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Especially, IL-34 has recently come to be known as a key molecule
for the proliferation of microglia®. The present data have suggested
that both GM-CSF and IL-34 from astrocytes are the minimum
essential inducing-factors for microglia-like cells from hematopoi-
etic cells.

The present results indicate that the iMG cells from a patient of
NHD show slower (24 h) but not weaker (72 h) pro-inflammatory
cytokines’ responses compared to those from the healthy control,
possibly due to the deletion of DAP12. In addition, suppression of
IL-10 production from the iMG cells from the NHD patient indicates
that human brain microglia of NHD patients tend to be shifted to
pro-inflammatory reactions compared to those of healthy controls.
Furthermore, the situation observed in the iMG cells from a NHD
patient was replicated with iMG cells from a healthy control using
siRNA. These data have suggested that DAP12 expression is a key
factor in from the perspective of microglial immunoresponse such as
cytokine production in NHD patients. In the present study, we exam-
ined the iM@G cells from a female patient of NHD. Recent studies have
suggested microglial functional differences between sexes®. Further
investigations should focus on sex differences related to microglial
dysfunction of NHD. DAP12 and TREM2 are the responsible genes
of NHD, which mediate various important roles such as phagocytosis
and cytokine production in osteoclasts, macrophages, dendritic
cells and microglia®. A rodent study showed that deletion of

DAPI12 induces synaptic impairments due to microglial dysfunc-
tion'. Hamerman et al*® demonstrated that macrophage from
DAPI12-deficient mice increase inflammatory cytokines’ responses,
which suggest that DAP12-deleted microglia increase similar inflam-
matory response. These previous reports and our present findings
based on the iMG cells from a NHD patient suggest that human
NHD microglia has the potential to induce stronger and long-acting
pro-inflammatory reactions compared to those of healthy human
subjects.

In sum, we have shown a novel technique of developing directly
induced microglia-like cells, named “iMG cells”, with a combination
of GM-CSF and IL-34 from adult human monocytes, easily and
quickly without any virus, feeder cells, and genetic engineering.
The iMG cells proved to have many characterizations of microglial
cells, such as expressing CD11b"/CD45°" and CX3CRIMe/
CCR2"". Moreover, the iMG cells expressed dynamic functions such
as phagocytosis and releasing pro- and anti- inflammatory cytokines.
Further investigations such as microarray analysis should be con-
ducted to validate the closeness of iMG cells to human primary
microglial cells in the brain. Finally, we presented the translational
utilities of the iMG cells for analyzing the underlying microglial
pathophysiology of NHD. We believe that this novel technique will
shed new light on solving unknown dynamic aspects of human
microglial cells in various brain disorders.
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Methods

Subjects. The present study was conducted in accordance with the World Medical
Association’s Declaration of Helsinki and was approved by the Ethics Committee of
the Graduate School of Medical Sciences, Kyushu University and Osaka University.
We recruited a middle-aged female patient, who was diagnosed with Nasu-Hakola
disease (141delG in DAP12 gene) in her thirties. Based on informed consents both
from the patient and a family member, we took a blood sample. Healthy adult
volunteers including an age-matched female were also recruited.

Induction of induced microglia-like (iMG) cells from human peripheral blood.
Peripheral blood was collected using a heparinized tube from healthy adult volunteers
and a patient of NHD. Peripheral blood mononuclear cells (PBMC) were isolated by
Histopaque-1077 (Sigma Chemical Co., St. Louis, MO) density gradient centrifugation.
PBMC were resuspended with RPMI-1640 (Nacalai Tesque, Kyoto, Japan), 10% heat-
inactivated fetal bovine serum (FBS; Endotoxin = 0.692 EU/ml; Japan Bio Serum,
Hiroshima, Japan) and 1% antibiotics/antimycotic (Invitrogen, Carlsbad, CA). PBMC
were plated onto culture chambers at a density of 4 X 10 cells/ml and cultured
overnight in standard culture conditions (37°C, 5% CQ,). After overnight incubation,
culture supernatant and non-adherent cells were removed. The adherent cells
(monocytes) were cultured with RPMI-1640 Glutamax (Invitrogen) supplemented with
1% antibiotics/antimycotic and a mixture of the following candidate cytokines;
recombinant human GM-CSF (10 ng/ml; R&D Systems, Minneapolis, MN),
recombinant human IL-34 (100 ng/ml; R&D Systems) and M-CSF (10 ng/ml; Peprotec,
Rocky Hill, NJ) in order to develop iMG cells. We also developed induced macrophage
from human monocytes; monocytes were cultured with RPMI-1640 Glutamax
supplemented with 1% antibiotics/antimycotic and recombinant human GM-CSF

(10 ng/mi). All cells were cultured in standard culture conditions for up to 14 days.

Cell morphology. Morphological changes of cytokines-treated cells were examined
using phase-contrast microscopy (TS100-F; Nikon Instech, Tokyo, Japan). Images
were taken with a DS-Vil digital camera (Nikon Instech) and a DS-L3 control unit
(Nikon Instech).

Flow cytometry. Flow cytometry was performed using a FACS Aria (BD Biosciences,
Bedford, MA) with FACS Diva software (BD Biosciences). Flow cytometry data were
analyzed using FlowJo software (Tree Star, San Carios, CA). For IMG phenotyping,
fluorochrome conjugated monoclonal antibodies specific for human CD11b (APC-
Vio770; Miltenyi Biotec, Gladbach, Germany), CD14 (FITC; Sigma), CD45 (PE;
Miltenyi Biotec) and CD200R (Alexa647; Serotec, Oxford, UK) were used. Induced
macrophage and iMG cells were cultured in 6-well plates (Corning, NY) at a density
of 4 X 10° cells/ml. Cells were harvested by non-enzymatic cell dissociation solution
(Sigma) and cell lifter (Corning). The cells were washed with MACS buffer (Miltenyi
Biotec) and incubated for 5 minutes at 4°C in FcR-blocking reagent (Miltenyi Biotec).
Antibodies were incubated with cell suspension for 30 minutes at 4°C, washed with
calcium-magnesium-free phosphate-buffered saline (PBS(-)), resuspended and fixed
with 1% paraformaldehyde (Wako, Osaka, Japan) in PBS(-). The fluorescence
intensity of the cells was measured.

Indirect immunofluorescence for flow cytometry was performed using the fol-
lowing antibodies: rabbit anti-CX3CR1 antibody (Immuno-Biological Laboratories,
Gunma, Japan) and mouse anti-CCR2 antibody (R&D Systems). The monocytes and
iMG cells were treated with the same process until the primary antibody staining.
After primary staining, washed with MACS buffer and were stained with Alexa488- or
Alexa546-conjugated secondary antibodies (Invitrogen). The ratio of CX3CR1 to
CCR2 was calculated by the fluorescent intensity of each fluorochrome.

