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FIGURE 1. PTX enhances Ca®* responses by Ang Il through AT1R up-reg-
ulation. A, average time courses of Ca%™ response induced by Ang receptor
stimulation with Ang Il (100 pm) in control and PTX-treated cells. Band C, peak
increases in [Ca*); (ARatio) plotted against various concentrations of Ang Il
(B) and ATP (C) in control, PTX-treated, and IL-13-treated cells. Cells were
treated with PTX {100 ng/ml) or IL-18 (10 ng/ml) for 24 h before agonist
stimulation. D and £, increases in AT1Rdensity induced by PTX (100 ng/ml) for
24 h. The B,,,., (D) and K, () values for Ang !l binding were calculated with
GraphPad Prism software. F, effects of PTX on expression of Ga,,; and PLCB;.
*, p < 0.05 versus PTX-untreated cells. Error bars, S.E.

PTX-induced increase in B,,,, was completely suppressed by
CV11974 (1 uM, AT1R-selective blocker) but not by PD123319
(1 uM, AT2R-selective blocker) (data not shown). The K; value
was not affected by PTX (Fig. 1E), indicating that the PTX-
induced enhancement of ATIR function is not explained by
structural changes in ATIR. It has been reported that the
increased expression of Ga,1; and PLCB; is involved in the
enhancement of Ang II-induced Ca®" responses in the ische-
mic heart (40, 41). However, PTX did not affect the expression
levels of Ga,, Ga,,, and PLCf3; (Fig. 1F). These results suggest
that the enhancement of Ang II-induced Ca*>* release in PTX-
treated cells is due to AT1R up-regulation but not up-regula-
tion of components of the Ga-PLCB pathway.

Because commercially available PTX contaminates with
other endotoxins, including lipopolysaccharide, it is possible
that other endotoxins contribute to enhancement of ATIR
function. Thus, we examined the effects of denatured PTX or
PTX purchased from another manufacturer (Sigma) on AT1R
functions. Pretreatment of PTX with heat significantly reduced
the enhancement of Ang Il-induced Ca®>" release induced by
PTX (supplemental Fig. 1). In contrast, the Ang II-induced
Ca?* release was also enhanced by PTX purchased from Sigma
as well as that induced by PTX from Calbiochem. These results
suggest that PTX proteins per se induce AT1R up-regulation in
cardiac fibroblasts.

IL-18 Production Induced by PTX Treatment—To examine
whether PTX treatment induces production of a factor(s) that
participates in up-regulation of AT1R, we performed microar-
ray analysis of mRNAs from PTX-treated fibroblasts. For each
gene, we calculated the average intensity in expression for both
control and PTX-treated cells and plotted the ratio of these two
induction values. Genes were chosen whose expression was at
least 1.25-fold increased or decreased as compared with control
cells. The probe sets of 405 genes showed significant changes by
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PTX treatment. Genes were then assigned to several groups
according to their function, and we picked out 70 genes in the
gene cluster that is termed “signal transduction” in the AmiGO
data base (supplemental Table 2). PTX treatment selectively
increased AT1R mRNA (Fig. 24) but not other G protein-cou-
pled receptors. Among genes increased by PTX treatment,
IL-1a and IL-18 mRNAs showed a marked increase in expres-
sion (Fig. 2A4). Real-time PCR confirmed the stronginduction of
IL-18 mRNA by PTX treatment (Fig. 2B). Although PTX is
reported to increase IL-12 expression by inhibition of G, signal-
ing in T lymphocytes (42), PTX did not significantly increase
mRNA expression of other cytokines (supplemental Table 1).
Treatment with mastoparan-7 or the expression of WT Ge; or
inhibitory polypeptides of G; signaling (Ga;-ct, a polypeptide
that specifically inhibits receptor-G; protein coupling (39);
RGS4, a GTPase-activating protein that specifically binds the
GTP-bound form of Ge, and Ga, (43); and GRK2-ct, aGBy (By
subunit of heterotrimeric G protein)-sequestering polypeptide
(44)) did not increase IL-18 mRNA expression (Fig. 2B). We
also confirmed that the expression of Ga;-ct did not enhance
Ang Il-induced Ca®* release (data not shown), and the treat-
ment with B-oligomer of PTX enhanced Ang II-induced Ca®*
release (Fig. 2C). Furthermore, ELISA revealed that the treat-
ment with PTX actually increased the expression of IL-18 pro-
tein levels, whereas the expression of IL-1« protein was below
the detection level in PTX-treated cardiac fibroblasts (Fig. 2D).
These results suggest that PTX selectively induces IL-183 pro-
duction, and G, modification is not required for PTX-induced
IL-18 production.

