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Association of a single nucleotide polymorphism in the SH2D1A
intronic region with systemic lupus erythematosus
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SH2DIA, also known as signaling lymphocytic activation molecule (SLAM)-associated pro-
tein (SAP), is an adaplor protein. Recently, it was reporied that SAP deficient mice were
protected from systemic lupus erythematosus (SLE). In this study, we postwlated SH2D14
gene to be a candidate susceptibility pene for SLE and analyzed its association with SLE. A
case-controf association study was conducted on 5 tag single nucleotide polymorphisms (SNPs)
in SH2D1A region in 306 Japanese female SLE patients and 330 healthy female controls. The
Tucilerase assay was performed to determing the functional role of the SNP associated with
SLE, One SNI*in the intron 2, 152049995, showed association with SLE (p=0.0110, odds ratio
{OR) 1.97, 95% confidence interval (C1) 1.16-3.34, under the dominant model). The assoei-
ation of 152049995 scemed to-be stronger in the subset with the age of onset less than 20 years
(p=0.0067, OR 2.65, 95% C1 1.28-5.46). Functional evaluation of 152049995 showed that
reporter gene activity was increased 1.9-fold for the susceptible allele compared with the resist-
ant allele. An intronic SNP of SH2D 14 is associated with SLE.  Lupus (2013) 22, 497-503.
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Introduction

Signaling lympbocytic activation molecule (SLAM)
family receptors belong to the immunoglobulin (Ig)
superfamily, possessing either two or four Ig
domains in the extracellular domain of the mol-
ccule and one or more immunoreceptor tyrosine-
based switching motifs (ITSM, TI/VYXXV/D) in
their cytoplasmic tails, which bind to the Src

Correspondence to: Hiroshi Farukawa, Clinical Research Center for
Allergy and Rheumatology, Sugamihara Hospital, National Hospital
Organization, 18«1 Sakuradai, Minami-ku, Sagamibara 232-0392,
Japan.

Email: h-furnkawagésagamiharg-hosp.ge.jp

Received 30 October 2012; accepted 21 January 2013

& The Author(s}, 2013. Repsints and

it/ foive.sagepub.co. ok foumnal ions.fiav

homology 2 (SH2) domain of a SLAM-associated
protein (SAP, SH2D1A) molecule. SAP is an adap-
tor molecule containing an SH2 domain and a
short C-terminal tail.' It is expressed in T, NK
and NKT cells. The binding of SAP with SLAM

in T cells results in the subsequent recruitment of

the Sre family kinase Fyn, leading to the activation
of NF-xB, resulting in IL-4 production and Th2
responses.2 The SAP gene in humans, SH2D1A4, is
located on the X chromosome (Xq25), and in the
mouse, Sh2dla, it is located on the mouse XA4
chromosome region.

We found spontaneous mutants in the MRL/
Mp-Fas™"  (MRL/lpr) mice, a lupus-prone
strain of mice. The long-living mutant MRL/Mp-
Fas?"r . Sap™- (MRL/Iprjrp) mice displayed
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minimal autoimmune phenotypes.> A positional
cloning study revealed that there was a frameshift
mutation in the Sh2dla gene of the MRL/lpr/epl
mice. In addition, Fyn-deficient MRL/pr mice
lost the lupus phenotypes similar to MRL/pr/rpl
mice® These findings indicated that the
SLAM-SAP signaling pathway is essential for the
induction of lupus.

Genetic studics using lupus-prone mice identified
a lupus susceptibility locus, Slelb, which over-
lapped with the loci of SLAM family receptors.
One of these SLAM family receptor genes, Ly108,
was shown to cause lupus.® A polymorphic = allele
of Slelb from the NZW strain altered the expres-
sion pattern of two splicing variants of Ly/0§ and
increased susceptibility to lupus. In genetic studies
on systemic lupus crythematosus (SLE) patients,
single nucleotide polymorphisms (SNPs) in the
LY9 gene, one of the SLAM family receptor
genes, were associated with SLE susceptibility in
Europeans.” It was also reported that SNPs in
284, one of the SLAM family receptor genes,
were associated with rheumatoid arthritis (RA)
and with SLE in Japanese patient cohorts.” In add-
ition, the expression of SAP was reduced in periph-
eral T cells from RA paticnts,™ whereas the
expression of SLAM was increased in peripheral
B cells from these patients.'® Thus, the SLAM-
SAP signaling pathway is important for the devel-
opment of lupus traits and other autoimmune
discases. In this study, we analyzed five SH2D/A
tag SNPs in Japanese female SLE patients and
healthy female controls.

Materials and methods

Patients and controls

Five hundred and six female patients with SLE
(mean age=standard deviation (SD), 44.6:14.2
years) and 330 female healthy controls (mean
age£SD, 30.6+8.8 vyears) were recruited at
Sagamibara Hospital, University of Tsukuba,
Juntendo  University,  Kitasato  University,
Komagome Hospital, the University of Tokyo,
Himeji Medical Center, Morioka Hospital,
Kyushu Medical Center and Yokohama Minami
Kyosai Hospital. All patients and healthy individ-
uals were native Japanese living in Japan. All
patients with SLE fulfilled the American College
of Rheumatology criteria for SLE.'! Since
SH2DI1A is located on the X chromosome, male
and female individuals should be analyzed separ-
ately. However, due to the female predominance

Lupus

of SLE (female to male ratio 9:1). the sample size
of male SLE patients was too small to be analyzed
statistically. Therefore, male patients and controls
were excluded from this study.’* This study was
reviewed and approved by the research ethics com-
mittees  of Sagamihara Hospital, Yokohama
Minami Kyosai Hospital, Juntendo University,
Kitasato University, Komagome Hospital, the
University of Tokyo, Himeji Medical Center,
Morioka Hospital, Kyushu Medical Center,
University of Tsukuba and Tokyo Metropolitan
Tama Medical Center. Written informed consent
was obtained from all study participants. This
study was conducted in accordance with the prin-
ciples expressed in the Declaration of Helsinki.

Genotyping

Five tag SNPsin SH2D 1 A region were selected based
on the HapMap Phase Il JPT (Japancse) data
obtained from HapMap database (http://hap-
map.ncbi.nlm.nih.gov/) with the criteria of minor
allcle frequency >0.01 and an r? threshold of 0.8,
Genotyping of these five tag SNPs was carried out
using the cycle sequencing method with the ABI
PRISM 3100 Genctic Analyzer (Applied
Biosystems, Foster City, California, USA) or
TagMan genotyping assay on 7300 or 7500 Fast
Real-Time polymerase chain reaction (PCR)
System (Applied Biosystems), according to the
manufacturer’s instructions. Thermal cycling condi-
tions consisted of initial denaturation at 95°C for
10 min, followed by 50 cycles of 95°C for 15s fol-
lowed by 60°C for | min. rs6608190 [T/G] was geno-
typed using Custom TagMan SNP Genotyping
Assays. TagMan SNP Genotyping Assays used in
this study were as follows: Assay ID: C__
29241299 _10 (rs7357894 [A/G]). C__11614964_10
(rs2049995[T/G]), C__16174992_10  (rs2239481

[C/T]), and C_30427796_10 (1510284199[C/T]).

Luciferase assay

SH2D 1A promoter region (—669 ~ —1) was cloned
between the Kpnl and Xhol restriction sites of
pGL3-Basic.  plasmid  (Promega.,  Madison,
Wisconsin, USA) upstream of fuc gene in the for-
ward direction. SH2DIA promoter was amplified
from an individual homozygous for a haplotype of
—631A (rs990545[A/G)), ~494G (157357894[A/G)),
—346T (rs12164382[C/T) and —112G
(rs79572799[G/T]) using the following primers:
(KSAP5U-1(+): 5-GGTACCGTGAGGTAGAA
GGAAGAGGGAGAAG-3", and XSAP5U-1(-):
5-CTCGAGGGCCTGGTGGACTCTTGGGCA

GG-3"), This vector was named pGL3-SH2D 1 Apro.
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Subsequently, a 3" portion of the SH2D/A intron 2 Cancer, Cell Resource Center for Biomedical
sequence (NT_011786: 19482-20068, 587bp) was  Research) were cotransfected with 20 ng pRL-TK
cloned into the Sall site of pGL3-SH2D1Apro plas-  Vector (Promega) and 180ng of pGL3-
mid downstream of /uc gene in the forward direction.  SH2D1Apro, pGL3-SH2D1Apro-G or pGL3-
The cloned 587 bp fragment of the SH2D /A intron2  SH2D1Apro-T vector using 0.6 pl of Transfectin™™
was amplified from individuals homozygous for  (Bio-rad, Hercules, California, USA). Luciferase
haplotypes of 277def (rs5903659 [-/AAAGI), 317G assay was performed after 48h with Dual-
(rs2049995[G/T}), and 392C (rs2206017]A/C) or  Luciferase Reporter Assay System (Promega),
277del, 317T, and 392C using the following primers:  according to the manufacturer’s instruction. Data
(SAPI2-1.1(-+): 5 GTATAGTTGTATTT  are shown as relative luciferase activity (Firefly/
ATTTITGCTTICTG-3", and SAP2-6.4(—): 5-  Renilla).
ATAAGGGAGGATTICTTAGGC-3"). The two
vectors were named pGL3-SH2D1Apro-G and Analysis of sene ion by real-ti
pGL3-SH2D1Apro-T based on the polymorphism aLySts {%tzt,;gkexprm.swn oy reat-time
in 317 (rs2049995, Figure 1(B)). One hundred thou- quantitative
sand Jurkat lymphoma cells (provided by Tohoku  RNA was extracted from peripheral blood mono-
University, Institute of Development, Aging and  nuclear cells (PBMCs) and complementary DNA
RO 8.
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Figure 1 {A) Association study of five single nucleotide polymorphisms (SNPs) in SH2D1A gene with systemic lupus crythema-
tosus (SLE). In the upper panel, p values under the dominant mode} for minor alleles are indicated. Association was tested by chi-
square analysis using 2 X 2 contingency tables. Tn the lower panel, #* values based on data from 330 female healthy individuals are
shown. (B) The two constructs. pGL3-SH2D1Apro-G and pGL3-SH2D1Apro-T (containing & portion of intron 2 of SH2DIA
gene with SNP 152049995[T/G)), used in the luciferase assay. (C) Relative luciferase uctivity in Jurkat cells cotransfected with
pGL3-SH2D1Apro, pGL3-SH2D1Apro-G or pGL3-SH2D1Apro-T veetor and the internal control pRL-TK vector. Relative
Tuciferase activity was normalized to Renilla luciferase activity of the internal control. The experiments were performed in triplicate
and the mean value with standard deviation is shown, Mann—Whitney U test was performed in the comparison of luciferase uassay
results. The data shown are representative of three independent expeximents.
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(cDNA) was synthesized using Superscript 111
reverse  transcriptase  (Invitrogen,  Carlsbad,
Calilornia, USA). Gene expression was evaluated
quantitatively by real-time PCR using a TagMan
Gene Expression Assay on 7500 Fast Real-Time
PCR System. Thermal cycling conditions consisted
of initial denaturation at 95°C for 205, followed by
40 cycles of 95°C for 35 followed by 60°C for 30s.
The amount of specific cDNA was quantified using
comparative Threshold Cycle (CT) method. The
levels of cDNA among samples were normalized
to the expression of GAPDH. The TagMan Gene
Expression Assay wsed in this study was
Hs00158978_m1 for SH2D/A.

