with Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen) at room
temperature for 1 h. All the antibodies are listed in Table S2.

Crystal Violet Staining

The human ESC-derived cells that had adhered to the wells
were stained with 200 pl of 0.3% crystal violet solution at room
temperature for 15 min. Excess crystal violet was then removed
and the wells were washed three times. Fixed crystal violet was
solubilized in 200 pl of 100% ethanol at room temperature for
15 min. Cell viability was estimated by measuring the absorbance
at 595 nm of each well using a microtiter plate reader (Sunrise,
Tecan).

LacZ Assay

The human ESC- and iPSC-derived cells were transduced with
Ad-LacZ at 3,000 VP/cell for 1.5 h. After culturing for the
indicated number of days, 5-bromo-4-chloro-3-indolyl B-D-
galactopyranoside (X-Gal) staining was performed as described
previously [15].

Supporting Information

Table S1 List of Tagman probes and primers used in
this study.
(DOC)

Table S2 List of antibodies used in this study.
DOC)

Figure S1 PrE cells formation from human ESCs on day
1 of differentiation. (A) The procedure for differentiation of
human ESCs and iPSCs to ExEn cells by treatment with BMP4
(20 ng/ml) is presented schematically. (B) Human ESCs (H9) were
morphologically changed during ExEn differentiation; when
human ESCs were cultured with the medium containing BMP4
(20 ng/ml) for 5 days, the cells began to show flattened epithelial
morphology. The scale bar represents 50 um. (C-E) 'The
tTemporal protein expression analysis during ExEn differentiation
was performed by immunohistochemistry. The PrE markers
COUP-TF1 [21] (red), SOX17 [14] (red), and SOX7 [14] (red)
were detected on day 1. In contrast to the PS markers, the
expression of the DE marker GSC [22] (red) was not detected and
‘the level of the pluripotent marker NANOG (green) declined
between day 0 and day 1. Nuclei were counterstained with DAPI
(blue). The scale bar represents 50 pm.

(PDF)

Figure S2 Mesendoderm cells formation from human
ESCs on day 3 of differentiation. (A) The procedure for
differentiation of human ESCs and iPSCs to DE cells by treatment
with Activin A (100 ng/ml) is presented schematically. hESF-GRO
medium was supplemented with 5 factors and 0.5 mg/ml fatty acid
free BSA, as described in the Materials and Methods. (B) Human
ESCs (H9) were morphologically changed during DE differentia-
tion; when human ESCs were cultured with the medium containing
Activin A (100 ng/ml) for 5 days, the morphology of the cells began
to show visible cell-cell boundaries. The scale bar represents 50 um.
(C-E) The tTemporal protein expression analysis during DE
differentiation was performed by immunohistochemistry. The
anterior PS markers FOXA2 [21] (red), GSC [22] (red), and
SOX17 [14] (red) were adequately detected on day 3. The PS
marker T [45] (red) was detected until day 3. In contrast to the PS
markers, the expression of the pluripotent marker NANOG [24]

(green) declined between day 2 and day 3. Nuclei were
counterstained with DAPI (blue). The scale bar represents 50 pm.

(PDF)
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Figure S3 Overexpression of SOX17 mRNA in human
ESC (H9)-derived PS cells by Ad-SOX17 transduction.
Human ESC-derived PS cells (day 1) were transduced with
3,000VP/cell of Ad-SOX17 for 1.5 h. On day 3 of differentiation,
real-time RT-PCR analysis of the SOXI17 expression was
performed in Ad-LacZ-transduced cells and Ad-SOX17-trans-
duced cells. On the y axis, the expression levels of undifferentiated
human ESGs on day 0 was were taken defined as 1.0. All data are
represented as the means®SD (n = 3).

(PDF)

Figure S4 Efficient transduction in Activin A-induced
human ESC (H9)-derived cells by using a fiber-modified
Ad vector containing the EF-10 promoter. Undifferentiated
human ESCs and Activin A-induced human ESC-derived cells,
which were cultured with the medium containing Activin A
(100 ng/ml) for 0, 1, 2, 3, and 4 days, were transduced with 3,000
vector particles (VP)/cell of Ad-LacZ for 1.5 h. The day after
transduction, X-gal staining was performed. The scale bar
represents 100 pm. Similar results were obtained in two
independent experiments.

(PDE)

Figure S5 Optimization of the time period for Ad-
SOX17 transduction to promote DE differentiation from
human iPSCs (Tic). Undifferentiated human iPSCs and Activin
A-induced human iPSC-derived cells, which were cultured with
the medium containing Activin A (100 ng/ml) for 0, 1, 2, 3, and 4
days, were transduced with 3,000 VP/cell of Ad-SOX17 for 1.5 h.
Ad-SOX17-transduced cells were cultured with Activin A
(100 ng/ml) until day 5, and then real-time RT-PCR analysis
was performed. The horizontal axis represents the day on which
the cells were transduced with Ad-SOX17. On the y axis, the
expression levels of undifferentiated cells on day 0 was were taken
defined as 1.0. All data are represented as the means®SD (n =3).
(PDF)

Figure S6 Time course of LacZ expression in human
ESC (H9)-derived mesendoderm cells transduced with
Ad-LacZ. The hHuman ESC-derived mesendoderm cells (day 3)
were transduced with 3,000 VP/cell of Ad-LacZ for 1.5 h. On
days 4, 5, 6, 8, and 10, X-gal staining was performed. Note that
human ESC-derived cells were passaged on day 5. The scale bar

represents 100 pm. Similar results were obtained in two
independent experiments.

(PDF)

Figure S7 Optimization of the time period for Ad-

SOX17 transduction into Activin A-induced human ESC
(H9)-derived cells. Undifferentiated human ESCs and Activin
A-induced hESC-derived cells, which were cultured with the
medium containing Activin A (100 ng/ml) for 0, 1, 2, 3, and 4
days, were transduced with 3,000 VP/cell of Ad-LacZ or Ad-
SOX17 for 1.5 h. Ad-SOX17-transduced cells were cultured with
Activin A (100 ng/ml) until day 5, then the cell viability was
evaluated with crystal violet staining. The horizontal axis
represents the day on which the cells were transduced with Ad-
SOX17. On the y axis, the level of non-transduced cells was taken
defined as 1.0. All data are represented as the means®=SD (n = 3).
(PDF)

Figure S8 Model of differentiation of human ESCs and
iPSCs into ExEn and DE cells by stage-specific SOX17
transduction. The ExEn and DE differentiation process - is
divided into at least two stages. In the first stage, human ESCs
differentiate into either PrE cells by treatment with BMP4 (20 ng/
ml) or mesendoderm cells by treatment with Activin A (100 ng/
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ml). In the second stage, SOX17 promotes the further differen-
tiation of each precursor cell into ExEn and DE cells, respectively.
We have demonstrated that the efficient differentiation of these
two distinct endoderm lineages is accomplished by stage-specific
SOX17 transduction.

(PDF)
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Determination of sulfate ester content in
sulfated oligo- and poly-saccharides by
capillary electrophoresis with indirect UV
detection

Mitsuhiro Kinoshita®, Naotaka Kakoi?, Yu-ki Matsuno®, Takao Hayakawa“
and Kazuaki Kakehi®*

ABSTRACT: Carbohydrates having sulfate groups such as glycosaminoglycans and chemically synthesized sucrose sulfate
show interesting and important biological activities. We adapted CE with indirect UV detection technique to the determination
of sulfate ester in sulfated carbohydrates, which were previously hydrolyzed with HCI. The liberated sulfate ion was analyzed
using a background electrolyte consisting of triethanolamine-buffered chromate with hexamethonium bromide. Sulfate con-
tents of glucose 3-sulfate and sucrose octasulfate used as a model were in good agreement with theoretical values (accuracy,
95.9-96.7 and 97.4-101.9%, respectively), and relative standard deviation values run-to-run were 0.977 and 1.90%, respec-
tively. We applied the method to the determination of the sulfate contents of some glycosaminoglycan samples and showed
that the contents were in good agreement with those calculated from sulfur content. Copyright © 2010 John Wiley & Sons, Ltd.

Keywords: sulfate; glycosaminoglycans; capillary electrophoresis indirect UV detection

Introduction

Sulfation of hydroxyl and amino groups (-O-SOsH and -NH-SOsH)
is one of the common modifications of carbohydrates and is
often observed in various glycoconjugates such as proteoglycans
or mucin-like glycoproteins. Sulfated carbohydrates are widely
distributed in animals as the major constituents of proteoglycans
and are biologically active molecules involved in various biologi-
cal events (Hooper et al., 1996; Honke and Taniguchi, 2002; Wu,
2006). Functions of sulfated carbohydrates strongly depend on
the presence and spatial positioning in the molecules. Degree of
sulfation on carbohydrates is also closely related to biological
activities such as blood coagulation, signal transduction and cell-
cell interaction (Lindahl et al., 1983; Villanueva, 1984; Hemmerich
and Rosen, 1994; Small et al., 1996; Tsuboi et al., 1996). Chemical
sulfation of carbohydrates often affords compounds showing
novel biological activities such as anti-HIV activities (Katsuraya
et al., 1994, 1999; Yoshida et al., 1995; Hattori et al., 1998). Sulfated
carbohydrates also have potential as pharmaceuticals (Werz and
Seeberger, 2005). Sucrose octasulfate, ‘Sucralfate’and the chemi-
cally synthesized octasulfated pentasaccharide ‘Arixtra’ are used
as antiulcer and anticoagulant drugs, respectively (Candelli et al.,
2000; Giangrande, 2002).