Immunocytochemistry. In immunocytochemistry, iMG cells and monocytes were
cultured in 8-well chambers (LabTec chamber slide system; Nalge Nunc
International, Rochester, NY) at a density of 4 X 10° cells/ml. These cells were fixed
with 4% paraformaldehyde (Wako) for 20 minutes and then rinsed thrice with PBS(-)
for 5 minutes. Indirect immunofluorescence was performed using the following
antibodies: rabbit anti-CX3CR1 antibody (1 :500 dilution; Immuno-Biological
Laboratories, Gunma, Japan) and mouse anti-CCR2 antibody (1:500 dilution; R&D
Systems). Cells were incubated in primary antibodies diluted in 0.1% Triton-X 100 in
PBS containing 5% normal goat serum at 4°C overnight. After rinsing thrice with
PBS(-) for 5 min, Alexa488- or Alexa546-conjugated secondary antibodies
(Invitrogen) were used for detection. Fluorescent images were taken with a confocal
laser scanning microscope (LSM-780; Carl Zeiss, Jena, Germany).

Quantitative real time-polymerase chain reaction (QRT-PCR). To assess the gene
expression patterns in iMG cells after the treatment of IL-4, dexamethasone or during
phagocytosis, we performed gRT-PCR using a LightCycler 480 system (Roche
Diagnostics, Mannheim, Germany). IL-4 (40 ng/ml; Peprotec), dexamethasone

(2 nM; Sigma) or latex beads-rabbit IgG-FITC solution (Cayman Chemical) was
added to the iMG cells and incubated for 72 hours in standard culture conditions.
After incubation, the iMG cells were washed and the total RNA was extracted using a
High Pure RNA Isolation kit (Roche Diagnostics) according to the manufacturer’s
protocol, and subjected to cDNA synthesis using a Transcriptor First Strand cDNA
Synthesis kit (Roche Diagnostics). qRT-PCR for HLA-DR, CD45, TNF-o, CCR7,
CCL18 and CD200R was performed using each primer (Supplementary Table 1). Beta
2-microglobulin of Universal ProbeLibrary (Roche Diagnostics) was used as a house-
keeping control gene. Fold changes were depicted in mRNA levels after stimulation
compared with unstimulated cells.

Using the iMG cells from a female NHD patient and an age-sex matched healthy
control, we examined the gene expression of DAP12 and TREM2 by qRT-PCR. The
iMG cells were washed and the total RNA was extracted respectively, and gqRT-PCR
was performed using each primer (Supplementary Table 1). Beta 2-microglobulin was
used as a house-keeping control gene. Fold changes were depicted in mRNA levels
after stimulation compared with unstimulated cells.

Phagocytosis. Phagocytosis was examined by fluorescent microscopy using
Phagocytosis Assay Kit (Cayman Chemical, Ann Arbor, MI) according to the
manufacturer’s protocol. The iMG cells were cultured in 8-well chambers (Nalge
Nunc International) at a density of 4 X 10° cells/ml. We added 50 pl of the latex
beads-rabbit IgG-FITC solution to each well of the chamber, and incubated the cells
in standard culture conditions for 24 hours. After discarding the supernatant by
careful aspiration, we quenched surface-bound fluorescence, added 125 pl of trypan
blue solution to each well of the chamber, and incubated for two minutes at room
temperature. Each well was analyzed by using a fluorescence microscope (Olympus
IX-71, Tokyo, Japan) and DP71 digital camera system (Olympus).

Cytokine measurement. Secretion of pro- and anti- inflammatory cytokines (TNF-a,
IL-1B, IL-6, IL-8 and IL-10) during phagocytosis was measured from culture
supernatants using Cytometric Beads Array System (CBA; BD Biosciences) according
to the manufacturer’s protocol. Latex beads-rabbit IgG-FITC solution (Cayman
Chemical) was added to the iMG cells and incubated for 24 or 72 hours in standard
culture conditions. After incubation, culture supernatants were centrifuged at 10000
X g for 10 minutes and kept frozen at —80°C until assayed. The culture supernatants
were incubated with the cytokine capture beads and PE-conjugated detection
antibodies for 3 hours at room temperature. Afterwards, the capture beads were
washed and measurement data were acquired using a FACS Canto™ flow cytometer
(BD Biosciences). The data analysis was performed using FCAP Array software (BD
Biosciences).

Gene silencing of DAP12. Gene silencing assay was performed using siRNA
(DAP12; Santa Cruz, USA) and RNAIMAX (Invitrogen) according to the
manufacturer’s protocol. The mix solution of siRNA and RNAIMAX was added to the
iMG cells. After overnight incubation, the medium was changed to the culture
medium and incubated for 48 hours. The siRNA-modified iMG cells were used for
cytokine assay.

Statistical analysis. Analysis of comparisons between groups were conducted by two-
tailed Student’s t-test.
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Background: BDNF and Ca®>" mobilization is important for microglial function.
Results: We showed BDNF elevates intracellular Ca*>* through TRPC3 channels.
Conclusion: TRPC3 is important for BDNF suppression of microglial activation.
Significance: TRPC3 might be important for the treatment of psychiatric disorders.

Microglia are immune cells that release factors, including
proinflammatory cytokines, nitric oxide (NO), and neurotro-
phins, following activation after disturbance in the brain. Eleva-
tion of intracellular Ca®* concentration ([Ca?*],) is important
for microglial functions such as the release of cytokines and NO
from activated microglia. There is increasing evidence suggest-
ing that pathophysiology of neuropsychiatric disorders is
related to the inflammatory responses mediated by microglia.
Brain-derived neurotrophic factor (BDNF) is a neurotrophin
well known for its roles in the activation of microglia as well as in
pathophysiology and/or treatment of neuropsychiatric disor-
ders. In this study, we sought to examine the underlying mech-
anism of BDNF-induced sustained increase in [Ca®*]; in rodent
microglial cells. We observed that canonical transient receptor
potential 3 (TRPC3) channels contribute to the maintenance of
BDNF-induced sustained intracellular Ca®* elevation. Immu-
nocytochemical technique and flow cytometry also revealed
that BDNF rapidly up-regulated the surface expression of
TRPC3 channels in rodent microglial cells. In addition, pre-
treatment with BDNF suppressed the production of NO induced
by tumor necrosis factor ¢ (TNFa), which was prevented by
co-adiministration of a selective TRPC3 inhibitor. These sug-
gest that BDNF induces sustained intracellular Ca®* elevation
through the up-regulation of surface TRPC3 channels and
TRPC3 channels could be important for the BDNF-induced
suppression of the NO production in activated microglia. We
show that TRPC3 channels could also play important roles in
microglial functions, which might be important for the regula-
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tion of inflammatory responses and may also be involved in the
pathophysiology and/or the treatment of neuropsychiatric
disorders.

Microglia are immune cells that release proinflammatory
cytokines, nitric oxide (NO), and neurotrophins, when they are
activated in response to brain injury or immunological stimuli
(1). There is increasing evidence suggesting that pathophysiol-
ogy of neuropsychiatric disorders is related to inflammatory
responses mediated by microglial cells (2, 3).

In the rodent brain, microglial cells secrete brain-derived
neurotrophic factor (BDNF), and BDNF promotes the prolifer-
ation and survival of microglia themselves (4). In addition, pre-
treatment with BDNF suppressed the release of NO from
murine microglial cells activated by IFN-vy (5). To date, BDNF is
also well known for its involvement in the pathophysiology of
neuropsychiatric disorders (4, 5).

