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Fig. 1 - Phase contrast micrograph of GBS6 cells, and expression of the translocated POU5F1/0CT4/3 gene. A cell line termed
“GBS6” was generated from primary or first passage cells of a pelvic tumor [31]. (A) GBS6 cell aggregate (GBS6 sup). Scale

bar: 100 pm. (B) GBS6 adherent cells (GBS6 btm). Scale bar: 100 um. (C) G-banding karyotypic analysis and Spectral karyotyping
(SKY) analysis of the translocated chromosomes. (D) Schematic representation of the EWS-0CT4/3 structure in the £(6;22)
tumor. EWS exons are represented by black boxes and OCT4/3 exons by open boxes. The 0CT4/3-1b exon is composed of an open
and gray box. The novel EWS-0CT4/3 chimeric exon is created by the fusion between EWS intron 6 and part of the exon of
0CT4/3 (Ala). The vertical arrows indicate each breakpoint on either chromosome 22 (EWS) or chromosome 6 (0CT4/3). The
horizontal arrows indicate the position and direction of primers for PCR (Table 1). (E) RT-PCR analysis of the translocated
OCT4/3 gene and the untranslocated 0CT4/3 gene in GBS6 cell, NCR-G2, NCR-G3, NCR-G4, and 3F0664 cells. NCR-G2, NCR-G3,

and NCR-G4 cells are embryonal carcinoma cells, and 3F0664 cells are mesenchymal cells. (F) Western blot analysis of
EWS-0CT4/3 in GBS6 cells. Western blot analysis was performed using anti-Oct4/3 antibody. EWS-0CT4/3 chimeric protein
(~58 kDa) was detected in GBS6 cells. The positions of prestained molecular markers (BIO-RAD) are indicated to the

left (kDa).
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HIA-ABC (IM1838, Beckman), HLA-DR, DP, DQ (6604366, Beckman),
SSEA-1 (MAB4301, Chemicon), SSEA-3 (MAB4303, Chemicon),
SSEA-4 (MAB4304, Chemicon), STRO-1 (MAB1038, R and D
Systems), TRA-1-60 (MAB4360, Chemicon), and TRA-1-81
(MAB4381, Chemicon) were adopted as primary antibodies. PE-
conjugated anti-mouse Ig antibody (550589, Pharmingen), PE-
conjugated anti-mouse IgM antibody (555584, Pharmingen) and
PE-conjugated anti-rat Ig antibody (550767, Pharmingen) were used
as secondary antibodies. X-Mean, the sum of the intensity divided by
total cell number, was automatically calculated, and it was adopted
for the evaluation of this experiment.

Implantation of cells into mice

GBS6 cells (>1x107) were subcutaneously inoculated into an
immunodeficient, NOD/Shi-scid, IL-2Ry™" mouse (NOG mouse)
(CREA, Tokyo, Japan). Subcutaneous specimens were resected at
2 weeks after implantation. The operation protocols were accepted

by the Laboratory Animal Care and the Use Committee of the
National Research Institute for Child and Health Development,
Tokyo (approval number: 2003-002 and 2005-003).

Immunohistochemistry analysis

Immunohistochemical analysis was performed as previously
described [34-36] with antibodies to MIC2 (clone# 12E7, cat#
M3601, DAKO, Carpinteria, CA, USA), vimentin (clone# V9, cat#
M0725, DAKO, Carpinteria, CA, USA), neurofilament protein 70 kDa
(NF-L, clone# 2F11, cat# MO0762, DAKO, Carpinteria, CA, USA),
desmin (clone# D9, cat# 010031, Bio-Science Products AG, Emmen-
bruecke, Switzerland), smooth muscle actin (clone# 1A4, cat#
MO0851, DAKO, Carpinteria, CA, USA), and OCT4/3 (clone# C-10, cat#
sc-5279, Santa Cruz Biotechnology, Inc., CA, USA) in PBS containing
1% bovine serum albumin. As a methodological control, the primary
antibody was omitted. Immunohistochemical analysis of iPS cells
was performed according to the manufacturer's protocol {SCR002,
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Fig. 2 - Cell surface marker analysis of GBS6 cells. (A) Flow cytometric analysis of cell surface markers in GBS6 cells. The results of
(D73, (D90, CD117, CD166 and SSEA-3 were compared with the result of their isotype control, PE-conjugated IgG1. The results of
(D140a and CD140b were compared with the result of PE-conjugated IgG2a. The results of CD105 and SSEA-4 were compared with the
result of PE-conjugated IgG3. The results of (D29, CD44 and CD59 were compared with the result of FITC-conjugated IgG1. X-axis
and Y-axis indicate the intensity and the cell number, respectively. (B) Summary of cell surface markers. “y” is “X-means” subtracted
by ‘a value of isotype control’; “y<0.17, “0.1<y<1", and “1<y” were determined “negative”, “low” and “positive”, respectively.
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Chemicon (Millipore)]. Primary antibodies included Oct-3/4 (C-10)
(diluted at 1:300, sc-5279, Santa Cruz), NANOG (diluted at 1:300,
RCABOOO3P, ReproCELL), SSEA-4 (diluted at 1:300, MAB4304,
CHEMICON), and TRA-1-60 (diluted at 1:300, MAB4360, CHEMI-
CON). Secondary antibodies used were Alexa Fluor 546 Goat Anti-
mouse IgG, 2 mg/mL (diluted at 1:300, A11003, Invitrogen), Alexa
Fluor 488 Goat Anti-rabbit IgG, 2 mg/mL (diluted at 1:300, A11008,
Invitrogen), and Alexa Fluor 488 Goat Anti-mouse IgG, 2 mg/mL, F
(ab’)2 fragment (diluted at 1:300, A11017, Invitrogen). Nuclei were
stained with 1 pg/mL DAPI (40043, Biotium).

Quantitative RT-PCR

RNA was extracted from cells using the RNeasy Plus Mini kit
(Qiagen). An aliquot of total RNA was reverse transcribed by using
an oligo (dT) primer. For the thermal cycle reactions, the cDNA
template was amplified (ABI PRISM 7900HT Sequence Detection
System) using the Platinum Quantitative PCR SuperMix-UDG
with ROX (11743-100, Invitrogen) under the following reaction
conditions: 40 cycles of PCR (95 °Cfor 15 s and 60 °C for 1 min) after
an initial denaturation (95 °C for 2 min). Fluorescence was
monitored during every PCR cycle at the annealing step. The
authenticity and size of the PCR products were confirmed using a
melting curve analysis (using software provided by Applied
Biosystems) and a gel analysis. mRNA levels were normalized
using GAPDH as a housekeeping gene. POU5F1-2-Fand POU5F1-3-R
primers were used to detect the OCT4/3 gene (see Table 1, D and F).

Chromatin immunoprecipitation (ChIP) assays

Chromatin immunoprecipitation was performed according to the
instructions of the EZ ChIP Chromatin Immunoprecipitation Kit
(17-371, Upstate Biotechnology Inc., Chicago, IL, USA). Histone and
DNA were cross-linked with 1% formaldehyde for 10 min at room
temperature and formaldehyde was then inactivated by the
addition of 125 mM glycine. The chromatin was then sonicated to
an average DNA fragment length of 200 to 1000 bp. Soluble
chromatin reacted with and without anti-acetylated Histone H3
(06-599, Upstate Biotechnology Inc., Chicago, IL, USA), and anti-
acetylated Histone H4 (06-866, Upstate Biotechnology Inc.,
Chicago, IL, USA). The immunocomplex was purified and collected
in elution buffer (0.1 M NaHCOs;, 1% sodium dodecyl sulfate).
Crosslinking was then reversed using elution buffer containing
RNase A (0.03 mg/mL) and NaCl (0.3 M) by incubation for 4 h at
65 °C. Supernatant obtained without antibody was used as the input
control. The DNA was treated with proteinase K for 1 h at 45 °C and
purified. For all ChIP experiments, quantitative PCR analyses were
performed in real time as described in this manuscript. Relative

occupancy values were calculated by determining the apparent
immunoprecipitation efficiency (ratios of the amount of immuno-
precipitated DNA to that of the input sample) and normalized to the
level observed at a control region. For all the primers used, each gave
asingle product of the right size adult stem cell confirmed by agarose
gel electrophoresis and dissociation curve analysis. These primers
also gave no DNA product in the no-template control. The following
three primer sets for human OCT4/3, as previously described [26],
were adopted for real-time PCR to quantitate the ChiP-enriched DNA:
human POU5FI-A (-2613/-2396), 5'-GGG GAACCTGGAGGATGG-
CAAGCTGAGAAA-3' and 5'-GGCCTGGTGGGGGTGGGAGG AACAT-3;
human POUS5F1-B (-1779/-1563), 5-CCTGCACCCCTCCACAAATCACTC
GC-3' and 5'-TGCAATCCCCTCAAAGACTGAGCCTCAGAC-3' ; human
POU5F1-C (-237/-136), 5'-GAGGGGCGCCAGTTGTGTCTCCCGGTTTT-
3’ and 5'-GGGAGGTGGG GGGAGAAACTGAGGCGAAGG-3'.

