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PTPRQ as a potential biomarker for idiopathic
normal pressure hydrocephalus
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Abstract. Idiopathic normal pressure hydrocephalus (iNPH)
is caused by the accumulation of cerebrospinal fluid (CSF)
and is characterized by gait disturbance, urinary incontinence,
and dementia. iNPH dementia is treatable by shunt operation;
however, since the cognitive symptoms of iNPH are often
similar to those of other dementias, including Alzheimer's
disease (AD), accurate diagnosis of iNPH is difficult. To
overcome this problem, the identification of novel diagnostic
markers to distinguish iNPH and AD is warranted. Using
comparative proteomic analysis of CSF from patients with
iNPH and AD, protein tyrosine phosphatase receptor type Q
(PTPRQ) was identified as a candidate biomarker protein for
discriminating iNPH from AD. ELISA analysis indicated that
the PTPRQ concentration in the CSF was significantly higher
in patients with iNPH compared with those with AD. In addi-
tion, the PTPRQ concentration in the CSF of non-responders to
shunt operation (SNRs) tended to be relatively lower compared
with that in the responders. PTPRQ may be a useful biomarker
for discriminating between patients with iNPH and AD, and
may be a potential companion biomarker to identify SNRs
among patients with iNPH. Additional large-scale analysis
may aid in understanding the novel aspects of iNPH.
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Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is caused
by the accumulation of cerebrospinal fluid (CSF) and it leads
to gait disturbance, urinary incontinence, and dementia (1).
Bradley et al suggested that benign external hydrocephalus
in infancy could exacerbate in late adulthood and might lead
to iNPH (1,2). Other groups have reported the existence of
genetic predisposition to the disease (3,4). However, the precise
mechanism of onset of iNPH is still unknown. However, unlike
other dementias, iNPH is treatable by shunt operation, which
relieves the accumulated CSF (1).

In Japan, approximately 5% of dementia patients are
diagnosed with iNPH. However, some symptoms of iNPH are
similar to those of Alzheimer's disease (AD) or other demen-
tias. Therefore, it is often difficult to distinguish iNPH from
other dementias. Identifying biomarkers for iNPH is important
to diagnose latent iNPH patients among dementia patients.

The objective of this study was to identify potential
biomarkers for iNPH. To this purpose, we conducted a
proteomic analysis of CSF of iNPH and AD patients using
high-performance liquid chromatography (HPLC) coupled
with electrospray ionization quadrupole time-of-flight mass
spectrometry (LC-TOF-MS). We identified protein tyrosine
phosphatase receptor type Q (PTPRQ) as a potential biomarker
for iNPH.

PTPRQ is known as a gene causing hearing loss, deafness
autosomal recessive 84A (DFNB84A) (5,6). Goodyear et al
reported that PTPRQ null mice exhibit loss and fusion of
cochlear stereocilia, resulting in hearing loss (7). Nayak et al
indicated that the extracellular region of PTPRQ in the vestib-
ular end organ is modified with dermatan sulfate. Depending
on the location of the dermatan sulfate on PTPRQ, neighboring
stereocilia adhere to or repel each other, thus maintaining a
proper distance between the cilia (8).

In connection with these reports, patients with hydro-
cephalus-associated hearing loss are reported, and there are
some reports on hearing loss related to shunt surgery (9-11).
These reports suggest the relevance among iNPH, auditory
capacity and PTPRQ. Therefore, in this study, we attempted to
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investigate the characteristics and concentration of PTPRQ in
the CSF and the relation to auditory capacity.

Materials and methods

Subjects. Subjects with different diagnoses including healthy
control, AD, iNPH and shunt non-responder (SNR) patients
were examined. Subject characteristics are summarized in
Table I. iNPH diagnosis was made according to the ‘Guidelines
for management of idiopathic normal pressure hydrocephalus:
Second edition’ (12). Shunt surgeries were done for probable
iNPH patients and determined to be effective in case of 1
point or more improvement on the modified Rankin scale,
or 2 points or more on the Japanese iNPH grading scale (13).
AD diagnosis was made according to the published ‘Research
criteria for the diagnosis of Alzheimer's disease: Revising the
NINCDS-ADRADA criteria’ (14).