Elevation of intracellular Ca*>* is important in activation of
microglial cell functions, including proliferation, release of NO,
and migration (1). We have reported previously that BDNF
induces a sustained increase in intracellular Ca*>* concentra-
tion ([Ca®*],) through the activation of the phospholipase C
(PLC)? pathway in rodent microglial cells (5). We also tested the
effect of 2-aminoethoxydiphenyl borate or SKF-96365, both of
which can inhibit canonical transient receptor potential
(TRPC) channels (6, 7) and showed that sustained activation of
TRPC channels occurred after a brief treatment with BDNF and
contributed to the maintenance of BDNF-induced sustained
intracellular Ca®* elevation (5).

In this study, we examined whether TRPC3 channels con-
tribute to the maintenance of BDNF-induced sustained intra-

2 The abbreviations used are: PLC, phospholipase C; TRPC3, canonical tran-
sient receptor potential 3; Pyr3, pyrazole compound 3; HAP|, highly aggres-
sive proliferating immortalized; DAF, 4,5-diaminofluorescein.

JOURNAL OF BIOLOGICAL CHEMISTRY 18549

¥10T ‘67 19qUISAON U0 AIN( NHSNAN NVIOHSOL N0ZN: 18 /810°0qf mamm//:d1ny woiy pspeorumoq



BDNF-induced Microglial TRPC3 Up-regulation

cellular Ca®* elevation using the pyrazole compound 3 (Pyr3),a
selective inhibitor of TRPC3 channels, which does not affect
the activity of other TRPC channel members (8, 9), in rodent
microglial cells. Although mRNAs of many TRPC channels,
including TRPC3, are shown to be expressed in cultured rat
microglia (10), this is the first report showing that TRPC3 chan-
nels could also play important roles in microglial functions.

EXPERIMENTAL PROCEDURES

Materials—The drugs used in the present study include
Fura2-AM, 4,5-diaminofluorescein diacetate, U73122, and
human recombinant TNF« (from Sigma) and polyclonal rabbit
anti-TRPC3 channel antibody (ACC-016; Alomone Labs, Jeru-
salem, Israel). Recombinant IFN-y and mouse GM-CSF were
purchased from R&D Systems. Human recombinant BDNF
(Sigma) was diluted with the standard external solution to
obtain the final concentration (20 ng/ml; 0.73 nwm), which is
sufficient to promote the proliferation of microglial cells (4, 5).
The final concentration of dimethyl sulfoxide was always
<0.1%.

Microglial Cells—Primary microglial cells were prepared
from the whole brain of 3-day postnatal Sprague-Dawley rats as
described previously (5, 11, 12). Primary mixed cells were pre-
pared from the whole brain of 3-day-postnatal Sprague-Dawley
rats using a Cell Strainer (BD Biosciences). Primary rat micro-
glial cells were selected after attachment to Aclar film (Nisshin
EM) for 2 h in DMEM supplemented with 10% FBS (10% FBS/
DMEM). Aclar films were gently washed with PBS and then
transferred to fresh 10% FBS/DMEM, and the fresh microglia
expanded for 1-2 days. The purity of isolated microglia was
assessed by immunocytochemical staining for the microglial
marker, Iba-1, and >99% of cells stained positively (13, 14). The
6-3 microglial cells were established from neonatal C57BL/6]
(H-2b) mice as described previously (5, 11-14).

The 6-3 cells were cultured in Eagle’s minimal essential
medium supplemented with 0.3% NaHCO;, 2 mM glutamine,
0.2% glucose, 10 g/ml insulin, and 10% FCS. Cells were main-
tained at 37 °C ina 10% CO,, 90% air atmosphere. GM-CSF was
supplemented into the culture medium, at a final concentration
of 1 ng/ml, to maintain proliferation of the 6-3 cells. Culture
medium was renewed twice per week.

The rat microglial cell line, highly aggressive proliferating
immortalized (HAPI) cells (15), was kindly donated by Drs.
N. P. Morales and F. Hyodo of Kyushu University. The cells
were cultured in DMEM (low glucose; Invitrogen), 5% FBS
(Hyclone), 4 mM glutamine (Invitrogen), 100 000 units/liter
penicillin G, 100 mg/liter streptomycin (Mediatech), and main-
tained in 5% CO, at 37 °C.

siRNA Transfection—To down-regulate TRPC3 channels,
siRNA transfection was performed. The 6-3 microglial cells
were cultured in growth medium without antibiotics in a
35-mm glass-based dish until 60—80% confluent. TRPC3-tar-
geting siRNA or scrambled control siRNA (sc-42667 and
sc-37007, 80 pmol/dish, respectively; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) were transfected into 6-3 microglial cells
using siRNA transfection reagent (sc-29528, 6 ul/dish; Santa
Cruz Biotechnology) in siRNA transfection medium (sc-36868,
1 ml/dish; Santa Cruz Biotechnology) according to the manufa-
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cturer’s instructions. Six hours after transfection, normal
serum and antibiotics were added at final concentrations of 10
and 1%, respectively. The next day, the medium containing
transfection mixtures was replaced with fresh growth medium.
At 48 h, the transfected cells were used for intracellular Ca**
imaging.

Intracellular Ca®* Imaging—Intracellular Ca®** imaging
using Fura-2-AM was performed as reported previously (5, 16,
17). In brief, the experiments were performed in the external
standard solution (150 mm NaCl, 5 mm KCI, 2 mm CaCl,, 1 mm
MgCl,, 10 mu glucose, and 10 mm HEPES, pH 7.4, with Tris-
OH) at room temperature (27 °C). For Fura-2 excitation, the
cells were illuminated with two alternating wavelengths, 340
and 380 nm using a computerized system for a rapid dual wave-
length Xenon arc. The emitted light was recorded at 510 nm
using a cooled CCD camera (Hamamatsu Photonics). The
[Ca®*], was calculated from the ratio (R) of fluorescence
recorded at 340 and 380 nm excitation wavelengths for each
pixel within a microglial cell boundary. All data presented were
obtained from at least five dishes and three different cell
preparations.

Immunocytochemistry—After microglial cells were fixed,
indirect immunofluorescence was performed using the follow-
ing antibodies: polyclonal rabbit anti-TRPC3 channel antibody
(ACC-016; Alomone Labs, Jerusalem, Israel), which recognizes
intracellular C terminus of mouse TRPC3 channel and mouse
anti-CD45 monoclonal antibody. These specimens were incu-
bated in primary antibodies, and FITC- or Texas red-conju-
gated secondary antibodies were used for detection. Fluores-
cent images were captured with a fluorescence microscope
(Axio Scope Al, Carl Zeiss, Oberkochen, Germany).

Flow Cytometry—Flow cytometry was performed using a
FACS Canto II (BD Biosciences) with FACS Diva software (BD
Biosciences). Flow cytometry data were analyzed using FlowJo
software (Tree Star, San Carios, CA). The HAPI microglial cells
were harvested by non-enzymatic cell dissociation solution
(Sigma) and cell lifter (Corning). The cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100.
After blocking, the cells were stained with anti-TRPC3 anti-
body (ACC-016). After washing, the cells were stained with
Alexa Fluor 488-conjugated secondary antibody (Invitrogen).
The fluorescence intensity of the cells was measured.