DNA methylation analysis

The NCR-G2 (JCRB cell bank number; JCRB1167) [32], NCR-G3
(JCRB cell bank number; JCRB1168) [32], GBS6, and Yub636BM
(human bone marrow cells derived from an extra digit) cells were
prepared for this assay. Genomic DNA was isolated using DNeasy
Blood and Tissue Kit (69504, QIAGEN). Primers were selected from
the CpG island regions with homogenous CpG site methylation
patterns. The target region of the genes used for methylation
analysis and the primer sequences used for PCR amplification are
shown in Table 4. One of the two primers in the PCR amplification
of the target regions is tagged with a T7 promoter sequence:
cagtaatacgactcactatagggagaaggct. The PCR reactions were carried
out in a total volume of 5 pL using 1 pmol of each primer, 40 pM
dNTP, 0.1 U HotStar Tag DNA polymerase (QIAGEN), 1.5 mM MgCl,,
5% PCR buffer (final concentration 1x), and bisulfite-converted
DNA. The reaction mix was preactivated for 15 min at 95 °C. The
reactions were amplified in 45 cycles of 95 °C for 20 s, 62 °C for
305s,and 72 °C for 30 s followed by 72 °C for 3 min. Unincorporated
dNTPs were dephosphorylated by adding 1.7 pL DNase-free water
and 0.3 U Shrimp Alkaline Phosphatase (SAP). The reaction was
incubated at 37 °C for 20 min and SAP was then heat-inactivated
for 10 min at 85 °C. Typically, 2 pL of the PCR reaction was directly
used as a template in a 6.5 pL combined transcription-cleavage
reaction. Twenty units of T7 polymerase (Epicentre) were used to
incorporate either dCTP or dTTP in the transcripts. Ribonucleotides
at 1 mM and the dNTP substrate at 2.5 mM were used. RNase A
(Sequenom) was ‘included to cleave the in vitro transcript. The
mixture was then further diluted with water to a final volume of
27 pL. Conditioning of the phosphate backbone prior to MALDI-TOF
MS was achieved by the addition of 6 mg CLEAN resin (Sequenom).
The cleavage reaction samples (15 nL) were dispensed onto silicon

Fig. 3 - In vitro and in vivo characteristics of GBS6 cells. (A) Ca+ +-dependent, E-cadherin-independent adhesion of GBS6 cell
aggregates. GBS6 cells (a) were unaffected by the antibody to E-cadherin (b), but were dissociated by EDTA, Ca+ + chelator (c).
In contrast, NCR-G3 cells (d), serving as a control since they are E-cadherin-dependent, were dissociated and induced to death by the
antibody to E-cadherin (e). Scale bar: 100 pm. (B) Immunohistochemical analysis of GBS6 cells implanted into the subcutaneous
tissue of NOG mice. GBS6 cells at 2 weeks after implantation (a, b: hematoxylin and eosin stain, c: silver stain, d: PAS stain) were
examined for immunchistochemical analysis using antibodies to MIC2 (e), vimentin (f), neurofilament protein 70 kDa (g: NF-L),
desmin (h), and smooth muscle actin (i: SMA). Scale bars: 200 pm (a) and 50 pm (b-i). (C) Immunochistochemical analysis with
the anti-0CT4/3 antibody of GBS6 cells implanted into the subcutaneous tissue of NOG mice. GBS6 cells at 2 weeks after implantation
were examined for immunohistochemical analysis using antibodies to 0CT4/3. The higher-magnification image of the region
enclosed by a square in “a” (b). Scale bars: 200 pm (a) and 20 pm (b).
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chips preloaded with matrix (SpectroCHIP, Sequenom). Mass
spectra were collected using a MassARRAY mass spectrometer
(Sequenom). Spectra were analyzed using proprietary peak
picking and spectra interpretation tools (EpiTYPER, Sequenom}.
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each CpG site enclosed in the cleavage products generated from
the RNA transcript. The mass signals representing nonmethylated
DNA and those representing methylated DNA, built signal pairs,
which are representative for the CpG sites within the analyzed
sequence substring. The intensities of the peaks were compared,
and the relative amount of methylated DNA was calculated from
this ratio. The method yields quantitative results for each of these
sequence-defined analytic units referred to as CpG units, which
contain either one individual CpG site or an aggregate of
subsequent CpG sites.

Plasmid construction

Each open reading frame of human OCT4/3 and SOX2 was amplified
by RT-PCR using the RNA extracted from NCR-G2 celis (JCRB cell
bank number; JCRB1167) {32], a complex-type germ cell tumor cell
line. Also, those of c-MYC and KLF4 were amplified by RT-PCR using
the RNA extracted from the bone marrow stromal cell line, UET13.
A Gateway cassette composed of an attR1/R2 flanked CmR and
ccdB (Invitrogen) was amplified by PCR and ligated into the Eco Rl/
Not I site of pMXs retroviral expression vector to create pMXs-
DEST [37]. PCR amplification was performed by using KOD-Plus-
DNA polymerase (KOD-201, TOYOBO). The constructs were
confirmed by sequencing.

Retroviral infection and iPS cell generation

293FT cells (Invitrogen) were plated at 2x 10° cells per 100 mm
dish and incubated overnight. The next day, the cells were co-
transfected with pMXs-0CT4/3, pMXs-SOX2, pMXs-c-MYC, pMXs-
KLF4, pCL-GagPol, and pHCMV-VSV-G vectors with TransIT-293
reagent (Mirus, Madison, WI). Twenty-four hours after transfec-
tion, the medium was replaced with a new medium, which was
collected after 48 h as the virus-containing supernatant. MRC-5
cells were seeded at 1x10° cells per 35 mm dish 1 day before
infection. The virus-containing supernatants were filtered through
a 0.45 ym pore-size filter, ultracentrifuged at 8500 rpm for 16 h, and
then resuspended in DMEM (D6429, SIGMA) supplemented with
4 mg/mL polybrene (Nacalai Tesque). Equal amounts of concen-
trated supernatants containing each of the four retroviruses were
mixed, transferred to MRC-5 cells, and incubated for 8 h. The MRC-5
cells were cultured for 4 days and replated on an irradiated MEF
feeder layer in 100 mm dish. The medium was replaced with the

iPSellon medium supplemented with 10 ng/mL bFGF. One-half of
the medium was changed every day and the cells were cultured up
to 30 days after a day of infection. Colonies were picked up and
transferred into 0.2 mlL of iPSellon medium when colonies
appeared. The colonies were mechanically dissociated to small
clumps by pipeting up and down or mechanically cut using a
STEMPRO EZPassage disposable passaging tool (23181010, Invitro-
gen). The cell suspension was transferred on irradiated MEF feeder
in 4-well plates [176740, Nunc (Thermo Fisher Scientific)]. We
define this stage as passage 1.

Teratoma formation

iPS cells were harvested by accutase treatment, collected into
tubes, and centrifuged, and the pellets were suspended in the
iPSellon medium. The same volume of Basement Membrane
Matrix (354234, BD Biosciences) was added to the cell suspension.
Cells (1x107) were implanted subcutaneously to a BALB/c-nu/nu
mouse (CREA, Japan) for 4 weeks. Tumors were dissected and fixed
with PBS containing 4% paraformaldehyde. Paraffin-embedded
tissue was sliced and stained with hematoxylin and eosin.

GeneChip expression analysis

Total RNA was extracted from cells using the RNeasy Mini Kit
(74104, Qiagen, Valencia, CA). Genomic DNA was eliminated by
DNase 1 (2215A, TAKARA BIO INC.) treatments. From all RNA
samples, 5 pg of total RNA was used as a starting material for the
microarray sample preparation. Double-stranded ¢DNA was
synthesized from DNase-treated total RNA, and the ¢cDNA was
subjected to in vitro transcription in the presence of biotinylated
nucleoside triphosphates using the Enzo BioArray HighYield RNA
Transcript Labeling Kit (Enzo Life Sciences, Inc., Farmingdale, NY),
according to the manufacturer's protocol (One-Cycle Target
Labeling and Control Reagent package). Human-genome-wide
gene expression was examined with the Human Genome U133A
Probe array (GeneChip, Affymetrix), which contains the oligonu-
cleotide probe set for approximately 23,000 full-length genes and
expressed sequence tags (ESTs), according to the manufacturer's
protocol (Expression Analysis Technical Manual and GeneChip
small sample target labeling Assay Version 2 technical note, http://
www.affymetrix.com/support/technical/index.affx) as previously
described [5]. Hierarchical clustering and principle component

Fig. 4 - Expression of the OCT4/3 gene and histone modification of the OCT4/3 promoter in GBS6 cells. (A) Expression of embryonic
stem cell-enriched genes in GBS6, NCR-G2, NCR-G3, NCR-G4, and 3F0664 cells. GBS6 cells expressed the OCT4/3 and NANOG genes,
but not the SOX2 and UTF1 genes. NCR-G2 cells expressed the OCT4/3 and NANOG genes; both NCR-G3 cells and NCR-G4 cells expressed
the 0CT4/3, NANOG, SOX2 and UTF1 genes. 3F0664 mesenchymal cells did not express these four kinds of embryonic

stem cell-enriched genes, POU5F1-1a-F and POU5F1-1a-R (Table 1) were used to amplify the endogenous 0CT4/3 gene.