Bioresources were largely obtained from the BioBanks of the
National Center for Geriatrics and Gerontology (NCGG, Aichi,
Japan) and the National Center of Neurology and Psychiatry
(NCNP, Tokyo, Japan) and partly donated by the Department of
Biological Regulation, School of Medicine, Tottori University
(Tottori, Japan). All samples were obtained with written
informed consent from the patients before sampling between
2011 and 2015. This study was reviewed and approved by the
Ethics Committees of the Institute and BioBanks.

Collection of CSF. CSF was collected by lumber puncture
and centrifuged for 10 min at 800 x g at 4°C. The supernatant
was aliquoted into low protein-binding tubes and immediately
frozen in liquid nitrogen and stored at -80°C until use.

Proteomic analysis by mass spectrometry. Four hundred micro-
liters of CSF was concentrated by centrifugation using Ultra-4
Centrifugal Filters Ultracel-3K (Merck Millipore Japan,
Tokyo, Japan) for 1 h at 4,000 x g at 4°C. Approximately 100 ul
of concentrated CSF was filtered through an Ultrafree-MC
GV 0.22-ym spin column (Merck Millipore Japan) for 2 min
at 16,000 x g at 4°C to remove debris. CSF proteins were
separated into high- and low-abundance proteins by HPLC
using Human 14 Multiple Affinity Removal System Column
(Agilent Technologies, Inc., Tokyo, Japan) according to the
manufacturer's protocol. The low-abundance protein fraction
was concentrated again and stored at -80°C until analysis.
Proteomic analysis was conducted with LC-TOF-MS
(QTOF Ultima; Nihon Waters K K., Tokyo, Japan) as previ-
ously described (15-17). Briefly, samples were trypsin-digested
and MS peaks were detected with LC-TOF-MS, followed by
normalization and quantification with the 2DICAL software
(Mitsui Knowledge Industry Co., Ltd., Tokyo, Japan) (18).

Enzyme-linked immunosorbent assay (ELISA). An ELISA kit
for PTPRQ quantification was purchased from Cloud-Clone
Corp. (Houston, TX, USA) and used according to the manu-
facturer's protocol. One hundred microliters of CSF was
added per well. After quantification, the outliers more than
median + 3 x SD were excluded from analysis.

Western blotting. Human total protein lysates of kidneys,
brain, diencephalon (DiE), and cerebral meninges (CM) were
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purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan). Equal
amounts of samples were mixed with Laemmli sample buffer
(final volume containing 5% [B-mercaptoethanol), boiled for
3 min, and separated on a 7.5% Mini-Protean TGX precast gel
(Bio-Rad Laboratories, Tokyo, Japan). The separated proteins
were transferred to a PVDF membrane using a Trans-Blot
Turbo Transfer system (Bio-Rad Laboratories). The membrane
was incubated with 5% skim milk in Tris-buffered saline
with Tween-20 (TBST) at room temperature for 1 h and then
with rabbit polyclonal anti-PTPRQ antibody recognizing the
extracellular domain (cat. no. PAD603HuO1, immunized with
amino acids 36 to 294, 1:400 dilution; Cloud-Clone Corp.)
or the intracellular domain (cat. no. sc-368569, immunized
with amino acids 2208 to 2299, 1:1,000 dilution; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) of PTPRQ in Can
Get Signal 1 enhancer solution (Toyobo Co., Ltd., Osaka,
Japan) at 4°C, overnight. After washing thrice with TBST, the
membrane was incubated with HRP-linked anti-rabbit IgG
(cat. no. 7074; Cell Signaling Technology Japan, K. K., Tokyo,
Japan) diluted to 1:2,000 in Can Get Signal 2 (Toyobo Co.,
Ltd.) and incubated at room temperature for 1 h. After four
washes with TBST, signal was detected with ImmunoStar LD
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) and an
ImageQuant LAS-4000 imager (Fujitsu Ltd., Tokyo, Japan).
The images were processed using MultiGauge software v3.2
(FujiFilm Corp., Tokyo, Japan). To improve visibility, we
adjusted the exposure, contrast, and angle of the images.