Intracellular NO Imaging—The microglial cells were loaded
with 10 uM 4,5-diaminofluorescein diacetate (Sigma), a cell
membrane-permeable dye that binds intracellular NO (18), for
20 min before the measurement. For DAF-2 excitation, the cells
were illuminated with a wavelength, 490 nm, using a comput-
erized system. The signal obtained at 490 nm was previously
shown to be, among the excitation wavelengths, quantitatively
largest and most representative of change in intracellular NO
(19). The emitted light was collected at 510 nm using a cooled
CCD camera. The intracellular DAF-2 fluorescence intensity
(F) was recorded for each pixel within a cell boundary. The ratio
(F/F,) of fluorescence intensity was estimated from the inten-
sity of fluorescence recorded prior to stimulation (F,).

All data are expressed as the mean * S.E., and statistical
comparisons were made using an unpaired ¢ test. Significance
was established at a level of p < 0.05.
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FIGURE 1. TRPC3 channels contribute to the maintenance of BDNF-in-
duced sustained intracellular Ca?* elevation in rodent microglial cells. A,
five representative traces showing the effect of 0.3 um Pyr3, a selective inhib-
itor of TRPC3 channels, after the onset of 20 ng/ml BDNF-induced sustained
elevation of [Ca®*];in primary rat microglial cells. Inset, the inset shows a brief
(3 min) treatment of BDNF-induced sustained increase in [Ca®*]; in primary
rat microglial cells. The average trace of five [Ca®"], traces in response to
BDNF is shown. B, the dose-response effect of different concentrations of Pyr3
oninhibition of the amplitude of [Ca?*];increase obtained 15 min after BDNF
treatment in primary rat microglial cells. Values are the mean * SE.

0.01

RESULTS

We have previously reported that BDNF induces sustained
increase in intracellular Ca®>* in rodent microglial cells (Fig. 14,
inset) (5). The increase in intracellular Ca®** was sustained for
>40 min even after the washout of BDNF until the end of
recording. We applied the Pyr3, a selective inhibitor of TRPC3
channels (8, 9), after the onset of BDNF-induced sustained
intracellular Ca®* elevation to investigate the involvement of
TRPC3 channels in the maintenance of long lasting [Ca®*],
elevation. After the onset of BDNF-induced intracellular Ca®>*
elevation, Pyr3 (0.3 uM) was applied and found to suppress the
[Ca?*], in the 6-3 (n = 35 cells; data not shown) and primary
(n = 78 cells; Fig. 1A) microglial cells. As shown in Fig. 1B,
application of Pyr3 suppressed BDNF-induced intracellular
Ca" elevation in a dose-dependent manner with the IC, value
0f 0.5 um. We observed that 10 um Pyr3 suppressed the [Ca®*],
to near basal levels in the 6-3 (n = 22) and primary (# = 21)
microglial cells.

To confirm the involvement of TRPC3 channels in the
BDNF-induced increase in [Ca®*],, we down-regulated TRPC3
protein expression using siRNA. As expected, down-regulation
of TRPC3 with siRNA suppressed the elevation of [Ca®*],
induced by BDNF (Fig. 2). These indicate that sustained activa-
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FIGURE 2. Down-regulation of TRPC3 channels abolished the BDNF-in-
duced elevation of intracellular Ca?* in rodent microglial cells. The aver-
age traces showing the effect of BDNF (20 ng/ml) on intracellular Ca>* mobi-
lization in 6-3 microglial cells transfected with TRPC3-targeting siRNA (black
line) and scrambled control siRNA (gray line). The average trace was deter-
mined from 10 representative traces of intracellular Ca** in each condition.

tion of TRPC3 channels could occur after a brief application of
BDNF and contribute to the maintenance of BDNF-induced
sustained intracellular Ca®>" elevation in rodent microglial
cells.

Next, we performed immunocytochemistry to examine the
association between TRPC3 surface expression and BDNF in
rodent microglia. RT-PCR analysis has shown previously that
TRPC3 mRNA is expressed in cultured microglial cells derived
from rats (10). We also confirmed the same results in primary
microglial cells and 6-3 murine microglial cells (data not
shown). Although only weak TRPC3 immunoreactivity was
observed in somata of control HAPI microglial cells, a dramatic
increase in TRPC3 expression was observed in BDNF-treated
HAPI microglial cells (Fig. 3, A and B). Double immunostaining
for TRPC3 and CD45 (cytoplasmic staining of immune cells)
demonstrated that TRPC3 was strongly stained on the cell sur-
face of HAPI microglial cells after the BDNF application, sug-
gesting that BDNF rapidly up-regulated the surface expression
of TRPC3 channels in rodent microglial cells (Fig. 3, C and D).

To quantify the above-mentioned results, we next examine
the effect of BDNF on surface expression of TRPC3 channels in
HAPI microglial cells using flow cytometry. We observed that
BDNF rapidly increased the relative expression of surface
TRPC3 channels in HAPI microglial cells (# = 3; Fig. 4). Alto-
gether, these indicate that BDNF induces sustained intracellu-
lar Ca®** elevation possibly through the up-regulation of surface
TRPC3 channels in rodent microglial cells.

We have previously shown that the activation of PLC is
involved in the induction of BDNF-induced intracellular Ca®*
elevation in rodent microglial cells (5). In the next examination,
we observed that pretreatment of U73122 (5 uM), a membrane-
permeable specific PLC inhibitor, significantly reduced the
amplitude of BDNF-induced increase in relative expression of
surface TRPC3 channels in HAPI microglial cells (# = 3; Fig. 4).
Thus, the activation of PLC could also be important for the
up-regulation of surface TRPC3 channels induced by BDNF in
rodent microglial cells.

We have previously reported that pretreatment with BDNF
suppressed the release of NO from murine microglial cells acti-
vated by IFN-vy (5). In addition, pretreatment of BDNF sup-
pressed the IEN-y-induced elevation of [Ca®*],, along with a
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Control|B

FIGURE 3. BDNF up-regulates the surface expression of TRPC3 channels in rodent microglial cells. TRPC3 (red) is markedly up-regulated in the BDNF-
treated (20 ng/ml, 10 min) HAPI cells (B) compared with control cells (A). C and D, two representative confocal images of HAPI microglial cells showing
substantial staining of TRPC3 (green) and CD45 (red). The surface expression of TRPC3 is up-regulated in BDNF-treated HAPI cells (D) compared with control cells

(Q). The nuclei are stained with 4',6-diamidino-2-phenylindole (blue). The scale bars indicate 20 um.
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FIGURE 4. Quantification of the effect of BDNF on the surface expression
of TRPC3 channels in rodent microglial cells. Flow cytomety showing that
treatment of BDNF (20 ng/ml) rapidly increased the fluorescence intensity of
surface expression of TRPC3 channels in HAPI microglial cells. In contrast,
pretreatment of U73122 (5 um), a membrane-permeable specific PLC inhibi-
tor, significantly reduced the amplitude of BDNF-induced increase in the
expression of surface TRPC3 channels in HAPI microglial cells. *, p < 0.05
versus no treatment; **, p < 0.01 versus BDNF (30 min). Negative control was
obtained from secondary antibody alone. NS, nonsignificant.

rise in basal [Ca®*], in rodent microglial cells (5). Thus, BDNF-

induced elevation of basal levels of [Ca®*], could regulate the
microglial intracellular signal transduction to suppress the

18552 JOURNAL OF BIOLOGICAL CHEMISTRY

release of NO induced by IFN-vy (4, 5). We next tested whether
TRPC3 channels could be important for the BDNF-induced
suppression of NO production in rodent microglial cells.