IL-1B Mediates PTX-induced Enhancement of Ang Il-in-
duced Ca** Response—Because it has been reported that IL-183
increases AT1R density in cardiac fibroblasts (17, 45), the cells
were treated with IL-18. Treatment with IL-183 (10 ng/ml)
enhanced AngIl-induced Ca®* release (EC, = 31 + 26 pm) but
not ATP-induced Ca>* release, in rat cardiac fibroblasts (Fig. 1,
Band C). These effects of IL-18 are similar to the effects of PTX
treatment, and the enhancement by IL-1f3 seems to be consis-
tent with the findings that PTX treatment increased the induc-
tion of IL-18 mRNA and protein. Thus, we examined whether
PTX-induced IL-18 production participates in the enhance-
ment of ATIR function. The PTX-induced IL-18 production
was suppressed by the treatment with IL-18 siRNAs (Fig. 2E).
The enhancement of Ang Il-induced Ca®* release by IL-18
treatment was almost completely suppressed by anti-IL-18
neutral antibody (Fig. 2F), indicating that the antibody suffi-
ciently inhibits IL-1B8-mediated responses. The enhancement
of Ang II-induced Ca®™ release by PTX was also suppressed by
anti-IL-1B antibodyand IL-13siRNAs (Fig. 2G), indicating that
PTX-induced IL-18 secretion mediates the enhancement of
Ang II-induced Ca** release.

Involvement of NF-«B in PTX-induced IL-1[3 Expression—As
the promoter regions of IL-18 and AT1R contain a putative
NF-«B binding site (46—48), we next examined the involve-
ment of NF-«B in PTX-induced IL-18 production. As shown in
Fig. 34, PTX-induced increase in IL-18 mRNA expression was
suppressed by the treatment with Ro-106-9920, a selective
inhibitor of IkB phosphorylation, and by the expression of a
dominant negative [«B, IkBam. Because Ro-106-9920 showed
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FIGURE 2. Involvement of IL-1p production in PTX-induced enhancement of Ca>* response by Ang Il
stimulation. A, effects of PTX on the expression of AT1R, IL-1e, and IL-18 mRNAs. After cells were treated with
PTX (100 ng/ml) for 24 h, total RNA was extracted. The expression of mRNAs was determined with microarray
analysis. ID numbers of primer probe sets are shown in parenthesis. B, effects of respective reagents on IL-1j3
mMRNA expression in cardiac fibroblasts. Cells were treated with PTX (100 ng/ml) for 24 h, treated with masto-
paran-7 (10 um) for 12 h, orinfected with LacZ, WT Ga;, Ga-ct, RGS4, and GRK2-ct at 300 MO for 48 h. The -fold
increases were calculated by the values of untreated cells (none) set as 1. , effects of B-oligomer of PTX on Ang
Il-induced Ca** releases. Cells were treated with B-oligomer (1 or 10 nm) for 24 h before Ca2* measurement.
D, time course of PTX-induced expression of IL-18 protein. £, effects of IL-18 siRNAs, DN-Rac, and wortmannin
(WTM) on PTX-induced IL-18 production. Two different siRNAs were used. F and G, effects of IL-18 neutral
antibody (F) or IL-1B siRNAs (G) on Ang ll-induced Ca®* responses in control, PTX-treated, or IL-1 B-treated cells.
Cells were treated with PTX (100 ng/ml) or IL-18 (1 ng/ml) for 24 h before Ang Il (100 pm) stimulation with or
without anti-IL-18 antibody (500 ug/ml). Cells were transfected with IL-18 siRNAs (100 nm) 48 h before PTX
treatment. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001 versus PTX-untreated, B-oligomer-untreated, control
siRNA-treated, PTX-treated, or IL-1B-treated cells. Error bars, S.E.

