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The fiber type specificities of the different anti-rod
domain antibodies in plectinopathy are presently
unexplained.

It is also unclear why some patients with
EBS-MD have myasthenic symptoms and others do
not. Possibly myasthenic weakness of the limb mus-
cles is masked by the MD, or is overlooked in se-
verely weak patients, but fatigable weakness of the
oculobulbar muscles would be unlikely to go unrec-
ognized. It also is not known whether some muta-
tions are more prone to result in the MyS phenotype
than others.
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ABSTRACT

Background: Oxidative stress is causally associated with the pathogenesis of Parkinson’s disease (PD).
Oxygen generates a large amount of reactive oxygen species (ROS). ROS including hydroxy! radicals and
Hy0; react with guanine residues in DNA and produce 8-hydroxydeoxyguanosine (8-OHdG). 8-OHdG
serves as a biomarker for oxidative stress in various diseases.

Method: We investigated urinary 8-OHdG levels in 61 PD patients and 28 normal subjects to evaluate the
correlation with various clinical features. We quantified disease severity using the Unified Parkinson’s
Disease Rating Scale for motor symptoms (UPDRS part 3), the Mini-Mental State Examination (MMSE) for
mental function, and the Tottori University Hallucination Rating Scale (TUHARS) for quantifying
hallucinations.

Results: There were significant correlations between 8-OHdG and all the examined parameters, but the
partial correlation coefficients excluding contributions of all the other parameters showed that only
TUHARS and UPDRS part 3 are significantly related to 8-OHdG. In particular, TUHARS correlates best with
urinary 8-OHdG levels.

Conclusion: The significant correlation between urinary 8-OHdG levels and hallucinations but not with
dementia suggests that hallucinations are likely to have unique but unidentified mechanisms that lead to

excessive production of §-OHdG.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Molecular oxygen is used by the body to produce energy, but it
in turn generates a large amount of reactive oxygen species (ROS).
These species cause oxidative stress in cells even in the presence of
adiverse array of defense mechanisms against ROS. Oxidative stress
is causally associated with aging and various diseases. ROS
including hydroxyl radicals and H,0, react with guanine residues
in DNA and produce 8-hydroxydeoxyguanosine (8-OHdG). The
oxidized guanosine is misread as an adenine in DNA replication,
and is elaborately repaired to prevent accumulation of G-to-A
mutations. The excised 8-OHdG is excreted in urine, thereby
serving as a key biomarker of oxidative DNA damage. This oxidized
guanine (8-OHdG) is also a marker for susceptibility to cancer [1,2],
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* Corresponding authors.
E-mail addresses: hirasan@med.nagoya-u.acjp (M. Hirayama), sobueg@med.
nagoya-u.ac,jp (G. Sobue).

1353-8020/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.parkreldis.2010.11.004

diabetes mellitus [3], and neurodegenerative diseases including
Alzheimer’s disease [4] and Parkinson disease (PD) [5,6]. Indeed,
several lines of evidence implicate increased oxidative stress in the
pathogenesis of PD. In PD, 8-OHdG levels are increased selectively
in the substantia nigra [7] and also in serum and cerebrospinal fluid
[8.9].

The clinical pathology of PD involves both motor and non-motor
dysfunction. Non-motor symptoms are increasingly recognized as
significant causes of morbidity in late stage PD. It is also recognized
that some patients with PD present with prodromal non-motor
symptoms in the absence of motor symptoms. We measured
urinary 8-OHdG levels in PD patients and examined which clinical
scores best dictate the 8-OHdG levels. To our surprise, we found
that degrees of hallucination best correlated with the urinary
8-OHdG levels.

2. Methods

The study protocol was approved by the Human Ethics Review Committee of the
Nagoya University Graduate School of Medicine, and all PD patients and normal
subjects gave their written informed consent to the investigation.

—321—



M. Hirayama et al. / Parkinsonism and Related Disorders 17 (2011) 46—49 47

We recruited 70 patients with PD (mean age + SD, 65.6 + 8.4 years; range,
42-81) and 50 normal controls (56.6 + 11.7 years; range, 31-87). Patients were
recruited from consecutive outpatients seen in the Department of Neurology,
Nagoya University Hospital, from September though December 2009. Patients with
probable idiopathic PD were diagnosed according to published criteria [10].
Smokers, patients with diabetes mellitus, brain infarction, who had undergone deep
brain stimulation and obese patients and obese controls were excluded from our
study because they have high urinary 8-OHdG levels [11]. We analyzed 61 PD
patients and 38 controls. Their clinical features are shown in Table 1. The onset
represents the first recognition of motor impairment. We quantified disease severity
using the Unified Parkinson’s Disease Rating Scale for motor symptoms (UPDRS part
3), the Mini-Mental State Examination (MMSE) for mental function, and the Tottori
University Hallucination Rating Scale (TUHARS) for quantifying hallucinations [12].
We employed TUHARS, because, in UPDRS, hallucinations are scored only in item 2
of part 1. The Parkinson Psychosis Questionnaire (PPQ) is able to quantify visual
hallucinations [13], but PPQ is not appropriate for use with Japanese patients. The
total TUHARS score correlates well with the hallucinations/illusions score in the PPQ
(r = 0.965, P < 0.001) [12]. Although Scales for Outcomes of Parkinson's disease-
COG, Parkinson’s-cognitive rating scale, and Mini-mental Parkinson and Parkinson
neuropsychometric dementia assessment scales are specifically designed to quantify
cognitive impairment of PD [14], these scales have not been well validated in
Japanese patients. We thus employed MMSE to estimate cognitive impairment.

Urine samples were obtained from each individual in the morning (9—-12 AM)
and immediately stored at ~20 °C. We instructed the patients and controls to avoid
physical activity in the 24 h before providing the sample. Urinary 8-OHdG concen-
trations were measured using an ELISA with a monoclonal antibody specific for
8-OHdG. Urinary 8-OHdG and creatinine (Cr) levels were anonymously measured by
the Mitsubishi Chemical Medience Co. (Tokyo, Japan) [15]. Urinary 8-OHdG levels
were normalized by urinary Cr levels to adjust for urine volumes.

As dopamine agonists reportedly induce hallucinations [16]. Dopamine agonists
had aiready been discontinued in hallucinating PD patients before entry to this
study, whereas non-hallucinating patients tended to be taking dopamine agonists.
To avoid biases imposed by therapeutic interventions, we excluded dosage of
dopamine agonists from our analysis. :

Quantitative data are presented as means + SD. We employed Student's t-test,
Pearson's correlation coefficient, and multivariate analysis using the statistical
package JMP8 (SAS Institute, Carry, NC). For the correlation analysis, P values less
than 0.05 and correlation coefficients greater than 0.4 were considered to be
significant. As clinical parameters are all related each other [5,6], we reanalyzed
partial correlations to exclude contributions of all the other parameters.

3. Results

We observed a moderate correlation (r = 0.35, P < 0.05)
between urinary 8-OHdG excretion and aging in normal individ-
uals. Among the 38 controls, we thus selected 28 subjects
(65.7 £ 7.7 years, 18 males at 64.0 &+ 7.1 years, 10 females at
68.8 £ 9.1 years) of a minimum age of 55 years to match the ages of
PD patients. Our cohort of 61 PD patients comprised 29 males
(65.1 £ 8.6 years) and 32 females (65.1 = 8.0 years) with a mean age
of 65.1 + 8.3 years. Urinary 8-OHdG levels ranged from 5.4 to
12.0 ng/mg Cr (mean 8.8 £ 1.6) in the 28 controls, and 4.8 to
23.8 ng/mg Cr (mean 10.7 4 4.0) in the 61 PD patients (P < 0.01).
Urinary 8-OHdG levels were not significantly different between
males and females in both controls (males, 8.6 + 1.8 ng/mg Cr;
females, 8.1 + 2.1) and PD patients (males, 10.2 & 3.6; females,
11.3 + 4.3).

Table 1

Clinical features of 61 PD patients.
Clinical features Mean + SD Range
Age at examination (years) 65.1 £ 8.3 42—-81
Duration from onset (years) 7.7 £6.1 1-23
Age at onset (years) 56.8 + 8.7 39-73
Yahr 28+ 1.1 1-5
UPDRS part 1 33+32 0-13
UPDRS part 2 11.8 £ 100 0-49
UPDRS part 3 229+ 169 1-87
TUHARS 424 + 6.1 0-24
MMSE 284 +28 18-30
Levodopa dose (mg/day) 309 + 216 0-1200

We assumed that the normal urinary 8-OHdG levels were no
more than 12 ng/mg Cr (mean + 2SD of 28 controls). We thus
divided 61 PD patients into two groups with high (>12 ng/mg Cr,
17patients) and normal (<12 ng/mg Cr, 44 patients) 8-OHdG levels.
We found that the age at time of study, the disease duration, UPDRS
part 3, TUHARS, MMSE and the levodopa dose were significantly
higher in the high 8-OHdG group (Table 2). Similarly, we also found
that the 8-OHdG levels demonstrate significant correlations with
the age at examination, the disease duration, UPDRS part 3,
TUHARS, MMSE, and the levodopa dose (Table 3). Among these,
TUHARS showed the highest correlation coefficient. As the clinical
parameters are mutually related each other, we calculated partial
correlation coefficients (') to exclude contributions of other
parameters and to delineate contribution of each parameter to the
8-OHdG levels. The partial correlation analysis revealed that the
age at time of study, the disease duration, MMSE, and the levodopa
dose were not significantly related to the 8-OHdG levels, while
TUHARS and UPDRS part 3 were significantly related to 8-OHdG
(Table 3). As the ' value of TUHARS remained high after excluding
effects of the other parameters, we plotted 8-OHdG against
TUHARS and found that 40 out of 41 patients without hallucina-
tions (98%) fell in the range of the mean + 2SD of normal controls
(5.6—12.0 ng/mg Cr) (Fig. 1).