In the present study, 50 units/ml IFN-vy induced sustained
intracellular Ca®* elevation in both 6-3 and primary microglial
cells as reported previously (data not shown) (5). After the onset
of IFN-+y-induced intracellular Ca®>* elevation, 3 um Pyr3 was
applied and found to suppress the [Ca®*], to near basal levels in
the 6-3 (n = 24; data not shown) and primary (n = 47; Fig. 54)
microglial cells. Thus, TRPC3 channels could also contribute to
the maintenance of IFN-y-induced sustained intracellular
Ca®* elevation in rodent microglial cells used in this study.

TNFa, one of the proinflammatory cytokines, was shown
to induce a gradual increase in intracellular Ca®* in cultured
astrocytes at a concentration of 2 ug/ml (20). In the present
study, 2 pg/ml TNFa rapidly increased [Ca®*]; in both 6-3
(n = 23; data not shown) and primary microglial cells (n =
41; data not shown). Once the intracellular Ca™" level rose, it
gradually increased without attenuation even after the wash-
out of TNFa until the end of recording. Interestingly, 3 um
Pyr3 applied after the onset of TNFa-induced intracellular
Ca®* elevation did not affect [Ca®*], in 6-3 (» = 21) and
primary (n = 58; Fig. 5B) microglial cells. These suggest that
TRPC3 channels could not be important for the mainte-
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FIGURE 5. TRPC3 channels are not involved in TNFa-induced sustained
intracellular Ca®* elevation in rodent microglial cells. A and B, an average
trace showing the effect of the 3 um Pyr3 after the onset of 50 units/ml IFN-
y-induced or 2 ug/mi TNFa-induced sustained elevation of [Ca®"];in primary
rat microglial cells. Each panel demonstrates the average trace determined
from 10 representative traces of [Ca®*];in each condition.

BDNF-induced Microglial TRPC3 Up-regulation

nance of TNEe-induced sustained intracellular Ca®* eleva-
tion in rodent microglial cells we used.

We next tested the effect of TNFa on intracellular NO mobi-
lization, using DAF-2 imaging to detect endogenously pro-
duced NO in rodent microglia. An application of 2 ug/ml TNF«
induced a gradual increase in DAF-2 fluorescence in both 6-3
(n = 101; Fig. 6A4) and primary (n = 45; data not shown) micro-
glial cells tested. The reaction between DAF-2 and NO is shown
to be irreversible and the accumulated level of DAF-2 fluores-
cence reflects the total amount of intracellular NO production
(18, 21). We observed that the increase in intracellular DAF-2
fluorescence was sustained for > 40 min even after the washout
of TNFe until the end of recording. Additionally, in the pres-
ence of 50 uM L-N6-(1-iminoethyl)lysine, a membrane-perme-
able selective inhibitor of inducible nitric oxide synthase (22),
TNFa failed to elevate the DAF-2 fluorescence in both 6-3 (1 =
43) and primary (n = 11) microglial cells (data not shown).

We measured the effect of 24-h pretreatment with BDNF (20
ng/ml) on the production of intracellular NO induced by TNFa
in rodent microglia. In 6-3 microglial cells that were pretreated
with BDNF for 24 h, TNFa (2 pg/ml) also induced a gradual
increase in the DAF-2 fluorescence (Fig. 6B). However, pre-
treatment of BDNF significantly reduced the amplitude of
TNFa-induced increase in the DAF-2 fluorescence at 15 min
after a treatment of TNFa in 6-3 microglial cells (0.171 % 0.019,
n = 101 in control; 0.019 * 0.007, n = 27 in 5 ng/ml BDNF;
0.018 = 0.006, n = 68 in 20 ng/ml BDNF; p < 0.001; Fig. 6D). In
contrast, 24 h pretreatment of both BDNF (20 ng/ml) and Pyr3
(0.2 um) did not reduce the amplitude of TNFa-induced
increase in the DAF-2 fluorescence in 6-3 microglial cells
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FIGURE 6. Pretreatment with BDNF suppressed the production of NO induced by TNF« in 6-3 microglial cells. A, 10 representative traces showing the treatment
of 2 ug/ml TNFa induced the increase in the DAF-2 fluorescence in murine 6-3 microglial cells. B, 10 representative traces showing 24-h pretreatment with 20 ng/mi
BDNF suppressed the TNFa-induced increase in the DAF-2 fluorescence in murine 6-3 microglial cells. C, 10 representative traces showing 24-h pretreatment with both
20 ng/mi BDNF and 0.2 um Pyr3 did not suppress the TNFa-induced increase in the DAF-2 fluorescence in murine 6-3 microglial cells. D, bar graphs showing that
pretreatment with BDNF suppressed the production of NO induced by TNFa treatment and TRPC3 channels could be important for the BDNF-induced suppression of
the NO production in murine 6-3 microglial cells. BDNF (5) and BDNF (20) mean 5 ng/ml BDNF and 20 ng/ml BDNF for each.
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(0.171 = 0.019, n = 101 in control; 0.156 = 0.036, n = 69 in
BDNF + Pyr3; p = 0.37; Fig. 6, C and D). These suggest that
pretreatment with BDNF suppressed the production of NO
induced by TNFa. In addition, TRPC3 channels could be
important for the BDNF-induced suppression of NO produc-
tion in rodent microglial cells.

DISCUSSION

We found that TRPC3 channels mainly contributed to the
maintenance of BDNF-induced sustained intracellular Ca®*
elevation in rodent microglial cells. In addition, we suggest that
TRPC3 channels could be important for BDNF-induced sup-
pression of NO production in rodent microglial cells activated
by TNEa.

BDNF-induced elevation of basal levels of [Ca®*]; could reg-
ulate the microglial intracellular signal transduction to sup-
press the release of NO induced by IFN-v (4, 5, 23). We herein
showed that pretreatment with BDNF also suppressed the pro-
duction of NO in murine microglial cells activated by TNFaq,
which was prevented by co-administration of Pyr3. We also
found that pretreatment with both BDNF and Pyr3 did not
elevate the basal [Ca®>*]; in rodent microglial cells (data not
shown). These suggest that BDNF-induced elevation of basal
levels of [Ca®*], mediated by TRPC3 channels could be impor-
tant for the BDNF-induced suppression of NO production in
rodent microglial cells.

We observed an application of Pyr3 did not suppress the
elevation of [Ca®*], induced by TNFa in rodent microglial cells.
TRPM2 channels, a member of the melastatin subfamily of TRP
channels, are shown to mediate the TNFa-induced intracellu-
lar [Ca®"], oscillation (24), suggesting that TRPM2 channels
might be involved in the TNFa-induced sustained [Ca®*];
increase in rodent microglial cells.