Statistical analysis

Differences in allele and genotype frequencies
between SLE patients and healthy controls were
analyzed by chi-square test using 2 x 2 contingency
tables. When one or more of the variables in the
contingency tables were S or less, Fisher’s exact test
was employed. Linkage disequilibrium (LD} was
analyzed using Haploview v4.2 (Broad Institute,
Cambridge, Massachusetts, USA). Pairwise
values were calculated based on the genotypes of
330 healthy controls. The Mann—~Whitney U test
was performed in the comparison of luciferase
assay and real-time quantitative PCR results.

Results

Associations of an SNP in SH2DI1A with SLE

Five tag SNPs in SH2D14 gene were analyzed in
Japanese female SLE patients and healthy female
controls. No deviation from Hardy-Weinberg equi-
librium was observed in the patients and the con-
trols (p>0.05). There are three LD blocks
including the five SNPs examined in this study
(Figure 1(A)) and the adjustment for multiple com-
parisons using the Bonferroni method defined stat-
istical significance as p <0.0167 for this study. A
significant association was observed for one SNP
in intron 2, rs2049995 (p=0.0110, odds ratio
(OR) 1.97, 95% confidence interval (CI) 1.16-
3.34, under the dominant model for the minor
allele, Table 1, Figure 1{A)). Thus, an intronic
SNP of SH2DI4 is associated with SLE.

Associations of rs2049995 with clinical subsets
of SLE

We determined whether rs2049995 SNP  was
associated with clinical phenotypes (Table 2).

Lupus

Table 1 Association of SH2D{A single nucleotide polymorphisms (SNPs) with systemic lupus erythematosus (SLE)
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found for rs2049995 in the subset with the age of
onset less than 20 years (p =0.0067, OR 2.65, 95%
Cl 1.28-5.46, Table 2), arthritis (p=0.0028, OR
240, 95% CI 1.33-4.33), or lymphopenia
(p=0.0017, OR 2.47, 95% CI 1.39-4.42). The asso-
ciation of 152049995 with anti-dsDNA (p=10.0094,
OR 205, 95% Cl 1.18-3.54), anti-Ro/SSA
(p=0.0087, OR 2.35, 95% CI 1.22-4.51), or anti-
La/SSB (p=0.0118, OR 3.62, 95% Cl 1.41-9.25)
antibodies remained significant. Thus, rs2049995
SNP was associated with clinical subsets of SLE.

The effect of rs2049995 SNP on luciferase activity
in Jurkat cells

The effect of rs2049995 SNP on the expression of
SH2DIA was evaluated by luciferase assay, A
587bp fragment of the 5~ portion of the
SH2DIA intron 2 was cloned downstream of
SH2DIA promoter and [uc in the pGL3 vector
(Figure 1(B)) and the luciferase activity was ana-
lyzed in Jurkat cells transfected with the vectors.
The vector containing susceptible allele [T] of
182049995 showed a 1.9-fold increase in luciferase
activity compared with that containing the resistant
allele [G] (p=0.0495, by Mann~Whitney U test,
Figure 1(C)). Two additional experiments were per-
formed and resulted in the similar conclusion ([T}/
[G] luciferase activity ratio=1.9, 2.0; p=0.0495,
0.0495, respectively). Thus, functional evaluation
of 152049995 showed increased reporter gene activ-
ity in the susceptible allele.

The effect of rs2049995 SNP on SH2D 1A gene
expression in PBMCs

Association between rs2049995 SNP and SH2D /4
mRNA levels was tested by use of the Mann-
Whitney U test (Supplementary Figure 1).
Difference of gene expression levels was not
observed between two genotypes, G/G and G/T,
in healthy controls or SLE patients because of
the small sample number of individuals with G/T
genotype or the immunosuppressive treatment
for SLE.

Discussion

Recent studies have shown that the SLAM-SAP
signaling pathway contributes to the susceptibility
to autoimmune diseases. Since SAP-deficient mice
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Table 2 Association of 152049995 with clinical characteristics of systemic lupus erythematosus (SLE)

“Fisher’s exact test was employed.

Phenotype, genotype and
models for rs20499957

Rena disorder {+)
Neurologic disorder (4)

Controls
A

52049995
Malar ra

ute to SLE. To investigate the possibility, we ana-
lyzed five tag SNPs in SH2DI4 and found
associations of one SNP with SLE. To our know-
ledge, this is the first report of such associations
with SLE. Our findings suggest a role for the
SLAM-SAP signaling pathway in the pathogenesis
of human autoimmune disease as well as anto-
immune mouse models.

The association of the polymorphisms in
SH2DIA and SLE was not reported even in
genome wide association studies. It was suggested
that the allele frequency of rs2049995 SNP is not
high cnough to be found in genome wide associ-
ation study. In addition, the X chromosome was
not analyzed in genome wide association stu-
dies."*'5 'We cannot rulc out the possibility that
other causative SNPs tagged by rs2049995 might
exist. This possibility could be addressed by re-
sequencing the entire SH2D1 A4 region. As a result
of the limited sample size of this study, the
obscrved statistical association was modest. The
associations of the SNP should be confirmed in
future independent studies. Since the allele frequen-
cies of 12049995 SNP in other ethnic populations
are higher than that in Japanese (0.034 in HapMap-
JPT  (Japanese), 0.108 in HapMap-CEU
(European), 0.078 in HapMap-HCB (Chinese),
and 0.292 in HapMap-YRI (Yoruba), data
obtained [rom HapMap database), the role of
152049995 SNP for SLE in other populations
should be determined. In future studies, gel shift
assays should be done on the SNP 152049995 to
identify the molecules involved in the regulation
of SH2D1A expression.

Furthermore, the luciferase assay revealed the
augmented reporter gene activity in the susceptible
allele of rs2049995. Higher SH2D/A gene expres-
sion levels caused by the susceptible [T] allele of
r$2049995 might effectively transduce signals in
the - SLAM-SAP signaling pathway of T cells,
which would develop SLE. However, association
of the intronic SNP with levels of SH2DIA
mRNA was not actually confirmed. The mRNA
levels should be examined in T or NK cells from
a considerable number of healthy controls or SLE
patients before starting immunosuppressive treat-
ment, because SAP molecules were mainly
expressed in T and NK cells.

This is the first identification of associations of
an intronic SNP in SH2D/4 with SLE. Our find-
ings support the crucial role of SLAM-SAP signal-
ing pathway in SLE pathogenesis.
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1. Introduction

Recently, many studies of retinal prostheses for restoring
visual sensation in blind patients by the electrical stimulation
of the remaining retinal cells using stimulus clectrodes have
been reported.” Clinical trials of retinal prostheses have
been vigorously conducted in several research institutes
around the world ™" We have been developing a fully
implantable retinal prosthesis with a three-dimensional (3D)
stacked retinal prosthesis chip (Fig. 1) to achieve a small
high-resolution artificial retina that will restore high guality
of life (QOL) in blind patients.¥ In order to realize visual
restoration with high resolution, it is necessary 1o increase the
number of stimulus electrodes and to miniaturize stimulus
electrodes. As the size of stimulus electrodes decreases, their
electrochemical impedance (ET) increases and their injection
charge decrcases in amount. These phenomena are avoided
in stimulating retinal cells safely. Therefore, it is necessary (o
use small stimulus electrodes having both Jower Els and
larger charge injection capacities (CICs).

In this study, we fabricated stimulus electrodes with
three materials, namely, Pt. TrO,, and poly(3.4-cthylene-
dioxythiophene) (PEDOT) on implantable flexible cables,
and evaluated their Els and CICs from the viewpoint of
retinal stimulus electrodes. PEDOT js a conductive polymer
with a small charge transfer resistance and a large electric
double layer awing to its large reactive area. Therefore,
lower impedance magnitudes and larger CIC are expected
even when small PEDOT electrodes are used as stimulus
clectrodes. We fabricated Pt and IrO, electrodes for com-
parison because they were mentioned in other studies of
retinal prosthesis. We performed in vivo experiments with
the stimulus electrodes using a rabbit. We electiically
stimulated the retina with the stimulus electrodes implanted
in the rabbit cycball and measured electrically evoked
potential (BEP) from the visual cortex of the rabbil.
Although many research organizations have performed
animal experiments, the relationships between parameters
of the electrical stimulation and EEP have not been clarified
yer. ™' We measured EEP with PEDOT clectvodes ander
various stimulus conditions and performed qualitative
investigations of the rabbit.

2. Fabrication of Pt, IrQ,, and PEDOT Electrodes on
Flexible Cables

We fabricated flexible cables with stimulus electrode arrays
using conventional semiconductor processing technology.
Figure 2 shows the process flow of the fabrication of flexible
cables. First, S$i0y was deposited on a Si substrate as the
sacrificial layer. A photosensitive coating material (PCM)
was spin-coated and cured at 350°C. The PCM used in this
study is an insulating resin suitable for wse in vivo because
the PCM has a very low water absorption percentage of
approximately 0.9%. The PCM layer formed had a thickness
of approximately 3um. Either a Pt or Tr electrode was
formed by a conventional lift-off process. Pt was also used
as the base material of PEDOT electrodes, and Ir was used
to form IrQ, electrodes. Then, a thick polyimide layer was
spin-coated and cured at 350°C. The polyimide layer was
15pm thick, Both Au and Cr wirings were formed by
sputtering and etching. These metal wirings were then
covered with a PCM layer. Finally, the Si substrate was
dipped in a buffered HF solution to peel off a flexible cable
with stimulus electrodes. We formed IrO, electrodes by
applying square wave voltages ranging [rom —0.6 to 0.85V
with respect to the reference electrode to Ir electrodes
immersed in phosphate-buffered saline (PBS). We also
formed the PEDOT electrodes by growing a 3.4-ctylene-
dioxythiophene (EDOT) layer on Pt electrodes using elec-
trochemical polymerization. The electrochemical polymer-
ization of EDOT was carried out by applying a direct current
to a Pt clectrode inunersed in EDOT monomer solution,
prepared by mixing poly(sedium-4-styrenesulfonute) and
EDOT in deionized water. Fignre 3 shows the fabricated
flexible cable with a 10 x 10 stimulus electrode array where
each electrode has a diameter of 90 pm. Enlarged photo-
graphs of Pt, 1tO,, and PEDOT electrodes are also shown in
Fig. 3.

3. Experimental Results and Discussion

3.1 El and CIC measurements of Pt, IrOy, and PEDOT
electrodes

CIC means the maximum injectable charge density that

keeps an electrode potential within a potential window.
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Fig. 1, (Color online) Cenfiguration of fully implantable retinal prosthesis with 3D stacked retinal prosthesis chip.