4. Discussion

PD has been recognized as a movement disorder presenting
with various motor symptoms, but there has been a gradual reali-
zation that PD is also associated with a broad spectrum of non-
motor symptoms. These include anhedonia, depression, cognitive
dysfunction, hallucinations, and complex behavioral disorders. Sato
and colleagues previously reported that urinary 8-OHdG levels
correlate to Hoehn and Yahr staging [5]. In this study, we quantified
additional clinical features of PD, and found that urinary 8-OHdG
levels correlate with all the examined clinical parameters except for
age at onset. Among these, urinary 8-OHdG correlates most with
hallucinations, yielding the correlation coefficient of 0.857 and the
partial correlation coefficient of 0.761. Alam and colleagues repor-
ted increased 8-OHdG in the substantia nigra in PD [7]. Sato and
colleagues postulated that high urinary 8-OHdG levels are possibly
due to mitochondrial dysfunction in skeletal muscles because the
substantia nigra is too small to generate a discernible amount of
8-OHdG [5]. Although our observations do not negate previous
studies, urinary 8-OHdG is more likely to arise from dysfunction of
neuronal cells and circuits that culminate in hallucinations. Hallu-
cinations reportedly occur in 50% of patients with PD [17] and have
a persistent and progressive nature [16]. Hallucinations experi-
enced by PD patients have been postulated to occur via the
following mechanisms: dopaminergic over-activity in the limbic
system and cerebral cortices [18]; an imbalance with cholinergic
neurotransmission [19]; dysfunction of the frontal areas associated
with the control of attention [20]; PD-associated retinopathy [21];
decline of both image recognition speed and sustained attention

Table 2

Differences in clinical features between high and low urinary 8-OHdG levels in PD.
Clinical parameter ~ High level N=17  Normal level N = 44 P value
Age at onset 56.5 + 8.7 56.9 + 8.8 n.s.
Age at exam 69.7 £ 75 633 +63 P < 0.01
Duration 125+75 59+ 43 P < 0.001
UPDRS part 3 35.8 + 19.1 17.7 £ 12.6 P < 0.0001
TUHARS 126 £45 1.0+ 23 P < 0.0001
MMSE 26.5 + 4.2 291+ 16 P < 0.01
Levodopa dose 441 + 212 257 + 197 P < 0.01
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Table 3
Correlation coefficients (r) and partial correlation coefficients (') normalized for all
the other factors between 8-OHdG and the indicated clinical parameters.

Clinical parameter r P value r! P value
Age at exam 0.336 <0.05 0.062 n.s.
Duration 0.594 <0.0001 0.021 n.s.
UPDRS part 3 0.615 <0.0001 0.275 <0.05
TUHARS 0.857 <0.0001 0.761 <0.0001
MMSE -0.499 <0.0001 ~0.213 n.s.
Levodopa dose 0.522 <0.0001 0.122 n.s.

n.s., not significant.

[22]; alterations of brainstem sleep-wake and dream regulation
[23]. Hallucinations are also associated with myocardial sympa-
thetic dysfunction in PD [24]. Dysregulation of B1-adrenergic
systemn in PD tends to cause myocardial tachycardia [25], which
may increase the myocardial oxidative stress. In addition halluci-
nating patients show significantly lower cerebral blood flow in
temporal regions, the inferior parietal lobule, precuneus gyrus, and
occipital cortex than non-hallucinating patients [26,27], which may
increase cerebral oxidative stress. Motor dysfunctions are mostly
due to degeneration of the substantia nigra and related structures,
whereas hallucinations are likely to represent more extensive
impairment of cerebral nuclei and cortices. The difference in the
number of affected neurons may explain why increased urinary
8-OHdG levels correlated more with hallucinations than motor
symptoms. Although PD patients with hallucinations frequently
develop dementia and show widespread atrophy involving limbic,
paralimbic, and neocortical areas [28], the partial correlation
coefficient between 8-OHdG and MMSE was lower than TUHARS in
our patients. This also suggests that the number of affected neurons
alone does not simply account for the increased urinary 8-OHdG
levels. Hallucinations should represent neuronal hyperactivity,
whereas dementia is caused by loss of neuronal activities. The
difference in the ways the neurons are affected may explain why 8-
OHdG correlates with hallucinations but not with dementia.

The MMSE inevitably has floor effects in subjects with severe
cognitive impairment and ceiling effects in subjects with mild
cognitive impairment in PD [14], however, other cognitive impair-
ment scales that are specifically designed for PD have not been well
validated in Japanese patients with PD. Further studies are required
to estimate the correlation between 8-OHdG and PD-specific
cognitive impairments.
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Fig. 1. Urinary 8-OHdG levels are plotted against TUHARS scores. Shaded area indi-
cates the mean + 25D of 8-OHdG in age-matched controls.

In our studies, we only quantified degrees of hallucinations and
cognitive impairments. PD is also associated with a broad spectrum
of non-motor symptoms including sleepiness, depression, auto-
nomic dysfunctions, and complex behavioral disorders. Quantifi-
cation of other non-motor symptoms is required to conclude if other
factors are also associated with elevated urinary 8-OHdG levels.
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ABSTRACT

In pre-mRNA splicing, a conserved AG/G at the
3'-splice site is recognized by U2AF%®, A disease-
causing mutation abrogating the G nucleotide at
the first position of an exon (E'') causes exon
skipping in GH1, FECH and EYA1, but not in LPL or
HEXA. Knockdown of U2AF®*® enhanced exon
skipping in GH1 and FECH. RNA-EMSA revealed
that wild-type FECH requires U2AF3® but wild-type
LPL does not. A series of artificial mutations in the
polypyrimidine tracts of GH1, FECH, EYA1, LPL and
HEXA disclosed that a stretch of at least 10-15 pyr-
imidines is required to ensure normal splicing in the
presence of a mutation at E*', Analysis of nine other
disease-causing mutations at E'' detected five
splicing mutations. Our studies suggest that a
mutation at the AG-dependent 3'-splice site that
requires U2AF®® for spliceosome assembly causes
exon skipping, whereas one at the AG-independent
3'-splice site that does not require U2AF*® gives rise
to normal splicing. The AG-dependence of the
3'-splice site that we analyzed in disease-causing
mutations at E™ potentially helps identify yet unrec-
ognized splicing mutations at E*".

INTRODUCTION

In higher eukaryotes, generation of functional mRNA is
dependent on the removal of introns from pre-mRNA by
splicing (1). The splicing process occurs in the
spliceosome, the major components of which include five
small nuclear RNAs and their associated proteins (U1,
U2, U4, U5 and U6 snRNPs) in addition to a large
number of non-snRNP proteins (2). In the first step of
assembly of the spliceosome, Ul snRNP, SF1, U2AF%

and U2AF>® bind to the splicing cis-elements at the '
splice site (ss), the branch point sequence (BPS), the
polypyrimidine tract (PPT) and the acceptor site, respect-
ively, to form complex E (3).

Yeast has a well conserved BPS of UACUAAC (4),
whereas we recently reported that human carries a
highly degenerate BPS of yUnAy, where ‘y’ and ‘n’ repre-
sent pyrimidines and any nucleotides, respectively (5).
Degeneracy of the human BPS supports a notion that
the human BPS is likely to be recognized along with the
downstream PPT where U2AF® binds and possibly with
the invariant AG dinucleotide at the 3’ ss where U2AF>®
binds (6,7). U2AF® and U2AF* also make a heterodimer
(8). In PPT, uridines are preferred over cytidines (9,10). In
addition, PPT with 11 continuous uridines is highly com-
petent and the position of such PPT is not critical (10). On
the other hand, PPTs with only five or six uridines are
required to be located close the 3’ AG for efficient
splicing. In addition, phosphorylated DEK binds to and
cooperates with U2AF* for proper recognition of the 3’ ss
(1D).

In the next step of the spliceosome assembly, the bound
U2AF® and U2AF™ facilitate substitution of SF1 for
U2snRNP at the branch point to form complex A.
Introns carrying a long stretch of PPT do not require
U2AF*  for this substitution, which is called
‘AG-independent 3’ ss’ (12-15). On the other hand,
introns with a short or degenerate PPT require both
U2AF® and U2AF® for this substitution, which is
called ‘AG-dependent 3’ ss’. Thereafter, the U4/U6.U5
tri-snRNP is integrated into the spliceosome to form
complex B and the initial assembly of the spliceosome is
completed.