cytotoxic effects at higher concentration, we could not increase
the concentration to observe complete inhibition of the IL-18
induction. The enhancement of ATIR function by PTX was
suppressed by Ro-106-9920 and IkBam (Fig. 3B), and the PTX-
induced increase in AT1R density was suppressed by IkBam
(Fig. 3, C and D). Because an inhibition of NADPH oxidase
activity suppresses NF-kB activation and IL-1f production
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induced by Ga, 5 activation (36), we
next examined the involvement of
NADPH oxidase. Treatment with
PTX increased NF-«B-dependent
luciferase activity (Fig. 3, E and F).
This NF-kB activation was sup-
pressed by the treatment with DPI
or by the expression of dominant
negative (DN)-Rac and DN-p477#°%,
both of which are essential for
NADPH oxidase activation (24), but
not by p115-RGS, a Ga, 5-inhibitory
polypeptide (26). These results sug-
gest that PTX induces NF-«B acti-
vation through Rac-NADPH oxi-
dase pathway and that NF-«B
mediates PTX-induced IL-18 pro-
duction and AT1R up-regulation.
Rac Mediates PTX-induced IL-183
Production and ATIR Up-regula-
tion—We have previously reported
in rat neonatal cardiomyocytes that
PTX increases basal Rac activity
(26). Because the PTX-induced
NE-«B activation and IL-18 pro-
duction was suppressed by DN-Rac
(Figs. 2 and 3), we next examined
whether PTX increases Rac activity
in cardiac fibroblasts. Rac was acti-
vated from 10 min after PTX treat-
ment and still activated at 24 h after
the treatment (Fig. 4A4). We also
found that PTX did not affect the
activities of other small G proteins,
Ras, Rap1, and RhoA (supplemental
Fig. 2). It has been reported that
phosphatidylinositol (PI) 3-kinase
participates in PTX B-oligomer-in-
duced antiapoptotic action against
HIV-Tat infection in NK cells (49).
We confirmed that PTX B-oligomer
increased Rac activity in cardiac
fibroblasts (supplemental Fig. 3).
Pretreatment with wortmannin
completely suppressed PTX-in-
duced Rac activation (Fig. 4B). The
activated Rac has been reported to
translocate from cytosol to the
plasma membrane through recogni-
tion of membrane phospholipids,
such as PI 3-phosphate (PI-3-P), PI

4-phosphate, PI 5-phosphate, and PI 3,4,5-trisphosphate,
through the carboxyl-terminal polybasic region of Rac (50 -52).
Confocal imaging revealed that PTX actually translocated GFP-
fused WT Rac from cytosol to the plasma membrane, as
observed with constitutively active Rac (Fig. 4C). Pretreatment
with wortmannin inhibited PTX-induced membrane localiza-
tion of Rac. To demonstrate the involvement of PI-3-P, p407°*-
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FIGURE 3. Requirement of NF-kB for PTX-induced enhancement of Ca?*
response by Ang Il stimulation. A, effects of Ro106-9920 and IkBam on
PTX-induced IL-13 mRNA expression. Cells were pretreated for 20 min with
Ro106-9920 (1 um) or infected with IkBam (100 MOI) for 48 h before the
treatment of PTX (100 ng/ml) for 24 h. B, effects of NF-«B inhibitors on Ang
ll-induced Ca?* responses in PTX-treated cells. Cand D, effects of kBam and
DN-Rac on PTX-induced increase in AT1R density. Cells were infected with
adenoviruses expressing lkBam or DN-Rac 24 h before PTX treatment. AT1R
density was determined with receptor binding assay. E, time course of PTX-
induced changes in NF-kB-dependent luciferase activity. F, effects of IkBam,
DN-Rac, DN-p47P"**, DPI, and p115-RGS on PTX-induced NF-«B activation.
Cells were infected with LacZ, IkBam, DN-Rac, DN-p47°"°, or p115-RGS at
100 MOl for 48 h or pretreated with DPI (5 um) for 20 min before the addition
of PTX (100 ng/ml) for 6 h. *, p < 0.05; **, p < 0.01 versus PTX-untreated or
LacZ-expressing cells. Error bars, S.E.