In view of these interesting features of sulfated carbohydrates,
assessment of sulfate contentis important not only for the under-
standing of their biological significance but also the develop-
ment and manufacturing of novel bioactive sulfated
carbohydrates. Several methods have been developed for the
determination of sulfate content of carbohydrates. Classical
methods are based on the colorimetric determination of the inor-
ganic sulfate ion liberated from sulfated carbohydrates by acid

hydrolysis, such as chelating barium ions with rhodizonate (Terho
and Hartiala, 1971; Roy and Turner, 1982). Srinivasan etal.
achieved the determination of microgram quantity of sulfate ion
based on the formation of stable complex of sulfate ester with
n-butylamine and achieved determination of microgram quan-
tity of sulfate ion (Srinivasan et al.,, 1970). Unfortunately, these
methods are not suitable for the determination of a small amount
of sulfate ester in complex carbohydrate, because they are time-
consuming and not sensitive enough, require a significant
amount of material, and are prone to interference from the other
ions. Compared with these conventional methods, ion chroma-
tography (IC) demonstrates increased specificity and sensitivity
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as well as the inherent ability for the determination of various
inorganic ions, and has been applied to the analysis of the ions in
the samples from biological, environmental and industrial origins
(Lopez-Ruiz, 2000). The sulfate contents in glycoproteins or GAGs
were successfully determined by IC (Cole and Evrovski, 1997;
Toida etal., 1999). Toida etal. liberated the sulfate ion from
chemically O-sulfated GAGs by acid hydrolysis, and determined it
by a combination of IC and conductivity detection (Tadano-
Aritomi et al., 2001).

Capillary electrophoresis (CE) is a powerful tool for separation
of inorganic ions with high resolving power. Its performance is
comparable with that of IC, and has become one of the standard
tools for the analysis of inorganic ions in environmental, biomedi-
cal, clinical and industrial samples (Fritz, 2000; Timerbaev, 2002,
2004; Johns etal., 2003; Pacakova etal., 2003; Paull and King,
2003). CE allows rapid analysis with high resolution and exhibits
good capabilities in quantitative analysis, making it well suited
for routine analysis of sulfate content of carbohydrates. Although
the detection in CE is usually performed by direct UV detection,
most inorganic ions lack a chromophore and cannot be detected
using common direct UV detection. Therefore, indirect UV detec-
tion technique is usually used for determination of inorganic
ions. Indirect UV detection adds an UV-absorbing co-ion (called
the probe) to the background electrolyte (BGE) and this probe is
displaced by migration, causing a negative signal. Indirect UV
detection is an effective alternative detection technique for inor-
ganic ions. The attractive performance of the CE method has
been employed for the assay of sulfotransferase activity (Saillard
etal, 1999). Thus, CE is considered a useful alternative to the
well-established IC method for routine analysis of sulfate content
of carbohydrates.

In the present study, we developed a method using capillary
electrophoresis with indirect UV detection to the determination
of sulfate content of sulfated oligo-/polysaccharides, and applied
the method for the determination of sulfate content in some
sulfated GAGs and the monitoring of chemically sulfation reac-
tion of polysaccharides. The present method will provide a robust
method for the analysis of sulfated carbohydrates using routinely
available laboratory instrumentation.

Experimental

Materials

Hexamethonium bromide, glucose 3-sulfate (sodium salt, 98% purity by
HPLC), sucrose octasulfate (sodium salt) and heparin from bovine intes-
tinal mucosa were purchased from Sigma (St Louis, MO, USA). Hyaluronic
acid (from Streptococcus zooepidemicus) was purchased from Nacalai
tesque (Uji, Kyoto, Japan). Chondroitin sulfate A (from whale cartilage),
dermatan sulfate (from pig skin) and heparan sulfate (from bovine
kidney) were purchased from Seikagaku Biobusiness (Chiyoda-ku, Tokyo,
Japan). Tributylamine (TBA), N,N-dimethylformamide (DMF) and
pyridine-sulfur trioxide complex were obtained from Wako Pure Chemi-
cals (Dosho-machi, Osaka, Japan). All other chemicals and reagents were
of the highest grade or HPLC grade. Running buffers and aqueous solu-
tions were prepared with water purified with a Milli-Q purification system
(Millipore, Bedford, MS, USA).

Sulfation of Chondroitin Sulfate A

Chemical sulfation of chondroitin sulfate A was performed according to
the method reported by Maruyama et al. (1998).The sodium salt (10 mg) of
chondroitin sulfate A (from whale cartilage) was dissolved in 1 mL of 5%
TBA-HCl water (pH 2.8), and then the solution was lyophilized to dryness

to give the tributylammonium salt. The salt was dissolved in 1 mL of DMF,
and pyridine-sulfur trioxide complex (10, 50, 100 and 250 mg) was added.
After incubating the mixture for 1 h at 40°C, the reaction was terminated
by addition of water (1 mL). The reaction product was precipitated with
coldethanol (6 mL) saturated with anhydrous sodium acetate, collected by
centrifugation at 4°C, then dissolved in water followed by dialysis against
water to remove salts and lyophilized. We obtained PSCSy, (11.8 mg),
PSCSso (14.1 mg), PSCS100 (17.2 mg) and PSCSas0 (18.6 mg), respectively, by
changing the amount of pyridine-sulfur trioxide complex.

Sample and Standard Solutions

Standard solutions of sulfate ion were prepared by dissolving an accu-
rately weighed amount of sodium sulfate (300 mg) in water (10 mL;
210 mM). A series of standard solutions of sulfate ion for calibration curve
were prepared by appropriate dilution of the standard solution with
water. Sample solution of sulfated oligo-/polysaccharides was also
prepared by dissolving an accurately weighed amount (1.00 mg) in of
water (1 mL).

CE Analysis of Sulfate lon with Indirect UV Detection

CE was performed with a Beckman P/ACE MDQ system equipped with a
UV detector (Beckman Coulter, Fullerton, CA, USA). A fused silica capillary
(50 um i.d., 56 cm effective length, 66 cm total length, from Agilent Tech-
nologies) was used throughout the work. The background electrolyte was
composed of 10mm CrOs-2mMm hexamethonium bromide in 10%
MeOH-water (pH 8.0) adjusted with triethanolamine. The background
electrolyte was passed through a cellulose acetate membrane filter (0.2
um). Prior to the first run, the capillary was rinsed with 0.1 M NaOH for
10 min, followed by washing with water for 10 min, and then filled with
the background electrolyte. The capillary was conditioned by pre-
electrophoresis (—20 kV) for 10 min. After washing the capillary with
water and filling with the background electrolyte, samples were auto-
matically injected using pressure injection mode at 1.0 psi for 10 s. Elec-
trophoresis was performed at —20 kV using reverse polarity. Detection
was carried out with monitoring the UV absorption at 254 nm. The nega-
tive peaks due to the presence of anions in the background of CrO; were
automatically converted into positive peaks by Beckman 32 Karat soft-
ware version 4.0 (Beckman Coulter).

Hydrolysis of Sulfated Carbohydrates

A standard solution (20 pL) of glucose 3-sulfate was mixed with 20 L of
1M HCl and the mixture was kept at 100°C in a polypropylene tube for
specified times. After cooling the mixture to room temperature, the solu-
tion (40 pl) was diluted with 1000 pL of water. An aqueous solutions
(1000 pL) of NaNO; was added to the mixture as internal standard and an
aliquot (20 pL) was used for the analysis of sulfate ion.

Standard Procedure for the Determination of Sulfate
Content in Sulfated Oligo- and Polysaccharides

A solution (20 pL) of sodium salt of sulfated oligo- or polysaccharides was
mixed with 20 pL of 1 M HCl, and the mixture was kept at 100°C for 2 h.
After cooling the mixture to room temperature, water and the internal
standard solutions were added to the mixture as described above and an
aliquot was used for the determination of sulfate ion. The content of
sulfate ion was calculated from the calibration curve obtained from stan-
dard solutions of Na,SO,. The percentages of sulfate content were calcu-
lated using the following equation:

SO; (w/w) = (wt of SO,*~ x (wt of SO; /wt of SO,)/
wt of sample) x100

where wt (weight) of SO; = 80, wt of SO,*~ = 96, wt of SO, (g) in hydroly-
sates is the amount calculated using the calibration curve, and wt of the
sample is the amount of the sample in micrograms.

Biomed. Chromatogr. 2011; 25: 588-593
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Results and Discussion

Principle

The method is based on the acid hydrolysis of sulfonic acid ester
(-O-SOsH and -NH-SOsH) followed by the determination of the
released sulfate ion (50,%) with CE with indirect UV detection
technique. Sulfated oligo-/polysaccharides are hydrolyzed with
HCI to produce SO,%. In CE, indirect detection is conveniently
available for the detection of compounds which do not have
chromophores/fluorophores. When non-UV absorbing sulfate
ion passes through the UV detector, the zone of SO4*” causes a
negative signal in the background electrolyte containing a
UV-absorbing compound as probe. The output polarity of the
detection is reversed so that a positive peak is obtained. The
content of sulfate ester in parent compounds is calculated using
the calibration curve obtained from a standard solution of
Nast4.

Selection of the Background Electrolyte

Selection of the electrolyte (e.g. co-ion and electroosmotic modi-
fier) isimportant for the sensitive and quantitative determination
of sulfate ion. In the present study, chromate ion was selected as
the UV absorbing co-ion (probe ion) because of its ionic mobility
being close to that of SO,*, which ensures high peak symmetry
(Johns et al.,, 2003; Pacakova et al., 2003). We had to pay attention
on the presence of high excess amount of chloride ion (CI7) in the
sample solutions due to the HCl employed for the hydrolysis of
sulfate-containing carbohydrates. Inorganic anions by CE are
usually analyzed under negative polarity using electroosmotic
modifiers such as cationic surfactant, polymer and amines, which
improve resolutions of the ions (Haddad et al., 1999; Harakuwe
et al., 1999; Kaniansky et al., 1999). Muzikar et al. (2003) reported
the determination of trace amount of inorganic anions (e.g. SO4*
or NO;7) in the presence of large excess of CI~ using an electrolyte
consisting of triethanolamine (TEA)-buffered chromate with hex-
amethonium bromide (HMB) as electroosmotic modifier. In the
present study, SO,* (0.21 mMm as Na,SO4) was successfully ana-
lyzed in the presence of 50 mM HCl using this condition, and CI-
and SO.> were completely resolved and observed at 4.50 and
4.85 min, respectively (Fig. 1a).