The invariant AG dinucleotides are frequently reported
targets of mutations causing human diseases, and the most
frequent consequence is skipping of one or more exons
(16). In addition, even mutations in highly degenerate
BPS (5) and PPT (17) give rise to aberrant splicing
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causing genetic diseases (18). Disease-causing mutations
also affect the first nucleotide of an exon (E™'), but their
effects on pre-mRNA splicing have been rarely
scrutinized. As far as we know, only three such mutations
in FECH (19), GHI (20) and EYAI (21) have been
reported to cause aberrant splicing. Similarly, two such
mutations in LPL (22) and HEXA (23) have been
reported to have no effect on splicing. In this communi-
cation, we dissected molecular bases that differentiate
splicing-disrupting and splicing-competent mutations,
and found that AG-dependent ss is vulnerable to a
mutation at E*!, whereas AG-independent ss is tolerant.

MATERIALS AND METHODS
Minigene constructs and mutagenesis

Human genes of our interest were PCR-amplified from
HEK?293 cells using the KOD plus DNA polymerase
(Toyobo). We introduced restriction enzyme-recognition
sites at the 5-end of the forward and reverse primers. We
inserted the amplicon into the pcDNA3.1(+) mammalian
expression vector (Invitrogen). We introduced patients’ or
artificial mutations with the QuikChange site-directed mu-
tagenesis kit (Stratagene). We confirmed the absence of
unexpected artifacts with the CEQ8000 genetic analyzer
(Beckman Coulter).

Cell culture and transfection procedures

HEK?293 cells were maintained in the Dulbecco’s
minimum essential medium (DMEM, Sigma-Aldrich)
with 10% fetal bovine serum (FBS, Sigma-Aldrich). At
~50% confluency (~5 x 10° cells) in a 12-well plate, 1 ml
of fresh Opti-MEM 1 (Invitrogen) was substituted for
DMEM, and 500ng of a minigene with 1.5pl of the
FuGENEG6 transfection reagent (Roche Diagnostics)
were then added. After 4h, 2ml of DMEM with 10%
FBS was overlaid, and the cells were incubated overnight.
The transfection medium was replaced with 2ml of fresh
DMEM with 10% FBS. RNA was extracted at 48 h after
initiation of transfection.

RNA extraction and RT-PCR

Total RNA from HEK?293 was extracted by Trizol reagent
(Invitrogen) according to the manufacturer’s protocols.
The quantity and quality of RNA was determined by spec-
trophotometry (NanoDrop Techonologies). Twenty
percent of the isolated RNA was used as a template for
cDNA synthesis with the Oligo(dT) 12-18 Primer
(Invitrogen) and the ReverTra Ace (Toyobo). Ten
percent of the synthesized cDNA was used as a template
for RT-PCR amplification with T7 primer (5-TAATACG
ACTCACTATAGGG-3) and gene-specific primers for
minigenes in pcDNA3.1(+). Image J software (National
Institutes of Health) was used to quantify intensities of
fragments. We employed JMP (SAS Institute) for statis-
tical analysis.

RNA interference to knockdown U2AF

We synthesized siRNA of 5¥-GGCUGUGAUUGACUU
GAAUdTAT-3 (GenBank accession number
NM_006758, nucleotides 459-479), which is against the
shared sequence of U2AF>°a and U2AF>*°b (15). We
employed Lipofectamine 2000 (Invitrogen) to cotransfect
plasmids and siRNAs according to the manufacturer’s
protocols. Briefly, the transfection reagent included
300ng of the plasmid, 50 pmol of siRNA, and 2pl of
lipofectamine 2000 in 100 pl of Opti-MEM 1. The cells
were harvested by western blotting for 48 h after transfec-
tion. The primary antibodies were goat polyclonal
antibody for U2AF* (Santa Cruz Biotechnology), and
mouse monoclonal antibodies for U2AF® (Santa Cruz
Biotechnology) and PTB (Zymed Laboratories). The sec-
ondary antibodies were HRP-conjugated mouse anti-goat
(Santa Cruz Biotechnology) or sheep anti-mouse (GE
healthcare) antibodies. The immunoreactive proteins
were detected by enhanced chemiluminescence (ECL,
Amersham Biosciences).

For the siRNA rescue assay, we cloned the human
U2AF* ¢DNA (Open Biosystems) into the HindIII and
EcoRI restriction sites of the p3XFLAG-CMV-14 vector
(Sigma-Aldrich). We introduced four silent mutations into
the siRNA target region using the QuikChange
site-directed mutagenesis kit with a primer, 5-GAAAAG
GCTGTAATCGATTTAAATAACCGTTGGTT-3,
where artificial mutations are underlined (24).

RINA probe synthesis

We synthesized [o->?P]-CTP-labeled RNA using the
Riboprobe in vitro transcription system (Promega) from
a PCR-amplified fragment according to the manufactur-
er’s instructions. We used the same forward primer for all
the probes with the sequence of 5-TAATACGACTCACT
ATAGGGAGACAGG-3, where the italicized is T7
promoter and the underlined is for annealing to the
reverse primer. The four reverse primers were: wild-type
FECH, 5-TGGACCAACCTATGCGAAAGATAGACG
AATGCGTAAGCCTGTCTC-%; mutant FECH, 5-TGG
ACCAAACTATGCGAAAGATAGACGAATGCGTA
AGCCTGTCTC-3¥; wild-type LPL, 5-TGGATCGAGG
CCTTAAAAGGGAAAAAAGCAGGAACACCCTGT
CTC-3; and mutant LPL, - TGGATCGAGGACTTAA
AAGGGAAAAAAGCAGGAACACCCTGTCTC-3,
where the underlined is for annealing to the forward
primer.

Expression and purification of recombinant proteins

The human U2AF>® and U2AF® ¢cDNAs were obtained
from Open Biosystems. U2AF> and U2AF® cDNAs
were subcloned into the BamHI and EcoRI restriction
sites of the pFastBac HTb vector. The recombinant
baculoviruses were expressed using the Bac-to-Bac
Baculovirus Expression System (Invitrogen) according to
the manufacturer’s instructions. Infected Sf9 cells were
harvested after 48h and resuspended in the lysis buf-
fer containing S50mM sodium phosphate, 10mM
imidazole, 300mM NaCl, 1% Triton X-100, 2mM
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B-mercaptoethanol, the Complete Protease Inhibitor
Cocktail (Roche Applied Science) and 5 U endonuclease
in pH 7.0. His-tagged U2AF* and U2AF® proteins were
purified using the TALON metal affinity resins (Clontech)
under the denatured and native conditions, respectively.
Purified U2AF® was refolded by extended dialysis in
dialysis buffer (50mM sodium phosphate, 300mM
NaCl, 150mM imidazole, pH 7.0). We determined the
protein concentrations using the Pierce 660nm Protein
Assay Reagent (Thermo Scientific).

RNA-electrophoretic mobility shift assay

The radioactively labeled RNA (I x10° cpm) was
incubated at room temperature with varying concentra-
tions of recombinant proteins, 16 ug of yeast tRNA, and
1.6 U of RNasin (Toyobo) in a final volume of 20 pl of the
binding buffer (20 mM HEPES pH 7.8, 50 mM K Cl, 3mM
MgCl,, 0.5mM dithiothreitol, 0.5mM EDTA and 5%
glycerol). After 20min, the RNA-protein complexes
were separated on 5% non-denaturing polyacrylamide
gels in 1 x TBE buffer at 4°C. The gels were dried and
complex formation was visualized using the Typhoon
8600 Imager (GE Healthcare).

In silico analysis of the human genome and ESE-motifs

We analyzed human genome annotations (NCBI Build
37.1, hgl9) by writing Perl programs, and executing
them either on the PrimePower HPC2500/Solaris 9 super-
computer (Fujitsu) or on the cygwin UNIX emulator
To search for

running on a Windows computer.

Nucleic Acids Research, 2011 3

ESE-motifs, we used the ESE Finder (http://rulai.cshl
.org/ESE/) (25,26), the RESUCE-ESE server (http://
genes.mit.edu/burgelab/rescue-ese/) (27), the FAS-ESS
server (http://genes.mit.edu/fas-ess/) (28), the PESX
server (http://cubweb.biology.columbia.edu/pesx/)
(29,30), and the ESRsearch server (http://ast.bioinfo.tau
.ac.ily) (31).

RESULTS

Recapitulation of normal and aberrant splicing in
minigenes

We first constructed minigenes of GHI, FECH, EYAI,
LPL and HEXA, and introduced a previously reported
disease-causing mutation at E™' (Figure 1A). These
minigenes successfully recapitulated normal and aberrant
splicings: mutations in GHI, FECH and EYAI caused
exon skipping, whereas those in LPL or HEXA did not
(Figure 1B).