Immunohistochemistry of the mouse brain tissue. The
brain tissues were dissected from a male C57BL/6 mouse
(8-week-old), fixed in 10% neutral formalin for 24 h,embedded
in paraffin, and cut into 2-ym sections. Sections were dewaxed
using xylene, rehydrated in a graded series of alcohol to water,
and subjected to antigen retrieval using retrieval solution,
pH 6.0 (Nichirei Biosciences, Inc., Tokyo, Japan) in a pressure
cooker for 10 min. Endogenous peroxidase was blocked by
incubation of the brain sections with 3% hydrogen peroxide for
10 min. Sections were subsequently blocked with 3% bovine
serum albumin (Wako Pure Chemical Industries, Ltd.) for
30 min to prevent non-specific antibody binding.

The sections were incubated with rabbit polyclonal IgG
anti-PTPRQ (immunized with amino acids 2208 to 2299, 1:50
dilution; Santa Cruz Biotechnology, Inc.) for 60 min, followed
by incubation with the secondary anti-rabbit IgG antibody
conjugated to horseradish peroxidase (HRP) (Nichirei
Biosciences, Inc.) for 60 min. Following each treatment, the
slides were washed using phosphate-buffered saline (PBS;
3x5 min washes). Finally, they were stained using DAB.
Sections were counterstained using Mayer's hematoxylin,
dehydrated, cleared, and mounted.

Stained sections were analyzed under the microscope
BX-53 (Olympus Corporation, Tokyo, Japan), and representa-
tive photographs were acquired using a digital camera DP21
(Olympus Corporation).

Hearing evaluation. The correlation between the amount of
PTPRQ in the CSF and auditory capacity was investigated in
26 patients with iNPH who had undergone pure tone audiom-
etry before the shunt operation. The patients included 8 males
and 18 females (mean age, 79.9+3.6; range, 72 to 88; median
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LC-TOF-MS ELISA®
AD iNPH? Control AD iNPH¢ SNR
Subject no. 7 8 12 48 36 8
Mean age (SD) 71.3(7.7) 753 (4.5) 71.2 (9.6) 75.5 (8.0) 79.6 (5.1) 78.9 (3.0)
Age range 62-84 70-84 52-85 54-87 67-88 76-84
Male/female 4/3 5/3 3/9 20/28 16/20 3/5

LC-TOF-MS, liquid chromatography coupled with electrospray ionization quadrupole time-of-flight mass spectrometry; ELISA, enzyme-linked
immunosorbent assay; AD, Alzheimer's disease; iNPH, idiopathic normal pressure hydrocephalus; SNR, shunt non-responder. *Samples used
in ELISA include all samples used in LC-TOF-MS. °Four patients with iNPH (three males and one female), who did not undergo a shunt
operation, are included in the iNPH category. “Thirteen patients with iNPH (6 males and 7 females), who did not undergo a shunt operation,

are included in the iNPH category.

PTPRQ concentration, 0.70+0.5; range, 0.24 to 2.0 ng/ml).
The average threshold of right and left ear at frequencies of
125, 500, 1,000, 2,000, 4,000, and 8,000 Hz was determined.
Samples from all these patients were included in the ELISA.

Statistical analyses. For proteomic analysis and ELISA,
data were analyzed using Welch's t-test in StatFlex version 6
(Artech Co., Ltd., Osaka, Japan). For hearing evaluation, the
correlation between the amount of PTPRQ in the CSF and
the pure tone audiometry was analyzed using a general linear
model in the statistical analysis system (SAS) version 9.3 (SAS
Institute Japan, Tokyo, Japan). A value of P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

The concentration of PTPRQ in CSF. We analyzed CSF
samples from 7 AD and 8 iNPH patients (Table I) with
LC-TOF-MS. We found 74 proteins showing a significantly
different ion strength between AD and iNPH samples (7 were
higher and 67 were lower in iNPH than in AD, data not shown).
Among these, PTPRQ showed a P-value <0.01 (Fig. 1A).