We have recently reported that pretreatment with antide-
pressants (13) or antipsychotics (14, 25) significantly inhibits
the release of NO from activated microglia. In this study, we
observed that pretreatment with BDNF significantly inhibited
the production of NO in microglia activated by TNFo. TNFa
plays a key role in the induction of sickness behaviors (26) and
also in the development of depressive symptoms (27). Thus,
this would suggest that BDNF might have an anti-inflammatory
effect through the inhibition of microglial activation and could
be useful for the treatment of neuropsychiatric disorders. We
need to further examine the mechanism underlying the up-reg-
ulation of surface TRPC3 channels induced by BDNF in rodent

- microglial cells.
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Minocycline, a
Microglial Inhibitor,
Diminishes Terminal
Patients’ Delirium?

Delirium, causing diverse mental
and behavioral symptoms due to
disturbance of consciousness, is
very common, especially in geri-
atric patients." In palliative medi-
cine, delirium distresses patients,
their family, and caregivers,’
worsening the quality of the end
stages of life. We herein report two
cases of successful treatment of
multifactorial delirium in patients
with terminal cancer by a tetracy-
cline antibiotic, minocycline.

A 70-year-old man with hepato-
cellular carcinoma with multiple
metastases was admitted to a
palliative care inpatient unit (Day
0). On the first night of his hospital
stay, he had insomnia, disorienta-
tion, disconnected speech, and
visual hallucinations. Although his
consciousness had been clear in the
daytime on Day 1, he had recurrent
disorientation and visual halluci-
nations from the evening. On the
morning on Day 2, he was diag-
nosed with delirium by a psychia-
trist according to the Diagnostic
and Statistical Manual of Mental
Disorders, Fourth Edition, Text
Revision (DSM-IV-TR). The Me-
morial Delirium Assessment Scale
(MDAS) score was 11/30. He had
developed delirium along with
hyponatremia, C- reactive protein
(CRP) elevation, and a urinary tract
infection. Minocycline (150 mg/
day) was orally initiated for the
urinary tract infection. Subse-
quently the MDAS score dramati-
cally decreased to 3/30 on Day 3.
Thereafter, his consciousness
became clear in the daytime. On

314

Day 5, he was judged to have
recovered, with a MDAS score of
4/30.

Another case; an 83-year-old
man with lung squamous cell
carcinoma with bone and skin
metastases was admitted to
a palliative care unit for the
treatment of chronic aspiration
pneumonia (Day 0). Laboratory
test results showed hypo-
albuminemia, hyponatremia, hy-
percalcemia, and a high CRP
level. Oxycodone was increased
from 80 mg/day to 120 mg/day
on Day 1. That night he mistak-
enly took a TV remote to be a
microphone, and had insomnia
and disconnected speech. On Day
2, he had acute-onset disorienta-
tion and disturbance of attention
with a MDAS score of 9/30. In
accordance with the DSM-IV-TR,
a psychiatrist diagnosed him
with delirium attributed to mul-
tiple factors including aspiration
pneumonia. Minocycline (150
mg/day) was orally adminis-
tered. After starting minocycline,
disconnected speech immediately
disappeared. He gradually awoke
from the afternoon on Day 3 with
a MDAS score of 7/30 and was
judged to have recovered from
the delirious state with a MDAS
score of 5/30 on Days 4 and 5.

Treatment for delirium
remains to be established, though
delirious symptoms, such as
delusions and hallucinations, are
generally treated with antipsy-
chotics.” These two cases show-
ed immediate recovery from
delirium by minocycline treat-
ment without any adverse
events, usually caused by anti-
psychotics. Recently, microglial
pathology has been suggested
in neuropsychiatric disorders.”

_73_

Minocycline is a bacteriostatic
agent with antioxidative and
antiapoptotic properties, and its
potent anti-inflammatory effects
through the suppression of
microglial activation in the brain
have been highlighted in animal
models of neuropsychiatric dis-
orders such as schizophrenia and
methamphetamine-related disor-
ders.” In fact, minocycline has
been reported to be effective for
various neuropsychiatric disor-
ders including psychosis.” A
postmortem study has shown a
positive  association between
microglial activity and delirium,®
and a novel neuroinflammatory
hypothesis of delirium via
microglial modulation has been
proposed.” This hypothesis is
underpinned by a recent ani-
mal  study  showing  that
acute cognitive deficits triggered
by systemic inflammation are
related to progressive microglial
cyclooxygenase-1 expression and
prostaglandin synthesis.” It has
not yet been clarified whether
minocycline  modulate  these
pathways, but we suggest that
minocycline may be effective for
delirium by inhibiting microglial
activation via some particular
pathways. Further molecular
investigations and clinical trials
should be initiated to confirm the
effect of minocycline on delirium.
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Introduction defined in the newly released Diagnostic and Statistical Manual of
Mental Disorders version 5 (DSM-5) to include previous diagnoses
of autistic disorder, Asperger’s syndrome and PDD-NOS (perva-
sive developmental disorders not otherwise specified) [6]. Both
SCZ and ASD are recognized as neurodevelopmental disorders,
and are reported to have a major overlap of genetic risk, especially
from de movo, deleterious mutations, [7-10]although further
research concerning implicated loci and/or genetic risk factors
(i.e., copy number variants [CNV], insertion/deletions, and single
nucleotide variants) is required.

Schizophrenia (SCZ) is a genetically heterogeneous disorder
with heritability estimated at up to 80% [1]. In recent years,
although research projects such as large-scale genome-wide
association studies (GWAS) have focused on common variants,
they have failed to explain the majority of the heritability of SCZ
[2,3]. Subsequently, great interest has been drawn to rare (minor
allele frequency, MAF <1%) missense mutations as potentially
important contributing factors to the ‘missing heritability’ [4,5].
The concept of Autism Spectrum Disorders (ASD) has been
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The human protein tyrosine phosphatase receptor type A
(PTPRA) gene encodes the enzyme receptor-type tyrosine-protein
phosphatase alpha (RPTP-o), 2 member of the protein tyrosine
phosphatase (PTP) family that is involved in numerous neurode-
velopmental processes related to the pathogenesis of SCZ and ASD
such as myelination, radial neuronal migration, cortical cytoarchi-
tecture formation and oligodendrocyte differentiation [11-14].
Moreover, RPTP-a is also functionally involved in the neuregulin 1
(NRGI) signaling pathway, which regulates neurodevelopment as
well as glutamatergic and gamma-aminobutyric acid—ergic neuro-
transmission [15-17]. The NRGI gene, together with two other
genes in the same pathway—FERBB4, which encodes a downstream
tyrosine kinase receptor[16-18], and PTPRZI, which encodes an
ERBB4-associated protein tyrosine phosphatase[19]—have been
reported by some studies to be associated with SCZ [20-22].