Down-regulation of U2AF increased exon skipping in
wild-type GH1 and FECH, but not in wild-type EYAI,
LPL and HEXA ,

We predicted that a mutation at E*' should disrupt
binding of U2AF>’. We thus hypothesized that GHI,
FECH and EYAI require binding of U2AF* for the
assembly of spliceosome, whereas LPL and HEXA do
not require it. To prove this hypothesis, we first knocked
down U2AF* and analyzed its effect on the wild-type
minigenes. We achieved an efficient down-regulation of
U2AF?® in HEK293 cells (Figure 2A). We also confirmed

Intron Exon
Exon
Number v
GH1 3 . .GAGCTGGTCTCCAGCGTAGACCTTGGTGGGCGGTCCTTCTCCTAG [GRAGAAGCCT. . .
T
FECH 9 . .TCAGGAGGCATAGTCCACTTACGCATTCGTCTATCTTTCGCATAG [GITGGTCCAA. ..
T
EYAT 10 ...AACCTGAAGTATACATGTTCTTCACCTGTCATATTCTTATTTTAG [GRTCCACCCA. ..
— T
LPL 5 ...AATGGAAATTTACAAATCTGTGTTCCTGCTTTTTTCCCTTTTAAG [GLCTCGATCC. ..
e T
HEXA 13 ...CAGGGAATACAGGGCCCAATCTGGCACATGCCCCTTTTCCTCCAG [GICCCAGAGCA. ..
U —— | I
A A A
BPS PPT Mutation
B

009 0.83 0

. .99
+0.01 £0.01

+0.04 +0.06 +0  £005

Ratio of
Skipping

Figure 1. Recapitulation of normal and aberrant splicing of five genes. (A) Nucleotide sequences at the intron/exon junctions of five analyzed genes.
Putative BPS is underlined. PPT is shown by a bracket. Mutant nucleotides are indicated at E*'. (B) RT-PCR of minigenes expressed in HEK293
cells carrying the wild-type (WT) or patient’s (PT) nucleotide. The mutations cause exon skipping in GHI, FECH and EYAI, but not in LPL and
HEXA. Mean and SD of three independent experiments of the densitometric ratios of the exon-skipped product is shown at the bottom.
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A RNAI
Cont 35

|« IB:U2AF®8

< |B:U2AF3

FECH
EYA1

LPL
HEXA

Cont 35

Cont 35 Cont 35

Cont 35 Cont 35 siRNA

0.60 0.83 0.07  0.23 0
+0.05 £0.04 .

+0.02 £0.06 +0 +0
c + + - p3XFLAG-empty
- - +  U2AF®.3XFALG
=+ +  UAFSSiRNA

<IB:Anti-FLAG

I
G}
+

[}
+
+

1
+
+

058 0.84 - 0.61
+0.02 £0.03 £0.07

0.06 0.19 0.05
+0.02 £0.01 £0.01

0 0 0 0
+0 +0 +0 +0

Ratio of
Skipping

p3XFLAG-empty
U2AF35.3XFALG
U2AF5.5iRNA

< IB:U2AF3®

< |B:PTBP1

p3XFLAG-empty
U2AF®.3XFALG

U2AF®.siRNA

Ratio of
Skipping

Figure 2. Effects of down-regulation of U2AF® on pre-mRNA splicing. (A) Western blots demonstrating that U2AF**-siRNA efficiently knocks
down U2AF?*® but not U2AF® or PTBPI. (B) Down-regulation of U2AF> facilitates exon skipping in wild-type GH/ and FECH, but not in
wild-type EYAI, LPL and HEXA. (C) Introduction of an siRNA-resistant p3XFLAG-U2AF* encoding 3x FLAG fused with U2AF?® is visualized
by immunoblots against FLAG and U2AF*. (D) Exon skipping facilitated by U2AF*-siRNA is partially rescued by introduction of the

siRNA-resistant p3XFLAG-U2AF®.

that the U2AF*-siRNA had no effect on the expression
level of U2AF%. As expected, the down-regulation of
U2AF?® increased exon skipping of GHI and FECH
(Figure 2B) but not to the levels of the mutant constructs
(Figure 1B). Again, as expected, we observed no effect on
LPL and HEXA. Unexpectedly, however, EYAI
demonstrated no response to the down-regulation of
U2AF*. Less efficient effects of U2AF>°-siRNA on
GHI, FECH and EYAI (Figure 2B) compared to the
mutant constructs (Figure 1B) were likely because the
mutation abolished binding of U2AF? in all the cells,
whereas substantial numbers of cells failed to incorporate
U2AF*-siRNA and gave rise to normally spliced
products.

We additionally introduced the siRNA-resistant
p3XFLAG-U2AF* to ensure that the effect of

siRNA-U2AF* was not due to off-target effects
(Figure 2C). As expected, coexpression of p3XFLAG-
U2AF*® partially rescued the splicing defects in GHI
and FECH (Figure 2D).

U2AF?™ is required for binding of U2AF® to PPT in
FECH but not in LPL

To further prove that U2AF>’ is required for pre-mRNA
splicing, we employed an electrophoretic mobility shift
assay (EMSA) using wild-type and mutant RNA sub-
strates of FECH and LPL (Figure 3A). His-tagged
U2AF? and U2AF® were expressed using bacluovirus
and were purified under denatured and native conditions,
respectively. Denatured U2AF?* was refolded before
RNA-EMSA. As expected, U2AF® failed to bind to the
wild-type FECH in the absence of U2AF*’, and addition
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WT CTTACGCATTCGTCTATCTTTCGCATAG |[GTTGGTCCA
PT CTTACGCATTCGTCTATCTTTCGCATAG |TTTGGTCCA

LPL

A

WT GTGTTCCTGCTTTTTTCCCTTTTAAG [GCCTCGATCCA'

PT GTGTTCCTGCTTTTTTCCCTTTTAAG ECCTCGATCCA'

A
B PPT

FECH
WT

A
Mutation

LPL

T

WT P

PT
0 —— ot _—Toed

0 2 3 3 41233 0 1 2 4 1

2 3

0 41 89155 35103147 0 36 9016938 94 165

Figure 3. RNA-EMSA. (A) Sequences of wild-type (WT) and mutant (PT) RNA probes of FECH and LPL employed for RNA-EMSA.
(B) RNA-EMSA of wild-type and mutant FECH and LPL with increasing amounts of U2AF® with or without U2AF*’. His-tagged U2AF®
and U2AF>® are expressed in Sf9 cells and are purified. Wild-type FECH requires U2AF* to bind to U2AF®, whereas wild-type LPL does not
require U2AF?. A mutation at E*! abrogates binding of U2AF® in FECH but not in LPL. Concentrations of U2AF® are 5, 10 and 20 ng/pl; and
those of U2AF® are 10, 20 and 40 ng/ul. Numbers at the bottom indicate intensities of the retarded fragments in arbitrary units.

of U2AF* gained its binding. For the mutant FECH,
neither U2AF® alone nor addition of both U2AFs
showed binding of U2AFs. On the other hand, the
wild-type LPL did not require U2AF* to bind to
U2AF®. Addition of U2AF* did not substantially
increased binding of U2AF%. These bindings were not
affected by the mutation at E™' of LPL (Figure 3B).

These results indicate that the mutation in FECH com-
promises a binding affinity for U2AF*, which in turn
abrogates binding of U2AF® and results in aberrant
splicing. On the other hand, wild-type LPL does not
need to bind to U2AF* and the mutation at E*! has no
effect on the assembly of spliceosome.

PPT determines the splicing consequences of the
mutations

In an effort to delineate effects of the PPT sequences on
the splicing consequence of a mutation at E*', we
introduced a series of mutations into the PPT in the
presence of the mutation at E*!. Extensions of the
polypyrimidine stretch ameliorated aberrant splicing in
GHI, FECH and EYAI. Conversely, truncations or dis-
ruptions of the polypyrimidine stretch caused exon
skipping in LPL and HEXA (Figure 4).

Length of the polypyrimidine stretch best predicts the
splicing consequences

We next sought for parameters that differentiate normal
and aberrant splicings in these minigenes. Analysis of par-
ameters that potentially dictate the strength of the PPT
indicated that the length of pyrimidine stretch, the number
of pyrimidines in 25 or 50nt at the 3’-end of an intron

correlated with the ratio of exon skipping with correlation
coefficients of more than 0.6 (Supplementary Table S1).
The number of pyrimidines in 25 or 50 nt at the 3/-end of
an intron, however, failed to predict splicing consequences
of nine other constructs shown in Figure 6, and is likely to
be overfitted parameters unique to the 35 constructs in
Figure 4. Coolidge and colleagues report that (GU);; in
PPT is partly functional, but we did not observe alterna-
tive purine and pyrimidine residues in our PPTs and did
not quantify effects of alternative nucleotides (10). We
thus took the length of pyrimidine stretch as a best par-
ameter to dictate the strength of the PPT (Figure 5A). The
native GHI, FECH and EYAI carry a stretch of 6-10
pyrimidines, whereas the native LPL and HEXA harbor
a stretch of 14 and 13 pyrimidines, respectively (arrows in
Figure 5A). For highly degenerate PPTs in the artificial
constructs, the total number of pyrimidines in a stretch of
25nt at the 3’-end of an intron well predicts the ratio of
exon skipping (Figure 5B). These analyses revealed that
the length of the polypyrimidine stretch should be at least
10-15nt to ensure normal splicing even in the presence of
a mutation at E*.