To validate the concentration of PTPRQ, we conducted an
ELISA using the same and additional samples of AD and iNPH
patients. Additionally, we tested 12 healthy control and 8 SNR
samples to evaluate the normal range of the PTPRQ concentra-
tion in the CSF and whether PTPRQ could distinguish SNRs
among iNPH. The results confirmed that the PTPRQ level was
significantly higher in iNPH than in healthy control and AD
subjects (Fig. 1B). Furthermore, the median PTPRQ concen-
tration in the CSF of SNRs was approximately 2 times lower
than that in iNPH, albeit not significantly (Fig. 1C, P=0.18).

Qualitative analysis of PTPRQ by western blotting. In general,
the ionic strength as determined by mass spectrometry is corre-
lated with the relative abundance of the protein in the analyte.
However, the abundances of PTPRQ estimated with mass
spectrometry and ELISA were contradictory (Fig. 1A and B).
In mass spectrometry, proteins are identified by quantifying
the targets' molecular weights (19). Therefore, proteins having
complex post-translational modifications occasionally fail to
be detected. Thus, we presumed that PTPRQ in iNPH would

have post-translational modifications different from that in
AD. To verify this possibility, we performed western blotting
with CSF samples from each of the diagnostic categories.

No obvious difference in PTPRQ band size was observed
between iNPH patients and others (Fig. 2). This result indi-
cated that PTPRQ in iNPH does not have a large difference
in molecular weight as compared to the other diagnostic
categories, or at least it was not detectable by western blotting.
However, minor post-translational modifications could not be
excluded.

Validation of PTPRQ expression in the brain tissues. Next, to
confirm the expression of PTPRQ in the brain, we performed
western blotting with total protein lysates from normal human
tissues. Kidney lysate was used as a positive control (20).
Further, we selected DiE and CM as well as whole-brain tissue
lysates, which are all in contact with CSF, for analysis.

In kidney lysate, three main bands were observed
(Fig. 3A and B), likely corresponding to the splicing variants
depicted in Fig. 3C. Band 2 (~250 kDa) corresponds to the
canonical isoform of PTPRQ (Uniprot ID Q9UMZ2), bands 1
(>250 kDa) and 3 (~180 kDa) are likely isoforms with different
numbers of the fibronectin 3 domain (FNIII) (5,20). Band 4
(<150 kDa) was not observed in kidney lysate, but showed
signal in whole-brain, DiE and CM. In these tissue lysates, all
bands were detected at almost the same position by antibodies
both detecting the extracellular (Fig. 3A) and the intracellular
domain of PTPRQ (Fig. 3B). Band densities were stronger in
CM than in brain and DiE samples, suggesting that PTPRQ
is preferentially expressed in the CM. In CSF, the estimated
molecular weight of the PTPRQ was approximately 170 kDa
when antibody for the extracellular domain of PTPRQ was
used (Figs. 2 and 3A), whereas this band disappeared when
antibody for the intracellular domain was used (Fig. 3B). These
results suggested that PTPRQ in the CSF consists of part of the
extracellular domain and is derived from the brain tissues.