PX, a specific marker for PI-3-P, was expressed (53). Under the
basal condition, p40?"“*-PX was predominantly localized in the
PI-3-P-enriched early endosome and nucleus (Fig. 4D). Treat-
ment with PTX for 10 min promoted the translocation of
p407"°*.PX from early endosome to the plasma membrane.
However, PTX did not affect the localization of p40?"°*-PX
(R105K), a mutant that cannot recognize PI-3-P. The localiza-
tion of the PH domain of GRP1 (54), a marker for PI 3,4,5-
trisphosphate, and that of the PH domain of PLC81, a marker
for PI 4,5-bisphosphate, were not changed by PTX (data not
shown). These results suggest that PTX-induced PI-3-P pro-
duction through PI 3-kinase activation is required for translo-
cation and activation of Rac.
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Involvement of Rac in PTX-induced ROS Production—One of
the targets for Rac is NADPH oxidase. Because the PTX-in-
duced NF-«B activation was suppressed by DPI, DN-Rac, and
DN-p477h°* (Fig. 3F), Rac-mediated activation of NADPH oxi-
dase may participate in PTX-induced NF-kB activation. We
found that PTX gradually increased dichlorofluorescein fluo-
rescence intensity, indicating ROS production in cardiac fibro-
blasts (Fig. 5). The expression of DN-Rac completely sup-
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pressed this ROS production, suggesting that PTX activates Rac
and turns on a signaling cascade downstream of Rac.

Essential Role of Rac in PTX-induced ATIR Up-regulation—
Because PTX-induced ROS production, NF-«B activation, and
increase in AT1R density were inhibited by DN-Rac, Rac may
play a central role in regulation of AT1R density. Inhibitors
of 3-hydroxy-3-methylglutaryl-CoA reductase (statins) are
known to suppress the activity of Rho family G proteins by
inhibition of isoprenylation (55). It has been reported that sim-
vastatin inhibits Rac activity in the H9¢2 cell line and rat neo-
natal cardiomyocytes (56, 57). Simvastatin is also reported to
reduce ATIR density in vascular smooth muscle cells (58).
Therefore, we examined whether simvastatin inhibits IL-18-
induced up-regulation of AT1R by inhibition of Rac. Treatment
with simvastatin completely suppressed the IL-18-induced Rac
activation (supplemental Fig. 4). Consistent with this result, the
IL-1B-induced up-regulation of AT1R was also suppressed by
simvastatin and DN-Rac. The AngII-induced Ca** release was
also enhanced in IL-1B-treated cells, and this enhancement was
completely suppressed by simvastatin. These results suggest
that simvastatin suppresses IL-1B-induced up-regulation of
ATI1R by inhibition of Rac activity. To prove the requirement of
Rac in ATIR up-regulation more directly, we used Racl
siRNAs. Knockdown of Racl almost completely suppressed
IL-1B-induced Rac activation (Fig. 6A4), increase in AT1R den-
sity (Fig. 6B), and enhancement of AT1R-stimulated Ca*"
responses (supplemental Fig. 4). Thus, Racl may predomi-
nantly regulate ATIR up-regulation by agonist stimulation.
Because IL-1B induces Rac activation and PTX-induced IL-18
production was completely suppressed by knockdown of Racl
(Fig. 6C), we hypothesize that PTX-induced IL-18 production
plays a role in amplification of Rac activation. Treatment with
IL-1B siRNA suppressed the PTX-induced Rac activation at a
late phase of activation (from 6 h after the treatment) but did
not suppress Rac activation at an early phase of activation (Fig.
6, D and E). Furthermore, IL-13 siRNA also suppressed PTX-
induced nuclear localization of NF-«B in a late phase but not an
early phase (Fig. 6, F and G). These results suggest that PTX-
induced IL-1f production participates in the sustained activa-
tion of Rac and NF-kB, which is essential for ATIR
up-regulation.