Identification of effects on pre-mRNA splicing of
nine disease-associated mutations at the first
nucleotide of an exon

We next examined other mutations at E™' in which
splicing consequences have not been previously analyzed.
We first identified 224 mutations that abrogate the first
‘G’ nucleotide of an exon in the Human Gene Mutation
Database at http://www.hgmd.cf.ac.uk/ (data not shown).
Among these, we arbitrarily chose nine mutations causing
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B H Length Ratio of
of PPS  Skipping
GH1 v

TAGACCTTGGTGGGCGTTCCTTCTCCTAG | " 0.98 £ 0.01

12 0.80 + 0.06
13 0.69 + 0.04
14 0.66 £0.03
15 0.18 £ 0.01

TAGACCTTGGTGGGATTTCCTTCTCCTAG
TAGACCTTGGTGGGCTTTCCTTCTCCTAG
TAGACCTTGGTGGTCTTTCCTTCTCCTAG

TAGACCTTGGTGTTCTTTCCTTCTCCTAG

FECH
CTTACGCAAARATCTTTCTTTCGCATAG 10  0.56+0.09
CTTACGCAAAATTCTTTCTTTCGCATAG | 11 0.53 +0.07
CTTACGCAAACTTCTTTCTTTCGCATAG 12 0.31+0.07
CTTACGCAATCTTCTTTCTTTCGCATAG | 13 0.22 +0.03
CTTACGCATTCTTCTTTCTTTCGCATAG 14 0.08 + 0.04
EYA1
TTCACCTGTCAAAATCTTTTTTTAG 9 0.18 +0.03
TTCACCTGTCAAATTCTTTTTTTAG 10 o0z0
TTCACCTGTCAATTTCTTTTTTTAG 11 0+0
TTCACCTGTCATTTTCTTTITTTAG 12 0+0
LPL -
TTTACAAATCTGTGTTCCTGGTTTTTTCCCTTTTAAG | | 13 0#0
TTTACAAATCTGTGTTCCTGCGTTTTTCCCTTTTAAG 12 00
TTTACAAATCTGTGTTCCTGCTATTTTCCCTTTTAAG 11 00
TTTACAAATCTGTGTTCCTGCTTATTTCCCTTTTAAG 10 00
TTTACAAATCTGTGTTCCTGCTTAATTCCCTTTTARG 9 0.05 £ 0.01
TTTACAAATCTGTGTTCCTGCTTTTGTCCCGTTTAAG 5 0.17 £0.02
TTTACAAATCTGTGTTCCTGCGTTGGTCCCGTTTAAG 5 0.24 + 0.02
TTTACAAATCTGTGTTCCTGCGTTGETGCCGTGTARG 5 0.37 £0.03
HEXA
CCAATCTGGCACATGACCCTTTTCCTCCAG 12 00
CCAATCTGGCACATGAACCTTTTCCTCCAG 1 0£0
CCAATCTGGCACATGAARACTTTTCCTCCAG 10 0x0
CCAATCTGGCACATGAAACTTTTCCTCAAG [¢] 0.06 £ 0.01
CCAATCTGGCACATGAAACTTTTCCTARAG 8 0.18 £0.02
CCAATCTGGCACATGCGCCGTTGCCGCCAG 2 0.31+0.03
CCAATCTGGCACATGCGCCGGGGCCGCCAG 2 0.41+0.02
CCAATCTGGCACATGCGCCGGGGGGGGGAG 2 0.93 +0.02

A

BPS
Figure 4. RT-PCR of HEK293 cells transfected with minigenes
carrying artificially extended or disrupted PPT’s. All the constructs
harbor a mutation at E*'. The top construct of each gene represents
the patient’s sequence. Only the nucleotide sequences of the 3'-end of
an intron are indicated. The longest stretches of the polypyrimidines are
shown in bold. Underlines indicate putative BPS’s. The rightmost
column shows the mean and SD of three independent experiments of
the densitometric ratios of the exon-skipped product.

neuromuscular and musculoskeletal disorders (Figure
6A).

We constructed nine pairs of wild-type and mutant
minigenes, and introduced them into HEK293 cells. We
observed aberrant splicing in PKHDI, COL1A2 (exon 37),
CLCN2, CAPN3 (exons 10 and 17), but not in LAMA2,
NEUI, COL6A2 and COL1A2 (exon 23) (Figure 6B). The
lengths of the polypyrimidine stretch of the five aberrantly

2 4 6 8 10 12 14 16
Length of Pyrimidine Stretch

~e LPL
~i- HEXA

e

0.2 M\&M

g

9 11 13 15 17 19
Number of Pyrimidines in 25 Nucleotides

Figure 5. Ratios of exon skipping are plotted against the lengths of the
polypyrimidine stretch (A) and the numbers of pyrimidines in 25nt at
the 3-end of an intron (B). The ordinate (percent skipped) represents
the ratios of exon skipping compared to that of the wild-type construct.
The data are obtained from RT-PCR shown in Figure 4. Arrows
indicate the original constructs carrying the patient’s sequence, and
the others are artificial constructs. Six constructs indicated by ovals
in (A) are plotted in (B).

spliced constructs ranged from 4 to 10 nt, whereas those of
the four normally spliced constructs ranged from 9 to
16nt. These results are in concordance with a notion
that the short polypyrimidine stretches are predisposed
to aberrant splicing due to a mutation at E!, whereas
long polypyrimidine stretches are tolerant to such muta-
tions. Among the 224 mutations affecting ‘G’ at E*', only
three mutations have been reported to cause aberrant
splicing. We here analyzed nine mutations and identified
five more such mutations. It is thus likely that most
splicing mutations at E*' still remain unrecognized to
date.

Analysis of the 3'-splice sites of the human genome

We next analyzed PPTs of 176 809 introns of the entire
human genome. The length of the pyrimidine stretch was
shorter when E™! was the conserved ‘G’ (Figure 7A). This
also supports a notion that AG-dependent 3’ ss harboring
G at E™' has a short polypyrimidine stretch (12). In
addition, the ratio of ‘C’ at intronic position —3 was
lower when E™' was the conserved ‘G’ (Figure 7B),
which suggests that G at E™! makes C at —3 dispensable
for binding to U2AF™, although this is not directly
relevant to the length of the PPT.

Being prompted by a previous report that U2AF>®
binds up to the 10th nucleotide of an exon (12), we
examined nucleotide frequencies at exonic positions +1
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- GGGTGATTTCTCCCCTAACTTTGCCGTTATARACTCTGAGGGTCTCTTGTCTTTCCTCAG éI‘GAATGTGG .
« ACCTGGGTTTTGTTCCCTGGAACTCTGTGACCCCAAATTGGTCTTCATCCTCTCTCTAAG @TCCATGGT .
. TCCGCAGGCTCCTCATCCTCATTCACATCTGAAGCATCTTCCTTTCTGTTTCTTCTCAAG éI’TCCCAAAG e
. GGGTTCCTAAAACCCCCAAGACAAGTTTGTCTTTGTTGACCCTTCCTCCTCCCATGACAG éI‘GCAGCCGC .
. TTCCCTGCCTGTGTCTCTGCAGAGCTCCTCACTAATGCCCCTCTCTCCTCCTGCCCCCAG @SCGTTCCTG SN
. GGTGTGTCATTAGCTTTAGCATCCTCCTCCTCTATCTGTTTTTTTTTTTTTTTTGAATAG @SCCCTCCTG e

A A

PPT Mutation
- )
~ 3
— ] N
S
Q D ~J =
< W (e} e}
¢ = O o

|

. I QR s s |

003 1 0 059 002 019 0 0 0 0 1 0 0 0 0 0 0 Ratio of
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Figure 6. RT-PCR analysis of nine disease-causing mutations at E*'. (A) Sequences at the intron/exon junctions of nine pairs of wild-type and
mutant constructs. The longest polypyrimidine stretches are underlined. (B) RT-PCR of minigenes transfected into HEK293 cells. Five mutant
constructs are aberrantly spliced, whereas the remaining four mutants are normally spliced. Numbers in the parentheses indicate exon numbers. In
PKHDI, a cryptic 3'-splice site (open arrowhead in panel A) at 55nt upstream of the native site is activated (asterisk). Mean and SD of three
independent experiments of the densitometric ratios of the exon-skipped product is shown at the bottom.

to +12. We counted only wobbling nucleotides based on
the human genome annotation NCBI Build 37.1 (hgl9).
As expected, ‘GT’ dinucleotide was frequently observed at
exonic positions +1 and +2. We also observed preference
for a ‘T’ nucleotide at positions +3 to +5 (Figure 7C).
Alignment of SELEX results of U2AF>® by Wu and col-
leagues (12) similarly demonstrate overrepresentation of
‘T” nucleotides at positions +3 to +6 (Figure 7D). We
thus analyzed effects of ‘TTT  at positions +3 to +5
using the GHI, FECH and EYAI minigenes carrying the
patient’s mutations. We found that introduction of ‘TTT’
at exonic position +3 to +5 had no effect in GHI and
FECH, but slightly enhanced exon recognition in EYAI
(Figure 7E).

