furthermore, this genetic mutation
was found to be a homozygous point mutation. These find-
ings confirmed the diagnesis of NHD on the basis of a dem-
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