We employed nitrate ion (NO;™) as internal standard (50 pg/mL,
0.59 mM; Fig. 1b). lons of SO,2~ and NO;™ with a huge amount of
CI- were completely resolved within 5min. Based on these
results, 10 mM CrOs—2 mm HMB in 10% MeOH-water (pH 8.0
adjusted with TEA) was selected as the background electrolyte
throughout the present study.

Linearity and Limit of Detection

The calibration curve for absolute peak area of sulfate ion showed
good linearity between 5.0 and 625 pg/mL (y=65.4x+0.58,
R=0.9996; Fig.2a). In the case of correction of the injection
amount by internal standard, the calibration curve exhibited
excellent linearity (y=0.015x+0.22, R=0.9999; Fig.2b). Both
lower limit of detection (LOD) and lower limit of quantification
(LOQ) were evaluated on the basis of the standard deviation (c)
and slope (S) from the calibration curve of SO,*". In the present
conditions, LOD (= 36/S) and LOQ (= 100/S) were 0.934 and 3.113
pug/mL, respectively.

Absorbance at 254 nm

T T T

I T
4.0 4.5

—
5.0 5.5
Migration time (min)

Figure 1. Separation of inorganic anions by CE with indirect UV detec-
tion: (a) 0.21 mM sulfate and 50 mm chloride; (b) 0.21 mMm sulfate, 50 mm
chloride, and 0.59 mM nitrate. Background electrolyte: 10 mM CrOs/2 mm
hexamethonium bromide in 10% MeOH-water at pH 8.0 adjusted with
triethanolamine. Capillary: a fused silica capillary (i.d., 50 pm; effective
length 56 cm). Applied voltage, —20 kV; temperature, 25°C; sample injec-
tion, hydrodynamic injection (1.0 psi, 10 s); detection, indirect UV absorp-
tion at 254 nm.

Reproducibility

Run-to-run reproducibility of migration times of SO4*~ and NO;~
was evaluated using a mixture of 30 g/mL Na,SO4 and 50 pg/mL
NaNOs. Migration times of SO,*~ and NO;~ were 4.96 * 0.08 and
4.68 + 0.07, respectively. The relative standard deviation (RSD)
was less than 1.4 and 1.6%, respectively (n=5).

Precision

We obtained RSD values in absolute determination of SO4* using
standard solutions of Na,SO, at 5, 30 and 312.5 ug/mL. The RSD
(%) of SO, peak area were 4.58, 2.24 and 2.83%, respectively
(n=5; Table 1). In contrast, when using the internal standard
(NOs"), the RSD (%) of SO4* was 1.84, 0.69 and 1.69%, respectively
(n=5; Table 1).

Optimization of Conditions for Liberation of SO,* by
Acid Hydrolysis

Conditions for liberation of SO,* from sulfated carbohydrates by
acid hydrolysis with HCI were optimized using glucose 3-sulfate
as model. After hydrolysis of glucose 3-sulfate with 1 M HCl at
100°C for specified intervals, a portion of the reaction mixture
was diluted with water. An aqueous solution of the internal stan-
dard (NaNOs) was added, and the released SO*~ was determined
according to the conditions described above.

The content of SO,*~ in the reaction mixture was dependent on
hydrolysis time and the hydrolysis was completed within 2 h as
shown in Fig. 3(a, b). The excess chloride ion and free glucose
produced by hydrolysis in the mixture did not show interference
in the determination of SO,*. The amount of sulfate ion in
glucose 3-sulfate was estimated as 28.1 w/w% (0.96 mol/mol),
and showed good agreement with the theoretical values (28.4%).
Recoveries were 95.9-96.7% (n = 5).
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Figure 2. Calibration curve for determination of sulfate ions. (a) Concentration of Na,SO, vs absolute
peak area of SO4*. (b) Concentration of Na,SO, vs relative peak area (S042/NO5").

Table 1. Precision results of determination of sulfate ion at three different concentrations
Run Peak area
5 ng/mL Na, SO, 30 pg/mL Na SO, 312.5 pg/mL Na,SO,
5042_ NOs~ SO42_/ NO;5~ 5042_ NO;™ SO4Z/N03_ SO42~ NO;~ 5042_/NO3_

1 462 361 1.280 2755 2043 1.349 28041 21505 1.304
2 492 378 1.302 2647 1957 1.353 29945 22869 1.309
3 506 402 1.259 2798 2092 1.337 28762 22214 1.295
4 476 362 1.315 2695 1989 1.355 27945 22290 1.254
5 518 409 1.267 2679 2008 1.334 29013 22452 1.292
Average 491 382 1.284 2715 2018 1.346 28741 22266 1.291
SD 225 22.3 0.024 60.8 51.9 0.009 813.6 495.1 0.022
RSD% 4,58 5.83 1.838 2.24 2.57 0.687 2.83 2.22 1.694

We evaluated linearity, repeatability, precision and lower limit
of detection using sucrose octasulfate. Sucrose octasulfate is a
cytoprotective drug widely used to prevent or treat several gas-
trointestinal diseases such as gastro-esophageal reflux, gastritis,
peptic ulcer, stress ulcer and dyspepsia (Lam and Ching, 1994;
Candelli et al., 2000). The sulfate content found in the hydrolysate
of sucrose octasulfate showed a good linear relationship with
sucrose octasulfate (0.03-1 mg/mL). The value for the relative
standard deviation (n = 5) of determination of sucrose octasulfate
was 1.90% at 250 pg/mL. The limit of detection was 7.8 p,g/mL as
a solution of sucrose octasulfate sodium salt. When a solution
(250 pug/mL) of sucrose octasulfate sodium salt was used, the
sulfate content of one batch was 53.1% (accuracy 97.4-101.9%,
n=>5), which is very close to the theoretical value (54.2%).

Determination of Sulfate Content in Various GAG Samples

Glycosaminoglycans (GAGs) are a family of highly complex and
polydisperse linear polysaccharides that display a variety of
important biological roles (Jackson etal., 1991; Scott, 1992;
Bourin and Lindahl, 1993; Sugahara and Kitagawa, 2000). GAGs
are categorized into some main structural groups: hyaluronic
acid (HA), chondroitin sulfate A (CSA), dermatan sulfate (DS),
heparin (HP) and heparan sulfate (HS) (Zaia, 2009). The structural
complexity is compounded by their sequence heterogeneity, pri-
marily caused by variation of the degree and position of sulfate
groups. We applied the present method to the determination of
sulfate content in some GAG samples. The results are shown in
Fig. 4 and Table 2.

Among five GAG samples used in the study, CSA, DS, HP and HS
showed sulfate contents of 14.2, 15.0, 25.1 and 11.5%, respec-
tively. HP is mainly composed of trisulfated disaccharide units,
o(1-4)-linked L-iduronic acid, which is 2-O-sulfated, and
D-glucosamine, which is N- and 6-O-sulfated (Zaia, 2009). There-
fore, the sulfate content of HP is higher than those of CSA and DS,
which are sulfated at only 4-OH of GalNAc in the disaccharide
unit. The sulfate content of HS is lower than those of other sul-
fated GAGs, because HS from bovine kidney contains unsulfated
repeating disaccharide units (GIcAS1-4GIcNAc) as the major
component (~60%), and contains the monosulfated GIcA
B1-4GIcNAc (~25%) and the di- or tri-sulfated IdoAa1-4GIcNAc
(~15%) (Zaia, 2009). HA, composed of non-sulfated disaccharide
units, does not contain sulfate. When hydrolysis step was not
included, we did not observe sulfate ions in the electrophero-
grams for all these GAG samples (data not shown). This indicates
that inorganic sulfate ion was negligible in the sample.
The sulfate contents found in five GAGs were in good agreement
with those calculated from sulfur contents provided by the
manufacturer (Table 2).

Application to the Monitoring of Chemical Sulfation of
Chondroitin Sulfate

Chemical modification of polysaccharides such as sulfation
affords novel biological activity, and has been well studied (Srini-
vasan etal, 1970; Suzuki etal, 2001). We synthesized some
preparations of sulfated chondroitin sulfate having different
degree of sulfation by changing the amount of pyridine-sulfur
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Figure 3. Time course of sulfate liberation during hydrolysis of the glucose 3-sulfate with HCI. (a)
Electropherograms of the reaction mixture after hydrolysis. (b) Time course of liberation of sulfate ion

from glucose 3-sulfate.

Cr-
a)/
i/
§ ? / \\/\,_A\
LS T AT
e
425 45 4.75 5.0 525

Migration time (min)

Figure 4. Determination of the sulfate content of some glycosami-
noglycans. (a) Chondroitin sulfate A; (b) dermatan sulfate; (c) heparan
sulfate; (d) heparin; and (e) hyaluronic acid.

trioxide complex according to the method reported by
Maruyama et al. (1998). The PSCS;o, PSCSso, PSCS100 and PSCSaso
were obtained from 10 mg CS using 10, 50, 100, and 250 mg
pyridine-sulfur complex, respectively. Each preparation was ana-
lyzed by the present technique (Table 3).

Sulfate contents calculated from the preparations of PSCS;q,
PSCSso, PSCS100 and PSCS,so were 24.7, 38.5, 45.5 and 48.09%,
respectively. The results showed that the amount of pyridine-
surfur trioxide complex used in the reaction caused remarkable
differences in the sulfate contents, and showed that the present
method is useful for monitoring the degree of sulfation during
chemical sulfation of oligo-/polysaccharides.