Further, to examine the localization of PTPRQ in the brain,
immunohistochemistry was performed using anti-PTPRQ
antibody. The CM with arachnoid villi and DiE with third
ventricle, which include choroid plexus, were chosen from the
mouse. As a result, arachnoid villi and choroid plexus were
found to be stained with anti-PTPRQ antibody (Fig. 4, arrows).
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Figure 1. PTPRQ concentration in CSF. (A) The ionic strength of PTPRQ
detected with LC-TOF-MS was higher in AD than in iNPH patients. P=0.007
(Welch's t-test). (B) PTPRQ in CSF as tested by ELISA. Welch's t-test was
used to compare groups. The P-value of control vs. iNPH was 0.0007 and
that of AD vs. iNPH was 0.003. Median values of control, AD, and iNPH
were 0.30,0.35, and 0.68 ng/ml, respectively. (C) PTPRQ in CSF from iNPH
and SNR are indicated. Welch's t-test was performed and the P-value was
0.18. The middle line in the box represents the median, while the upper edge
and lower edge represent the 1st quartile (1Q) and the 3rd quartile (3Q),
respectively. Short whiskers indicate the minimum and maximum point of
our data. The circles indicate outlier value. The potential outliers lie outside
the range of 1Q-(IQRx1.5) to 3Q+(IQRx1.5). IQR stands for interquartile
range. “P<0.01, “"P<0.005. PTPRQ, protein tyrosine phosphatase receptor
type Q; AD, Alzheimer's disease; iNPH, idiopathic normal pressure hydro-
cephalus; SNR, shunt non-responder; CSF, cerebrospinal fluid; LC-TOF-MS,
liquid chromatography coupled with electrospray ionization quadrupole
time-of-flight mass spectrometry; ELISA, enzyme-linked immunosorbent
assay.
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Extracellular

Figure 2. Estimation of the band size of PTPRQ in CSF. PTPRQ in CSF
from healthy control (lane 1), AD patient (lane 2), iNPH patient (lane 3), and
SNR (lane 4) were detected with the antibody for the extracellular domain.
Same volumes of CSF were analyzed. The asterisk indicates a non-specific
band near 250 kDa. PTPRQ, protein tyrosine phosphatase receptor type Q;
CSF, cerebrospinal fluid; AD, Alzheimer's disease; iNPH, idiopathic normal
pressure hydrocephalus; SNR, shunt non-responder.

Furthermore, the surface area of the third ventricle, where
the ependymal cells along with cilia structure is observed
and directly contacts the CSF, was immunostained with
anti-PTPRQ antibody (Fig. 4B, asterisk). These results suggest
that PTPRQ in the CSF comes in contact with the CSF from
these structures.

Evaluation of hearing capability. Next, we investigated the
potential correlation between the amount of PTPRQ in the
CSF and auditory capacity by using a general linear model.
We found no correlation between the amount of PTPRQ and
the average hearing threshold at each frequency (Table II).

Discussion

Here, we report PTPRQ as a novel potential biomarker for
iNPH. In the CSF of patients with iNPH, the PTPRQ concen-
tration was significantly higher than in healthy controls and
patients with AD. In addition, the median PTPRQ concentra-
tion in the CSF of SNRs was two times lower than that of
patients with iNPH, although the difference was not significant.

As the abundances of PTPRQ estimated with mass spec-
trometry and ELISA were contradictory (Fig. 1A and B), we
presumed PTPRQ in iNPH would have differential post-trans-
lational modifications compared to AD and performed western
blotting. We found no obvious difference in PTPRQ size
between iNPH patients and others (Fig. 2). However, there is
a report indicating that transferrin in CSF from iNPH patients
have a unique N-glycan modification (21), suggesting that
PTPRQ in CSF from iNPH patients also possibly have unique
modification. Unfortunately, PTPRQ in CSF is not abundant
compared to transferrin, it makes difficult to analyze PTPRQ
modifications at present. Further analyses with more accurate
and high sensitive methods are needed.

Another western blotting indicated that the PTPRQ in the
CSF consists of part of the extracellular domain of PTPRQ
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Table II. Pure tone audiometry results of patients.