DISCUSSION

We previously reported that the SD-score algorithm effi-
ciently predicts splicing consequences of a mutation affect-
ing the 5 ss (32). We next identified that the human BPS
consensus is simply yUnAy (5), and hoped to predict if a
given mutation affecting the BPS causes aberrant splicing
or not. The high degeneracy of the BPS consensus,
however, prevented us from constructing an efficient algo-
rithm. In this communication, we worked on mutations at
E*!. As far as we know, only three such mutations have
been reported to cause aberrant splicing, and only
two such mutations have been reported not to affect
splicing. Knockdown and RNA-EMSA of U2AF®, as
well as analyses of artificial PPT mutations and nine

disease-causing mutations at E'' revealed that
AG-dependence of 3’ ss determines the splicing conse-
quences. In the presence of a mutation at E*!, a stretch
of 15 or more pyrimidines ensures normal splicing,
whereas a stretch of 10 or less pyrimidines are predisposed
to aberrant splicing.

AG-dependent 3’ ss requires both U2AF® and U2AF>®
to bring U2snRNP to the branch point, whereas
AG-independent 3’ ss has a long stretch of pyrimidines
that can bind to U2AF® without U2AF> (13,15).
U2AF? potentially provides an additional RNA-protein
interacting force and an additional SR protein-binding
surfaces (33). An artificial G-to-C mutation at E*! down-
stream of a stretch of five pyrimidines in the mouse IgM
gene abrogates binding of U2AF>® and causes defective
splicing (14). Similarly, in /NSR exon 11 carrying an ‘A’
nucleotide at E*!, a stretch of 14 pyrimidines but not of 10
pyrimidines is properly spliced (34). Additionally, a
stretch of eight pyrimidines upstream of the last exon
with ‘C’ at E™' of EIF3S7 is dependent on U2AF’,
whereas a stretch of 14 pyrimidines upstream of the last
exon with ‘A’ at E™! of CUEDCI is independent (15). Our
observations and previous reports all point to a notion
that effects on pre-mRNA splicing should be scrutinized
for a mutation at E*! if the preceding intron carries a
short stretch of 10 or less pyrimidines. Indeed, in our
analysis of nine disease-causing mutations, five of six
mutants with 10 or less contiguous pyrimidines were ab-
errantly spliced (Figure 6), but no splicing analysis has
been documented for any of them.
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Figure 7. (A) Polypyrimidine stretch and the first nucleotide of an exon
in the human genome. The longest stretch of uninterrupted pyrimidines
among 25nt at the 3-ends of an intron is counted for 176809 introns
of the human genome. Diamonds represent means and 95% confidence
intervals. One-way ANOVA and Fisher’s-multiple range test revealed
statistical significance of P <0.0001. (B) Ratios of ‘C’ at position —3 in
relation to the first nucleotide of an exon are analyzed for 176809
introns of the human genome. Diamonds represent means and 95%
confidence intervals. One-way ANOVA and Fisher’s-multiple range
test revealed statistical significance of P <0.0001. (C) Preferentially
observed nucleotides at the 5-end of an exon in human. Only
wobbling nucleotides are counted in the human genome.
(D) Nucleotide frequencncs at exonic positions +1 to +8 according to
the SELEX data of U2AF* by Wu and colleagues (12). (E) Effects of
“TTT at exonic positions +3 to +5 in GHI, FECH and EYAI carrying
the patient’s mutation at E*'. Artificially substituted exonic nucleotides
are indicated by boxes. Mean and SD of three independent experiments
of the densitometric ratios of the exon-skipped product is shown at the
bottom.

We first report overrepresentation of “I” nucleotides at
exonic positions +3 to +5 in the human genome, as well as
in in vitro U2AF*>-binding sites. Enhancement of exon
recognition in EYAI by introduction of “TTT’ at positions
+3 to +5 also underscores a notion that ‘TTT’ at +3 to +5
is likely to enhance binding of U2AF>. Effects of ‘“TTT’,
however, were not observed in GHI and FECH. As the
patient’s mutation in GHI and FECH resulted in almost
complete skipping of an exon, whereas that in EYA/J gave
rise to both exon-skipped and included products. The
degrees of aberration of exon recognition may account
for the ‘TTT -responsiveness. Alternatively, although no
ESE motif was detected in the ‘TTT’-introduced EYAI by
five different ESE search tools, an unrecognized ESE
might have ameliorated exon skipping in EYAI. Further
analysis is required to elucidate effects of overrepre-
sentation of “I” at positions +3 to +5.
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Molecular hydrogen has been reported to be effective for a variety of disorders and its effects have been
ascribed to the reduction of oxidative stress. However, we have recently demonstrated that hydrogen
inhibits type I allergy through modulating intracellular signal transduction. In the present study, we
examined the hydrogen effects on lipopolysaccharide/interferon y LPS/IFNy-induced nitric oxide (NO)
production in murine macrophage RAW264 cells. Treatment with hydrogen reduced LPS/IFNy-induced
NO release, which was associated with a diminished induction of inducible isoform of nitric oxide
synthase (iNOS). Hydrogen treatment inhibited LPS/IFNy-induced phosphorylation of apoptosis signal-
regulating kinase 1 (ASK1) and its downstream signaling molecules, p38 MAP kinase and JNK, as well
as IxBa, but did not affect activation of NADPH oxidase and production of reactive oxygen species
(ROS). As ROS is an upstream activator of ASK1, inhibition of ASK1 by hydrogen without suppressing
ROS implies that a potential target molecule of hydrogen should be located at the receptor or immedi-
ately downstream of it. These results suggested a role for molecular hydrogen as a signal modulator.
Finally, oral intake of hydrogen-rich water alleviated anti-type II collagen antibody-induced arthritis in
mice, a model for human rheumatoid arthritis. Taken together, our studies indicate that hydrogen inhib-
its LPS/IFNy-induced NO production through modulation of signal transduction in macrophages and
ameliorates inflammatory arthritis in mice, providing the molecular basis for hydrogen effects on inflam-
mation and a functional interaction between two gaseous signaling molecules, NO and molecular
hydrogen.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

of hydrogen-rich water improves lipid and glucose metabolism in
patients with diabetes and impaired glucose tolerance. In most of

Accumulating evidence suggest that molecular hydrogen is
effective for a number of disorders including oxidative stress-re-
lated diseases and inflammatory diseases [1]. In animal disease
models, inhalation of hydrogen gas protects against cerebral
infarction [2], myocardial infarction, hepatic ischemia, neonatal
hypoxic brain injury, small intestine and lung transplantation,
zymosan-induced inflammation, inflammatory bowel disease and
sepsis. Oral intake of hydrogen-rich water exerts beneficial effects
on stress-induced learning impairment, atherosclerosis, Parkin-
son’s disease, kidney transplantation and hearing disturbance.
Infusion of hydrogen-rich saline also alleviates acute pancreatitis,
spinal cord injury and obstructive jaundice. In humans, oral intake

* Corresponding author. Fax: +81 58 371 4412.
E-mail address: mito@giib.or.jp (M. Ito).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.06.116

studies, hydrogen effects have been ascribed to the reduction of
oxidative stress.

We have recently demonstrated a preventive effect of oral in-
take of hydrogen-rich water on type I allergy in a mouse model,
which is not causally associated with oxidative stress [3]. In cul-
tured mast cells, we investigated the underlying mechanisms and
found that hydrogen attenuates degranulation by inhibiting the
high affinity IgE receptor (FceRl)-mediated signal transduction
but not by reducing oxidative stress. Based on these observations,
we proposed that modulation of signaling pathways may be an
essential mechanism underlying hydrogen effects on a broad spec-
trum of diseases and that hydrogen may be a gaseous signaling
molecule like nitric oxide (NO).

NO is involved in a variety of important physiological processes
such as vasodilatation, neurotransmission and host defense against
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invading pathogens [4]. However, an excessive amount of NO is
detrimental, resulting in rheumatoid arthritis, gastritis, bowel
inflammation and bronchitis [5,6]. In macrophages, NO is synthe-
sized by inducible isoform of nitric oxide synthase (iNOS), which
catalyzes the reaction of r-arginine to L-citrulline and NO, in re-
sponse to various stimuli such as lipopolysaccharide (LPS), inter-
feron (IFN), tumor necrosis factor o (TNFo) and interleukin 1B
(IL1B) [7]. LPS binds to the cell surface receptor CD14, which trig-
gers activation of toll like receptor 4 (TLR4) and the downstream
signaling molecules such as IxB and mitogen-activated protein ki-
nases (MAPKs) including c-Jun NH,-terminal protein kinase (JNK),
p38 MAP kinase and extracellular signal-regulated kinase (ERK)
[8]. TLR4 signaling activates transcription factors such as nuclear
factor kappa B (NFxB), activator protein 1 (AP1) and ELK1, culmi-
nating in the expression of pro-inflammatory genes including
iNOS, cyclooxygenase 2 (COX2), TNFo and IFNB. On the other hand,
IFNB and INFy, respectively, bind to type I and type Il IFN receptors
expressed on the surface of macrophages, and activate Janus kinase
(JAK)-signal transducers and activators of transcription (STAT) sig-
naling, resulting in up-regulation of IFN regulatory factor 1 (IRF1)
[9]. Both IRF1 and STAT1 bind to the iNOS promoter and enhance
production of NO.