Table 2. Sulfate contents of GAGs

GAGs Total sulfate (%)*
Present Schoniger
method method®

Hyaluronic acid n.d.c <0.5

Chondroitin sulfate A 142 + 0.5 15.0

Dermatan sulfate 15.0 = 0.5 15.5

Heparin 25.1£05 25.6

Heparan sulfate 11.5+0.5 11.3

2 Calculated from the dry weight of GAGs.

b Total sulfate contents were calculated from sufur contents
provided by manufacturer.

¢ Not detected.

Conclusion

In the present study, we developed a simple, robust and reliable
method for the determination of sulfate content in sulfated car-
bohydrates using CE with indirect UV detection. The background
electrolyte consisting of TEA-buffered chromate with HVB is the
most appropriate for the analysis of sulfate ion liberated from
parent compounds after hydrolysis with HC.

We applied the present method to the determination of sulfate
content in some sulfated GAG samples such as chondroitin
sulfate, dermatan sulfate, heparin and heparan sulfate. The
sulfate contents found in these GAGs were in good agreement
with those obtained by conventional methods. We also applied
the method to the determination of sulfate content in chemically
sulfated chondroitin sulfate, and revealed the degree of sulfation.

Easy operation of the proposed technique is useful for
the determination of sulfate content of sulfated oligo-/
polysaccharides. The present method is suitable for routine
analysis of sulfate content of carbohydrates.
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Table 3. Sulfate contents of chemically sulfated chondroitin
sulfate

Sample Amount of Total sulfate Degree of
pyridine-sufur content (%)  sulfation (%)°
trioxide complex
CSA? — 14.2 27.5
PSCS1o 10mg 247 476
PSCSso 50 mg 385 746
PSCS1g0 100 mg 455 88.2
PSCS;s0 250 mg 48.1 93.2

2 Chondroitin sulfate A from whale cartilage.
b Relative percentage to theoretical value (51.6%) of fully sul-
fated CSA-30mer.
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Cross-talk between G protein-coupled receptor (GPCR) signaling
pathways serves to fine tune cellular responsiveness by neurohu-
moral factors. Accumulating evidence has implicated nitric oxide
(NO)-based signaling downstream of GPCRs, but the molecular
details are unknown. Here, we show that adenosine triphosphate
(ATP) decreases angiotensin type 1 receptor (AT:R) density
through NO-mediated S-nitrosylation of nuclear factor kB (NF-kB)
in rat cardiac fibroblasts. Stimulation of purinergic P2Y, receptor
by ATP increased expression of inducible NO synthase (iNOS)
through activation of nuclear factor of activated T cells, NFATc1
and NFATc3. The ATP-induced iNOS interacted with p65 subunit of
NF-xB in the cytosol through flavin-binding domain, which was
indispensable for the locally generated NO-mediated S-nitrosyla-
tion of p65 at Cys38. B-Arrestins anchored the formation of p65/
IkBa/B-arrestins/iNOS quaternary complex. The S-nitrosylated p65
resulted in decreases in NF-kB transcriptional activity and AT4R
density. In pressure-overloaded mouse hearts, ATP released from
cardiomyocytes led to decrease in AT4R density through iNOS-me-
diated S-nitrosylation of p65. These results show a unique regula-
tory mechanism of heterologous regulation of GPCRs in which
cysteine modification of transcriptional factor rather than protein
phosphorylation plays essential roles.

angiotensin receptor | Ca®* signaling | calcineurin | signaling complex |
posttranslational modification

G protein-coupled receptors (GPCRs) are the largest family
of cell-surface receptors, which play a critical role in reg-
ulating multiple physiological functions (1, 2). Abnormal acti-
vation or up-regulation of GPCRs is a major cause of various
diseases (3), and about 40% of drugs that are widely used for
therapeutic treatment all over the world may directly or in-
directly target GPCRs.

An important adaptive response of the cell against multiple
extracellular stimuli is receptor desensitization, which refers to
the reduction of receptor responsiveness despite continuing ag-
onist stimulation. GPCRs have developed elaborate means of
turning off signal (4). One mechanism for desensitization is re-
ceptor down-regulation, which refers to the net loss of receptors
from the cell by a decrease in receptor synthesis, a destabilization
of receptor mRNA, or an increase in receptor degradation (4, 5).

Two major patterns of down-regulation have been character-
ized; homologous (or agonist specific) down-regulation and
heterologous (or agonist nonspecific) down-regulation (6). The
homologous down-regulation indicates that stimulation of one
GPCR over time by the agonist reduces expression levels of the
same GPCR, without substantial effect on other GPCRs present
in the same cell. In contrast, heterologous down-regulation
indicates that stimulation of one GPCR reduces expression lev-

6662-6667 | PNAS | April 19,2011 | vol. 108 | no. 16

els of different GPCR. Although the molecular mechanism
of homologous down-regulation has been well analyzed using
B-adrenergic receptors (BARSs) (4, 5), the mechanism(s) under-
lying heterologous down-regulation is largely unknown.

Angiotensin (Ang) II is a major bioactive polypeptide, and
improper regulation of Ang II induces various cardiovascular
diseases, including hypertension, cardiac hypertrophy, fibrosis,
apoptosis, and arrhythmia (7). Most of known physiological and
pathological effects of Ang II are mediated via the angiotensin
type 1 receptor (AT;R). In fact, aberrant expression of AT;R
has been shown to have pathophysiological relevance in cell cul-
ture, animal studies, and clinical interventional trials (8). Ang
IT decreases AT{R expression level through destabilization of
AT;R mRNA (9), suggesting the involvement of homologous
down-regulation processes. In addition, the expression of AT;Rs
could be regulated by various factors, including cytokines, growth
factors, and reactive oxygen species (ROS). However, heterolo-
gous down-regulation of AT Rs through different GPCRs has
not been reported.

It is well established that nitric oxide (NO) regulates a diverse
array of signal transduction pathways, acting in significant part
through the covalent modification of cysteine (Cys) thiols (S-
nitrosylation) that are found at active or allosteric sites of pro-
teins (10). Several transmembrane-spanning receptors and their
downstream signaling molecules could be modified by NO, in-
cluding NMDA receptor (11), GPCR kinase 2 (12), B-arrestin
(13), and G proteins (14, 15). Although exposure of excessive NO
has been reported to decrease AT;R density (16), the molecular
details and its physiological significance are still unknown.

During the analysis of the roles of Ca®* signaling in cardiac
fibroblasts, we noticed that the pretreatment with adenosine
trlphosphate (ATP) selectively suppressed AT;R-stimulated
Ca?* response. We have found that stimulation of P2Y2 receptor
with ATP down-regulates AT;R signaling through expression of
inducible NO synthase (iNOS) without nuclear factor kB (NF-
kB) activation. Down-regulation of AT,R requires functional
interaction of NF-kB with iNOS, and the locally generated
NO mediates cysteine modification (S-nitrosylation) of NF-kB,
leading to suppression of AT;R transcription rate.
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Results

P2Y, Receptor Stimulation Selectively Down-Regulates AT;R Signal-
ing. In a normal heart, two-thirds of the cell population is com-
posed of cardiac fibroblasts. Expression level of ATR in rat
neonatal cardiac fibroblasts is more than fivefold higher than that
in rat neonatal cardiomyocytes (65 + 12 fmol/mg protein), and
AT;/R signaling in cardiac fibroblasts has been implicated in the
development of cardiac fibrosis (17). We have previously reported
that treatment with Ang II increases activity of nuclear factor
of activated T cells (NFAT), a Ca®*-dependent transcriptional
factor that is predominantly regulated by calcineurin, both in car-
diac myocytes and fibroblasts (18, 19). Activation of NFAT has
been implicated in the development of cardiac hypertrophy (20),
but the role of NFAT in cardiac fibroblasts is not fully known.
Therefore, we first examined the relationship between NFAT
activity and AT, R signaling in cardiac fibroblasts. We found that
treatment with ATP more potently increased NFAT activity than
Ang II, the endogenous ligand of GPCR (Fig. 1 A and B).
Purinergic receptors are classified into two families, P2X and P2Y
(21). P2X receptors are ligand-gated channels. P2Y receptors are
G protein-coupled receptors, and divided into eight subtypes.
Purinergic signaling has been implicated in inflammatory re-
sponses of various systems (22, 23), and we have also reported
that extracellular nucleotides trigger pressure overload-induced
cardiac fibrosis in mice (24). The ATP-induced increases in in-
tracellular Ca®* concentration ([Ca**];) and NFAT activity were
completely suppressed by the inhibition of phospholipase C
(PLC) and knockdown of P2Y, receptor (P2Y,R), but not by

A 5 407-0-ATP (uM) B i -0-ATP (100 uM)
e 30d *Ang Il ("M) E 30 -=-Ang Il (100 nM)
o £
£ 220
.g 20 %

@ 10
5" e
<0 2170717273 z0
01010 10101010 0 6 12 18 24
; Time (hours)
concentration

C oecysA [ g, Wnone
=) ‘T 457 A ATP
8 104 W(H) CysA . CysA+ATP
=1, Zg
< . 2330
i3 o=

£ 0.5 [ xS 15
x cE
:‘5 <o
o
& 0.0- < 0
control ATP NFAT 0 5 10 15
-CA Ang Il concentration (nM)
m control

E @ _ 24 ATP F @ = 3ymcontrol
‘=72 |e CysA+ATP + £
& & %o
S% i S %2
o 214 94 3£

- @k ER L 8
sE T3 e
S o 2L
5% ol ot 230
<~ 125 100 75 <

125 100 75 50
|

; ; . 5.0
-log[Ang 1] (mol/l) -log[Ang 11] (mol/l)

Fig. 1. ATP decreases AT;R density through NFAT activation. (A) Concen-
tration-dependent NFAT activation induced by ATP and Ang Il in rat neo-
natal cardiac fibroblasts. Cells were treated with indicated concentration of
ATP or Ang Il for 6 h. (B) Time courses of NFAT activation induced by ATP and
Ang II. (C) Changes in AT1aR mRNA expression levels by the treatment with
ATP (100 uM) for 24 h or overexpression of NFAT-CA in the presence or
absence of CysA (100 ng/mL). Cells were treated with CysA 10 min before
ATP stimulation. (D) Changes in AT4R density induced by ATP (100 pM) for 24
h with or without CysA (n = 4-6). (E) Peak increases in [Ca®*]; induced by Ang
Il stimulation in ATP-treated or ATP/CysA-treated cardiac fibroblasts. Cells
were treated with CysA (100 ng/mL) 10 min before stimulation of ATP (100
uM) for 24 h. (F) Peak [Ca*]; increases induced by Ang Il in LacZ (control)-
and NFAT-CA-expressing cardiac fibroblasts. Cells were infected with Ad-
LacZ or Ad-NFAT-CA for 48 h (n = 63-99). **P < 0.01.
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inhibition of P2Y;R and P2Y¢R (Fig. S1). These results suggest
that P2Y,R predominantly regulates ATP-induced activation of
Ca®" signaling in rat cardiac fibroblasts.