(B) Quantitative PCR analysis to assess the expression level of 0CT4/3 mRNA in GBS6. 0CT4/3 mRNA level is expressed relative to
3F0664 cells control. (C) Real-time PCR to quantitate the ChIP-enriched DNA using acetylated Histone H3 and acetylated Histone
H4 antibodies. Schematic of the location of the amplicons (A-C) used to detect ChiP-enriched fragments in 0CT4/3 shown
relative to the distal enhancer (DE)/CR4 region, to the proximal enhancer (PE), and to transcription start site (arrow) (a).

The relative levels of acetylated Histone H3 (b) and acetylated Histone H4 (c) modifications were detected in GBS6 cells and
3F0664 cell control. GBS6 cells are represented by black bars and 3F0664 cells by open bars. (D) DNA methylation analysis in the
promoter region of the 0CT4/3 gene. The target regions of 0CT4/3 used for the quantitative DNA methylation analysis. Region ‘a’
and Region ‘b’ include 5 (— 706, — 532, — 497, — 475, —466) and 3 (— 108, + 60, + 75) CpG sites, respectively. The positions of

CpG sites are relative to the OCT4/3 transcription start site (gray triangle). (E) The relative amount of methylated DNA ratio (%) at

each CpG site is indicated as the black area in the pie chart.
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analysis were performed to group mesenchymal cells obtained
from bone marrow into subcategories (http://lgsun.grc.nia.nih.
gov/ANOVA/).

Results

Establishment of human cells of mesenchymal origin with
overexpression of the translocated POU5F1/0CT4/3 gene

To investigate whether cells of mesenchymal origin acquire an
embryonic phenotype, a novel human cell line termed GBS6 was
established from the pelvic bone tumor, of which histology shows
diffuse proliferation of undifferentiated tumor cells with oval
nuclei and scant but short spindle cytoplasm [31]. The generated
cells grew attached to the dish as a polygonal cell sheet with cell
aggregates forming in the center (Figs. 1A, B), and retained the
reciprocal translocation, t(6; 22), detected in the original tumor
(Fig. 1C). The EWS-0CT4/3 chimeric gene expression also
remained (Figs. 1D, E and Table 1). Embryonal carcinoma (EC)
cells, i.e.,, NCR-G2, NCR-G3, and NCR-G4, served as control cells
expressing the endogenous OCT4/3 gene. Immunoblot analysis
revealed that EWS-0CT4/3 fusion protein was expressed in GBS6
cells (Fig. 1F).

Cell surface markers of GBS6 cells

GBS6 cell surface markers were evaluated by flow cytometric
analysis (Fig. 2). The results showed that GBS6 cells were strongly
positive (Positive; Fig. 2B) for CD9, CD29 (integrin p1), CD44,
CD59, CD81, CD90 (Thy-1) and HLA-A,B,C (HLA class I); weakly
positive (Low; Fig. 2B) for CD73 and CD166 (ALCAM); negative
(Negative; Fig. 2B) for CD55, CD105 (endogrin), CD140a
(PDGFRat), and CD140b (PDGFRB). The lack of CD13, (D55,
CD105, CD106, CD140a, and CD140b in GBS6 cells suggests that
the surface markers of GBS6 cells are different from those of con-
ventional mesenchymal cells [10,38,39].

E-cadherin-independent growth of GBS6 cells

To investigate whether GBS6 cells survive dependent on E-
cadherin-like human embryonic cells, the cells were treated by an
inhibitory antibody to E-cadherin (HECD Ab) and EDTA (Fig. 3A).
GBS6 cell survival was unaffected by the E-cadherin antibody but
affected by EDTA (Fig. 3A-a, b, ¢). In contrast, NCR-G3 cells,
human embryonal carcinoma cells that proliferate in an E-
cadherin-dependent manner, were dissociated and induced to
apoptosis by the E-cadherin antibody (Fig. 3A-d, e).

Implantation of GBS6 cells into immunodeficient mice

To investigate an in vivo phenotype of GBS6 cells, the cells were
intramuscularly injected into immunodeficient NOG mice and
examined by histopathology and immunohistochemistry (Fig.
3B). The injected cells exhibited an undifferentiated phenotype
with oval nuclei and scant spindle cytoplasm (Fig. 3B-b), and
showed an alveolar configuration (Fig. 3B-c). The cells were
negative by the PAS stain (Fig. 3B-d). The cells were immunohis-
tochemically positive for MIC2 and vimentin (Fig. 3B-¢, f), and
negative for neurofilament, desmin, and smiooth muscle actin

(Fig. 3B-g, h, i). The cells retained OCT4/3 in their nuclei even
after implantation (Fig. 3C).

Expression of ES-enriched genes

To determine if GBS6 cells express ES cell-enriched genes, that is,
the OCT4/3, NANOG, SOX2, and UTF1 genes, RT-PCR with specific
primer sets (Table 2) and gene chip analyses were performed. GBS6
cells expressed the endogenous OCT4/3 and NANOG genes like NCR-
G2, NCR-G3, and NCR-G4 embryonal carcinoma cells, but did not
express the SOX2 and UTFI genes (Fig. 4A). The resuits of the
RT-PCR analysis were compatible with those of the gene chip
analysis (GSE8113, Table 3). To compare the expression level of
stem cell-specific genes in GBS6 cells, ES cells, and mesenchymal
cells, we performed a quantitative RT-PCR analysis. The expression
level of OCT4/3 was about half that of human EC cells, but was more
than twenty-five times that of 3F0664 mesenchymal cells (Fig. 4B).
The results show that the expression level of 0CT4/3 is comparable
to that of human EC cell.

To determine if the cis-regulatory element of the OCT4/3 gene
has so-called open chromatin structure, we performed the chip
analysis using antibodies to acetylated H3 and acetylated H4
(Fig. 4C). The results show that acetylated histone levels which
the OCT4/3 promoter is wrapped around in GBS6 cells are
comparable with those in 3F0664 mesenchymal cells. We also
performed methylation analysis of the OCT4/3 gene in GBS6 cells
because the expression of OCT4/3 gene is regulated by methyla-
tion (Figs. 4D, E and Table 4). The promoter region of the OCT4/3
gene was heavily methylated in GBS6 cells as compared with
human NCR-G3 embryonal carcinoma cells expressing the OCT4/
3 gene at a high level.

Cell reprogramming assay

To investigate if chimeric EWS-0CT4/3 induces iPS cells like
native OCT4/3, we performed Yamanaka's reprogramming assay
on MRC-5 human fetal lung fibroblasts (Fig. 5A), using the
chimeric EWS-0OCT4/3 construct with the KLF-4, SOX2, and ¢-MYC
genes according to the conventional protocol {40] with some
modifications. We failed to obtain iPS cells using the EWS-0CT4/
3, KLF-4, S0X2, and ¢-MYC constructs (Fig. 5B), albeit trials of
three independent experiments, whereas, for a control, we
successfully generated 101 clones of iPS cells from MRC-5 cells
using the OCT4/3, KLF-4, SOX2, and c-MYC constructs (Fig. 5C).
The iPS cells generated from MRC-5 cells expressed human ES
cell-specific surface antigens (Figs. 5D-G). In vivo implantation
analysis showed that iPS cells generated various tissues including
neural tissues (Fig. 5H: ectoderm), cartilage (Fig. 5I: mesoderm),

Table 4 = Primers used for PCR amplification of the bisulfite-

convert‘cd ‘DNA.