Previous reports have demonstrated that hydrogen treatment
attenuates inflammation in animal models of inflammatory dis-
eases such as zymosan-induced inflammation [10] and inflamma-
tory bowel disease [11], but the underlying molecular mechanisms
are not yet understood. According to our recent findings [3], we
hypothesized that hydrogen might modulate the inflammatory sig-
nal transduction and that there might be a functional interaction
between two gaseous signaling molecules, NO and molecular
hydrogen. In the present study, we examined the effects of hydro-
gen on LPS/IFNy-induced signal transduction and NO production in
murine RAW264 macrophage cells. We also studied the hydrogen
effects on anti-type Il collagen antibody-induced arthritis in mice,
a model for human rheumatoid arthritis.

2. Materials and methods
2.1. Antibodies

The antibodies to p-ASK1 (Ser967/Thr845), AKT, p-AKT, p44/42
MAP kinase (ERK1/2), p-p44/42 MAP kinase (Thr202/204), SAPK/
JNK, p-SAPK/JNK (Thr180/Tyr204), p38 MAP kinase, p-p38 MAP ki-
nase (Thr180/Tyr182), iNOS, COX2 TAK1, p-TAK1 (Ser412/Thr184/
187), IxBo., p-IxBo (Ser32/36), NFkB p65, STAT1a and p-STAT1o
(Tyr701) were purchased from Cell Signaling Technology (Beverly,
CA, USA). The antibodies against p22P"°%, p47Phox pE7Phox and
gp91PP°* were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti-ASK1, -histone H3 and -B-actin antibodies were ob-
tained from Abcam (Cambridge, MA, USA), Upstate (Lake Placid,
NY, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively.

2.2. Cell culture and hydrogen treatment

Murine macrophage RAW264 cells were purchased from RIKEN
BioResource Center (Tsukuba, Japan) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% heat-inactivated
fetal bovine serum (FBS), 100 U/ml of penicillin and 100 pg/ml
streptomycin in a humidified atmosphere of 5% CO, at 37 °C.
Hydrogen treatment was performed as described previously with
a slight modification [3]. Briefly, cells seeded onto multi-well
plates were incubated at 37 °C under a humidified condition of
75% Ha, 20% 0, and 5% CO,, or 95% air and 5% CO, in a small alu-
minum bag. After 24 h incubation in the presence of hydrogen,
the hydrogen concentration in the culture media was about

0.3 ppm as measured by using the H,-N hydrogen needle sensor
(Unisense, Aarhus, Denmark). After treatment with or without
hydrogen for 24 h, cells were treated with or without LPS (final
concentration, 200 ng/ml) (Sigma-Aldrich) and IFNy (final concen-
tration, 25 ng/ml) (Millipore, Bedford, MA, USA), which was fol-
lowed by incubation in the presence or absence of hydrogen.

2.3. Measurement of nitric oxide production

Cell culture media were centrifuged at 4 °C for 5 min and the
supernatant was subjected to measurement of the amount of ni-
trite, a stable metabolite of NO, using the Griess reagent kit (Pro-
mega, Madison, WI, USA).

2.4. Western blot analysis

Whole cell extracts were prepared by lysing in RIPA buffer con-
taining the complete protease inhibitor cocktail and the phospha-
tase inhibitor cocktail (Roche, Penzberg, Germany). The cytosolic
and nuclear fractions were separated by the NE-PER nuclear and
cytoplasmic extraction kit (Thermo Fisher Scientific, Waltham,
MA, USA). The cytosolic and membrane fractions were isolated
using the ProteoExtract subcellular proteome extraction kit (Merk
KGaA, Darmstdt, Germany). Samples were subjected to sodium
dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and electroblotted onto PVDF membranes. Membranes were incu-
bated with a primary antibody, followed by incubation with a
horseradish peroxidase-conjugated secondary antibody. Immuno-
labeled proteins were detected using the ECL chemiluminescence
kit (GE Healthcare, Piscataway, NJ, USA) and the LAS-4000 lumi-
no-image analyzer (Fujifilm, Tokyo, Japan).

2.5. Quantitative RT-PCR

Total RNA was extracted from cells by the TRIzol reagent (Invit-
rogen, Carlsbad, CA, USA) followed by DNase I treatment. cDNA
was synthesized using the PrimeScript reagent kit (Takara Bio, Oht-
su, Japan) and subjected to quantitative RT-PCR using the Thermal
Cycler Dice real-time PCR system (TP800, Takara Bio). Primers for
iNOS and GAPDH were purchased from Takara Bio. The expression
level of iNOS gene was determined using the comparative C, meth-
od and normalized to that of GAPDH. The PCR consisted of 45 cycles
(95 °Cfor 105, 60 °C for 40 s and 72 °C for 1 s) after an initial dena-
turation step (95 °C for 10 min).

2.6. Measurement of intracellular ROS levels

Intracellular levels of reactive oxygen species (ROS) were deter-
mined using a cell-permeable fluorescent probe, CM-H,DCF-DA
(Invitrogen). Cells were incubated with 10 uM CM-H,DCF-DA for
1h at 37 °C. After treatment, cells were washed twice with PBS
and lysed in RIPA buffer. The absorbance of the lysates was mea-
sured with excitation at 490 nm and emission at 530 nm using
the MTP-600 fluorometric imaging plate reader (Corona Electric,
Ibaraki, Japan).

2.7. Hydrogen treatment of mice

Five-weeks-old female BALB/c Cr Slc mice (Japan SLC, Hamama-
tsu, Japan) were fed with either hydrogen-rich or control water ad
libitum, as described previously [3]. Hydrogen-rich water packed in
aluminum pouches was purchased from Blue Mercury (Tokyo, Ja-
pan). The hydrogen concentration of the hydrogen-rich water
was approximately 1.0 ppm. The control water was prepared by
gently stirring the hydrogen-rich water in open air for 24 h. This
study was approved by the Animal Use Committee of the Gifu
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International Institute of Biotechnology and the animals were
maintained according to the guidelines for the care of laboratory
animals of the Gifu International Institute of Biotechnology.

2.8. Anti-type II collagen antibody-induced arthritis in mice

Inflammatory arthritis was induced using the arthritogenic
mouse monoclonal anti-type II collagen 5 clone antibody cocktail
(Iwai Chemical, Tokyo, Japan). Seven-weeks-old mice, which were
fed with either hydrogen-rich or control water for 2 weeks, were
injected intravenously with 1 mg of the arthritogenic cocktail.
Hydrogen treatment continued after the injection. Three days later,
25 ng of LPS (Escherichia coli O111:B4) was injected intraperitone-
ally. Two weeks after the antibody injection, we took photographs
of the hind and front paws, evaluated the arthritis scores and mea-
sured the foot volume of hind paws using the plethysmometer
(MK550M, Muromachi-kikai, Tokyo, Japan). The arthritis score
was determined by grading each of four paws on a 0-4 scale
[12]. Thus, the total arthritis score of a given mouse varies in the
range 0-16.

2.9. Statistical analysis

All data were analyzed using Student’s t-test or two-way ANO-
VA followed by Fisher’'s multiple range test.

3. Results

3.1. Hydrogen inhibits LPS/IFNy-induced NO release from RAW264
macrophage cells

Hydrogen treatment for 24 h did not affect cell viability and
proliferation (data not shown). In order to explore possible interac-
tion between NO and hydrogen, we examined the effects of hydro-
gen on LPS/IFNy-induced NO release from murine RAW264
macrophage cells. Treatment with hydrogen significantly reduced
the NO levels in the culture media, the inhibitory effect being more
pronounced at 12 h than at 6 h after LPS/IFNy stimulation (Fig. 1A).
These results suggest that there exists a functional relationship be-
tween NO and hydrogen.

3.2. Hydrogen inhibits LPS/IFNy-induced iNOS expression

Stimulation with LPS/IFNy up-regulates expression of pro-
inflammatory genes such as iNOS and COX2. As shown in Fig. 1B,
LPS/IFNy stimulation resulted in a robust increase in protein
expression of iNOS and COX2 at 6 h after treatment, which was
markedly suppressed by treatment with hydrogen. Consistent with
these findings, quantitative RT-PCR demonstrated that hydrogen
inhibits LPS/IFNy-induced mRNA expression of iNOS at 3 h after
stimulation (Fig. 1C). These results indicate that hydrogen is capa-
ble of inhibiting LPS/IFNy-induced expression of iNOS, which may
account for suppression by hydrogen of LPS/IFNy-induced NO re-
lease from macrophage cells (Fig. 1A).