The treatment with ATP for 24 h resulted in a decrease in
expression levels of AT{R mRNA and protein (Fig. 1 C and D),
which was abolished by cyclosporine A, a specific calcineurin
inhibitor. In addition, expression of Cain, a specific inhibitory
peptide of calcineurin (25), also canceled the ATP-induced
decrease in AT;R density and AT;R-induced signaling (Fig.
S2 A-C). Expression of constitutively active mutant of NFAT4
(NFAT-CA) inhibited AT;R mRNA expression (Fig. 1C), in-
dicating that calcineurin-NFAT signaling mediates AT;R down-
regulation. As AT;R couples with G4 family proteins, the Ang II-
induced transient increase in [Ca®*]; was measured as an index
of the magnitude of AT;R signaling. Pretreatment with ATP or
overexpression of NFAT-CA significantly decreased the Ang II-
induced maximal [Ca®*]; increases without changing ECs, values
(Fig. 1 E and F). There are four NFAT isoforms responsive to
increase in [Ca”*]; (26). Among them, NFATc1 participates in
cardiac valve development and NFATc3 participates in the de-
velopment of cardiac hypertrophy. Treatment of cardiac fibro-
blast with ATP induced nuclear translocation of NFATc1 and
NFATc3, but not NFATc2 (Fig. S2 D and E). We could not
detect the expression of NFATc4 proteins. These results suggest
that stimulation of Gq-coupled P2Y, receptor by ATP induces
heterologous down-regulation of Gg-coupled AT R through ac-
tivation of NFATc1 and NFATc3 in rat cardiac fibroblasts. Al-
though P2Y,R can be stimulated not only by ATP but also by
ADP and UTP (21), ATP maximally increased NFAT activity
and decreased AT R signaling (Fig. S3). However, endothelin-1
and bradykinin, which signal through G, (27), failed to imitate
ATP both in NFAT activation and inhibition of G signaling,
suggesting that the ATP-mediated suppression of AT;R signal-
ing is likely to correlate with its potential to increase NFAT
activity. Furthermore, pretreatment with Ang II did not affect
the ATP-induced Ca®* response (Fig.S3 C and D), suggesting
that ATP specifically induces heterologous down-regulation of
AT|R signaling but not vice versa.

ATP Decreases AT{R Density Through iNOS Expression. We next ex-
amined the mechanism of AT;R down-regulation by NFAT ac-
tivation. Because the mRNA stability of AT;R was not decreased
by ATP treatment (Fig. S3E), its effects on the AT;R tran-
scription rate were further studied. NF-kB has been reported to
participate in AT;R up-regulation induced by cytokines or bac-
terial toxin (28, 29), and inhibition of NF-xB significantly sup-
pressed ATR transcription rate and AT,R density (Fig. S4).
Thus, basal activity of AT;R transcription may be mainly regu-
lated by NF-xB. In addition, NO has been reported to decrease
NF-«xB and AT;R transcription (16). Thus, NO may mediate
ATP-induced AT;R down-regulation. Treatment with ATP in-
duced a time-dependent decrease in expression of luciferase
from AT;R promoter, as well as a decrease in NF-kB-dependent
luciferase activity (Fig. 24). The ATP-induced suppression of
AT R transcription rate was abolished by N(G)-nitro-L-arginine
methyl ester (L-NAME) or N-(3-(aminomethyl)benzyl)acet-
amidine (1400W), a specific inhibitor of iNOS (Fig. 2B). Treat-
ment with 1400W canceled the ATP-induced decrease in AT;R
density and suppression of AT;R-stimulated Ca** response (Fig. 2
C-E). In addition, knockdown of iNOS, but not endothelial NOS
(eNOS), abolished the ATP-induced suppression of Ca?* re-
sponse by AT{R stimulation (Fig. 2F), suggesting that iNOS
mediates ATP-induced AT;R down-regulation. It is generally
accepted that NF-xB predominantly regulates the expression
level of iNOS proteins (30). However, it has also been reported
that iNOS proteins are induced by the constitutive activation of
calcineurin-NFAT signaling in cardiomyocytes (31). In accor-
dance with this, the expression of a constitutively active mutant
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Fig. 2. iNOS mediates ATP-induced AT;R down-regulation. (A) Time-de-
pendent suppression of NF-kB-dependent and rAT;4R promoter-dependent
luciferase activities induced by ATP (100 pM). (B) Effects of iNOS inhibitors on
the ATP-induced decrease in rAT;4R promoter activity. Cells were treated
with .-NAME (100 pM) or 1400W (10 pM) 10 min before sitmulation with ATP
(100 uM) for 24 h. (C) Effects of 1400W on the ATP-induced decrease in AT;R
protein expression (n = 3-5). (D) Time courses of AT;R-stimulated increases in
[Ca?*]; in cardiac fibroblasts pretreated with ATP or ATP and 1400W. (E) Peak
increases in [Ca%*]; induced by Ang Il (100 nM). Cells were treated with
1400W (10 pM) 10 min before sitmulation with ATP (100 pM) for 24 h. (F)
Peak increases in [Ca%*]; induced by Ang Il in siRNA-transfected cardiac
fibroblasts pretreated with or without ATP (100 pM) for 24 h. Cells were
treated with ATP 48 h after transfection with siRNAs for eNOS and iNOS. (n =
42-78) (G and H) Changes in expressions of iNOS, eNOS and GAPDH proteins
by the stimulation with ATP and IL-1p (1 ng/mL) for 24 h in the presence or
absence of 1400W (10 uM). (/) Effects of siRNAs for eNOS or iNOS on the ATP-
induced nitrite production. Cells were treated with ATP (100 pM) for 24 h.
{n = 3). *P < 0.05, **P<0.01.

of NFAT (NFAT-CA) decreased AT,R-stimulated Ca®* re-
sponse, which was completely abolished by the treatment with L-
NAME or 1400W (Fig. S5). ATP-stimulated increase of iNOS
proteins was completely suppressed by 1400W (Fig. 2 G and H).
In addition, ATP-induced NO production was completely sup-
pressed by the knockdown of iNOS, but not eNOS (Fig. 2I). As
ATP strongly induced NFAT activity, NFAT-dependent iNOS
expression may mediate the ATP-induced down-regulation of
ATR in cardiac fibroblasts.

Requirement of S-Nitrosylation of p65 for ATP-Induced AT,R Down-
Regulation. As the treatment with protein kinase G (PKG) in-
hibitor (KT5823) did not cancel the ATP-induced down-regulation
of AT;R signaling, and a cGMP analog (8-bromo-cGMP) did
not induce AT;R down-regulation (Fig. S5 A4 and B), NO may
suppress AT;R transcription in a cGMP-independent manner. S-
nitrosylation has been recently recognized as a new NO-based but
c¢GMP-independent signaling regulating several cardiovascular
functions (10). Dimers of NF-kB proteins are composed of five
transcriptional factors: p50, p52, p65, Rel, and RelB, which all