Name Sequence Size

(bp)
Region ‘a’ Forward: 5/ TTG GTT ATT GTG TTTATG GTTGTTG 3' 437
Reverse: 5' TAA ACC AAA ACA ATC CTT CTACTC C 3/
Region'b’ Forward: 5’ TTT GGG TAA TAA AGT GAG ATT TTG 452
TIT 3/
Reverse: 5' CTA ACC CTC CAA AAAAACCITAAAA Y
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Fig. 5 - Induction of iPS cells from MRC-5 cells and teratoma formation. (A) Morphology of MRC-5 cells. (B) Morphology of cells
using EWS-0CT4/3, KLF-4, SOX2, and c-MYC genes at Day 30 after infection. (C) Morphology of established iPS cell (clone 16: Fetch)
colony using OCT4/3, KLF-4, SOX2, and c-MYC genes at Day 20 after infection. (D-G) Immunocytochemistry for 0CT4/3 (D),
NANOG (E), SSEA-4 (F), and TRA-1-60 (G). Nuclei were stained with DAPIL. Bars = 500 um (A-C), and 200 um (D-G). In addition,
chromosomal G-band analyses showed that human iPS cells from MRC-5 had a normal karyotype of 46XY (not shown). The analysis
of short tandem repeat shows that novel iPS cells from MRC-5 cells were not a result of cross-contamination, Hematoxylin and
eosin staining of teratoma derived from the generated iPS cells. Cells (1x 107) were implanted subcutaneously to a BALB/c-nu/nu
mouse for 4 weeks. Histological examination showed that the tumor contained various tissues, neural tissues (H; ectoderm),
cartilage (I; mesoderm), a gut-like epithelial tissue (J; endoderm), and a hepatic tissue (K; endederm). Bars = 100 pm (H-K).

a gut-like epithelial tissue (Fig. 5]: endoderm), and a hepatic
tissue (Fig. SK: endoderm). These results imply that the chimeric
EWS-0CT4/3 gene does not participate in reprogramming of
somatic cells.

Principle component analysis of global gene expression
in GBS6 cells

To determine whether GBS6 cells are categorized into embryonal
cells or mesenchymal cells, global gene expression patterns of
GBS6 cells, embryonal carcinoma cells (NCR-G2, NCR-G3, and
NCR-G4), yolk sac tumor cells (NCR-G1), and marrow stromal
cells (3F0664, H4-1, and Yub1OF) were further analyzed by
principle component analysis (PCA), which reduces high-dimen-
sionality data into a limited number of principle components (Fig.
6). The first principle component (PC1) captures the largest
contributing factor of variation, which characterizes the differ-
ential expression of genes. As we were interested in the
differential gene expression component, we plotted the position
of each cell type against the PC1, PC2, and PC3 axis in three-
dimensional space by using virtual reality modeling language

(Fig. 6A). Close examination of the 3D model identified PC1 as the
most representative view of the 3D model. PC1 axis direction is
therefore used to characterize the differential gene expression
(Fig. 6B). In addition, hierarchical analysis of the cells analyzed
for global gene expression revealed that GBS6 cells are categor-
ized into embryonal carcinoma cells and yolk sac tumor cells, i.e.,
NCR-G1, -G2, -G3, and -G4 cells (Fig. 6C).

Discussion

In this study, we generated a cell line with a transitional form
between mesenchymal cells and embryonic stem cells. Loss of
mesenchyme-specific cell markers, i.e., CD13, CD55, CD105, CD106,
(D140a and CD140b, and modification of cell survival with the
calcium chelator indicate that GBS6 cells are no longer mesench-
ymal cells. Global and drastic differences in gene expression with
the GeneChip analysis support the conclusion that GBS6 cells no
longer exhibit the profile of mesenchymal cells. It is also
noteworthy that this transition phenotype is reliably inherited ex
vivo after a series of in vitro passages.
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B

PC1
(Negative direction)

NCR-G1 1
NCR-G2 1
NCR-G3 -
NCR-G4
GBS6 -

H4-11@
3F0664 -
Yub10F

GBS6-5az 4

NCR-G3

NCR-G4

NCR-G1

NCR-G2

GBS6

GBS-5az

3F0664

H4-1

Yub10F
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Fig. 6 - Principal component analysis and hierarchical clustering of gene expression in GBS6 cells, embryonal carcinoma cells,
and bone marrow cells. (A) 3D-representation of principle component analysis. (B) Principal components of PC1 axis, negative

direction. (C) Hierarchical clustering analysis of averages.

0CT4/3 function and its physiological partner EWS in
embryonic transition

ES-like cells or iPS cells are generated from murine fibroblasts by
transfecting four genes, i.e, 0CT4/3, SOX2, KLF-4 and c-MYC are
necessary for the mesenchymal-embryonic transition [1-3].
However, OCT4/3 alone is not sufficient to confer embryonic phe-
notypes to human bone marrow-derived cells, NIH3T3 cells (data
not shown) or embryonic fibroblasts {1]. EWS and OCT4/3 are
directly bound both in vitro and in vivo [41]; in other words, EWS is
a binding partner of OCT4/3. Therefore, the EWS-OCT4/3 protein in
GBS6 cells is considered a fusion between physiological partners.
EWS and OCT4/3 are co-expressed in the pluripotent mouse and
human ES cells. To investigate if the EWS-OCT4/3 has a transcrip-
tional activity, we performed the luciferase assay. The results show
that the chimeric EWS-0OCT4/3 gene has comparable or higher
transcriptional activity than the native 0CT4/3 gene does (Supple-
mentary Fig. S1). Ectopic expression of non-chimeric EWS
enhances the transactivation activity of OCT4/3; the N-terminal
QSY domain of EWS and the C-terminal POU domain function as a
transcriptional activation and DNA binding, respectively [42,43].
The OCT4/3 gene is overexpressed under the cis-regulatory
element of the EWS gene [31], and the functional co-operation of
OCT4/3 and EWS at a protein level to transcriptional activation may

lead to embryonic transformation in GBS6 cells. Converting
mesenchymal cells to embryonic cells opposes the usual direction
of ES cell differentiation {44]; and this is achieved by chimeric
0CT4/3 with physiological co-activator EWS driven by the potent
cis-regulatory element of the EWS gene [31]. This phenotypic
conversion requires the molecular reprogramming of mesenchy-
mal cells with new instructions.

Mesenchymal to embryonic “incomplete” transition by
overexpression of chimeric 0CT4/3

OCT4/3 fused to EWS not only participates in oncogenesis [29,31],
but also contributes to mesenchymal-embryonic transition, at
least in part from the viewpoint of global gene expression profiles
and cell surface markers (Figs. 2 and 6). GBS6 cells are subcate-
gorized into groups of cells derived from testicular germ cell
tumors (Fig. 6A, cells with embryonic phenotypes are shown in
pink), and the PC1 axis indicates transition from mesenchymal cell
group to embryonal cell group (Fig. 6B). This transition was,
however, incomplete; some of the ES-specific genes were not re-
activated. OCT4/3 is a member of the POU family of transcription
factors, is expressed in pluripotent ES cells, including primordial
germ cells [17-21], and functions as a master switch in differentia-
tion by regulating cells that have, or can develop, pluripotent
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potential. However, tight chromatin structure in GBS6 cells may
render OCT4/3 recognition sequences inaccessible {45]. The OCT4/
3 recognition sequences have been found in the cis-regulatory
elements of the FGF-4 and CD140a/platelet-derived growth factor
receptor-ot gene {46], but GBS6 cells are indeed negative for
CD140a (Fig. 2B). Alternatively, the lack of other essential trans-
cription factors such as SOX2 and UTF1 (Fig. 4A, Table 3} and/or co-
factors may be a cause of “incomplete” transition. Interestingly,
this transition phenotype is reliably inherited ex vivo after a series
of in vitro passages, and this may also be attributed to the function
of OCT4/3 that is critical for self-renewal of embryonic stem cells
[24].

Mesenchymal to epithelial transition is observed in physiologi-
cal and pathological conditions [47-50}. In contrast, mesenchymal-
embryonic transition has been achieved in an artificial experimen-
tal condition in vitro [1-3]. Homogenous positive staining for
0CT4/3 in embryonal carcinoma cells supports the model that the
encoded protein is crucial, and the absence of 0OCT4/3 in non-
embryonal carcinoma cells is in agreement with the inability to
generate pluripotent stem cells [51]. The cell line generated in this
study with overexpression of chimeric OCT4/3, although this is just
one case of rare human immortalized cells, provides us with insight
into cell plasticity involving OCT4/3 that is essential for ES cell
maintenance and into the complexity required for changing cellular
identity.
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IL-10 Is a Negative Regulatory Factor of CAWS-Vasculitis in
CBA/J Mice as Assessed by Comparison with Bruton’s
Tyrosine Kinase-Deficient CBA/N Mice'

Noriko N. Miura,* Motohiko Komai,* Yoshiyuki Adachi,* Naoki Osada,” Yosuke Kameoka,"

Kazuo Suzuki,* and Naohito Ohno?*

Candida albicans water-soluble fraction (CAWS), a mannopretein-f-glucan complex obtained from the culture supernatant of C.
albicans NBRC1385, exhibits vasculitis-inducing activity (CAWS-vasculitis) in mice. The sensitivity to CAWS-vasculitis varies
greatly among mouse strains. This study examined the factors contributing te or inhibiting CAWS-vasculitis using CAWS-
vasculitis-resistant CBA/J mice and Bruton’s tyresine kinase-deficient CBA/N mice, which is a CAWS-vasculitis-sensitive strain
that has the same origin as CBA/J mice, After stimulation with various kinds of pathogen-associated molecular patterns, the
production of inflammatory cytokines IL-6 and IFN-y was induced in CBA/N mice, whereas that of immunosuppressive
IL-10 was induced in CAWS-vasculitis-resistant CBA/J mice. Furthermore, the production of tissue inhibitor of metallo-
proteinase 1, an endogenous matrix metalloproteinase inhibitor, was observed in CBA/J mice, The results strongly suggest
that the difference in the production of these cytokines is closely linked to the development of CAWS-vasculitis. The Journal

of Immunology, 2009, 183: 3417-3424.