Frequency (Hz) 125 250 500 1,000 2,000 4,000 8,000
Mean + SD* 36.9+14.5 41.3x17.7 41.9+16.0 41.8+15.6 59.0+16.6 574+194 71.0+19.8
Correlation factor -0.158 -0.035 0.036 0.101 -0.008 -0.006 -0.027
P-value 0.441 0.865 0.863 0.623 0.969 0.975 0.897

*Average threshold of right and left ear at each frequency.
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Figure 3. Western blotting of PTPRQ in the CSF and indicated tissue lysates. (A and B) Five microliters of CSF from iNPH patients and 25 ug of total protein
lysates from human kidney (positive control), brain, DiE, and CM tissues from healthy adults were analyzed. Western blots using antibodies recognizing (A)
the extracellular and (B) the intracellular domain of PTPRQ are shown. (C) Schematic representations of the known (1,2,3) and predicted (4) isoforms of
PTPRQ. Numbers correspond to the band numbers indicated on the western blot. PTPRQ, protein tyrosine phosphatase receptor type Q; CSF, cerebrospinal
fluid; iNPH, idiopathic normal pressure hydrocephalus; DiE, diencephalon; CM, cerebral membrane; FNIII, fibronectin 3 domain; TM, transmembrane; PTP,
protein tyrosine phosphatase. The asterisk indicates a non-specific band near 250 kDa.

Figure 4. Immunohistochemistry of the mouse brain tissue using anti-PTPRQ antibodies. (A) Arachnoid villi in the mouse CM was immunostained with
anti-PTPRQ antibody (arrow). (B) Choroid plexus (arrow) and the surface area of third ventricle (asterisk) were immunostained with anti-PTPRQ antibody.
Scale bar, 50 ym. PTPRQ, protein tyrosine phosphatase receptor type Q; CM, cerebral meninges.

expressed in brain tissues. One intense band, which was  correspond to any previously reported isoform of PTPRQ.
detected only in the brain tissues (Fig. 3, band 4), did not However, PTPRQ isoforms have been studied only in kidney,
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retina, and testes (20). Band 4 may be an isoform unique to
the brain tissue; we hypothesize it to be another FNIII-number
variant. Additional immunohistochemistry of the mouse CM
and DiE using anti-PTPRQ antibody revealed that PTPRQ
is expressed at the site of CSF dynamics, arachnoid villi and
choroid plexus, where the CSF is resorbed and produced,
respectively (22). Furthermore, the surface area of the third
ventricle, where the ependymal cells possessing the cilia struc-
ture, was immunostained with anti-PTPRQ antibody; these
cilia structures are considered to have an important role in the
CSF dynamics (23-25).

The physiological meaning of these findings remains unclear,
though we suspect that PTPRQ might play a role in maintaining
cilia structure in the brain tissues that are in contact with the
CSF, the same as in the ear organ (7,8). If so, the increase of
PTPRQ fragments in the CSF might reflect a disruption of the
ciliary structure in brain. Actually, some reports have indicated
that genetic mutations in ciliary proteins produce congenital
hydrocephalus (24,26-29). Thus, a disruption of the ciliary
structure in brain possibly be one of the cause of iNPH. In the
case of SNRs, the relatively low concentration of PTPRQ in the
CSF might indicate progressed ciliary deficit, resulting in the
exhaustion of PTPRQ protein. Alternatively, the disease in these
patients might have another pathogenesis mechanism, without
the increase of PTPRQ in the CSF. To evaluate these hypoth-
eses, brain autopsies from iNPH patients are needed, though it
is difficult to obtain at present.

We hypothesized PTPRQ in cochlear stereocillia would also
be disrupted and cause hearing loss in iNPH patients. Thus, we
expected a correlation between the auditory capacity and the
amount of PTPRQ in the CSF of iNPH. However, no significant
correlation was observed (Table II). It is speculated that PTPRQ
disruption might be a locally restricted event in the brain of
iNPH patients and hydrocephalus-associated hearing loss would
be just a result of the pressure difference between CSF and inner
ear fluids (9,10,30). Although, our analysis was relatively small,
further validation in lager sample size is required.

Usually, the diagnosis of iNPH is performed by CSF tap
test, which removes several 10-ml aliquots of the CSF through
a lumbar puncture. Therefore, the concentration of PTPRQ
in the CSF of almost all the possible cases of iNPH could
be readily assessed. We are expecting the accumulation of
enough samples and the large-scale analysis would reveal the
usefulness of PTPRQ as a marker for iNPH.
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