6664 | www.pnas.org/cgi/doi/10.1073/pnas.1017640108

share an N-terminal Rel homology domain (32). Among them,
S-nitrosylation of p50 and p65 has been reported to participate in
iNOS-induced decrease in NF-kB transcriptional activity (33, 34).
We next examined whether S-nitrosylation participates in ATP-
induced AT;R down-regulation. It was reported that a conserved
Cys within the DNA-binding site of the Rel homology domain is
the site of S-nitrosylation (33). Thus, we constructed Cys mutants
of p65 (p65-C38S) and p50 (p50-C62S) to examine which Cys is
involved in ATP-induced AT;R down-regulation. Overexpression
of wild-type p65 (p65-WT) and p65-C38S enhanced the AT;R-
stimulated increases in [Ca®*];, suggesting that transcriptional
activity of p65 is not affected by substitution of Ser for Cys. The
ATP-induced suppression of AT, R signaling normally occurred in
vector- and p65-WT-expressing cardiac fibroblasts but was com-
pletely abolished in p65-C38S—expressing cardiac fibroblasts (Fig.
3 A and B). Substitution of Ser for other eight Cys residues of p65
did not affect the ATP-induced suppression of AT;R signaling
(Fig. S6), suggesting that Cys38 of p65 participates in ATP-in-
duced S-nitrosylation and AT;R down-regulation. In contrast,
expression of p50-C62S did not abolish the suppression of AT;R
signaling induced by ATP (Fig. 3 C and D). Although p50 essen-
tially lacks transactivation domain (32), overexpression of p5S0-WT
and p50-C62S enhanced the AT,R-stimulated Ca®* responses,
suggesting that p50 does not mediate ATP-induced suppression of
AT /R signaling. It has been previously reported that phosphory-
lation of p65 at Ser468 reduces basal NF-xB activity (35). How-
ever, treatment with ATP did not increase the phosphorylation
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Fig. 3. S-nitrosylation of p65 mediates ATP-induced AT;R down-regulation.
(A) Time courses of Ca%* responses induced by Ang Il (100 nM) in vector, p65
(WT) or p65 (C38S)-overexpressing cardiac fibroblasts. Cells were pretreated
with ATP (100 pM) for 24 h. (B) Peak increases in [Ca®*]; induced by Ang Il
(n = 41-68). (C, D) Time courses (C) and peak changes (D) of Ca?* responses
induced by Ang Il in vector, p50 (WT) or p50 (C62S)-expressing fibroblasts
(n = 44-72). (E) S-nitrosylation of Cys38 of p65 in p65 and iINOS-expressing
HEK293 cells. Cell lysates were incubated with ascorbate (1 mM) for 1 h at
25 °C in the dark room. (F) S-nitrosylation of p65 and iNOS expression in-
duced by ATP stimulation in cardiac fibroblasts. Cells were treated with
1400 W (10 pM) 10 min before stimulation with ATP (100 pM) for 24 h. Cell
lysates were incubated with ascorbate (1 mM) for 1 h at 25 °C in the dark
room (n = 3). *P < 0.05, **P < 0.01.
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level of p65 at Ser468, and substitution of Ala for Ser468 did not
affect the suppression of AT;R-stimulated Ca** response induced
by ATP (Fig. S6 D-F). Thus, phosphorylation of p65 is not in-
volved in ATP-induce AT;R down-regulation. The expression of
iNOS proteins induced S-nitrosylation of p65 at Cys38 in HEK293
cells (Fig. 3E), and the treatment of cardiac fibroblasts with
ATP induced S-nitrosylation of p65 in an iNOS-dependent man-
ner (Fig. 3F). These results suggest that S-nitrosylation of p65 at
Cys38 participates in the ATP-induced AT;R down-regulation in
cardiac fibroblasts.
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Requirement of the Interaction Between iNOS and p65 for ATP-
Induced AT;R Down-Regulation. The extent of iNOS induction by
ATP was smaller than that by IL-1p, a potent activator of NF-xB
signaling (Fig. 2 G and H). This apparent discrepancy may be
explained by the differences in the colocalization between p65
and iNOS, which is predominantly expressed in the cytosol (33),
in ATP-, and IL-1p-treated cells. In iNOS- and p65-overexpressing
HEK293 cells, both p65-WT and p65-C38S interacted with
iNOS (Fig. 44). In addition, iNOS induced by ATP, but not
eNOS, interacted with p65 in rat cardiac fibroblasts, which was
completely suppressed by cyclosporine A (Fig. 4B). Although
cotreatment with S-nitrosoglutathione (GSNO) (1 mM) signifi-
cantly enhanced ATP-induced S-nitrosylation of p65, GSNO did
not affect the ATP-induced interaction between p65 and iNOS
(Fig. S7). These results suggest that p65 associates with iNOS
independently of Cys modification. In the resting condition, p65
was expressed both in the cytosol and nucleus, whereas iNOS was
hardly detected in cardiac fibroblasts (Fig. 4C). Treatment with
ATP induced expression of iNOS in the cytosol without affecting
the subcellular localization of p65, resulting in colocalization
of p65 and iNOS in the cytosol. In contrast, IL-1p markedly
increased expression levels of iNOS and induced continuous
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translocation of p65 into the nucleus, resulting in little colocal-
ization between p65 and iNOS. We next examined which domain
of iNOS is required for the interaction with p65. As iNOS has N-
terminal oxygenase domain and C-terminal reductase domain
(36), and the C-terminal domain has flavin-binding domain and
NADPH-binding domain, we constructed four fragments of
iNOS (Fig. 4 D and E). In HEK?293 cells expressing p65 and each
iNOS fragment (Fr-I-Fr-IV), p65 was interacted with Fr-III only,
which contains flavin-binding domain (Fig. 4F). Furthermore,
expression of cardiac fibroblasts with Fr-III completely blocked
the ATP-induced interaction of p65 with iNOS and suppression
of AT R-stimulated Ca** response (Fig. 4 G and H). These
results suggest that iNOS induced by ATP stimulation interacts
with p65 in the cytosol through flavin-binding domain, which is
required for S-nitrosylation of p65 and which decreases its activity
in rat cardiac fibroblasts.

Previous reports have clearly shown that B-arrestins associate
with NOS and IxBa (13, 37-39). As the IkBua interacts with NF-
kB p65 subunit, ATP may induce the formation of quaternary
complex of iNOS/p-arrestin/IxkBo/p65 in cardiac fibroblasts. To
verify this hypothesis, we further examined whether knockdown
of B-arrestin(s) cancels the ATP-induced p65-iNOS interaction.
Knockdown of p-arrestin2 significantly suppressed the down-
regulation of AT;R signaling (Fig. S8). The p-arrestins were
predominantly expressed in the cytosol of cardiac fibroblasts,
and the ATP-induced colocalization of p65 with iNOS was di-
minished by f-arrestin2 knockdown. In addition, p65 actually
interacted not only with iNOS, but also IkBa and B-arrestin2 in
ATP-pretreated cardiac fibroblasts, which was diminished by
pB-arrestin2 knockdown. Although knockdown of p-arrestinl also
suppressed the p65-iNOS colocalization and down-regulation of
AT;R signaling induced by ATP pretreatment, the magnitude of
suppression was smaller than that of p-arrestin2. These results
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Fig. 4. ATP-induced iNOS interacts with p65. (4) Association of iNOS proteins with p65 (WT or C38S) in p65 and iNOS-expressing HEK293 cells. IP: immu-
noprecipitation, WB: Western blotting. HA-tagged iNOS proteins were immunoprecipitated with anti-HA antibody (IP), and combined p65 proteins were
detected by Western blotting. Expression levels of p65 and iNOS were also confirmed using total cell lysates (lysates). (B) ATP stimulation-dependent in-
teraction of p65 with iNOS in cardiac fibroblasts. Cells were treated with ATP (100 pM) for 24 h in the presence or absence of CysA (100 ng/mL). Native p65
proteins were immunoprecipitated with anti-p65 antibody (IP) (n = 3). (C) Localization of p65 and iNOS proteins in cardiac fibroblasts stimulated with ATP
(100 uM) or IL-1p (1 ng/mL) for 24 h. (D) Structure of iNOS fragments (Fr-1 - Fr-IV). (E) Expression of flag-tagged iNOS fragments. FL; full length. (F) Interaction
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regulation of AT4R signaling (n = 39-62). *P < 0.05.
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indicate that p-arrestins mediate the ATP-induced formation of
quaternary complex of iNOS/p-arrestins/IkBo/p65 in the cytosol
of cardiac fibroblasts. Although p-arrestins participate in GPCR-
stimulated activation of extracellular signal-regulated kinase
(ERK), treatment with ERK inhibitors (U0126 and PD98059)
did not cancel the ATP-induced down-regulation of AT{R sig-
naling (Fig. S9). Thus, B-arrestins may participate in ATP-induced
AT R down-regulation through anchoring the interaction between
p65 and iNOS proteins.

ATP Mediates Down-Regulation of AT;R Signaling in Pressure-
Overloaded Mouse Hearts. We finally examined whether ATP-in-
duced AT;R down-regulation occurred in vivo. We have pre-
viously reported that nucleotides (such as ATP and UDP)
released from cardiac myocytes stimulate the production of fi-
brotic genes, which activate the production of collagen in cardiac
fibroblasts in pressure overload-induced mice (24). As nucleo-
tides are released from cardiac myocytes and the expression
levels of AT;Rs in cardiac fibroblasts are higher than those in
cardiac myocytes, both cardiac myocytes and fibroblasts were
cocultured on a silicone rubber dish. Mechanical stretch that
stimulates nucleotides release from cardiac myocytes (24) de-
creased AT ;R density, which was canceled by pretreatment with
L-NAME (Fig. 54). As expected, inhibition of P2Y,R by PPADS
or P2Y,R siRNA completely abolished mechanical stretch-in-
duced AT;R down-regulation. Mechanical stretch of cardiac
cells induced ATP release, which leads to NO production in
P2Y,R and iNOS-dependent manners (Fig. 5 B and C). Fur-
thermore, 6 wk of transverse aortic constriction (TAC) induced
significant increases in iNOS mRNA and protein levels and S-
nitrosylation of p65, which were completely suppressed by the
treatment with suramin, a P2 receptor antagonist (Fig. 5 D and
E). Pressure overload also increased expression levels of eNOS
proteins, but this increase was not affected by suramin. In ad-
dition, 6 wk of TAC decreased expression levels of AT;R mRNA
and proteins, which were also abolished by suramin treatment
(Fig. 5 E and F). Furthermore, pressure overload-induced S-
nitrosylation of p65 was diminished in iNOS knockout mouse
hearts (Fig. 5 G and H) and in 1400W-treated mouse hearts (Fig.
S10). These results suggest that mechanical stretch-induced ATP
release causes AT;R down-regulation through iNOS-dependent
S-nitrosylation of p65 in pressure overloaded mice.