‘ ’ asculitis syndrome is a collective term for diseases
caused by vasculitis, which is defined as inflammation of
the vascular wall (endothelium, tunica media, and ad-
ventitia) and its adjacent parts. In arteries and veins, vasculitis is
characterized by the localized infiltration of inflammatory cells
into the intravascular wall and its surroundings, accompanied by
denaturation and necrosis. Many diseases, including Takayasu's
disease, Wegener’s granulomatosis, and Buerger's disease, are
known to cause vasculitis. However, the cause of various clinical
pathologies or groups of disorders brought about by vasculitis re-
mains unknown. The techniques of molecular biology and genetic
engineering are well established, and new technologies have been
developed frequently in these fields. Using such technologies, the
etiology and pathology of vasculitis is being clarified gradually.
Kawasaki disease was first reported by Dr. T. Kawasaki in 1967
and is also called acute febrile mucocutaneous lymph node syn-
drome (1). It is a disease characterized by fever continuing for 5
days or longer, hyperemia of bulbar conjunctiva in both eyes,
strawberry tongue, and atypical rash; the cause of which is un-
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known. Systemic vasculitis develops in Kawasaki disease patients.
In particular, vasculitis of the coronary artery as sequela is of con-
cern (2). The coronary vasculitis develops further into coronary
aneurysm. If the aneurysm is relatively small, it can be normalized
within 1 or 2 years in most cases. However, a large aneurysm may
result in occlusion by forming a thrombus, complicated with myo-
cardial ischemia and myocardial disorders, and lead to sudden
death because of myocardial infarction. In regard to this occasion-
ally lethal vasculitis, although the incidence of coronary disorders
has been on the decline because of recently introduced gamma-
globulin therapy, neither the pathogenic mechanism nor therapeu-
tic pharmacological mechanism is known (3, 4).

Murata and colleagues et al. (5-7) revealed that arteritis similar
to coronary vasculitis, which is known as a sequela of Kawasaki
disease, can be induced in mice by Candida albicans-derived sub-
stances in the forms of a KOH extract of C. albicans cell wall.
Subsequently, C. albicans water-soluble fraction (CAWS)® was
studied for its ability to induce vasculitis, and it was found to
induce vasculitis at a higher rate than C. albicans-derived sub-
stances. The results indicated that CAWS is very useful for the
analysis of the pathogenesis of this disease (8-15).

A deficiency of Bruton’s tyrosine kinase (Btk) in humans causes
serious sequela. This condition is known as X-linked agamma-
globulinemia. Patients with X-linked agammaglobulinemia are
vulnerable to infection, and administration of Ig is indicated (16).
In mouse, the lack of Btk is called Xid (xid), and CBA/N mice
have this genetic background (17).

CBA/] and CBA/N mice were differentiated from CBA/H mice,
which were derived from DBA mice. In CBA/N mice, several
phenomena caused by the lack of Btk have been reported. Btk is
believed to be essential for B cell differentiation and maturation. In

3 Abbreviations used in this paper: CAWS, Candida albicans water-soluble fraction;
Btk, Bruton’s tyrosine kinase; EVG, Elastica-van-Gieson; MMP, matrix metallopro-
tease; PAF, platelet-activating factor; PAMP, pathogen-associated molecular pattern;
TIMP1, tissue inhibitor of metailoproteinase 1.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00

0102 ‘sz Arenigey uo Ji0 jounwuil mmm w01) papeojumMo(]



3418 IL-10 IS A NEGATIVE REGULATORY FACTOR OF CAWS-VASCULITIS

particular, this enzyme is reported to participate in rearrangement
of the L chain gene during pre-B cell differentiation into immature
B cells. Consequently, few mature B cells exist in CBA/N mice,
and their Ab-producing ability is decreased (18-20). Other effects
of the lack of Btk include a decrease in NO production in macro-
phages, an increase in IL-12 production, and a decrease in IL-5
production from T cells (21, 22).

This study examined the ability of CAWS to induce vasculitis in
CBA/N mice, histologically analyzed CBA/N and CAWS-vascu-
litis-resistant CBA/J mice, and compared the difference in cytokine
responses and the inflammatory parameters between CBA/N and
CAWS-vasculitis-resistant CBA/J mice. CAWS-vasculitis inhibi-
tory factors were also analyzed.

Materials and Methods

Experimental animals

Male CBA/N and DBA/2 mice were acquired from Japan SLC. Male
CBA/J mice were acquired from Charles River Japan. The animals were
raised in a specific pathogen-free environment. Mice aged 5-14 wk were
used in this study. All animal experiments in Tokyo University of Phar-
macy and Life Sciences (TUPLS), and each of the experimental protocols
was approved by the Committee of Laboratory Animal Experiments of
TUPLS.

Fungi

C. albicans strain NBRC1385 was acquired from the National Institute of
Technology and Evaluation Biological Resource Center, stored on Sab-
ouraud agar medium (Difco) at 25°C, and subcultured once every 3 mo.

Preparation of CAWS

CAWS was prepared from C. albicans strain NBRC1385 in accordance
with conventional methods. Culture was performed in 5 liters of C-limiting
medium for 2 days at a rotating speed of 400 rpm while pumping in air at
27°C and 5 L/min. After culturing, an equal volume of ethanol was added,
and after allowing to stand undisturbed overnight, the precipitate was re-
covered. This fraction was dissolved in 250 ml of distilled water, ethanol
was added, and the solubilized fraction was allowed to stand undisturbed
overnight. The precipitate was recovered and dried with acetone to
obtain CAWS.

Administration schedule for induction of CAWS-vasculitis

CAWS (0 or 4 mg/mouse) was administered 1.p. for 5 consecutive days to
each mouse. At 28 days after CAWS injection, mice were sacrificed, and
the hearts of the animals were fixed with 10% neutral formalin and pre-
pared in paraffin blocks. Tissue sections were stained with H&E stain or
Elastica-van-Gieson (EVG) stain.

Examination of IL-10 and endogenous matrix metalloproteinase
(MMP) inhibitor (tissue inhibitor of metalloproteinase 1
(TIMP1}) mRNA expression levels in aorta by RT-PCR

The spleen and the aorta were resected from mice, frozen in liquid nitro-
gen, and immediately stored in lsogen (Nippon Gene). Each sample was
homogenized with a homogenizer, and RNA was isolated by chloroform
extraction. The total RNA level was determined by measuring OD using
Nanodrop-ND1000. All total RNA were stored at —80°C or below.
Nuclease-free water was added to the total RNA along with oligo dT,,
primer (Promega), and the reaction was conducted in a Thermal Cycler
(Takara) at 70°C for 5 min. The product was cooled immediately by plac-
ing the reaction on ice for 5 min. Then, the following reagents were added:
Moloney murine leukemia virus reverse transcriptase XL (Promega), PCR
nucleotide mix (dNTP) (Promega), Moloney murine leukemia virus reverse
transcriptase 5X reaction buffer, and nuclease-free water. The reverse tran-
scriptase reaction was performed at 42°C for 60 min in a total volume of
25 pl/tube to obtain cDNA. The obtained cDNA was used as a template
by adding PCR Master Mix (2X) (Promega), forward primer, reverse primer,
and nuclease-free water, and heat denaturation was performed at 94°C for 2
min. One cycle consisted of heat denaturation at 94°C for 10 s, primer an-
nealing at 55°C for 30 s, and elongation at 72°C for 1 min. Thirty cycles of this
reaction were performed to obtain the PCR products. The primer sequences are
shown as follows, all of which were purchased from Sigma-Genosys: 1L.-10
forward primer, 5-ACCTGGTAGAAGTGTATGCCCCAGGCA-3'; IL-10
reverse primer, 5'-CTATGCAGTTGATGAAGATGTCAAA-3'; TIMP] for-

ward primer, 5'-ACTCGGACCTGGTCATAAGGGC-3"; TIMP! reverse
primer, 5'-AAGAAGCTGCAGGCACTGAT-3'; g-actin forward primer, 5'-
TGGAATCCTGTGGCATCCTGAAAC-3"; and B-actin reverse primer,
5'-TAAAACGCAGCTCAGTAACAGTCCG-3'.