Multiple lines of biological evidence implicate the PTPRA gene
in the etiology of SCZ or ASD. Previous linkage studies conducted
in 270 Irish high-density families (p =.0382) and an inbred, Arab
Israeli pedigree of 24 members (LOD score =2.56 at 9.53 cM)
have pointed to the area that harbors the gene [23,24]. A GWAS
comprising 575 cases and 564 controls of the Japanese ethnicity
showed an association between polymorphisms within the PTPRA
gene and SCZ (best uncorrected p =.002), albeit not at the level of
genome-wide significance [25]. This result was followed by a
replication study of 850 cases and 829 controls, which further
confirmed the association (p = .04, p=.0008 for pooled analysis of
first and second stages) [26]. Patients carrying copy number
variations (CNVs) within the gene have been reported to suffer
from autism, or have delayed language and speech development or
stereotypical behaviors [27]. Reduced PTPRA expression levels
have been observed in postmortem brains from patients with SCZ
when compared to brains from healthy controls (13% decrease;
p=.018). In the same study, a significant difference in the
expression of mRNA levels of one alternative splicing variant
within the gene (p = .024) was discovered in an expression analysis
using lymphoblastoid cell lines (LCL) derived from 28 patients
with SCZ and 20 healthy controls [26]. Pipra knockout mice have
been shown to exhibit neurodevelopmental deficiencies and
schizophrenic-like behavioral patterns that are thought to model
certain aspects of the disorder in humans. In addition, loss of Pipra
function in mice also leads to reduced expression of multiple
myelination genes, [26] a phenomenon commonly associated with
SCZ [28-32] and ASD [33-35] in human patients.

Given the aforementioned studies suggesting the association
between PTPRA and SCZ/ASD, we decided to sequence the
exonic areas of the gene in search for rare, protein-altering
mutations that may further strengthen the evidence implicating
PTPRA as a risk gene for these neurodevelopmental disorders.

Resequencing and Association Analysis of the PTPRA Gene

Materials and Methods

Participants

Two independent sample sets were used in this study (Table 1).
The first set, comprising 382 SCZ patients (mean age =53.6+14.2;
male = 56.5%;), was sequenced for missense rare variants, including
single nucleotide polymorphisms (SNPs), small InDels and splicing
site variations. The second, larger set, comprising 944 SCZ patients
(mean age =50.4%15.6, male = 58.7%), 336 ASD patients (mean
age =19.3%10.0, male =77.1%), and 912 controls (mean age
=39.1%15.9, male =44.5%), was used for association analysis of
variants detected in the first phase.

All participants in this study were recruited in the Nagoya
University Hospital and its associated institutes. Patients were
included in the study if they (1) met DSM-5 criteria for SCZ or ASD
and (2) were physically healthy. Controls were selected from the
general population and had no personal or family history of
psychiatric disorders (first-degree relatives only based on the subject’s
interview). The selection was based on the following: (1) question-
naire responses from the subjects themselves during the sample
inclusion step; or (2) an unstructured diagnostic interview conducted
by an experienced psychiatrist during the blood collection step. All
subjects were unrelated, living in the central area of the Honshu
island of Japan, and self-identified as members of the Japanese
population. The Ethics Committees of the Nagoya University
Graduate School of Medicine approved this study. Written informed
consent was obtained from all participants. In addition, the patients’
capacity to consent was confirmed by a family member when
needed. Individuals with a legal measure of reduced capacity were
excluded.

Resequencing and Data Analysis

The human PTPRA gene is located at Chromosome 20:
2,844,830-3,019,320 and has a total of 28 exons (Ensembl release
73; Genome assembly: GRCh37; Transcript: ENST00000380393)
(Fig. 1). We included only coding regions and 3'UTR (exons 8-28)
(Fig. 2). Genomic DNA was extracted from whole blood or saliva
using QIAGEN QJAamp DNA blood kit or tissue kit (QIAGEN Litd.
Hilden, Germany). Primers for 10 amplicons ranging from lengths of
700 to 3000 bps covering all the target exons were designed with the
Primer-BLAST tool by NCBI (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/) and tested for validity with UCSC In-Silico PCR
(http://genome.ucsc.edu/cgi-bin/hgPer). The Takara LA taq Kit
(Takara Bio Inc. Shiga, Japan) was used for PCR amplification, and
products were cleaned up with Illustra Exonuclease I and Alkaline
Phosphatase (GE Healthcare & Life Science, Little Chalfont, United
Kingdom). After that, Sanger sequencing was performed using the
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
Foster City, California, United States). Upon the initial discovery, for
all variants, we used Sanger sequencing to confirm the detection.

Table 1. Profiles of participants in the resequencing and association sample sets.

Sequencing Association Study

Total 382 944

Female 166 (43.5%) 369 (39.1%)

PLOS ONE | www.plosone.org

77 (22.9%)

Note: Some samples in the association study group were not identified by sex.
doi:10.1371/journal.pone.0112531.t001

Total

336 912 2192 2574

503 (55.2%) 1131 (51.6%) 1297 (50.4%)
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Figure 1. Structure of the PTPRA gene, RPTP-q, and position of discovered rare missense mutations.

doi:10.1371/journal.pone.0112531.g001

Sequenced samples were read on an Applied Biosystems 3130xL
Genetic Analyzer. Mutation detection was performed with Mutation
Surveyor (Softgenetics, State College, PA, USA). The mutation calls
were then revalidated for confidence.

Association Analysis
Missense and 3'UTR mutations with MAF<1% were picked
up for the association stage. Due to the altering effects that splice

site variants have on the structure of mRNAs, and consequently
the production of the protein, [36,37] they were also included in
the association analysis if they met the MAF criteria.

Custom TagMan SNP genotyping assays were designed and
ordered from Applied Biosystems. Allelic discrimination analysis
was performed on an ABI PRISM 7900HT Sequence Detection
System (Applied Biosystems, Foster City, California, United States).
Differences in allele and genotype frequencies of the mutations were
compared between SCZ patients/controls and ASD patients/

Figure 2. Targeted sequencing areas of the PTPRA Gene.
doi:10.1371/journal.pone.0112531.g002
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Not Registered

Not Registered

Not Registered

2/382

Synonymous

173575C>CA

Exon 27

20:3017903

Notes:

2 Based on NCBI build 37.1.

b. Based on NCBI Reference Sequence NC_000020.10.

<: Based on NCBI Reference Sequence NP_001099043. AA: amino acid.

All mutations are heterozygous.

doi:10.1371/journal.pone.0112531.t002
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controls using Fisher's exact test (one-tail), with a threshold of
significance set at p<<0.05.

Results

Mutation Screening Step

Eight rare mutations consisting of 2 missense SNPs, 4 synony-
mous SNPs and 2 variations located in the 3'UTR area were
identified within the target exons (Table 2), 4 of which were not
previously reported in dbSNP Build 139 (http://www.ncbinlm.nih.
gov/projects/SNP/), the 1000 Genomes Project (http://www.
1000genomes.org), or the NHLBI Exome Sequencing Project (ESP)
Variant Server (http://evs.gs.washington.edu/EVS/). All detected
mutations were heterozygous.

Association Analysis

Two missense mutations, rs61742029, which had been previ-
ously observed only in the Han Chinese population, L59P, a novel
variant, as well as the 174620_174623dupTGAT mutation were
validated for association with SCZ and/or ASD in stage 2
(Table 3). Although we were unable to detect significance with our
sample sets, it is worth noting that L59P was only present in the
SCZ patient group.

Evolutionary Conservation Analysis

Conservation status of rs61742029 and L59P in 11 common
species was investigated using Mutation Taster (http://www.
mutationtaster.org/). Results showed that the amino acids
corresponding to the mutations in RPTP-o were highly conserved
among different species (Table 4).