Discussion

A large number of studies have shown that a wide range of phys-
iological and pathological stimuli modulate AT;R expression in
anumber of cell types and tissues (40). We first demonstrated that
ATP induces down-regulation of ATR signaling in rat cardiac
fibroblasts. Extracellular ATP in the cardiovascular system may be
originated from various cellular sources: perivascular sympathetic
nerve endings, myocytes, endothelial cells, and inflammatory cells
(14). We found that mechanical stretch-induced ATP release
decreases AT;R density in mouse hearts with pressure overload
(Fig. 5). Although both ATP and AngII are believed to function as
an inflammatory factor (41), our results suggest that P2Y,R-
stimulated iNOS expression negatively regulates Ang IT-mediated
inflammatory response of the heart. We have previously reported
that nucleotides released from cardiac myocytes activate P2YsR of
cardiac myocytes and induce fibrotic genes (24). In addition,
Braun et al. has recently reported that P2Y,R stimulation by UTP
induces fibrotic responses of cardiac fibroblasts (42). Thus, ex-
tracellular nucleotides contribute to cardiac fibrosis at least
two independent pathways: one is induction of fibrotic genes in
cardiac myocytes through P2Y¢R and another is iNOS-mediated
signaling in cardiac fibroblasts through P2Y,R. The pathophysi-
ological roles of P2Y,R signaling in the heart are still unclear,
but our findings will provide a unique insight into the cross-talk
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Fig. 5. Mechanical stretch induces AT{R down-regulation through ATP-
induced S-nitrosylation of NF-xB. (A) Effects of L-NAME (100 pM), o-NAME
(100 uM), PPADS (100 pM), and P2Y>R siRNA on mechanical stretch-induced
decrease in AT4R density in rat cardiac myocytes. (B) Effects of 1400W (10 pM)
and P2Y,R siRNA on mechanical stretch-induced nitrite production. (C) Effects
of 1400W on mechanical stretch-induced ATP release (n = 3-5). (D-F) S-
nitrosylation of p65, changes in expression of iNOS, p65, eNOS and AT;R
proteins induced by pressure overload in the presence or absence of suramin
in mouse hearts. (E) Changes in iNOS and AT;aR mRNAs induced by TAC. (F)
Changes in AT;R density induced by TACin the presence or absence of suramin
(n=3-6). (G and H) S-nitrosylation of p65 induced by pressure overload in wild
type (+/+) and iNOS-knockout (—/-) mouse hearts. Tissue lysates were treated
with or without ascorbate (1 mM) for 1 h (n = 3). *P < 0.05, **P < 0.01.

NO-p65 (fold) T
5 B

between purinergic signaling and Ang II signaling in cardiovas-
cular systems.

We revealed that local production of NO induces S-nitro-
sylation of NF-kB p65 and suppresses AT;R transcription lead-
ing to down-regulation of AT;R. Several reports have sug-
ested the involvement of S-nitrosylation in NO-dependent (but
c¢GMP independent) regulation of p-adrenergic receptor de-
sensitization (12, 13). Most studies have shown the involvement of
S-nitrosylation in GPCR desensitization by exposing excessive
concentrations of NO to the cell. However, GRK2 is endogenously
S-nitrosylated and levels are lower in eNOS null animals and hlgher
in GSNOR ™"~ animals. Furthermore, receptor internalization in
cellular assays and desensitization in situ are regulated by endog-
enously derived NO. We also found that endogenous S-nitro-
sylation of NF-xB p65 requires the formation of iNOS/p-arrestins/
IxkBo/p65 quaternary complex in the cytosol. This finding empha-
sizes the fact that p-arrestins play a key mediator in NO-based
signaling. Although IL-1p potently induces expression of iNOS, IL-
1B did not suppress NF-kB activity. This may be explained by the
evidence that p65 was not colocalized with iNOS by IL-1p stimu-
lation (Fig. 4). Thus, the complex formation between NO donor
and acceptor is a critical factor of spatiotemporal regulation of NO
signaling induced by ATP stimulation.
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In conclusion, we reveal that S-nitrosylation of p65 is required
for heterologous down-regulation of Gg-coupled AT, R by another
Gg-coupled P2Y;R stimulation. Although it is generally thought
that heterologous regulation of GPCRs is mediated by second
messenger-activated kinases, heterologous down-regulation of
AT R by ATP did not require the kinase activation in which
cysteine modification of transcriptional factor plays essential
roles. Our findings will provide a unique insight into cross-talk
between GPCR signaling pathways.

Materials and Methods

Materials, recombinant adenoviruses, and culture of cardiac fibroblasts,
measurement of NF-xB-luciferase and AT;R-luciferase activity, measurement
of extracellular ATP concentration and NO production, measurement of
AT4R and iNOS expressions, quantification of intracellular Ca®* concentra-
tion, S-nitrosylation biotin switch assay, immunoprecipitation, and confocal
visualization of NF-kB p65 subunit and iNOS proteins are described in S/
Materials and Methods.
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LT, 5%« EBEESE0m T A N Mt 2 TE
- RS (i - R TES) AEAMATES
CBRIN-SOHY, SF THESRETS - - EED
BEOBRBE OBV IEI/MIFIN TS, Zhbol
ROBNCIEL, ME - AR TREORERUES
VxRS 5 7 DITIRHESE - Bl Z VBB BHET S
T, MBI TR S OERERE L TERED
HEEWBERLRITBE NS BHRD L0 b b, BEDE

BRF IEEROBERO LSO RERFETH L. i,

ROV RY ERERBE T REFICANES, HAKE -
BHIRIZ BT L RREETCORDNYE - Boebk - FEE
B 5E X FIZOWTORBR U EBRIR IR K
ThA.

RS (EU) T, Mg - S80n T8 i3 A/ bars
FEEE (somatic cellular therapy products) M3 T %
&1 (tissue engineered products) OEBIZHHEINT
W5, /R, HHREEEIRE FHRERE D ITEH
BRREEZES (ATMP, advanced therapy medicinal prod-
ucts) EWIERFO—ERIZSEIN T8, 2008
FLRALVHEHBTFHED ATMP & LTHRHEZZT
5T Lol i, BEEIZ ATMP OFEIZEL

T EmEREERSCATIIEIREINS X, BRI
RIZBRIWMONTNS, XBTIXEUIEBTS, *h
S50 LWEDHEAICOWTERT 5.

1. ATMP DiRFIDR 4R

EU Tid, ATMP 3BRMEZEFT (EMA, European
Medicines Agency) 2 ERFERRFEXHYT S, 2008
12 AT ATMP & IZ & $h 58513, BE
FI5HEEE (gene therapy products) & (AHIfEVEIEER DL
THEBILFHSNEINTEHT?, T “hboll
mOIRFEAREEICB T HFHEERECEA L C, EU MY
BRITH—2ENTOW DL > - EXMEE XN TE .
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EUROERZBX - RENFERE 2-THD, Bick
HFEERTON TN, ABTHFRSIC>WTIRE
ERCOBEIND D, BEEREY LoBEXhEy, £
DHETIMEBIC LV ELEE L TH 7.

BMEESE (EC) ZIhbofES, EURNTEEY
B2 -BRORBEERTIBEOAX REETHL L%
Z, TORREKE L T20074E, ATMP OIRFEARHE
Z ¥ % Regulation (EC) No 1394/2007° % E# 7=. Regu-
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HEEICMZHZE, KCATMP oWk mBEI S
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TAERRAREEETICFTH,»D EMA THREEZT
S e EEEREEL, 2008412 B L VETENDK
ZEH5>Thb.

2. Regulation (EC) No 1394/2007 D#IE

21 ATMP DESE

ATMP i, BEFREE FHRHBER X3ER
TEMArEEIND. ZITo [lanaEE] OF
i3, [EyEmER S (biological medicinal product)
Db, (2) BRTHER EOARIZES L5 CEWF
BN AEERAEEE U F OB R B I B AE
HEHyAN T (substantial manipulation) % #EX7-HEA *
B STER VI N, DR AEE VLT
—DENTOEROEEEL ALY BEOBERTHR
FE e RERNUTHET 20 TRZVWE - 8% e
LREREINOADRAMAET, ) BRCEEND
ap - R DR, B IRBOIEREEZEL
CEBROBE FHRIBEET EVIBEAICE D
BAETELD, HENEZOBREAISE MCEARN
LEBEEXNDDHD] EINTHEY. —F, [HREBTHH
B3 TTRuBEIn -l - B8 eURAEIN
SHALRAMRT, b MABOEE BEXIERET
S EWSBEACEYBEEET AL, HEINIZOE
ErbE MCEARWLESEENALD) BETY.
T, TTHEuBEIN-ME - 8% &3, TBERT3
e, BEXRIERICED X0 ICEWEOLE, £EY
HORSEE I3RS OB R B LSS A REMIN T2 X
n-fAR - 18 W LI R — OERTORKEOBEE
CRAUKEY BEOENTHOR-TZIEEER L THA
+TEOTIR WA - 88k %fd (Table 1). 72d,
FEEMIT IRV ofis LT, YK, B
B BmONEE FAR - AEFBRRN\ORE BE -
W WE BOTREBSH, Moo - B BRR B
B, BEEER E AEEE HIXAETENT
W3 (AR5 O Amnex 1 28).

X HABEOEBTFERNERRIKLTHD
7y, EEESEICEMT 00 E WD BN EU B ER
TERELRTh - EokERERE, #HEoHEI
BiTa TEFEAEROFEA] (primary mode of action
rule) I3 - 7=. % Z T Regulation (EC) No 1394/2007 C
X, HEZEEERE L TCONENFEFRTERTDH-
e LTH, ABTEagoBaicild, £/ -d
BraUIrBEIEVNILEEEREL, EERO—ETDH
5ATMP LT 52 & El->TH 5.