PTX Stimulates TLR4, Leading to Rac Activation—We next
examined which receptor(s) functions as a target of PTX in
cardiac fibroblasts. Because TLR4 is reported to work as a puta-
tive candidate receptor of B-oligomer (10), we examined
whether stimulation of TLR4 is required for PTX-induced
ATIR up-regulation in cardiac fibroblasts. Treatment with
TLR4 siRNAs (si-88, si-1002, and si-1621) significantly
decreased TLR4 mRNA levels but did not decrease ATIR
mRNA levels (Fig. 7A). The PTX-induced enhancement of Ang
II-induced Ca** release and increase in Rac activity were com-
pletely abolished by TLR4 siRNA treatment (Fig. 7, Band C). In
contrast, PTX-induced ADP-ribosylation of Ga; proteins was
not suppressed but preferably enhanced by TLR4 knockdown
(Fig. 7D). These results suggest that TLR4 mediates PTX-in-
duced Rac activation and AT1R up-regulation, but TLR4 does
not mediate PTX-induced ADP-ribosylation of Ga, proteins.
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FIGURE 6. Amplification of Rac-mediated signaling by PTX-induced IL-18
production. A, cells were transfected with siRNAs for Rac1 (si-Rac1) or their
randomized controls (si-Cont) for 72 h before 5-min stimulation with IL-18(10
ng/ml). B, effects of si-Rac1 on the maximal increases in AT1R density by IL-18
stimulation. Cells were treated with IL-18 for 24 h before membrane prepa-
ration. C, effects of si-Rac1 on PTX-induced production of IL-18 proteins. Cells
were treated with PTX (100 ng/ml) for 90 min. D and E, effects of IL-13 siRNA
on PTX-induced Rac activation. Cells were transfected with IL-1 (412) siRNA
(100 nwm) for 48 h before treatment with PTX (100 ng/ml). F and G, effects of
IL-15 (412) siRNA on PTX-induced nuclear localization of the NF-«B p65 sub-
unit. More than 100 cells were scanned and quantified the subcellular local-
ization of p65 using Photoshop (13, 27). ¥, p < 0.05; ***, p < 0.001 versus
IL-1B-treated or control siRNA-treated cells. Error bars, S.E.

DISCUSSION

In this study, we demonstrated a novel action of PTX that
enhances AT1R-stimulated Ca®>" response through AT1R
up-regulation independently of ADP-ribosylation in rat car-
diac fibroblasts. Using PTX as a powerful tool for analyzing
the mechanism of ATIR up-regulation, we demonstrated
that stimulation of TLR4 by PTX B-oligomer enhances
ATIR function. Previous reports have suggested that Syk
(spleen tyrosine kinase) and PI 3-kinase participate in TLR4-
mediated responses (49, 59). We found that PTX-induced
Rac activation was completely suppressed by inhibition of
Syk (supplemental Fig. 3) and PI 3-kinase (Fig. 5), suggesting
that Syk and PI 3-kinase mediate PTX-induced Rac acti-
vation. We also found that Rac-mediated NF-«B activation
through ROS production plays a central role in the regula-
tion of ATIR density. The PTX-induced NF-«B activation
was suppressed by DPI and the dominant negative mutants
of Rac and p477"** (Fig. 3). Because DPI is an inhibitor of
NADPH oxidase and Rac and p477%°* are essential compo-
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nents of NADPH oxidase activation, the origin of PTX-in-
duced ROS production may be NADPH oxidase. In addition,
PTX induced degradation of IkBa proteins in a time-depen-
dent manner, which was abolished by Rac inhibition (sup-
plemental Fig. 3). Although molecular mechanism underly-
ing ROS-mediated NF-«B activation is still unknown, this
result implies that ROS-mediated inhibition of mitogen-ac-
tivated protein kinase phosphatases may be involved (60).
Because the promoter regions of IL-13 and AT1R contain a
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FIGURE 7. Roles of TLR4 in PTX-induced Rac activation and ADP-ribosyla-
tion of G;/G,. A, effects of TLR4 siRNAs on the expression of TLR4 and AT1R
mRNAs. B, effects of TLR4 siRNAs on PTX-induced enhancement of Ang II-
induced Ca®* responses. Cells were treated with PTX for 24 h after siRNA
treatment for 48 h. C, effects of TLR4 siRNA (si-1002) on PTX-induced Rac
activation. D, effects of TLR4 siRNA on PTX-induced ADP-ribosylation of G,
proteins. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Error bars, S.E.
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lates G/G,, proteins.
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putative NF-«B binding site, AT1R up-regulation may be
induced by direct interaction of ATIR promoter with
NF-kB. However, PTX-induced enhancement of Ca’”"
response by ATIR stimulation was almost completely sup-
pressed by anti-IL-18 antibody and IL-13 siRNAs (Fig. 2).
Thus, IL-1B released from fibroblasts by PTX treatment may
be the main mechanism of PTX-induced AT1R up-regula-
tion. Furthermore, Racl inhibition suppressed PTX-induced
IL-1B production, and IL-1 inhibition suppressed PTX-in-
duced Rac activation at a late but not an early phase (Fig. 6).
Thus, Rac-mediated IL-18 production may amplify Rac-de-
pendent signaling through IL-1B8-mediated Rac activation.
These results suggest that PTX induces AT1R up-regulation
through a TLR4 — PI 3-kinase — Rac — NADPH oxidase —
ROS — NF-«B — IL-1B-dependent signal pathway (Fig. 8).