1. 8i0z deposition Sio2 4. Polyimide coating and Cr/Au wirings formation

2. PCM coating 5. PCM coating and removal of flexible cable
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Fig. 2. (Color online) Process flow of Fabrication of stimulas clecteode on the flexible cable.
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Fig. 3. (Color online) Photographs of fabricated flexible cable and Pt, 11Oy, and PEDOT electrodes.
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Fig. 4. (Color online) Comparison of impedaoce spectra of Pt KOy, aod
PEDOT clectrodes.

Table I Comparison of CICs (mC/em?) of P, 150, and PEDOT
electrodes,

Material CiC
Pt 0.1
IO 0.23
PEDOT 4.03

Electrical stimulation with charge injections beyond the CIC
causes an irreversible reaction at the surface of an clectrode
material, which leads to the corrosion of the electrode
and damage to the surrounding tissues.' In the El and CIC
measureruents, we used the Pt electrode as the counter
electrode and the Ag/AgCl electrode as the reference
electrode. These measurements were performed using PBS
(Sigma-Aldrich D8537) at room temperature. We used a
conventional CIC measurement system '™ and measured CIC
with cathodic-to-anodic pulses where both cathodic and
anodic pulses had widths of 0.2 ms.

Figure 4 shows the EI behaviors for different electrode
materials. Conventional retinal stimulation with biphasic
current pulses uses stimulus frequencies between several
tens ol Hz 1o several bundreds of Hz."'® We also used
stimulus frequencies between 40 to 300 Hz in this study.
Although these biphasic current pulses include high-
frequency elements, the biphasic currents with fundamental

imulus polse frequencies mentioned above are most
effective for retinal stimulation. The impedance magnitudes
of the IrO, and PEDOT electrodes were significantly lower
than that of the Pt electrode at these frequencies, indicating
that the retina can be stimnlated with lower voltages using
the IrO, and PEDOT electrodes, Table I shows a summary
of the CICs of the Pt, IrQ,, and PEDOT electrodes. The
potential windows of the stimulus electrodes were —0.6 to
0.8V for Pt, —0.6 to 0.8V for IrO;, and —0.9 10 0.9V for
PEDOT.'® 1t is clearly demonstrated that the PEDOT
electrode can supply thirty times larger electvical charges
than the Pt and IrO, clectrodes via single stimulation.
Considering these results, PEDOT can be regarded as one of
the most suitable materials for retinal stimulation.

Tuble I shows a comparison of stimulus clectrodes
characteristics for retinal prostheses. The CIC of the TiN

04CL03-3

Table W, Featres of stimulus electrodes for retinal prostheses.

Blecwode size

Institute Object ) Material  Reference
{jim}
Second Sight Human 300 Pt 5
Osaka Univ, Human @500 Pt 4
Melhourne Univ, Cat $160 Pt 13
Boston Health Care Pig @400 JHoN 9
Philipps Univ. Human $100 O, 6
Retiny Implant Human 30 % 50 TiN 3
This work Raubbit $90 PEDOT e
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Fig. 5. (Color online) Confignration of in vivo experiment.

clectrode measured with 200ps was 0.87 mC/em?'” As
shown in this table, among other electrodes our electrode has
the largest CIC, in spite of its smail electrode size.

3.2 In vivo evaluation of PEDOT stimulus electrodes

In vivo experiments were performed using the PEDOT
stimulus electrodes to investigate whether the electrodes
can clicit potentials in the visual cortex. Figure 5 shows the
setup of the in vivo experiments, where we used Japanese
white rabbits (2-3 kg) with normal eyeballs and the PEDOT
stimulus electrodes implanted inside the photoreceptor cell
layer of the rabbit eyeball. We ensured that all the pro-
cedures used adhered to the Association for Research in
Vision and Ophthalmology (ARVO) resolution on the use of
animals in research. Figure 6 shows a photograph of the
fundus of the eyeball with a stimulus electrode array
implanted on a flexible cable. A recording electrode and
a reference electrode were implanted in the rabbit brain.
Subretinal stimulation to the retina was adopted and EEP
was measured from the visual cortex of the rabbit brain. In
this experiment, a cathodic stimulus current pulse with an
amplitude of 600 yA and a duration of 3 ms at a time of Os
was applied. Although the stimulus charge may exceed the
CIC under certain conditions, it is appropriate to use those
stimulus current pulses in order to obtain definite EEPs.
For comparison, visually cvoked potential (VEP) was also
measwred when the rabbit reting was stimulated with a lght
pulse at a time of 05, VEPs arc reactions in the visual cortex
elicited by optical stimulation to the retipa. The lght
intensity was 10001x with a duration of 10ms.

3 2013 The Japan Society of Applied Physics
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Fig. 6. (Color unline) Photograph of fundus of cycball with stimalus
electrode amay implanted on flexible cable,
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Fig. 7. (Color enline) Comparison of VEP, EEP. and control wavelogms
measured from visual contex of rabbit,

Figure 7 shows a comparison of wavcforms under the
VEP, EEP, and control conditions. The control wave-
form was measured without optical/electrical stimulation.
All the waveforms were averages of 50 measurements. To
observe changes in the brain responses caused by the
presence or absence of stimulation, we used EEP without
stimulation as the control. All the mcasurements were
carried out in a completely dark room. As the pulse width
of the stimulus current was 3 ms, the first negative spike in
EEP was an artifact due to the cathodic stimulus current
pulse. The response peak observed at 50ms was the nerve
response. In the comparison between EEP and VEP, EEP
had similar response behaviors to VEP, unlike in the control
condition. The EEP in Fig. 7 had similar Tatency and
response characteristics to the EEP of other research
institutions.*1 Therefore, we can successfully stimulate
the rabbit retina by electrical stimuiation with PEDOT
clectrodes,

In addition, other in vivo cxperiments were performed
in order to examine the relationships between electrical
stimulation and EEP in detail. In this EEP measurement,
several kinds of cathodic pulses were applied to obtain
fundamental information on the electrical stimulation of the
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Fig. 8. (Color online) Relutionships between amplitude of stimalos
current and the amplitude of EEP,

retina. Pulse durations of 1, 3, and 5ms were used with
different pulse amplitudes. Figare 8 shows the relationships
between the amplitude of stimuius current and the amplitude
of measured EEP. Each meuasurement point is an average of
50 measurements, No EEPs were measured with a pulse
duration of Tms. A moving average was plotted to briefly
observe the data tendency. The moving average was
calculated by taking the average of two neighboring points.
Although it is difficult to determine the relationships
between EEP amplitude and the stimulus current par L
awing to the small experimental population and the large
variation, EEP amplitude tends to increase with an increase
in stimulus current, It also tends to increase with an increase
in the pulse duration of the stinmlus current, Tt was found
that EEP depends on both the amplitude and pulse duration
of the stimulug current, as in previons experimental results
obtaincd with other clectrode materials, The in vivo
experiments. qualitatively demonstrated that the amplitude
of EEP can be controlled by changing the amplitude and
pulse duration of the stimulation current, which means that
visual sensations can be safely restored with PEDOT
stimulus electrodes.

4. Conclusions

Stimulus electrodes made of materials such as Pt, 1rO,,
and PEDOT were fabricated on flexible cables. Their Els
and CICs were also evaluated in detail. Among the
electrodes studied, the PEDOT stimulus electrodes showed
the best characteristics such as the lowest EI and the
largest CIC. In this study, we did not evaluate the toxicity
of the PEDOT electrodes owing fo acute experimenis.
However, the high biocompatibility of PEDOT electrodes
has been weported by a different research group.® In
in vivo experiments, neuronal reactions were successfully
clicited in the visual cortex of the rabbit by electrical
stimulation to the retina, Furthermore, the amplitude of
measured EEP depended on both the amplitude and pulse
duration of the stimulus current. 1t is possible to obtain
EEP similarly to VEP by adjusting the amplitude and
pulse duration of the stimulus current, leading lo high
probabilities of safe visual restoration with PEDOT
stimulus electrodes.

2013 The Japan Soclety of Applied Physics
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The chemical imaging sensor is a semiconductor-based chemical sensor that can visualize the spatial
distribution of specific ions on the sensing surface. The conventional chemical imaging system based on
the light-addressable potentiometric sensor (LAPS), however, required a long time fo obtain a chemi-
cal image, due to the slow mechanical scan of a single light beam. For high-speed imaging, a plurality

of light beams modulated at different frequencies can be employed to measure the ion concentrations

Keywords:
Chemical ivaging sensor
Light-addressable potentiometric sensor

simultaneously at different locations on the sensor plate by frequency division multiplex (FOM). How-
ever, the conventional measurement geometry of back-side illumination limited the bandwidth of the
medulation frequency required for FDM measurement, because of the fow-pass filtering characteristics

LAPS of carrier diffusion in the S$i substrate. In this study, a high-speed chemical imaging system based on

pH distribution
Front-side illumination

front-side-~iltuminated LAPS was developed, which achieved high-speed spatiotemporal recording of pH
change at a rate of 70 frames per second,

© 2013 Elsevier B.V. Alf rights reserved.

1. Introduction

The light-addressable potentiometric sensor (LAPS) [1] belongs
to the family of semiconductor-based chemicat sensors with an
electrolyte-insulator-semiconductor (EIS) structure, The width of
the depletion layer in the Si substrate responds to the ion concen-
tration on the sensing surface, and the variation of its capacitance
is read out in the form of AC photocurrent induced by iflumination
of the sensor plate with a medulated light. The most advantageous
point of the LAPS measurement is that the measurement area can
be defined by illumination. Based on this addressability of LAPS, we
developed the chemical imaging sensor [2], which could visualize
the two-dimensional distribution of specific ions in the solution on
the sensing surface.

in a conventional chemical imaging system based on LAPS, a
scanning light beam was used to obtain a two-dimensional map
of the ion concentration. Due to the mechanical scan, however, a
typical scan time to acquire a chemical image at a resolution of
128 x 128 pixels was about 3 min, which was too long to analyze
the dynamics of chemical reactions.

* Corresponding author,
E il oddresses: k~m1ya@ccc;.mhuku acip,
k 19 1.com (Kei.