Comprehensive analysis of expressed gene by gene chip

We pooled total RNA from the spleens of three DBA/2 and two CBA/J
mice for each strain after 21 days from the injection of CAWS. The probes
labeled by cyanin3 and cyanin$ were hybridized with a DNA microarray
(mouse 10K oligo chip; DNA Chip Consortium) on which 10,386 clones
were spotted. After washing, fluorescence was measured using an array
scanner. The fluorescence intensity of each spot was corrected by subtract-
ing the background fluorescence intensity. Genes of signal intensity values
<1000 were excluded because these may be detected nonspecifically. The
microarray data was deposited to Gene Expression Omnibus (accession no.
GSE16529; (www.ncbi.nlm.nih.gov/geo/query/acc.cgiy).

Spleen cell culture

The mice were euthanized by inhalation of CO,, after which the spleen was
excised. After teasing using a mesh in RPMI 1640 medium, the tissue was
separated by centrifugation at 1200 rpm by S min, and the resulting cells
were treated with Ammonium Chloride Potassium lysing buffer (8.20 g/L.
NH,CI, 1 g/L KHCO,, and 37.2 mg/L. EDTA 2Na). After two washes with
RPM! 1640 medium, the spleen cells were counted to adjust the cell den-
sity and then used after being suspended in RPMI 1640 medium with 10%
FCS. The spleen cells were adjusted to 5 X 10° in RPM1 1640 medium
containing 10% FCS, and 500-pl aliquots were added to each well of a
48-well plate. After the addition of LPS (from Escherichia coli serotype
0111:B4; SIGMA), CpG (1668; 5'-TCCATGACGTTCCTGATGCT-3';
Sigma-Genosys), or tri-acylated lipoproteine (Pam;-CSK,), the cells were
cultured for 48 h in a 5% CO, incubator at 37°C. The cytokine level of the
colture supernatant was determined by ELISA as described below.

Measurement of 1L-10 and TIMP1

1L-10 level was measured using a OPTy;, 1L-10 ELISA kit (BD Pharm-
ingen), and the TIMP1 level was measured using a RayBio Mouse TIMP1
ELISA kit.

Measurement of IFN-y

A 96-well ELISA plate (Nunc) was coated with rat anti-mouse IFN-y mAb
(BD Pharmingen) using 0.1 M NaHCO, (pH 8.2) and incubated overnight
at 4°C. After washing with 0.05% Tween PBS (PBST), the Ab was blocked
for 40 min at 37°C with 0.5% BSA-PBST (BPBST). This was followed by
the addition of standards and samples (50 pl each), incubation for 40 min
at 37°C, and six washes with PBST. Fifty microliters of a secondary Ab in
the form of biotinylated rat anti-mouse IFN-vy (1/1000; BD Pharmingen)
was then added, and after incubation for 40 min at 37°C and a wash with
PBST, peroxidase-conjugated streptavidin (1/2000; BD Pharmingen) was
added. This was followed by incubation for 40 min at 37°C and six washes
with PBST. Subsequently, color was generated using peroxidase substrate
(tetramethylbenzidine microwell peroxidase substrate system; Kirkegaard
& Perry Laboratories). After termination of the reaction with 1 M phos-
phoric acid, absorbance (OD450/reference OD630) was measured. Recom-
binant mouse 1IFN-y (BD Pharmingen) was used as the standard.

Measurement of IL-6

A 96-well ELISA plate (Nunc) was coated with rat anti-mouse 11.-6 mAb
(BD Pharmingen) using 0.1 M bicarbonate buffer (pH 9.5) and incubated
overnight at 4°C. After washing with PBST, the Ab was blocked for 40 min
at 37°C with BPBST. This was followed by the addition of standards and
samples (50 ul each), incubation for 40 min at 37°C, and six washes with
PBST. Fifty microliters of a secondary Ab in the form of biotinylated rat
anti-mouse 1L-6 (1/2000; BD Pharmingen) was then added, and after in-
cubation for 40 min at 37°C and a wash with PBST, peroxidase-conjugated
streptavidin (1/10,000; BD Pharmingen) was added. This was followed by
incubation for 40 min at 37°C and six washes with PBST. Subsequently, 50
wul of peroxidase substrate (tetramethylbenzidine microwell peroxidase
substrate system; Kirkegaard & Perry Laboratories) was added to gener-
ated color, and absorbance was measured as described previously. Recom-
binant mouse 1L-6 (BD Pharmingen) was used as the standard.

Test for significant difference

Tests for significant differences in this study were performed using Stu-
dent’s £ test, and values with p < 0.05 were judged significant.
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FIGURE 1. Histopathological find-
ings of coronary arteries and aoita in
CBA/N and CBA/J mice. CAWS (4 mg/
mouse) was Lp. administered to CBA/N
(A-D) and CBA/J (E-H) mice for 5 con-
secutive days. At 14 (A and E) and 28
(B-D and F-H) days after CAWS injec-
tions, mice were sacrificed and stained ns-
ing H&E.

Results

Histological analysis of CAWS-vasculitis in CBA/J and CBA/N
mice

Following the protoco! for CAWS-vasculitis induction, CAWS
was administered to CBA/J and CBA/N mice, and tissue slices of
the beginning of aorta were prepared and stained with HE and
EVG for observation. As a result, a 100% incidence of vasculitis
was observed in the aorta and coronary artery of CBA/N mice (Fig.
1, A-D). This vasculitis in CBA/N mice developed 2 wk after the
administration of CAWS. In contrast, no significant inflammatory
changes were observed in the intima or adventitia of the aorta or
the coronary artery in CBA/J mice (Fig. 1, E-H). EVG staining
revealed injuries to the elastic fibers of CBA/N mice, which de-
veloped into CAWS-vasculitis, but similar injuries were not ob-
served in CAWS-vasculitis-resistant CBA/J mice (Fig. 2).

c¢DNA microarray analysis of gene expression in spleen

To determine factors that participated in the onset of CAWS-vas-
culitis, genome-wide patterns of gene expression in challenged

ah oY 3 i o

FIGURE 2. Histopathological findings of coronary arteries and aorta.
CAWS (4 mg/mouse) was i.p. administered to CBA/N (A and C) and
CBA/J (B and D) mice for 5 consecutive days. At 28 days after CAWS
injections, mice were sacrificed and stained with EVG stain.
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mice were examined using DNA microarrays. DBA/2 was only the
strain in the present experiments that died because of CAWS-vas-
culitis. On the other hand, CBA/J mice showed the strongest re-
sistance to CAWS-vasculitis among the inbred strains used in
these experiments. To compare the difference in gene expression in
the spleen at the time of vasculitis development between DBA/2
and CBA/J mice, a comprehensive analysis of the difference
among strains was performed using the oligo-DNA microarrays.

As genes showing low expression in the hybridization detection
system are not reliable, spots with a sum of cyanin3 and cyanin5
fluorescence intensities exceeding 1000 and having differences of
=1.5 times were selected. According to these criteria, 271 genes
were up-regulated in CBA/J mice, and 148 genes were up-regu-
lated in DBA/2 mice. Genes with unknown function in the public
database were filtered out. A list of differentially expressed genes
was shown in Table 1. In DBA/2 mice, the expression of inflam-
matory genes, such as cathepsin G, myeloperoxidase, proteinase 3,
and neutrophil elastase, was increased, whereas in CBA/] mice,
that of TIMPI was increased.

As described above, DBA/2 mice are the most sensitive strain to
CAWS-vasculitis, and CBA/J is the most resistant. Many inflam-
matory as well as anti-inflammatory genes were differentially ex-
pressed between CBA/J and DBA/2 strains, suggesting that genes
responsible for inflammation may play an important role for vas-
culitis. In this study, a third strain, CBA/N, which exhibits Btk
deficiency and it is moderately sensitive to CAWS-vasculitis, was
used, as shown in Figs. 1 and 2. At present, it was decided not to
carry out microarray analysis using CBA/N because of its inter-
mediate phenotype. However, this strain is superior for quantita-
tive experiments, as shown later (Fig. 3).

Blood cytokine production in the initial phase after CAWS
administration

CBA/J is the only mouse strain resistant to CAWS-vasculitis
among the inbred mouse strains studied so far. It was reported
previously that anti-inflammatory cytokine IL-10 (23) production
is increased in CBA/J mice (11). Therefore, the serum IL-10 level
was measured in CBA/J and CBA/N mice after administration of
CAWS (4 mg in PBS/mouse), along with the production of
TIMP1, an endogenous matrix metalioprotease inhibitor, the gene
expression level of which was found to be increased in the cDNA
microarray analysis.

In CBA/J mice, high levels of IL-10 were produced 1 h after
CAWS administration. In contrast, IL-10 production was hardly
detected in CBA/N mice (Fig. 3A). In CBA/J mice, TIMP1 showed
high levels 4 h after CAWS administration, and it continued to
increase even at 10 h after CAWS administration. On the other
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Table 1. Genes differentially expressed in CBA/J and DBA/2
splenocytes at day 21¢

Loga .