3.3. Hydrogen inhibits LPS/IFNy-mediated signal transduction

LPS signaling enhances phosphorylation of MAPKs and IxBa,
and thereby activates transcription factors such as AP1, ELK1 and
NFxB, whereas [FNy signaling increases expression of IRF1 via acti-
vation of JAK-STAT signaling. These transcription factors activated
or up-regulated by LPS/IFNy stimulation bind to the iNOS promoter
and enhance NO production. LPS/IFNy stimulation enhanced phos-
phorylation of MAPKs including p38, INK and ERK as well as AKT
and STAT1a (Fig. 2A). Hydrogen treatment inhibited LPS/IFNy-in-

duced phosphorylation of p38 and JNK, but did not affect that of
ERK, AKT and STAT1o.

Phosphorylation of IxB proteins leads to its degradation and
NFkB translocation into the nucleus. As shown in Fig. 2B, LPS/IFNy
stimulation enhanced phosphorylation of 1kBo and reduced its
cytosolic level, which was associated with a decrease in NFkB
p65 subunit in the cytosol and its increase in the nuclei. Treatment
with hydrogen suppressed the LPS/IFNy-induced activation of the
NFxB pathway.

Taken together, these results suggest that hydrogen suppresses
LPS/IFNy-mediated signal transduction by inhibiting phosphoryla-
tion of p38, JNK and IkBo, resulting in reduced iNOS expression
and NO production.

3.4. Hydrogen inhibits LPS/IFNy-induced phosphmylarion of ASK1

Among protein kinases activated by LPS/IFNYy, p38, JNK and
IkBo were specifically inhibited by hydrogen (Fig. 2A and B). Apop-
tosis signal-regulating kinase 1 (ASK1), which is activated by endo-
toxins such as LPS, has been shown to activate both p38 and JNK
MAPKs [13]. We thus investigated whether ASK1 phosphorylation
is affected by hydrogen. As shown in Fig. 2C, phosphorylation of
ASK1 at Ser967 and Thr845 caused by LPS/IFNy stimulation was
attenuated by hydrogen treatment. In contrast, LPS/IFNy-induced
phosphorylation of TGF-activated kinase 1 (TAK1) at Ser412 and
Thr184/187, which, as well as ASK1, has been implicated in TNF
receptor associated factor (TRAF)-dependent signaling pathways
[14], was not affected by treatment with hydrogen. These results
indicate that hydrogen inhibits LPS/IFNy-induced phosphorylation
of ASK1.

3.5. Hydrogen does not affect LPS/IFNy-induced NOX activation and
ROS production

It has been shown that ASK1 is activated by endotoxins such as
LPS through ROS production, which in turn activates p38 and JNK
MAPKs [15]. Furthermore, a direct link between ASK1 and NADPH
oxidase (NOX) has been reported [16]. Here we investigated
whether inhibition by hydrogen of LPS/IFNy-induced ASK activa-
tion is mediated by suppression of NOX activation and ROS produc-
tion. As shown in Fig. 3A, hydrogen treatment did not affect LPS/
IFNy-induced ROS production. For NOX activation, in response to
LPS/IFNYy stimulation, the levels of the cytosolic subunits of NOX,
p47P"%% and p67P"°% were decreased in the cytosolic fraction and
increased in the membrane fraction (Fig. 3B). However, treatment
with hydrogen did not influence the LPS/IFNy-induced transloca-
tion of p47P"°% and p67P"°* to the membranes. These results sug-
gest that hydrogen does not affect LPS/IFNy-induced NOX
activation and ROS production.

3.6. Oral intake of hydrogen-rich water ameliorates anti-type II
collagen antibody-induced arthritis in mice

The findings that hydrogen suppressed LPS/IFNy-induced NO
production in cultured macrophage cells prompted us to examine
whether oral intake of hydrogen-rich water could ameliorate
anti-type II collagen antibody-induced arthritis in mice, a model
for human rheumatoid arthritis [17]. In this mouse disease model,
following the injection of anti-type Il collagen-specific monoclonal
antibody, LPS is injected to increase the incidence and severity of
the disease. As shown in Fig. 4A, erythema and swelling of the hind
and front paws were alleviated in mice treated with hydrogen-rich
water compared with those treated with control water. The arthri-
tis score was significantly lower in hydrogen-rich water-treated
mice than in control water-treated mice (Fig. 4B). Both left and
right hind paw volumes were decreased in hydrogen-treated mice
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Fig. 1. Effects of hydrogen treatment on LPS/IFNy-induced NO release and iNOS expression in RAW264 cells. RAW264 cells were incubated for 24 h in the presence or absence
of hydrogen and then treated with or without LPS and IFNy. (A) After incubation in the presence or absence of hydrogen for additional 6 and 12 h, cell culture media were
harvested for measurement of nitrite, a stable metabolite of NO (mean + SD, n = 9). Asterisks indicate statistical significance as determined by Student’s t-test (**p<0.01).(B)
After incubation in the presence or absence of hydrogen for additional 6 h, cell lysates were harvested and subjected to Western blot analysis for iNOS, COX2 and p-actin. A
representative blot from three independent experiments is shown. (C) After incubation in the presence or absence of hydrogen for additional 3 h, total RNA was harvested and

subjected to quantitative RT-PCR for iNOS (mean + SD, n = 3). Asterisks indicate statistical significance as determined by Student's t-test (*p < 0.05).
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Fig. 2. Effects of hydrogen on LPS/IFNy-mediated signal transduction in RAW264 macrophage cells. RAW264 macrophage cells were incubated for 24 h in the presence or
absence of hydrogen and then treated with or without LPS and IFNY. After incubation in the presence or absence of hydrogen for indicated time periods, cell lysates (A)and (C)
and the cytosolic and nuclear fractions (B) were harvested and subjected to Western blot analysis for indicated proteins. A representative blot from three independent

experiments is shown.

compared with control mice, but the statistical significance was
observed only for the left hind paw (p < 0.05) (Fig. 4C). These re-
sults suggest that oral intake of hydrogen-rich water suppresses
inflammation and alleviates arthritis in mice.

4. Discussion

Numerous papers have been published showing the efficacy of
hydrogen treatment [1] since the first report in 2007 [2], in which
specific scavenging of hydroxyl radical has been proposed as a
mechanism accounting for the hydrogen effect. Most studies dem-

onstrate reduced oxidative stress by hydrogen and assume that
this is a major mechanism underlying the hydrogen effects. How-
ever, in type I allergy, hydrogen suppresses phosphorylation of
FceRl-associated Lyn and its downstream signaling molecules,
which subsequently inhibits the NOX activity and reduces the gen-
eration of hydrogen peroxide [3]. Thus, we concluded that reduc-
tion of ROS by hydrogen in type I allergy is the consequence of
inhibition of signal transduction, but not of direct radical scaveng-
ing activity.

Based on these findings, we hypothesized that hydrogen may
ameliorate a wide variety of diseases, irrespective of their
causal association with oxidative stress, through modulating yet
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Fig. 3. Effects of hydrogen on LPS/IFNy-induced NOX activation and ROS production in RAW264 macrophage cells. RAW264 macrophage cells were incubated for 24 h in the
presence or absence of hydrogen. (A) Cells were incubated with 10 uM CM-H,DCF-DA for 1 h in PBS and then treated with or without LPS/IFNY. Three hours after incubation
in the presence or absence of hydrogen, cell lysates were harvested and subjected to measurement of intracellular ROS (mean # SD, n = 6). Statistical significance was
determined by two-way ANOVA and Fisher's multiple range test (p < 0.05). (B) Cells were treated with or without LPS/IFNy and then cuitured in the presence or absence of
hydrogen. Three hours later, the cytosolic and membrane fractions were separated and subjected to Western blot analysis for indicated proteins. A representative blot from
three independent experiments is shown.

(A) Sham
i

H, (‘f’)

(B) (©)

14

E

g o
g g
%] =
y g
= 2
L [+
T <%
< -]
£

. T

H, () H, (+) L R LRLR

Sham H,(-) H,(+)

Fig. 4. Effects of oral intake of hydrogen-rich water on anti-type II collagen antibody-induced arthritis in mice. After treatment with or without hydrogen for 2 weeks, BALB/c
Cr Slc female mice were injected intravenously with 1 mg of the arthritogenic mouse monoclonal anti-type Il collagen antibody cocktail. Three days later, 25 ug of LPS was
injected intraperitoneally. Two weeks after the antibody injection, photographs of the hind and front paws were taken (A), the arthritis score was evaluated (B), and the foot
volume of hind paws was measured using the plethysmometer (C). Values are expressed as mean + SD (11 =5). Asterisks indicate statistical significance as determined by
Student’s t-test (*p < 0.05). N.S., not statistically significant; L, left; R, right.
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