0925-4005$ - see frout matter € 2013 Elsevier B.V. All rights reserved,
betp:jidx.doiorg/10.1016/5.50b.2013.03.016

Frequency division muliplex (FDM) {3]is one of the methods for
high-speed chemical imaging, in which a plurality of light beams
modulated at different frequencies are employed to read out the
ion concentrations at different locations in paratlel as shown in
Fig. 1. In this case, the photocurrent signal is a superposition of
all frequency components and each component can be individually
extracted by Fourier analysis, Based on FDM-LAPS, we developed a
chemical image scanner system {4}, which employed a linear array
of 16 LEDs to scan a chemical image at a resolution of 16 x 128
pixels. The scan time was reduced to 6.4s, which, however, was
still slow in comparison, for example, to the pH imaging sensor
based on the charge coupled device (CCD) rechnology {5,6]. In our
previous study, we developed a chemical movie recording system
based on FDM and a two-dimensional array of LEDs. Using a two-
dimensional array of LEDs as a light source, the slow mechanical
scan of the conventional system was replaced by much faster elec-
trical switching and a high-speed imaging at a frame rate of 10 fps
(frames per second) was achieved {7},

In FDM, the required bandwidth of the modulation frequency is
given by (number of light beams) x {frequency spacing) and the
time window of Fourier analysis or the sampling time must be
at least as long as 1/{frequency spacing). For high-speed chemi-
cal imaging, therefore, a wide bandwidth of frequency is required
to increase the multiplicity and to reduce the time window. Here,
two different geometries are possible in LAPS measurement [8] as
shown in Fig. 2. Those are front-side and back-side illuminations,

316 A, lrabashi ¢t al. / Sensors and Actuarors B 182 (2013} 315321
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Fig. 1. Diagram of simultaneous measurement at muitiple puints on the sensing surface by frequency division multiplex.

in which the front-side or the back-side surface of the sensor plate
is illuminated, respectively, by the modulated light. In the case of
back-side ilhumination, which is the geometry of conventional LAPS
measurcment, the modulation frequency is limited by the low-pass
filtering characteristics of carrier diffusion across the sensor plate.
In front-side illumination, on the other hand, higher frequencies
can be used, because photocarriers are divectly generated and sepa-
rated inside the depletion layer and no diffusion process is involved
[8] Front-side ilumination, however, has some restrictions. For
front-side illumination, the modulated light beam has to transit
through the object to be measured, The object, therelore, must be
light-transmissive and the distribution of the light transmittance
of the object must be invariant while the pH distribution changes.

In this study, we developed a high-speed chemical imaging sys-
tem based on the combination of FDM, a two-dimensional array of
LEDs and front-side illumination. Front-side illumination allowed
a wide bandwidth of the modulation frequency required for high-
speed measurement by FDM. The developed system achieved
high-speed chemical imaging at about 70 {ps and provided real-
time observation of a spatiotemporal change of pH distribution in
a solution.

front-side illumination

depletion layer

%’ semiconductor

(n-Si)

back-side illumination

Fig. 2. Twodifferent geometries of the LAPS

ithuminations.

front-side and back-side

2. Experimental

Fig. 3(a) shows a schematic view of the high-speed chemi-
cal imaging system developed in this study. This system consists
of a sensor plate, a two-dimensional array of LEDs (LED matrix),
an oscillator array and a control PC with measurement soft-
ware,

2.1. Sensor plate

The sensor plate (36 mm x 36 mm) used in this study was
made of n-type Si wafer with a thickness of 200pm and a
resistivity of 10-20Qcm. The top surface of the sensor plate
was covered with a 50nm-thick thermal Si0; layer to obtain a
semiconductor-insulator interface with low trap density and sub-
sequently a 100 nm-thick SizNy layer deposited by low-pressure
chemical vapor deposition (LP-CVD). The surface of the SizNg4 layer
functions as a pH-sensitive surface when brought into contact with
the sample solution. A thin ochmic electrode was deposited on the
back-side of the sensor plate.

2.2. LED matrix

Fig. 3(b) shows the top view of the LED matrix with 7 % 5 LEDs
(TAD7-115RWA, Kingbright Elec. Co., Ltd.) installed above the sen-
sor plate as a light source. The peak wavelength and the intensity
of illumination are 660 nm and 24mcd, respectively. The light-
emitting face of the LED matrix is immersed directly into the sample
solution, The distance between the LED matrix and the sensor sur-
face, or the thickness of the solution layer, through which the fight
has to pass, is about 0.6 mm. Five different frequencies are input to
each column of the LED matrix and five points on the sensor surface
corresponding to the five LEDs on one line are measured in parallel.
By electrically switching the ifluminating lines from the first to the
seventh row in sequence, ion concentration values at all 35 points
are obtained without mechanical scan,
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Fig. 3. {a) Scl ie view of the high-speed chemical imaging system based on

front-side-illuminated LAPS, and {b) top view of the LED matrix used in this system.

23, Oscillator array

Five modulation frequency signals of 6, 7, 8, 9 and 10kHz are
generated as integer multiples of the reference frequency of 100Hz
by a S-channel phase-locked loop (PLL) synthesizer.

2.4. PCand software

A software developed with LabVIEW (National Instruments
Corp.) is used to control the bias voltage between the reference
electrode and the sensor plate, to switch a line of the LED matrix in
sequence, to measure the photocurrent, to calculate each frequency
component by the method described in our previous paper [4] and
to display the obtained chemical image.

3. Results and discussion
3.1. Front-side vs. back-side ilhwmination

To compare the performance of front-side and back-side iHumi-
nations, 1-V curves were measured in both geometries at various
frequencies in the range of 5-110kHz. The test solution was a pH
7 buffer solution, and the sampling frequency and the sampling
time were 500 kHz and 20 msec, respectively. The bias voltage was
swept from ~2.0 to 0.0V at a step of 10 mV.

Fig. 4(a) compares the 1-V curves obtained with front-side and
back-side illuminations, respectively, at a modulation frequency of
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Fig, 4, {a} I~V curves for front-side or back-side Hllumination in the case of LED
light modulated at 10 kHz, and (b) magnitudes of photocurrent as a function of the
frequency for frent-side and back-side il inati

10kHz, In the case of back-side illumination, electron~hole pairs
are generated near the back-side surface of the Si substrate and the
photocarriers reach the depletion layer by diffusion. While only
those photocarriers separated in the depletion layer contribute to
the external photocurrent, a large part of generated photocarri-
ers are lost by recombination during the diffusion process, and the
obtained photocurrent becomes small. In the case of front-side illu-
mination, on the other hand, the electron-hole pairs are generated
and separated directly in the depletion layer, and therefore, a larger
photocurrent is obtained [8].

Fig. 4(b) shows the magnitude of photocurrent as a function of
the modulation frequency for front-side and back-side llumina-
tions, where the magnitude was defined as the difference of the
maximum and minimum values of photocurrent in the 1-V curve.
Although the photocurrent decreases with the modulation fre-
quency in both geometries, the decrease in back-side iltumination s
steeper than thatin front-side illumination, which canbe explained
in terms of the low-pass filtering effect of carrier diffusion in the
semiconductor layer.
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Fig. 5. 1V curves for sinultancous measurement by frequency division multiplex
on one fine of the LED matrix with 5 LEDs modulated at 6, 7. 8, 9 and 10kHz.

These results demonstrate that front-side illumination, which
offers a wider bandwidth of the modulation frequency, is more
suitable for high-speed chemical imaging.

3.2. Parallel measurement

As a test of parallel measurement with FDM, five 1-V curves
were simultaneously obtained with five LEDs on the fourth row
of the LED matrix modulated at different frequencies of 6, 7, 8, 9
and 10 kHz. The test solution was again a pH 7 buffer solution, the
sampling frequency and sampling time were 200 kHz and 50 ms,
and the bias voltage was swept from -2.0 to 0.0V with a step of
10mv.

Fig. 5 shows the amplitudes of the photocurrent of each
frequency component as functions of the bias voltage. It was
demonstrated that five -V curves at different positions: on the
sensing surface could be simultaneously obtained. As observed
in Fig. 5, however, the heights of 1-V curves may differ due to
the frequency-dependence of the photocurrent, variation of light
intensities among LEDs and non-uniformity of the sensor plate,
Therefore, it is necessary to normalize the measured photocurrent
at each pixel to compensate for such artifacts.

age axis. Inchemical i however, ment of I-V curves
at all pixels would be too time-consuining, and therefore, the pho-
tocurrent under a constant bias voltage is recoded at each pixel and
converted into the ion concentration values, In the case of a sensor
plate with n-type semiconductor, the photocurrent decreases for
lower pH values and increases for higher pH values under a fixed
bias voltage. To compensate [or the variation of photocurrent as
was seen in Fig. 5, the photocurrent value measured at each pixel
was normalized to the photocurrent value measured in advance for
a uniform solution.

3.3.1. Chemical imaging of pH huffer solutions

As atestof pH imaging, chemical images of a series of buffer solu-
tions of pH 4-10 (Titrisol®, Merck KGaA, Germany) were acquired.
The photocursent value at cach pixel was normalized to the photo-
current values of uniform pH 7 buffer solution. Fig. 6 shows a series
of chernicai images for pH 4-10 buffer solutions. As shown in Fig. 6,
these chemical images are almost uniform in color representations
corresponding to the uniformity of buffer solutions. Fig. 7 shows
the average of the normalized photocurrent over all 35 pixels as
a function of the pH value. A linear dependence of the normal-
ized photocurrent on the pH value was observed with a slope of
about 0.26/pH, This experimental result indicates that the devel-
oped system is capable of imaging pHl values in the range of pH
4~10,

3.3.2. High-speed chemical imaging of pH change

Using the developed chemical imaging system based on front-
side-illuminated LAPS, a high-speed chemical imaging experiment
was performed to observe the spatiotemporal changes of pH values
caused by injection of acid into a solution. The sampling frequency
and the sampling time per line were 400 kHz and 10 ms. It takes,
therefore, 70 ms to scan a frame of 7 lines, which corresponds to a
frame rate of about 14fps.

Fig. 8(a) shows the snapshots of 14 fps chemical imaging experi-
ment, in which 0.2 mi of 0.1 M HCl solution was injected into 2.0 ml
of 0.1 M Nacl solution at a constant rate of 8.13 mi/s. Spreading of
acidic area by injection of HCl was ebserved in real time. Fig. 8(b)
shows an experiment, in which 0.2 mlof 0.1 M HCl was injected into
2.0 ml of neutral phosphate buffer solution (pH 6.86) at a constant

pH4 pH5

pHE pH7

= .
g 1.8 basic
3 14
[=3
-y
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3
£ 06
13

pHS pH9 pH10 g 02 oo
Fig. 6. Chewical images corresponding to differeny pH values (pH 4-10), These images were d by i 35 values.
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Fig. 10. Snapshots of 70fps chemical imaging experiment. Spativtemporal change of pH distribution was recorded after injecting HC solution into NaCl solution. These

images were gencerated by interpolating 335 measurement values.

rate of 0.13 mi/s, After spreading of acidic area, shrinking of acidic
area due to the buffering action,

HY 4+ HPOL 2™ — HyPOg™

was observed. These experimental results demonstrate the pos-
sibility of spatiotemporal recording of chemical reactions by the
developed system.

Fig. 9 shows the temporal changes of the normalized photo-
current recorded at the center of the LED matrix, In the case of
NaCl solution, the normalized photocurrent decreased rapidly duy-
inginjection of HCl sofution and then decreased slowly by diffusion
of hydrogen ions toward the center. In the case of phosphate buffer
solution, on the other hand, the normalized photocurrent returned
to the initial state due to the buffering action after the decrease by
injection of HCl solution.

Chemical imaging at even higher speed is possible by reducing
the sampling time per line from 10 ms to 2 ms. In this case it takes
14ms toscan a frame of 7 lines, which corresponds to a frame rate of
about 70 fps. Fig. 10 shows the snapshots of 70 fps chemical imaging
experiment with a sampling frequency of 400 kHz. In this experi-
ment, 0.3 ml of 0.1 M HCl solution was injected into 20 mlof 0.1M
Na(l solution at a constant rate of 0.13 mi/s. Rapid change of pH
distribution was recorded as a smooth movie.