Gene Name Ratio UniGene
Myeloperoxidase 3.04 Mm.4668
Neutrophilic granule protein 279 Mm.2827
TNF (ligand) superfamily, member 12 273 Mm.B983
85100 calcium-binding protein A9 (calgranulin B) 258 Mm.2128
Cathelicidin antimicrobial peptide 250 Mm.21855
Peptideglycan recognition protein 247 MmJ3834
Cathepsin G 230 Mm4858
85100 calcium-binding protein A8 (calgranulin A} 227 Mm.21567
GATA-binding protein 1 205 Mm.1344
CD24a Ag 202 Mm.64i7
Hemoglobin Z, B-like enbrionic chain 1.90 Mm.196718
Lipocalin 2 1.89  Mm.9537
Carbonic anhydrase 1 1.82 Mm.3471
Chemaokine (C-X-C maorif) ligand 7 162  Mm.157750
Fibronectin 1 1.51  Mm.193099
Chemokine (C-X-C motif)ligand 4 1.50 Mm.23905
Neutrophil elastase 139 Mm.271137
Proteinase 3 135 Mm.2364
Aminolevulinate, 8-, dehydratase 1.34 Mm.6988
TNF, a-induced protein 2 128 Mm.4348
Chemokine (C-X-C motif) receptor 4 1.18  Mm.1401
C-type lectin-like receptor 2 112 Mm.30700
IFN-stimulated protein LIl Mm.19029
Chemokine(C-X-C morif) ligand 5 099 Mm.4660
Chemokine (C-C motif) receptor 1-like 1 095 Mm.57056
IL-12R, B1 095 Mm.731
TGF-Bl-induced transcript 4 094 Mm.20927
TIMPI -544 Mm.8245
Insulin T ~520 Mm.46269
Chemokine (C-C motif) receptor 8 -4.89 Mm.8000
IL-8R, B —4.43 Mm.234466
Carboxyl ester lipuse -443  Mm4349
Carboxypeptidase Bl (tissue) —430 Mm.34692
Regenerating islet-derived 2 —4.25 Mm46360
Puancreatic lipase-related protein 2 -4.14  Mm.1230
Glycoprotein hormones, o subunit ~4,10 Mm.1361
Serine protease inhibitor, Kazal type 3 ~-4.04 Mm272
Elastase 1, pancreatic —-3.97 Mm.2131
Regenerating islet-derived 1 -3.97 Mm.142731
Protease, serine, 18 -394 Mm.3944
Pancreatic lipase-related pratein 1 -3.66 Mm.10753
Chemakine(C-X-C motif) ligand 11 -3.33 Mm.131723
Cholinergic receptor, nicotinic, B-polypeptide 1 ~297 Mm.86425
Elastase 2 -292 Mm.21925
Pancreatitis-associated protein ~271 Mm.2553
Chymotrypsin-like —270 Mm?2745
Inhibitor of kB kinase y —2.60 Mm.12967
Islet neogenesis-associated protein-related protein. —2.53  Mm.33691
Protease, serine, 21 -235 Mm.86657
TNFR superfumily, member 12a ~1.85 Mm.28518
Inter-o trypsin inhibitor, heavy chain 1 ~1.75 Mm.3227
Carboxipeptiduse Al -1.64 Mm.25377
Thioredoxin 1 ~131 Mm.260618

“ The genes with negative ratio values are abundant in the CBA/J mice, whereas
genes with positive ratio values are abundant in the DBA/2. The microarray data was
deposited to Gene Expression Omnibus (accession no. GSE16529; www.ncbi.nlm.
nih.gov/geo/query/acc.cgi).

hand, in CBA/N mice, TIMPI1 showed high levels 4 h after CAWS
administration similar to CBA/J mice, but it decreased at 10 h after
CAWS administration (Fig. 3B).

Gene expression levels in the spleen and the aorta in the initial
phase after CAWS administration

The gene expression levels of anti-inflammatory cytokines were com-
pared in the initial phase after CAWS administration in CBA/I and
CBA/N mice. CAWS (4 mg/0.2 ml PBS) was administered i.p., and
the effect was examined using RT-PCR to measure IL-10 and TIMP1
gene expression levels in the spleen and the aorta 1 and 3 h after the
administration (Fig. 4). B-Actin was used as the internal standard and
for correcting the expression level of each sample.

IL-10 gene expression in spleen cells at 1 and 3 h after CAWS
administration was higher in CBA/J mice than in CBA/N mice. In
particular, high expression levels were observed | h after CAWS
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FIGURE 3. Serum IL-10 and TIMP! leads to CAWS-injected CBA/J
and CBA/N mice. Serum was collected from CBA/J and CBA/N mice i.p.
injected with CAWS (4 mg/mouse) at various time points (six animals per
group). 1L.-10 (A) and TIMP1 (B; after 0, 1, 4, 10 hours of CAWS admin-
istration, C; after 1, 2, 3 wk of CAWS administration) production was
measured using ELISA. *, p < 0.05; *%, p < 0.001 (vs O h).

administration. It was also observed that TIMP1 gene expression
was increased in CBA/J mice after CAWS administration. How-
ever, contrary to the expectation, a particularly high expression
was observed in CBA/N mice 3 h after CAWS administration (Fig.
4, A and C).

A markedly higher expression level of IL-10 gene in aorta cells
of CBA/J mice was noted 1 h after CAWS administration. The
IL-10 gene expression level in CBA/N mice was lower than that in
CBA/J mice, but the TIMP! gene expression level was similar in
both strains before and after the administration of CAWS (Fig. 4,
B and D).

Blood cytokine production in the late phase after CAWS
administration

It was reported that CAWS-vasculitis begins to develop ~1 wk
after CAWS administration (10). Using ELISA, serum cytokine
production was measured in the late phase after CAWS adminis-
tration (4 mg/0.2 ml PBS) when the vasculitis was thought to have
developed (Fig. 30).

1L.-10 production was not observed in either CBA/J or CBA/N
mice in the late phase after CAWS administration (data not
shown). After 1 wk of CAWS administration, TIMP1 production
in CBA/J mice tended to be higher but not to a significant degree.
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TIMP! production in CBA/J mice was not different from that in
CBA/N mice after 2 or 3 wk of CAWS administration.

Gene expression in the spleen and the aorta in late phase after
CAWS administration

IL-10 and TIMP1 gene expression levels were compared in the
spleen and the aorta of CBA/J and CBA/N mice during the vas-
culitis-forming phase after CAWS administration. CAWS (4 mg/
0.2 m! PBS) was administered i.p. for 5 consecutive days, and
IL-10 and TIMP! gene expression levels were examined by RT-
PCR in the spleen and the aorta 2 and 4 wk after the last
administration.

High IL-10 gene expression levels were observed in both the
spleen and the aorta of CBA/J mice 2 wk after CAWS adminis-
tration (Fig. 5). On the other hand, no IL-10 gene expression was
observed in CBA/N mice. High TIMP1 gene expression was noted
in the aorta of CBA/J mice 2 and 4 wk after CAWS administration.
In addition, in the late phase after CAWS administration, the gene
expression level in the spleen and the aorta showed a similar
pattern.

Cytokine production in spleen cells of CBA/J and CBA/N mice
after stimulation with pathogen-associated molecular patterns
(PAMP)

Previous studies have indicated that when spleen cells of
DBA/2 and CBA/J mice in which vasculitis had been induced
by CAWS were cultured with CAWS the production of non-
anti-inflammatory cytokines but not inflammatory cytokines
was observed in DBA/2 mice, whereas the production of non-
inflammatory cytokines but not anti-inflammatory cytokine
IL-10 was observed in CBA/J mice (11). Therefore, the pro-
duction of IL-10 and inflammatory cytokines IL-6 and IFN-vy

Spleen

R

hr 3hrs cont the Ihes

Aorta

was studied in CBA/J and CBA/N mice. The following PAMP
were used: LPS, a Gram-negative bacterial cell wall component
recognized by TLR4; PAMS3, which is recognized by TLR2; and
CpG, a synthetic oligodeoxynucleotide recognized by TLRO.
Upon stimulation with these PAMP recognized by respective
TLR, the production of a large amount of IL-10 was observed in
the spleen cells of CBA/J mice, which show resistance to CAWS-
vasculitis. The production of IL-6 and IFN-y was hardly observed
in the spleen cells of CBA/J mice. On the other hand, in the spleen
cells of CBA/N mice, which are sensitive to CAWS-vasculitis, the
production of IL-6 and IFN-v but not 1L-10 was observed (Fig. 6).

Acute lethal activity in CAWS-administered mice

Other than its vasculitis-inducing activity, CAWS is known for its
acute lethal activity after i.v. administration (12, 13). As a positive
control, a closed colony of ICR mice was used, in which ~100%
acute lethal activity is observed. A 200-pg acute lethal dose of
CAWS was administered to the closed-colony ICR mice, in addi-
tion to 400 ug of CAWS, which is double that amount, through the
caudal vein of the mice.