2.2 ATMP [CXIT SR

221 EXEH : URINR-APTO-F

EU TiX ATMP ORRFEAZIZBET 2HAF OFRA & LT,
) 22 _R—2F7Fu—F (risk-based approach) »£k5
NTW3 (XFER6 @ Annex I Part IVSR). JYzxox
—27Fu—FLi, BENRLEIEUBOEEICE
H, POZORHE - Retk  BHECBEET S 70
HHER—ZIZL, ZOFEOESVERFEICIHEY
B XVREI DS - NEEEHDEVWDIFETD
3. YRIR—2F7Fo—FiF, HRKREZEDRFFEM
£% (CH) T2 E£ZABINEREV X7 TRV
AVRN e HAFVZ (QY) THERAINTSY, BT
RERSHG - BRORAE U THEN—RETRbDL
o> TWWa, ATMP OV X 2%, MEOAEYFREES
BE HETR ~uy—-0fWFiesE s37H
ZEOBER, FHERS RUERIZH TS ATMP D&
e EAAEICRESEEEINS. MleFIA LR
FBIZOWTiE, Zo&EEOBEIWRIC, BE BRI
EEVRARBECRNT D) A7 OEAVOBEIEL
EEIzRE-TL A LEEH-T, 29 L-HEORRE
HERVEEEMHZ, SHBCEFEMRLL) X7 X—
RF7FO—=FIE > T —ZNA 7 —ZTHRETILE
2KPHBEEMAIZEZTHAE", FARKIZEMA, ATMP
DRIETE BLETEATORESCEREGOREZS
i7) BUZATMP O X7 &2+ ICHIR - S\ TE 5
BEN#BZ TNWAREEEEZTHY, i, FEEKHR

Table1 EUICET 2 MEMpaaiE) & HARTERE) OEH

TR AR

AR T L

LERE®
&, THUIRE

LRICE N M - AR OERFEN, &
EFHXIRBOEALBE L RBORE

tbﬁﬁ@@é,%ﬁxmﬁﬁ

2. UTOVTNACES T 2  EdE St (3T ) LMl - AR THERsND)

CERMTT | BREBRICED & O ICERFHNE, £RFOREIIEE EOREREILSE
5 EEMMI % i S 7o HA - 48K
T - D | FF—0BATOARORE & F Ul BEOBATHLRETILEZERLT
Hhe FIRT 20 Tiklev Ak - AB8 :

* EEHMTICE ENRVINTOEAFIIZ-OWTIEIH 5 @ Annex [ 2
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[£BED : EU iLh 1T 54l - A& TRAORHEH)

REVERARTSD, BEINZYZIZBRIONWTE
SBETRERZE LTS,
(hBEEZER, ZITWIYR7ER, FHOEECH

T3 [REEIE], [REEtE, TREEE] [FERE],

[REEEHK] REEBRLTWAEERLTNS, &
ATMP DBa%, % R FE HARLOZEE
RBEIEBENT, KhDHIVE A TROIEXEE
ERHY, 77u—F53550, TRXRUBEEDDIZ
EVIBRERIZ DR > TNWAEDKE R FICTRH -
BRULELET, VXIT7EAAVE, 232/ —Vs
v, avio—)y, VEa—-REEEBLTWHSIEMR
HETH5).

222 HRORYE - R2M - BYHEICEIT SR
ATMP GEERZO—EHETHY, RROEERICH
THE2 BREHFEREINS. DD, HHTREIE
DI R ERRILETHY, ZTOHIIRRZD
R - Bol - HHMERRRY DI L LB, HRE
DER - AENEREINS. ATMP O-EIZHNW 5
BB - 3 « 821X EU @ Good Tissue Practice
(GTP)*™ IZ#E> LENH Y, RETEIELTI, EU
@ Good Manufacturing Practice (GMP)? IZ%> HE
MPpD. vl BIEEMA X ATMP @iTOH L\ GMP
KOWTHREFTHSY. iz, ATMP & EFHES
L OBEABBOBETE, EESSEERPY /D
L EBHIT, AFHBHIZIIHBOYENRE, BEEX
RO FEICEBLTHLIMZTALENRDS. Fi-,
B DEEEE « SN VT« Ny r =YV 7 ORRKC

BY L Tt Directive 2001/83/EC® OEMHIZHES A%, ATMP .

T, Fr—oBELlZHEEL>DD, Mgkl
HEBOBRFEIZOWT, BEOMAEFICTSICATEX
HbDER>TVWELERDS.

REROEES  EFEERIZELVELDATMP &
BEOHO—EE LD, Lizdi->T, ATMP OFE%H -
BERIBET A7+ 0—TF vy TRUVVAIIR—V XV
P2 ECRIBICEERLTHD, FHFECE 7+ 0~
77, HREFREOHMIZ >V TOHRE, i) X2
<=V AV MHE ARD BN D, ATMP OTHIRE 7 +
O—7 vy TR 27 vFx—Y 4 MZBEL TiZ EMA
P OEMBEHENEINTNSY, £/, ATMP DX

REFZITIEDR, TOHRGBEERTIERBRE DI,

AR A ofEBa » EIZBIT B84 v LIk
Fiz BT A0, ROBABRRECETHHS I
W, BE BERUVEMEO NV -3 ) T 1 BHE
THEY AT LEEE - ERLRINE RS20, ATMP
DO V—HE YT 1 IZBTAFEMREHIC OV, B
ERFFTH 5.

3. ATMP DERFREIER

EU iz % ATMP OEERFRIE, BRSBTS B
B vs BERRIFAS) IKHYT ARSIIHFERT, KFEEZIC
B AEHEENOERMECHEYTIRBRTH-TD,
TRTHADERICHEYT 2R/ EHIND. BERR
B (A RIZEUBATHBIEZ2HBAICIZEMA I
X AFREENDEE LD, 1272, EMARBHL LT
LEEERAERETTOBBTHY, RBROMIE - EHIC
BT 3FERERTNTUNBEOTES L-TW5. Ti
b, EMA RERARICIE—YEETE W,

EERERERIZE L T, ICH D&E#IZRE - 7= EU @ Good
Clinical Practice (GCP)™” %JEFT5Z &AL ETHS
2%, Regulation (EC) No 1394/2007 471 D ATMP D
RABRICELTIE, Thicihz, BEEESD ATMP
B GCP DI LENRD B EEIND. ZOEMIZON
TR M=V EYF 1 OBREETIEERENNS
7 MR® »HERRS I ENTE S, ‘

BEBRICETIHREN EUNMBESEICETAZ &5,
FA—0RBREZEEICRELCHERIBIC L -TRR
ZENAHD. W, MBEEEORHORELERIG
TEDHED, BREOABRCENOEEZREREN
DEREMEN DD, 2O LRI, REBROBER L ffi{E
FFiFAzEicipbEiaans. i, IXTHEU
MYEEIENWTERRSNERSE L REINLIRETH
LZONERTHBI 0D, FERODERLBLNIZL
72-oTLED. BRIZBET A N—FEFAE— 3 Vi
DWTIE EMA Tld7z <, Heads of Medicines Agency
(HMA) OERRB#EES V- THEREINTEY, &
AT VR BRTEOEH R ZINTNS.

4. 1HEGIE - IRSTRGEEE

4.1 EEKBIE

EMA 3BEBE Y —F /7 /3—F + — (SAWP, Sci-
entific Advice Working Party) %@ U CTEEROE R
FRICET2RFMNBER o b o — VB ZHREEIC
R/EFEL TS, ATMP OREEIFNORNVF v —1
#% (SME, Small and Medium-sized Enterprise) »'%
Wz kb, BIEEMA TiE, SME 28 ATMP iZ5WT
ORFHMEZLEELTI8E, BEOFHH D 90%
22| CHREE U TS, HHKENSME T, HEER
5 ATMP D" AREE EOEJ 2FIRE 2D Z LA
TEHHBEICE, BExsE50888XN5. B, Eh
DA ORERETCOXNEREN ATMP 2 5138B% D 65%
EIE|THRICIG U TWS, Fh, —7 7 VEEROE
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sn7oba—VERIERTDHS.

ATMP iZ B85 23541013, SAWP %@ U Hakbist
o, KVEARLHEL LCHEMERSI A7 7+ — A
(ITF, Innovation Task Force) & MABZKHFIA THET
»%. ITFix EMA HOSHE DR S INV—TT, &
B HA K54 VENRER R FEREIAR - BicBEL
CHEHECOMBAETERT S EEENE LTS
Li=h =T, BTEOHA K54 vTrHN—-LENZDL
r—2Z20% W ATMP DX D EHROBE B OV T,
PR ES HHEHE CORMAR ITF K RIFH TSI L
RTED. ZOHERITEPEHEERZTHENI X
VT L AEESROERAVAR®R, ITF & 0K
R Th DO RBABTOEIRERII IR,

Fiz - bOHE LI, EMA OERERERS
(CAT, Committee for Advanced Therapies) i, BEZ
DR ENATMP CH4T 2 0E» OB E 2 &R T
5 r X iz, SME OFEERRAR - RERROT -7 O
Bt BT A MERE Z BT - T D (B,

4.2 ATMP QHREE

EUROEE>#2 7- ATMP OFBIZB L T, EMA
RECHBOEERZTITT—HE L TEAREFEELT-TH
Y, ZrTRE - ZLEN - BB 2REFERIFHE L
FoNTWa. EMA ATt hMETOBERREOIRTEAR
EHEFTI O, b FAEERERS (CHMP; Commit-
tee for Human Medicinal Products) T# %725, ATMP
EOWTRAERDERS - EFESRL0 HEMIN,OE
SEIZ - BE A ET 52 £ 0D, CHMP O T #HH
RIS L CEMERERS (CAT) 2320084 12 AKX
KREXN, CAT TORHE « Bt - REHOFEE
BEExd iz LT CHMP AEAEEZTH, CHMP
PAER LI-SHEiERE Y & & 12 LT EC A RRDHIEZ
T35, WS EHIERANT WS, ATMP OfRHE « X2

- AR ICEEY B4 - Bl Z EU ATHATS E,

EENTRERREEZR S B2 5, ATMP i EU fn#
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