Due to reduction of the measurement time, the measurement
error in the 70 fps experiment is larger than that in the 14 {ps exper-
iment. The standard deviation (averaged over all 35 pixels) of the
normalized photocurrent measured for a solution of constant pH
was 0.00182 and 0.00503 in the 14fps and 70fps experiments,
respectively. Converting these values into pH deviation, the mea-
surement accuracy at 14 fps was about 3:0.007 pH and that at 70 fps
was about £0.02 pH. The measurement crror in the 70ps exper-
iment, therefore, was about three times larger than that in 141ps.
Thus, the measurement condition has to be selected depending on
the purpose of the measurement.

4. Conclusion

In this study, a high-speed chemical imaging system based
on front-side-illuminated LAPS was developed using a two-
dimensional array of LEDs. It was demonstrated that front-side
illumination was more suitable for high-speed chemical imag-
ing, which would require a wide bandwidth of the modulation
frequency. Using the developed system, a rapid change of pH distri-
bution could be visualized by acquiring chemicat images at 70 fps.

A chermnical imaging systemn with an even higher temporal res-
olution is under development, which allows parallel access to all
pixels using a two-dimensional array of LEDs modulated indepen-
dently atdifferent frequencies, Such a high-speed system combined
with an optical fiber bundlie for arranging measurement pixels at
higher density would be useful for analysis of chemical reactions
in more detail and applications in the fieid of biology.
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Using Focused Ultrasound
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Background: Acapuncture is used worldwide in medical treatmenﬁ%’%evef‘, need) ﬁ?‘i&i%ﬁ amages the skin

and patients sometimes feel pain. To avoid such dravvbaé@?%\g\) acupoint stf?rg% tion' device using focused
ultrasound has been developed. Ultrasound stimulation %iz;n ot damage, the %kxﬁ%ljic acupuncture does be-
cause ultrasound can deliver vibration energy to soft tissueStnoninvasively:

Subjects: Fifty (50) healthy volunteers (40 males a
Design: Subjects were randomly assigned to tyong

Objectives: The aim of this study was to clarify the %
ou

focused ultrasound and conventional acup%g» X §)g;Brm:hial artéy blood flow wvold
Renitdynamic parami

ultrasound with an echo-tracking system. The
60, 180 seconds after stimulation.

Results: During stimulation, the blooggbw volum%o

cantly (p<0.05) compared w%{gﬁ&g iny \r&%ue, but
decrease. Blood flow volume otbothigroups incréased
after stimulation (p<0.05).

AN £
g&he ctipunciure stimu

Q]
g\%r'iigually anééhwgmgggigniﬁcam increasc at 180 seconds

ect of acupoing stifblatioh using focused ultrasound.

Qg? fomales) we eﬁ%@ﬁd in this ez?%%m;gment. .
GUpS. LR»%&%%%%f ulated bilqvteg\z%% for 36 seconds by

ime Wwas monitored by an

ors were {gga%l& d'before, during, and 30,
S 's;kw’

0 ulgﬁon group decreased signifi-
of,the focused,ultrasoiind stimulation group did not

. B s aps & 2 L 3 - . -
ventional acupuncture. ,;H%%gigh a signj| c@%p% ocrease of bgg&ﬁ low volume during acupuncture stimulation

Conclusions: Blood flow vellime was increased Significantly by@;ﬁ focused ultrasound stimulation and con-

was observed, n%@s%c wdecrease was obsepvediduring ulg;\tfxscz%n‘ stimulation. Findings of the present study
v . " g t e s d
show that roniriyasive mulation 5&%& cupoints by focused) ultrasound is as effective as conventional acu

puncture in blood ﬂ@%}’ volume oﬁg%

Introduction

ECAUSE ULTRASOU bﬁ@l&yﬁﬁmaﬁo Ghergy to'soft
tissues noninvasivelyy, i trasound has_beenyal Eiied to

R . e 12 . *ﬂ%”
diagnostic imaging. 5 and thigrapeutic applicati s To use

ultrasound for acupoint stimulation, a stimulation device was
developed using/focuséd ultrasound.® This device stimulates
only one poigt (about Tmm®). of tissue. Appropriate stimu-
lation ifitensity and pattern can be obtained by changing the
driving vollage and its pattern.

Insertion’sf needles in acupuncture damages the skin,
but ultrasound stimulation does not. Thus, ultrasound
stimulation. has a smaller risk of infection and users do not
feel any pain during stimulation. Focused ultrasound stim-
ulation uses almost the same intensity as nitrasound physical
therapy (1-3W/ em?).” Temperature increase at the focal
point can be suppressed by changing the supply voltage and

9.10

quacliial arterys*

Pl
n

waveform. For this reason, ultrasound stimulation can be
considered safer than acupuncture.

The size of the ultrasound transducer is about 6mm in
diameter, small enough to be easily placed the skin during
daily Life. Users can switch the device on whenever they
want to stimulate acupoints.

The aim of this study was to clarify the effect of acupoint
stimulation using focused ultrasound.

Materials and Methods
Methods

Fifty (50) healthy volunteers (40 males and 10 females)
were included in this experiment. The study protocol was
approved by the Ethics Committee of Tohoku University
Graduate School of Medicine, and written informed consent
for participation was given by all of the subjects. Subjects

'Graduate School of Biomedical Eng
3Graduate School of Medicine, Tohoku Uni

ing, Tohoku University, Sendai, Japan.
sity, Sendal, Japan.

SMicro System Integration Center (;SIC), Tohoku University, Sendai, Japan.
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FOCUSED ULTRASOUND STIMULATION ON ACUPOINT

TasLe 1. CHARACTERISTICS OF THE SUBJECTS
v Grours A AND B

Group A Group B p-Value

Age (years) 291241010 31842594 013
Sex (malefemale) 20:5 20:5 —
Weight (kg) 63.61£823 66.76+10.62 0.12
Height (cm) 17072741 170382849 044
Body surface area (m?)  1.74£0.14 1772017 023
Blood flow volume 0681035 0712045 041

of brachial artery

at rest (mL/s/m?)

Values are y d as the mean®standard deviation.

were randomly assigned to group A (focused ultrasound
stimudation) or group B (conventional acupuncture). The
clinical profile of each group is shown in Table 1, and the
protocol of this study is shown in Figure 1, The ;;Jrotucol was
made referring to reports by Takayama et al!™'2

Each subject rested for 10 minutes in a supine position.
At the end of the 10-minute rest period, measurement of
brachial blood flow volume was started, LR-3 was stimu-
lated bilaterally for 36 seconds. Group A subjects were

sound device that was fabricated, and group B subjects wer,
stimulated by conventional acupuncture. o § %
In order to compare the effect of focused ulfrasdund
stimulation with that of acupuncture as shown b vifperical
value, blood flow volume of the brachial artéry,was mea-

sured. The LR-3 acupoint is the primarvﬁ%ﬁ?@%»m on the
Liver meridian and has the fw\cl;igﬁ%o \ﬁ?&wnﬂ\ing th L - -

Liver” and “regulating the Bloodl ing raditional Cl\i{\ese
Medicine. The effect on the radial affry by stimlda%ok%af

3 wi + o Doed 12 J .
LR-3 with acupuncture has begn reported. ﬂ\uh;%}%l{%ﬁ A and %@*ﬁg‘n&f

otind

N . ! o i
was stimulated to confirm é{%{mt of focug;%d ul

stimulation on blood pwvg?\; ne'of the brad

1

%

a7

Pb(Zn, Tiy )Os) transducer.? The diameter of the device is
5.5mm and its focal point is 9mm from the device. In this
method, the focal point is set at a depth of 5mm from the
skin surface. This is almost the same depth as insertion of an
acupuncture needle. The ultrasound intensity at the focal
point was set at about 2.38 W/cm? by applying a 20 V., sine
wave of resonance frequency (1.83 MHz) to the device. Be-
fore the experiment, the temperature increase at the focal
point was measured in an agar phantom by a thermocouple,
The rise of lemperature under the condition of this experi-
ment (2.38 W/cm?, 36 seconds) was less than 1°C.

N

Acupuncture stimulation

Acupuncture was performed by a licensegd®aey turist.
A disposable fine stainless steel r\cedlé@(@i%mct i 0.16 mm;
length: 40 mm; Seii'i@ Ca., Ltd,, japanﬁ}@\;«%ﬁ{?\%ﬁted at LR-3
bilaterally and 4naintained at a dept! \%ﬁwmm during
the experinﬁ'%g{ thyAfter) the nee&le%;@g?s ﬁaserted, stimulation

n
(rotating the %Q%d los manually Wi thitvan angle of 90°) was
pcgﬁ??ﬁ“ d'for 18 seconds? t@

Statistics; %z% ~~

e g Do - N
stimulated by focused ultrasound wsing the focused ulrraéﬁ&gxa Statistical apalysis &pe"ﬁmm with SPSS software.

Q;peated-ygw 35\%&5 IOVA, folloy g&y Dunnett’s post hoc
test wergﬁise“ origtatistical con g%ﬁi%gn%etween the mea-
surementy oim}é Two-waysA V?%was used for statistical
comp%krisnn ofveen gmg@g% Andh/B. Results are presented
as the ‘mean tstandard (&nt{gv%?‘;it\n and p<0.05 was used to
indicatesignificance fo%:ﬁgh fistical analysis,

esults
Table 1 shi

vs te characteristics of fhe subjects in groups
3 ‘ﬁew no significant differences in age, sex,
weig%\f, Ki‘%‘&}ﬁ, body surface, or blood flow volume of the
artery before stimulation.
i

" s : br;
Blood flow volume was‘measured by an ultragound sys- Aég& MY T ras de i s milliliters pe
tem (Prosound aw“%»%%‘ ka Co., Lid, J%Pﬁé)kﬁ 30, 60, and e}}h blood flow volume was determined as milliliters per

fluence of respiration on blood floWivolume, ih%gﬁb;

180 seconds after the tigmlati(m In m‘éler f%“@;educe the h@?ﬁ% X
1S

were asked to breathe every %@g}cﬁds",@during th%ﬁi}%iw

ment, and blood flow vulumeqwa.‘x,%? aged for 6 seconds at
the measuring point. A rd
Focused ulrrasoun%iﬁmulé&?ign é%%

To produce gge;‘ggc%éﬂtrasam\d, the de iéé shown in
Figure 2 was §§bn¢gted. Focused ultrasound was pro-
duced by ‘%wégfshaped PZT (lead zirconate titanate,

ond per square meter and calculated in relation {o resting
lidas percent change. The change of blood flow volume is
own in Figure 3. The blood flow volume of group B de-
creased significantly during acupuncture (p <0.05) compared
with resting value, but that of group A did net decrease,
during ultrasound ion, After lation, blood flow
volume of groups A and B changed similarly. They increased
gradually and showed a significant increase at 180 seconds
after stimulation (p <0.05). There was a significant difference
in the change of blood flow volume between groups A and B
(p=0.012).