We revealed that stimulation of TLR4 mediates PTX-in-
duced AT1R up-regulation. It is thought that MyD88 and Trif-
related adaptor molecule mediate TLR4-mediated NF-«B acti-
vation (32). However, it has recently been reported that
oxidized LDL induces NADPH oxidase-dependent ROS pro-
duction through TLR4 stimulation in macrophages (59). These
authors have also demonstrated that Syk but not MyD88 is
responsible for TLR4-mediated ROS production. In addition,
another study has shown that stimulation of TLR4 by PTX
B-oligomer induces activation of MyD88-independent signal-
ing pathways (10). Thus, PTX induces stimulation of TLR4 that
preferentially activates the Syk-dependent Rac signaling
pathway.

PTX is frequently used as a specific tool to examine the
involvement of G; in cellular signaling. Abolishment of TLR4 by
siRNA did not affect PTX-mediated ADP-ribosylation of G;
and G, (Fig. 7D). Thus, PTX binds to two receptors; one is
TLR4 that activates Rac and another is the binding site that
liberates the A-protomer into cells. So far, the G;/G_-indepen-
dent signaling pathway is not usually considered when PTX is
used in vitro and in vivo. Because
PTX activates Rac in addition to
ADP-ribosylation of G; and G,, it is
no longer thought that PTX is a
specific inhibitor of receptor-G;
signaling.

Another important finding of this
study is that Rac is a physiological
mediator of ATIR up-regulation
induced by IL-1f stimulation. The
inhibition of Rac suppressed the in-
crease in ATIR density and the
enhancement of Ang II-induced
Ca”" response by IL-18 stimulation
(Fig. 6 and supplemental Fig. 4).
Because other agonists that up-reg-
ulate ATI1R, such as Ang II and
TNF-a, also increase Rac activity,
Rac-mediated ATIR up-regulation
may be a common mechanism
among various stimuli. Statins are
inhibitors of 3-hydroxy-3-methyl-
glutaryl-CoA reductase and appear

AT1R
upregulation
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to have pleiotropic effects on the cardiovascular system that are
independent of their ability to decrease serum cholesterol (14,
55). These include inhibition of cardiac hypertrophy and left
ventricular dysfunction, anti-inflammatory effects, and antioxi-
dative effects (55, 61). Recent studies have demonstrated that
statins inhibit ROS production and myocardial apoptosis by
inhibition of Rac (57). Up-regulation of AT1R is thought to be
one of the features involved in cardiac remodeling. Thus, the
present results suggest a novel mechanism in which statins
inhibit cardiac fibrosis by inhibition of AT1R up-regulation
in cardiac fibroblasts. Statins also inhibit Rho activity by
inhibition of isoprenylation. However, we could not detect
the activation of Rho, Ras, and Rapl by PTX treatment
(supplemental Fig. 2). Thus, inhibition of Rac is essential for
the inhibition of AT1R up-regulation by statin.