In Silico Functional Effects Prediction

Possible functional implications brought by amino acid changes
due to the 2 missense mutations were analyzed with PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/), PMut (http://www.
ngrl.org.uk/Manchester/page/pmut) and SIFT (http://siftjevi.
org/). (Table 5) According to the results, the mutation L59P,
which was only observed in schizophrenia patients, was predicted
to be mostly benign, while rs61742029 showed a high probability
of pathogenicity in PolyPhen-2.

3’UTR Motif Prediction

174620_174623dupTGAT, a small duplication discovered in
the 3'UTR area, was predicted by RegRNA 2.0 (http://regrna2.
mbc.nctu.edu.tw) to be located within a human Musashi Binding
Element (MBE), an evolutionarily conserved region shown to
affect neural cell differentiation through its mRNA translation
regulator properties [38].

Clinical Information of the Carriers of Mutation L59P and
174620_174623dupTGAT

The patient carrying the PTPRA L59P mutation was a male
diagnosed with SCZ at the age of 19. The patient was born in 1947
had a normal course of development during childhood. In early
1966, he started to suffer from auditory hallucinations, and soon
withdrew into an indoor lifestyle. His family reported him being
irritated when visited, as well as behaving improperly in public. He
was promptly diagnosed and admitted to a psychiatry ward in the
same year, and spent the rest of his life living in a hospital. A
remarkable improvement was observed in his positive symptoms
after admission and administration of antipsychotic drugs; however,
he remained secluded, hardly communicating with people around
him. At the time of his enrollment in the study, he was 162 c¢m tall

November 2014 | Volume 9 | Issue 11 | e112531
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Table 3. Association analysis results of two rare missense mutations and one 3'UTR variant.

Mutation
171999G>GA, 673V>VI 0/3/379

0/1/381

174620_174623het_dupTGAT

Genotype Counts (Resequencing) * Genotype Counts (Association)

0/2/942

0/0/944

P Value ®

0/2/334 0/4/908 0.3276 0.2829

0/0/336 0/1/911 0.4914 1.0000

Notes:

2 Homozygote of minor allele/heterozygote/homozygote of major allele.
b: Calculated using Fisher's exact test, one-tailed.

Ctrl: healthy controls.

doi:10.1371/journal.pone.0112531.t003

and weighed 48 kg. No comorbid physical or mental illnesses were
present. He had 3 children, among whom, one daughter had a
history of mental disorder. The patient succumbed to pneumonia in
the second half of 2013. In a computerized axial tomography (CAT)
scan of the head taken a few weeks prior to patient’s death, diffuse
neocortical atrophy was observed.

The other patient carrying the L59P mutation was a female
diagnosed with SCZ at the age of 34. No childhood development
abnormalities were reported, but she was noted to have a history
of irritability/aggressive tendencies in high school. Since onset, she
had experienced auditory hallucinations and persecutory delu-
sions, as well as continued irritability and aggression. Despite the
efficacy of antipsychotic drugs on her positive symptoms, the
patient suffered numerous relapses throughout her course of illness
due to poor insight and lack of adherence to treatment. At the time
of recruitment, she was 61 years old, with a chronic condition of
diabetes and no comorbid mental conditions. She died in 2012 at
the age of 62.

The patient carrying the PTPRA 174620_174623dupTGAT
mutation was a male diagnosed with SCZ and comorbid
intellectual disability at the age of 27, while he was enrolled in
our study. He had a normal conception and birth, born to a 28-
year-old father and 27-year-old mother. His father died when he
was 3. Delayed intellectual development was observed since his
childhood, with reports of illiteracy, hyperactivity, poor concen-
tration and low performance at school. He subsequently dropped
out of high school in his first year and started attending a technical
school. After graduation, not being able maintain a steady
position, he changed part-time jobs frequently. He presented at
onset with hallucinations, persecutory delusions, and psychomotor
excitement, and was subjected to involuntary commitment due to
harmful behavior to others as a result of his delusions. At the time
of admission, he was 168 cm tall and weighed 74 kg, with a
Wechsler Adult Intelligence Scale (WAIS) score of 49 (Verbal
1Q =57, Performance 1Q) =48); he also suffered from stuttering
(anarthria literalis). After remission under antipsychotic treatment,
he was discharged; however, lack of insight or compliance
persisted. It was reported that his mother had a history of panic
attacks, and one of his maternal relatives was also diagnosed with
SCZ.

Discussion

To our knowledge, this is the first study that systematically
screened all coding regions and 3'UTR of the PTPRA gene for
rare variants in SCZ patients and assessed the association of
identified mutations in such a study with SCZ/ASD.
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Main Findings

In this study, we sequenced the encoding regions, splicing sites,
and 3"UTR region of the PTPRA gene in 382 SCZ patients using
the Sanger sequencing method, and discovered 8 rare variants.
We then conducted association analysis in a much larger sample
set for the 2 rare, missense mutations and one 3'UTR InDel
identified during the mutation-screening phase in order to
investigate their relationship with SCZ and/or ASD.

We were unable to detect a statistically significant association
for any of the 3 mutations; this may be attributed partially to the
low frequency of rare mutations in the population. However,
according to our estimation using CaTS, the power calculator for
two-stage association studies (http://www.sph.umich.edu/csg/
abecasis/CaTS/), it would require a sample size of around
25,000 cases and controls for the study to obtain possible
significance [39,40]. Also, L59P was only detected among SCZ
patients in our sample, which infers possible connection of this
mutation to the disorder. The evolutionary conservation status of
the locus also indicates its biological importance.

Recent studies have discussed the limited impact of protein-
coding variants detected in exome resequencing projects, attribut-
ing it partly to the fact that most associated variants alter gene
expression rather than protein structure. These findings may help
explain the lack of association for the 2 missense mutations we
detected, while hinting that 174620_174623dupTGAT, predicted
to be located within an expression-regulating element, may have a
more significant effect. [10]

Additionally, an increasing amount of evidence suggests that
genetic risks for SCZ and ASD may not be conferred by the effects
of individual variants alone, but also the amplifying interactions
between multiple susceptibility loci [41—44]. Thus it may be
interesting to sequence the mutation carriers for additional related
variants in future.

Limitations

Several limitations should be considered when interpreting the
results of our study. The single candidate gene paradigm for a
gene with less than robust ties to schizophrenia may have been one
of the reasons leading to negative results. Besides, the Sanger
method it employed predetermined its relatively small sample size
and detection power in contrast with next generation resequen-
cing. In addition, we did not have lymphoblastoid cell lines (LCLs)
from the mutation carriers for expression analysis or blood samples
from their family members for pedigree study. Therefore, we were
unable to follow up the results with further biological evidence.
Moreover, some potentially interesting regions of the PTPRA
gene, such as the promoter, 5'UTR, and most of the intronic
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Table 4. Evolutionary conservation information for rs61742029 and L59P

Mutation Species Match Gene

D. Melanogaster ~ No homologue —

X. Tropicalis All conserved ENSXETG00000017982

Trubripes all identical ENSTRUG00000014770

Alignment

PF

*Marks the position of the amino acid change due to mutation.
doi:10.1371/journal.pone.0112531.t004
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