X
Gromp A 1 18sec | 18sec 30=sec 50§sec 180sec
) FIG. 1. Protocol of the experi-
Rest (10 min) Rest ment. Measurement of blood flow
7 T I was performed before,
Group B (Acupunctuze) i H during, and 30, 60, and 180 seconds
5 > after acupoint stimulation. Group A
Rest (10 min) Rest subjects were stimulated by focused
" altrasound, and Group B subjects
Trood o ot {:} Ej l::} E] :3 were stimulated by acupuncture.
measurement point
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Focal point and the central nervaus system. The mechanisms of acu-
puncture reaction have explained by spinal level and su-
praspinal mechanisms. The physiological mechanisms of
decreased and increased blood flow volume in the upper
limb by the stimulations applied from the skin are related to
a peripheral vascular resistance due to an instantaneous in-
crease and decrease in sympathetic tone, Generally, needle
acupuncture is interpreted as nociceptive stimulation. On the
other hand, ultrasound stimulation might be interpreted as
thermal and vibratory stimulation. Because captured pe-
ripheral nerves by the stimulations are different between
acupuncture and ultrasound stimulation, the physiological
reaction might be different.

At 180 seconds after stimulation, a signii W

Conductive
adhesive

case of

blood flow volume occurred in group B Twﬁ\g nge of
blood flow volumesuggests that stimulationigydécupuncture
caused peripheral &ter\' \laaodllaﬂ:\é'%lgé&ama et al. have
reported lh(%%c acupxmcnu’e 0%%%? flow volume of
the brachi: ey sugges that acupuncture at LR-
3¢ fa’?‘%ﬁ ymp.\thcnc i'c ?g’%ﬂ\c upper mbs. In group
a sl nt mcreac flow volume was also

:h whn at 80 secon ulauon This proves that like

FIG. 2. Photograph and cross-sectional view of focused conventibnal acupunb u?&mmnulatwn by focused ultra-
ultrasound device. PZT, lead zirconale titanate. ound at an z\gu? ctive. Two factors are thought to

mvw ulatlon of anachipoint using focused
ultrasor physu:ﬂ fa nd the other is-a ther-
\Bum méury, blc‘\edmg,d.s;m denaturation, and info né")ﬁ% mal facter’? >dy tissue, atg\r&q‘ | point might be vi-
?‘tr?ls()‘lzn sf,";‘z “,t:}r:‘ - not o;‘i‘jr d“n 3’";’”? Qxf»m‘ brated bv stm pre% dffocused ultrasound. This
Similarly, neither- infection nor- bleeding’ by al cmq§ physical stimula %ﬂmt caused by acupuncture.

*Q?M““O“nd energy (sss hanged to thermal ener, gy in

stimulation was a problem in group B subj
ody tissue at the focal,point, the temperature of the focal
rises, CZ\l es thermal stimulation like moxibus-
During stimulation, the blood fls It of wcry%%g: on, The te u>e of our device was measured inan
; R o

Discussion

f?

B subject tt.mporanly decreased. Althgugh almost agar phanto re the experiment. Under the present ex-
the subjects felt pain, nociceptive stimulation by meedlejn-  perime mtlm\s (supply \oltagcs, waveform, stinala-
sertion might cause tmns?@ traction ofyth r%}ht.ral tion, h )e E@ re was no temperature rise at the focal point,

artery, There was nossignificant decrease aféb dflow vol- is suggesled that focused ultrasound caused only
ume with focused: ;{Q}traﬁbun stimulatiol (g oy ) duru\{, sticaulation at the acupoints in this experiment.
stimulation. This might suggest tha hen inserting an acupuncture needle, the needle dam-

stimulation did not result in nocice) 5 he skin and patients sometimes feel pam“" During
stimulations are used to gm§ ;@ mput

cupoint stimulation with ultrasound, however, patients
skin, and the information \%tmﬂ to the qpl

do not feel pain, including nociceptive pain. Ultrasound

1503
%». *p <005
1664
9 140~ * 0012
% 120- e e *jp"’
3
HG. 3. Percent change of blood E 100
flow volume of brachial artery. z 1
Values are presented as the '§ 80
mean dstandard deviation, and t
*p<0.05 versus before stimulation. 8 60 ==~Group A
= 401 (Ultrasound)
204 s Group B
{Acupuncture)
0 ; v :
At rest During 30s after 60s after 180s after

stimutlation  stimulation  stimulation  stimulation

FOCUSED ULTRASOUND STIMULATION ON ACUPOINT

stimulation does not damage the skin, and entails no risk of
bleeding.

In a healthy person, the effect of focused ultrasound
stimulation on blood flow is similar to acupuncture, Focused
ultrasound stimulation has potential for use as noninvasive
acupoint stimulation in clinical application. Further study
will be needed to investigate the effects in clinical conditions.

Limitations

The results should be treated with caution, given that this
is a pilot study with no placebo control intervention and a
short examination time. There is a possibility that the ob-
tained result might be due to some sort of anticipatory effects
caused by the protocols used. Therefore, the authors intend
to compare the effects of ultrasound stimulation with pla-
cebo control in clinical conditions in a future study.

In this method, the measurement time of blood flow vol-
ume was 180 seconds, which seems insufficient to evaluate
the effects of ultrasound acupuncture. However, a significant
increase of blood flow volume was shown. Additional re-
search should be done to establish whether the blood flow
volume at 30 minutes after ultrasound stimulation changes
in the same way or differently as compared with acupunc-
ture stimulation,

Conclusions

‘g«

The LR-3 acupoints were stimulated by focuysi iitr%f-
sound using a focused ultrasound device, an §§uod%ﬂow
volume of the brachial artery was measu w Fran ultra-
sound system to evaluate the effect. B @
increased significantly by both focused Qé%ll LU
tion and conventional acupuncturey, ﬂ'\migh a significant

decrease of blood flow volume &duxu\b%gcuptmcture %ﬁg

lation was observed, no such qg%m:xsc wag observe

Z

ultrasound stimulation.
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Abstract

The common marmoset is a new world monkey, which has become a valuable experimental animal for
biomedical research. This study developed cDNA libraries for the common marmoset from five different
tissues. A total of 290 426 high-quality EST sequences were obtained, where 251 587 sequences (86.5%)
had homology (1E7'%%) with the Refseqs of six different primate species, including human and marmoset.
In parallel, 270 673 sequences (93.2%) were aligned to the human genome. When 247 090 sequences
were assembled into 17 232 contigs, most of the sequences (218 857 or 15 089 contigs) were located
in exonic regions, indicating that these genes are expressed in h and mar t. The other 5578
sequences (or 808 contigs) mapping te the human genome were not located in exonic regions, suggesting
that they are not expressed in human. Furthermore, a different set of 118 potential coding seq es were
not similar to any Refsegs in any species, and, thus, may represent unknown genes. The cDNA libraries
developed in this study are available through RIKEN Bio Resource Center. A Web server for the marmoset
¢DNAs is available at http://marmoset.nig.ac.jp/index.html, where each marmoset EST sequence has been

tated by ref e to the human genome. These new libraries will be a useful genetic re e to fa-

cilitate research in the common marmoset.
Key words: common marmoset; cDNA; gene resource

1. Introduction
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where this proves to be more difficult. These areas
include neuroscience, behavioural research, toxicol-
ogy, drug development, and infectious diseases.! To
overcome these limitations, efforts have been made
to carry out biomedical studies in non-human
primate model organisms, as the latter are more
closely related to humans.

One of these established non-human primate
model organisms is Callithrix jacchus (common mar-
moset). The marmoset is a small new world monkey
and offers many advantages as an experimental
animal over other non-human primates. it is small
in size, which makes it comparatively easy to handle.
Furthermore, it has been bred in captivity and its
progeny have been maintained for >30 years in la-
boratory environments. Also, it does not harbour or
transmit hazardous infectious agents. Therefore, the
common marmoset is increasingly used in biomedical
research worldwide. For example, models of auto-
immune diseases involving the central nervous
system have been developed in the common marmo-
set and it has been used extensively as a primate
model>~*  More recently, genetically modified
common marmosets have been produced successfully
and their transgenes have been transmitted through
the germ line.% In the future, it would be very useful
to develop transgenic marmosets as models of
human diseases.

Intensive efforts have been made to develop re-
search tools for using the common marmoset as an
experimental animal. For instance, several lines of
monoclonal antibodies have been prepared, which
are directed ag%ainst immunity-related antigens of
the marmoset.®~® Many, but not all anti-human
antigen antibodies cross~reacted with the corre-
sponding marmoset antigens, so it was necessary to
establish marmoset-specific antibodies.” A pilot
gene analysis study reported cDNA sequencing of im-
munity-related genes.' Based on genome-wide ana-
lyses, a draft sequence of the common marmoset,
known as caljac3, was produced and made available
to the public via the genome browser of the
University of California Santa Cruz (http://genome.
ucsc.edu/).

The current study describes the preparation of
¢DNA libraries for the common marmoset using
five different cell types/tissues, which resulted in
the identification of 290426 high-quality EST
sequences. These sequences were characterized by
comparison with the sequences of six primate
species, including humans. Overall, the EST
sequences transcribed in the marmoset shared
many common features with those from humans,
whereas a small fraction was found to be unique
to the marmoset.

2. Materials and methods

2.1. RNA extraction and library construction
Cytoplasmic RNA was extracted from the liver (ML),
brain and spinal cord (MSC), spleen (MSP), testis
(MTE), and embryonic stem (£S) cells (MES) of the
common marmoset using Trizol reagent. Marrmoset
ES cells were cultured as described previously.'" Full-
length cDNA libraries were constructed from the total
RNAs of the aforementioned tissues/cells using a
vector-capping method.'? cDNAs generated from ML,
MSC, MSP, MTE, and MES were ligated into pGCAP1,
pGCAPzf3, pGCAPzf3, pGCAP10, and pGCAP10 vectors,
respectively. Colonies of Escherichia coli transformants
were picked randomly, inoculated into 384-well plates
using a Flexys colony picker (Genomic Solutions Ltd,,
Cambridgeshire, UK), and stored at —80°C.

2.2. EST sequencing

Colonies were picked from 99 plates for MSC; 200
plates each for MES, MSP, and MTE; and 201 plates
for MLI (Supplementary Table S1). Sequencing templates
were prepared using a TempliPhi DNA Amplification Kit
(GE Healthcare UK Ltd, Buckinghamshire, UK). The se-
quencing reactions for the 5'-end directional ESTs were
conducted using a BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosysterns, inc.,, CA, USA). The
sequence primers used for pGCAP1, pGCAP10, and
pGCAPzf3 were 5'-AGGCCTGTACGGAAGTGT-3!, 5-AGG
CCTGTACGGAAGTGT-3, and 5'-CAAGGCGATTAAGTT
GGGT-3', respectively, The sequencing reaction products
were purified by ethanol precipitation and loaded onto
3730 DNA Analyzers (Applied Biosystems Inc).