The acute lethal activity of CAWS was clearly observed in vas-
culitis-resistant CBA/J mice. CBA/J mice showed reduced move-
ment ~5 min after CAWS administration and shock status ~15
min after administration. Almost all the mice died within 25 min
after administration. In contrast, no acute lethal activity was ob-
served in vasculitis-sensitive CBA/N mice, and acute lethal activ-
ity was also not observed in DBA/2 mice that develop severe vas-
culitis (Table H).

Discussion
Kawasaki disease induces the development of systemic vasculitis.
In particular, the vasculitis that develops in the coronary artery
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sometimes becomes lethal, and thus, elucidation of the mecha-
nisms underlying its pathogenesis and therapy is clinically impor-
tant. According to Murata and colleagues (5-7), when CAWS is
1.p. administered daily, vasculitis in the coronary artery, similar to
that in Kawasaki disease, can be induced at a high rate. Although
the vasculitis-inducing activity of CAWS has been studied in var-
ious inbred mouse strains, it was revealed for the first time that
CAWS-vasculitis can be induced in Btk-deficient CBA/N mice
(Figs. 1 and 2). Analysis of serial sections of the aorta stained with
H&E suggested that the vasculitis in CBA/N mice was mild com-
pared with that in DBA/2 mice, because aortic stenosis was mild
and no reduction in survival rate was observe after CAWS admin-
istration (10, 14). Previous studies have shown that elastic fiber
injury occurs in the aorta close to the beginning of the coronary
artery in mice that develop CAWS-vasculitis (10). A similar phe-
nomenon was observed in CBA/N mice as well. Because such a
phenomenon was not observed in CAWS-vasculitis-resistant
CBA/J mice, a rupture of the elastic fibers in CBA/N mice was
thought to be attributable to CAWS-vasculitis. The aorta is an
elastic-type artery, and this elasticity is due to the formation of a
substantial elastic layer in the tunica media. The upper part of the
aorta where CAWS-vasculitis occurs is particularly rich in elastic
fibers. Therefore, the present observation that injury occurs in the
aortic elastic fibers in CBA/N mice as a result of CAWS-vasculitis
is an important finding for further analysis of CAWS-vasculitis in
the future.

CBA/J mice showed resistance to CAWS-vasculitis. To the best
of our knowledge, no inbred mouse strain, except for CBA/J, is
resistant to CAWS-vasculitis. Therefore, further analysis of resis-
tance to CAWS-vasculitis in CBA/J mice is considered to be im-

4w

‘%r%r%r%

cont

Aorta

portant not only for the elucidation of the pathogenic mechanism
of CAWS-vasculitis but also for the development of a therapeutic
model. On the other hand, DBA/2 mice develop severe vasculitis
following CAWS administration, and this vasculitis is fatal. No
other strains of mice, except for DBA/2, showed fatal CAWS-
vasculitis. To determine the factors that participated in the onset of
CAWS-vasculitis, mRNA expression in the splenocytes from
DBA/2 and CBA/] mice was examined using a microarray tech-
nique. High expression levels of mRNA such as myeloperoxidase,
cathepsin G, neutrophil elastase, and proteinase 3 were recognized
in DBA/2 mice. These proteins are well-known markers of neu-
trophils and correlate with inflammation.

TIMP1 was suggested to be one of the most important factors in
the inhibition of CAWS-vasculitis in the results of the microarray
analysis (Table I). TIMP1 is known to be a MMP-specific endog-
enous inhibitor. Contrary to expectation, temporarily high levels of
TIMP1 were observed in CBA/J mice (Fig. 3). It was reported that
there was no correlation between blood TIMP and MMP produc-
tion levels and disease severity in multiple patients with Kawasaki
disease, and an imbalance of these levels contributed to the
development of vasculitis (24, 25). It was also suggested that
the imbalance of TIMP and MMP is a factor contributing to the
development of vasculitis. MMP was reported to be involved in
vasculitis remodeling and the formation of vasculitis in Ka-
wasaki disease (26). Therefore, further studies may be neces-
sary to examine not only TIMP levels per se but also its pro-
duction level relative to MMP.

The gene expression levels of IL-10 and TIMP! in spleen and
aortic root were examined at early and late stages of CAWS-vas-
culitis (Figs. 4 and 5). In the late stage (2-4 wk after CAWS
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FIGURE 6. Cytokine production in culture supernatants of splenocytes from CBA/J and CBA/N mice stimulated with LPS, PAM,-CSK,, and CpG-
oligodeoxynucleotide. Splenocytes were collected from CBA/J and CBA/N mice (four animals per group). Prepared splenocytes were cultured with LPS
(0, 0.1, 02, 0.4, 0.8, or 1.6 pg/ml, A, D, G), PAM;-CSK, (0, 1, 10, 100, or 1000 ng/ml, B, E, H), or CpG-ODN (0, 1, 10, 100, or 1000 nM, C, F, I) for
48 h at an initial density of § X 10° cells/ml. The culture supemnatants were collected and measured for 1L-10 (A-C), 1L-6 (D~F), and IFN-y (G-I) levels

using ELISA. [, CBA/N; %, CBA/. *, p < 0.05; *x, p < 0.001 (vs blank).

administration), CAWS-vasculitis had developed, and the infil-
tration of leukocytes in CBA/N mice was significant. In con-
trast, leukocyte infiltration into the aortic root was scarce in
CBA/J mice (Figs. 1 and 2). It was of interest that both IL-10
and TIMP1 were highly expressed in the aortic root of CBA/J
mice. IL-10 acts as anti-inflammatory, and TIMP1 protects tis-
sues from proteases; thus, the expression of both genes con-
comitantly protects the tissue from inflammation. In the case of
CBA/N mice, TIMP1 was expressed weakly, but no IL-10 ex-
pression could be detected. The anti-inflammatory system of the
aortic root could be weak. Of interest, gene expression in the
aortic root and spleen are similar for both genes, suggesting that
inflammatory and/or anti-inflammatory states may not be local
but systemic. In the early stage of CAWS-vasculitis, when leu-
kocyte infiltration is scarcely induced in both strains of mice,
both IL-10 and TIMP1 expression levels were also high in
CBA/J mice. From both the results of early and late stages, it
was suggested that cells expressing IL-10 and TIMP1 may not
be infiltrating inflammatory cells but resident cells of the aortic
tissue, such as endothelial cells, fibroblasts, and smooth muscle
cells, as well as resident macrophages. However, precise char-

Table 1. Acute lethal toxicity of CAWS i.v. administrated mice”

CBA/} CBA/N DBAR2 ICR
200 pg/mouse 4/5 0/5 (VA 5/5
400 pg/mouse 5/5 0/5 0/5 515

< The acute lethal toxicity of CAWS was monitored after i.v. administmation to
ICR mice and observing the mice that died within 1 h after administration.

acterization of the cells expressing anti-inflammatory cytokines
and molecules was not performed in this study.

Stimulation of spleen cells of both CBA/J and CBA/N mice with
various PAMP revealed high IL-10 production in the spleen cells
of CBA/J mice (Fig. 6). It is known that PAMP are mainly rec-
ognized by TLR on the cell surface (27). On the other hand, IL-10
was barely produced in the spleen cells of CBA/N mice, whereas
the production of inflammatory cytokines IL-6 and IFN-y was ob-
served. Such cytokine responses are thought to be a factor con-
tributing to the development of CAWS-vasculitis in CBA/N mice.
As described earlier, CBA/N mice have a genetic background lack-
ing Btk compared with wild-type CBA/J mice. Therefore, it was
strongly suggested that Btk is involved in the difference in IL-10
production between the two mouse strains.

As a result of studies on acute lethal activity after CAWS
administration in various inbred mouse strains, in which vasculitis-
inducing activity is obvious, this study observed acute lethal ac-
tivity in vasculitis-resistant CBA/J mice. In contrast, vasculitis-
sensitive CBA/N and DBA/2 mice did not show acute lethal
activity (Table IT). Although the mechanism underlying the devel-
opment of acute lethal activity has not been completely elucidated,
the fact that CAWS is a mannoprotein-gB-glucan complex suggests
that the complement lectin pathway is involved (28). It was also
speculated that in accordance with the activation of the comple-
ment lectin pathway by CAWS, anaphylatoxin production and sub-
sequent production of platelet-activating factor (PAF) are acti-
vated. PAF is suggested to play an important role in the shock
observed when yeast mannan is administered (29). It was reported
that PAF receptor induces the production of IL-10 (30-34).
However, it remains unknown whether Btk, which is the genetic
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difference between CBA/J and CBA/N mice, affects these path-
ways or not.

From these results, CBA/J mice are thought to be resistant to

vasculitis because the inhibitory pathway, including IL-10, is eas-
ily induced not only by CAWS but also by various ligands.
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