2.3. Selection of high-quality EST data

The raw sequence data were basecalled using the
KB basecaller program, which identified 345600
sequences. A cross-match program was applied to
the raw data to remove sequences derived from
vectors and those added as caps during plasmid
construction (—minimach 10, —minscore 20).
Low-quality sequences [quality value (QV) = one for
each nucleotide + 3 neighbouring nucleotides meas-
uring <105 in length] were masked by N (average
QV>15). If N was longer than 10 nucleotides,
sequences located 3’/ of these N were removed.
Finally, only high-quality sequences longer than 100
nucleotides were selected and used in further ana-
lyses (see the high quality column, Supplementary
Table $1). There were 290426 high-quality ESTs,
which represented 84% of the raw sequence data.
High-quality EST sequences were obtained frequently
and were relatively abundant (93%) in MES and
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MTE, whereas their frequencies were comparatively
low (72~80%) in ML], MSC, and MSP.

The sequence length was higher in MES and MTE
(702~706 nucleotides), than in MLI, MSC, and MSP
(514551 nucleotides; see the length column in
Supplementary Table S1). The differences in the
average length of readable sequences and the differ-
ences in the frequency of high-quality ESTs probably
reflected the quality of each ¢DNA library. The cDNA
libraries were also evaluated for transcription initi-
ation sites by searching for the presence or absence
of cap structure-derived guanine nucleotides at the
extreme 5° end of each EST (see the G-cap column,
Supplementary Table S1). The frequency of G-cap-
positive sequences was >80% in all five cDNA librar-
ies, indicating that the synthesis of most cDNAs was
initiated at the 5’ end.

2.4. Registration of the sequences

All of the EST sequences were deposited in the DNA
Databank of japan. Their accession numbers are as
follows; HX373156 to HX444163 for MES cDNAs,
HX444164 to HX500395 for MU c¢DNAs, HX500396
to HX529651 for MSC cDNAs, HX529652 to
HX591448 for MSP c¢DNAs, and HX591449 to
HX663542 for MTE cDNAs.

2.5. Tools used for sequence analyses

The following tools were used for sequence analysis:
BLAST (The Basic Local Alignment Search Tool) finds
regions of local similarity between sequences. The
program compares nucleotide or protein sequences to
sequence databases and calculates the statistical signifi-
cance of matches),'® BLAT (The BLAST-Like Alignment
Tool uses the index to find regions in the genome
likely to be homologous to the query sequence),’*
CD-HIT (a widely used program for clustering and com-
paring protein or nucleotide sequences. CD-HIT helps
to significantly reduce the computational and manual
efforts in many sequence analysis tasks and aids in
understanding the data structure and correct the bias
within a dataset),'® CAP3 (a DNA seguence assembly
program),’® cross_match (this tool uses cross_match
to mask vector/adapter sequences and optimally trim
vector sequence and/or polyA/T trail. It takes a set of
sequences to be masked, and a set of vectors/adapters
used to perform masking),'” EMBOSS (getorf finds and
extracts open reading frames),’® and InterProScan (a
protein domains identifier).'®

3. Results and discussion

3.1. EST clustering and assembly
The 290 426 sequences obtained by normalization
of ESTs as in Section 2.3 were clustered and/or

assembled to estimate how many genes/transcrip-
tional units were read as ESTs (Table 1). Overlapping
sequences were clustered within the longest sequence
using the CD-HIT program, whereas overlapping
sequences were assembled and extended into a
contig using the CAP3 program. According to the
CD-HIT program, the number of clusters varied from
10010 in MLl to 29028 in MTE The summed
number of contigs and singletons ranged from 8831
in MLl to 25 909 in MTE. According to both programs,
MTE had the highest number of clusters/assemblies,
suggesting that the testis had the greatest number
of expressed transcriptional units. Notably, there
were some more clusters than assemblies in each
cDNA library. In fact, the total and non-redundant
numbers in the five different libraries were 62 210
clusters and 60 568 assemblies (Table 1). This small
difference (62210 versus 60 568) suggests that
most of the EST sequences obtained correspond to
the mRNA & end (as for another indication of
similar  performance of CD-HIT and CAP3, see
Supplernentary Fig. S1).

3.2. Assignment of marmoset ESTs to the Refseq
mRNAs of primates

All 290 426 sequences were examined by compar-
ing them with the known sequences registered at
the NCBI as Refseq mRNAs (http://ncbinim.nih.gov/
RefSeq/). Refsegs from six different primates were
used in the reference dataset, including Homo
sapiens, Pan troglodytes, Pongo abelil, Macaca mulatta,
Nomascus leucogenys, and C. jacchus. It should be
noted that the human Refsegs were based on ¢cDNA

Table 1. Clustering of ESTs by CD-HIT and assembly of ESTs by
CAP3

Libraries  Number  Number of Number of contigs and
of ESTs clusters by singlets assembled by
CD-HIT CAP3
MES 71009 17 467 15837 = 5519
(contig) + 10318
(singlet)
ML 56232 10010 8831 =3319
{contig) + 5512 (singlet)
MSC 29258 12309 10617 =3764
{contig) + 6853 (singlet)
Msp 61831 16600 14 268 = 5086
{contig) + 9182 (singlet)
MTE 72096 29028 25909 = 8044
(contig) + 17 865
(singlet)
All 290426 62210 60568 =17232

{contig) + 43336
(singlet)
Parameters used in CD-HIT and CAP3 programs were
default.

258 cDNA Resources for the Common Marmoset vol. 20,

sequences, whereas the Refseqs from other primate
species were based mainly on the predictions of
genomic sequences. The search program used was
BLASTn and the threshold of significant homology
was set to 1E7'%% which was a very strict criterion,

A total of 239 920 and 231 084 sequences shared
homology with human and marmoset Refsegs, re-
spectively (Table 2). Homology with the combined
Refseqs from the six primates was found for 251
587 sequences (85.6% of 290426). Therefore,
these 251587 sequences were designated as
primate homologues. The average length of the hom-
ologous sequences was 528 nucleotides. Of these 251
587 sequences, 4974 sequences were identical to
their corresponding Refseq sequences, whereas 94
102 sequences shared 100% nucleotide sequence
identity only with the aligned homologous regions.
Additionally, 931 sequences shared homology with
the Refseqgs of non-primates. Most of these sequences
were homologous to mouse Refsegs, suggesting that
they were probably derived from mouse cells that
were used as a feeder layer to culture ES cells.

Out of the above described 251587 primate
homologues, only sequences that shared homology
with the Refsegs of all six primates were extracted,
and that yielded 199 511 sequences. Then, for each
of 199 511 sequences, the alignments between the
EST and Refseq with the highest score among the six
primates were selected, and 199511 sequences
were grouped into six for each primate species.
Finally, the average identities and coverage were cal-
culated using the alignments for each primate
species (Table 3). As expected, the highest sequence
identity (99%) was between the marmoset EST and
marmoset Refseq. The average sequence identities
between the marmoset EST and the Refsegs of the

Table 2. Assignment of common marmoset ESTs to primates’
Refseq

Species derivation Number of ESTs homologous to Refseq
of Refseq {number of homologous genes)

Homo sapiens 239920 (13 825)

Pan troglodytes 233913 (14372)
Cailithrix jacchus 231084 (13499)
Pongo abelii 231354 (13898)
Macaca mulatta 229151 (13677)
Nomascus 228749 (13296)
Teucogenys

Six primates 251587
Non-primates 931

EST sequences of common marmoset (total 290 426) were
referred to primates’ Refseq mRNA that are registered at
NCBI, Homology was searched using BLASTn and judged sig-
nificant at < 1E71°9,

other five primate species were in a similar range
(94-95%). Thus, the sequences differed by ~5%
between the marmoset and the other five primates.
The coverage was highest between the marmoset EST
and human Refseq (91%), whereas it was lowest
between the marmoset EST and marmoset Refseq
(84%). This difference of 6% corresponded to 25 nucleo-
tides, so it is likely that the alignment of the EST and
marmoset Refsegs started 25 nucleotides downstream
from the 5' end of the marmoset Refseq. This might
suggest that the 5’UTR of the marmoset Refseq ‘was
not predicted precisely from its genomic sequence.

In the above assignment of marmoset ESTs to pri-
mates’ Refsegs in Table 2, the Refseqgs used as refer-
ences can be re-classified into non-overlapping,
distinct gene entities. Homologous sequences of 239
920 and 231 084 corresponded to 13 825 human
and 13499 marmoset genes, respectively (see the
numbers in parenthesis in Table 2). In addition, we
searched for HomoloGenes (http://www.ncbinim.
nih.gov/homologene) that are found in common
among Homg sapiens, Pan troglodytes, and Macaca
mulatta, .and detected 9879 Homologenes. When
identities and coverage between marmoset ESTs and
primates’ Refseq were recalculated for these 9879
Homologenes (see the numbers in parenthesis in
Table 3), coverage increased by 2—3%, whereas iden-
tity between marmoset and human remained the
same (94-95%). Thus, it appears again plausible
that the sequences diverge by 5% between marmoset
and other primates including human.,

3.3. Mapping marmoset ESTs to the human genome
Each marmoset EST sequence (total 290426
reads) was mapped to the human genome (hg19)

Table 3. ldentity and coverage between homologous marmoeset
ESTs and primates’ Refseq

Species tdentity for Refseq (for  Coverage for Refseq
derivation of 9879 HomoloGenes) {for 9879
Refseq HomoloGenes)

Homw sapiens 94.88% (94.54%)
Pan troglodytes  94.86% (94.54%)

91.14% (93.91%)
88.84% (92.11%)

Callithrix 99.55% 84.70%

Jacchas

Pongo abelif 94.77% 87.36%

Mucaca 94.73% (94.44%) 87.20% (89.66%)
rmulatta

Nomascus 94.72% 87.80%
leucogenys

identity (%) represents a degree of identity between the
aligned two sequences of high-scoring segment pairs,
whereas coverage (%) represents a ratio of aligned sequence
length over an entire length of EST. See the text as for the
details how identity and coverage were calculated.
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using the BLAT search program. This showed that
99.1% of the ESTs (287 849 reads) mapped to the
human genome (Table 4). This mapping result was fil-
tered further using the UCSC Genome Browser and a
psiCDnaFilter. Finally, 93.2% (270 673 reads) of the
marmoset ESTs were assigned specifically and exactly
to the human genome,

The nucleotide sequence identity between aligned
sequences was calculated after each EST had been
mapped to the genome (Supplementary Fig. S2). The
majority of ESTs shared 90-96% identity with the
human genome. The relatively low identity between
the ESTs and human sequences was analogous to the
identity between the EST and Refseq shown in
Table 3. It should be noted that the degree of
mapping to the human genome did not differ signifi-
cantly among the five cDNA libraries (data not shown).

3.3.1. ESTs that were mapped to exonic regions of
the human genome The CAP3 methed

identified 17 232 contigs (Table 1). The contig
sequences represented those that were read multiple
times in the overlapping regions and they were con-
sidered more reliable than single-read singletons.
These 17232 contigs were mapped onto the
human genome according to the filtering method
shown in Table 4. Furthermore, information from
human Refseqs was used to determine whether the
mapped contigs corresponded to exonic sequences
of the human gene. This approach identified 15 089
contigs (88% of 17232) that mapped onto the

human genome and that corresponded to human
Refsegs. These 15 089 contigs, which consisted of
218 857 ESTs, were considered to be representative
of the genes that are commonly transcribed in mar-
mosets and humans.

Of these 15 089 contigs, ESTs that were present in
only one type of cDNA library were identified. Of
these tissue-specific contigs, those with the highest
numbers. of constitutive ESTs are shown in Table 5.
The contigs with >1000 ESTs were ALB, HPR, ORM2,
and ORM1 from ML, and PRM! from MTE. Most of
the genes listed in Table 5 are known to be character-
istic of each specific cell type/tissue,

3.3.2. ES cell-specific transcripts Supplementary
Table $2 shows previously reported cDNA/EST
studies of primates other than the marmoset,?°~2%
These species include Pan troglodytes, Macaca fascicu-
laris, and Chlorocebus sabaeus, while the tissues
included the brain, skin, liver, B lymphocytes, bone
marrow, pancreas, spleen, thymus, and peripheral
blood mononuclear cells. As the current study is the
first example of the use of monkey-derived ES cells
in EST studies, the ES-specific transcripts are men-
tioned briefly (see Supplementary Table $3 where
the contigs containing >5 ESTs are listed).

The most notable were LIN2 8A, NANOG, and SOX2
because, together with OCT4, they are known to re-
program human somatic cells to induced pluripotent
stem cells.*® LIN28A and NANOG contribute to the
maintenance of pluripotency in stem cells.*6~2®

Table 4. Mapping of ESTs on the human genome

Libraries Number of marmoset  Number of ESTs mapped on the human genome  Number of ESTs mapped on the human genome

ESTs (raw data) (filtered)
MES 71009 70375 66 894 (94.2%)
mu 56232 55602 52405 (93.2%)
MsC 29258 28931 27253 (93.1%)
MSP 61831 61300 58170 (94.1%)
MTE 72096 71641 65951 (91.5%)
All 290426 287 849 (99.1%) 270673 (93.2%)

Marmoset ESTs (290 426) were mapped on the human genome (hg19) by using a BLAT search program (—stepSize = 5,

These ESTs were then filtered, following a UCSC Genome Browser and using a psiCDnaFilter (~minid = 0.85, —minCover ==
0.75, ~globalNearBest = 0.0025, —minQSize = 20, ~minNonRepSize = 16, —ignoreNs, —bestOveralp). Basis for adopting

159309 ESTs (54.9%), indicating —minld = 0.95 to be extremely strict in the exactness. Therefore, we lowered the
—minld to 0.85 (and —minCover = 0.25) and found the reasonably selected numbers of exact ESTs. Thus, under this
~minld of 0.85, we.then tried to improve the specificity by increasing —minCover to 0.75 (since 0.90 appeared too
strict, 0.90 was not used). This ~minCover number of 0.75 is roughly equal to the expected coverage of coding sequence
[the average length of EST was 619 nt, and the average length of 5‘UTR of human transcripts is 170 nt, therefore, an
expected coverage between coding sequences and ESTs would be (619-170)/619 = 0.73]. Eventually, a condition of
—minld = 0.85, ~minCover = 0.75 filtered 270 673 ESTs (93.2%) as exact and specific.
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Table 5. Top five genes expressed abundantly in each cDNA fibrory

Libraries  Gene Descriptions Number
symbols of £8Ts

MES PYY Peptide YY . 123

MES LIN28A Lin-28 homologue A 50

MES Céorf221 Chromosome 6 open 46
reading frame 221

MES NANOG Nanog homeobox 45

MES ERVMER34-1  Endogenous retrovirus 28
group MER34, member 1

ML ALB Albumin 4492

ML HPR Haptoglobin-related 1537
protein

ML ORM2 Orosomucoid 2 1227

MLt ORM1 Orosomucoid 1 1221

ML APOA2 Apolipoprotein A-il 673

MsC SNAP25 Synaptosomal-associated 109

protein, 25 kDa

MSC PLPI Proteolipid protein 1 58
MSC CALCA Calcitonin-refated 51
polypeptide alpha
MSC STMN2 Stathmin-like 2 30
MSC THYT Thy-1 cell surface antigen 28
MsP MS4AL Membrane-spanning 4- 62
domains, subfamily A,
member 1
MsP 1TGB2 Integrin, beta 2 29

Msp HLA-DPAT Major histocompatibility 26
complex, class i, DP alpha
1

MSP CLEC4F C-type lectin domain 20
family 4, member F

Mse CcDs3 €D53 molecule 18
MTE PRAMT Protamine 1 1,198
MTE TNPI Transition protein 1 161
MTE HMGB4 High mobility group box 4 139
MTE PHF? PHD finger protein 7 138
MTE DKKL1 Dickkopi-fike 1 107

Shown are the contigs that were detected only in one out of
five cDNA libraries and pessessed larger numbers of consti-
tuting ESTs.

Coorf221 (also known as ECATI!, ES cell-associated
transcript 1) and DPPAS belong to the same gene
family, and they are expressed specifically in human
ES cells.*®? The frequent appearance of the claudin
family (see CLDN6, CLDN9, CLDN7, and CLDN4)
was also noted, although its biological significance is
not known.

3.3.3. ESTs that were mapped onto the human
genome outside exonic regions We noted

that there was another category of contigs that was
mapped onto the human genome, but not located

in exonic regions (i.e. contigs that shared no hom-
ology with human Refsegs). These comprised 808
contigs (4.7% of 17232) with 5578 ESTs. These
808 contigs represented transcribed genes in the
marmoset. Although they were conserved in the
human genome, they did not appear to be tran-
scribed as genes; hence, they were not characterized
as human genes.

Next, the number of marmoset cDNA libraries, in
which each contig was expressed, was determined.
The number of contigs with ESTs detected in libraries
1 (i.e. only MES), 2 (i.e. MES and MTE), 3, 4, and 5 (all
of MES, MLI, MSC, MSP, and MTE) were 562, 195, 28,
7, and 6, respectively (808 in total). Of the 562
contigs, 29 were found in MES, 31 in ML, 28 in
MSC, 87 in MSP, and 387 in MTE (562 in total). It
appeared that the genes expressed in the marmoset
testes (387/562 = 69%) had an increased likelihood
of not being expressed in humans compared with the
genes expressed in other tissues (31%/4 = 7.8%).

Supplementary Table S4 shows the 20 contigs
whose constituting ESTs’ numbers were the largest
among the 808 contigs. Interestingly, the five
contigs that had the highest numbers of ESTs (ID:
198, 15591, 1258, 1567, and 3721) also had ESTs
in all five libraries. In the previous paragraph, it was
noted that six contigs were expressed in all five librar-
ies. it was found that five out of these six contigs were
widely expressed at a high level in the marmoset. This
suggests that actively expressed genes in the marmo-
set may even be non-transcribed as genes in
humans. Many of the remaining genes in
Supplementary Table S4 were expressed in a combin-
ation of tissues e.g. MLl and MSP, or MLl and MSC, or
only in MTE.

3.3.4. Characterization of 808 contigs in non-coding
RNA or silent regions of the human genome The 808
contigs described above were mapped onto the
human genome, but did not have any corresponding
human Refsegs. The human genome browser at
UCSC also supports mapping of RNA-seq and large
intergenic non-coding RNAs (linc RNA).3'#2 The loca-
tions of these RNA-seq/linc RNAs were checked in re-
lation to the marmoset ESTs mapped onto the human
genome, The tissues that are used in common in
RNA-seq/linc RNA studies®'*? and the current study
are the liver, brain, and testis; hence, 138 contigs
expressed in ML, 125 in MSC, and 516 in MTE
(total 779) were wused for the analyses
(Supplementary Table S5). This showed that 500
contigs (64% of 779) matched RNA-segs, while 98
contigs had corresponding sequences in RNA-seq
and linc RNA. However, 259 contigs (33% of 779)
did not have any counterparts in RNA-seq or lin¢
RNA, suggesting that they were not expressed as RNA.
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In summary, of the 808 contigs that did not have a
corresponding human Refseq, two-thirds were prob-
ably expressed as non-coding RNA, whereas the
other third appeared to be silent. This potentially sug-
gests that these 808 may have lost their characteris-
tics as genes during human evolution.

3.3.5. Identification of so far unknown genes based on
vrobable full-length ¢cDNA sequences The degree of
conservation and/or divergence in marmoset and
human genes was analysed using the following ap-
proach as well. Supplementary Fig. S3A shows a
flow chart of the method used for selecting
‘unknown genes.! First, getorf in EMBOSS was
applied to extract 60568 unigenes (see Table 1
where 60568 represents the sum of contigs and
singlets). Thus, sequences were selected that
contain an open-reading frame spanning an initiat-
ing methionine through to 2 stop codon, with a
poly(A) tail at the 3’ end. The G-cap was preserved
in most ESTs, so the selected sequences probably
represented  ‘full-length’ ¢DNAs. This approach
selected 3151 unigenes.

Each unigene was mapped onto the human
genome. In total, 2595 sequences were mapped
onto the human genome. Of the 556 marmoset
sequences that could not be mapped onto the
human genome, 127 were annotated and identified
using the Refseq information of all living species,
while 311 (306 +5) shared homology with
sequences registered in EST/nr sequence databases.
The remaining 118 unigenes could not be annotated,
suggesting that they represent potentially unknown
genes.

Notably, only 1 sequence was derived from ML! and
MSC, 3 from MSP, 14 from MES, while 104 from MTE.
This might indicate comparatively abundant expres-
sion of unknown genes in the marmoset testis.
The length of the polypeptides encoded by the
‘unknown genes’ ranged from 11 to 131 amino
acids, with an average of 47 (Supplementary Fig.
S4). It should be noted that no known domains/
motifs were detected in these ‘unknown’ amino acid
sequences using the INTERPRO program.

3.3.6. Further characterization of the 118 ‘unknown
genes' 1t is possible that the 118 genes with ORFs
might not encode polypeptides but may represent
non-coding RNAs. In fact, five shared homology (1e-
5) with non-coding RNAs in a comprehensive data-
base (http://www.ncrna.org/frnadb/) and a marmo-
set-derived non-coding RNA database (ftp://ftp.
ensembl.org/pub/release 70/fasta/callithrix_jacchus/
ncrna/). Furthermore, 66 out of 118 genes could be
aligned with the human genome if a 75% sequence
similarity was employed, and each of these

alignments covered more than half of each sequence.
Therefore, a significant portion of the 118 genes had
features of both polypeptide-coding genes and non-
coding RNAs. Supplementary Fig. $38 and its legend
provide further details on the unbiased approach
used to identify unknown genes.

3.4. Availability of the resources

A Web server of marmoset cDNAs has been con-
structed  (hitp://marmoset.nig.acjp/indexhtm!), in
which each marmoset EST sequence is mapped onto
the human genome. Information accessible via the
human genome browser can be obtained on this
server, including the Ensembl gene annotation,
Refseqs, and RNA-seq/linc RNA. This Web server can
be used as a search engine, so the marmoset EST
sequences can be BLASTed and the results displayed.
The ¢DNAs libraries and/or the clones are available
upon request from the DNA Bank, RIKEN BioResource
Center (RDB no. 6388-6392). These deposited
resources are expected to be valuable for future
studies that use the common marmoset as an experi-
mental animal model.
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