In conclusion, we demonstrated a novel action of PTX that
induces AT1R up-regulation independently of ADP-ribosyla-
tion of G;/G,. This mechanism includes TLR4-mediated Rac
activation, ROS production, and NF-«B activation. Activation
of NF-«B induces IL-18 production, resulting in amplification
of Rac signaling, which leads to increase in AT1R density. The
involvement of the TLR4-Rac signaling pathway in the regula-
tion of ATIR density will provide a possible novel target for
inhibiting cardiac remodeling. In addition, we have provided
pharmacologically important information indicating that PTX
per se influences G protein-coupled receptor signaling inde-
pendently of Ge;, inhibition. Activation of the TLR4-Rac signal-
ing pathway by PTX suggests that we should consider pharma-
cological actions of PTX in addition to a specific inhibitor of
G;/G,-mediated signal transduction.

Acknowledgment—We thank Miyuki Toyotaka for analyzing the
localization of the NF-kB p65 subunit.
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Hyphenated Technique for Releasing and MALDI
MS Analysis of O-Glycans in Mucin-Type

Glycoprotein Samples

Keita Yamada,! Satomi Hyodo,! Mitsuhiro Kinoshita,! Takao Hayakawa,* and Kazuaki Kakehi*t

School of Pharmacy and Pharmaceutical Research and Technology, Kinki University

We developed an automatic apparatus for the release
of O-glycans from mucin-type glycoproteins and pro-
teoglycans (Matsuno, Y.-k.; Yamada, K.; Tanabe, A.;
Kinoshita, M.; Maruyama, S.-z.; Osaka, Y.-s.; Masuko,
T.; Kakehi, K. Anal. Biochem. 2007, 363, 245—257.
Yamada, K.; Hyodo, S.; Matsuno, Y. K.; Kinoshita, M.;,
Maruyama, S. Z.; Osaka, Y. S.; Casal, E.; Lee, Y. C.;
Kakehi, K. Anal. Biochem. 2007, 371, 52-61). The
method allows rapid release of O-glycans as the reduc-
ing form within 10 min. In the present study, we
connected the device to a MALDI-TOF MS spotter and
achieved routine analysis of O-glycans in biological
samples for clinical use after in situ derivatization of
the released O-glycans with phenylhydrazine. We ap-
plied the method to the analysis of O-glycans expressed
on MKN45 cells derived from human stomach cancer
cells and found that MKN45 cells expressed charac-
teristic trisialo-polylactosamine-type glycans as reported
previously (Yamada, K.; Kinoshita, M.; Hayakawa, T.;
Nakaya, S.; Kakehi, K. J. Proteome Res. 2009, 8,
521-537). We also applied the method to the analysis
of O-glycans in serum samples. The present technique
is the first attempt to use MS measurement for routine
clinical diagnostic works.

The O-inked glycans (O-glycans) in glycoproteins are co-
valently linked to Ser/Thr residues of the core protein through
N-acetylgalactosamine (GalNAc) at their reducing ends. These
glycans are often called as mucin-type glycans due to their
predominant presence in tracheas and mucin secretory glands
such as salivary glands. Currently, there are eight known core
structures for O-glycans, and a number of research works
reported the aberrant glycan patterns in relation to the develop-
ment and metastasis of malignancy.?~* Recently, Lebrilla and co-
workers studied O-glycosylations in epithelial ovarian cancer cells
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and serum samples of breast cancer patients and proposed the
use of O-glycans as clinical markers.>¢

Because various types of O-glycans are linked to the repeating
Ser/Thr residues of Ser/Thr/Pro rich tandem repeating units of
the core protein, direct analysis of the glycopeptides is difficult
even if using the most newly developed analytical techniques such
as mass spectrometry. Therefore, we have to release carbohydrate
chains from the core proteins prior to the analysis. Various
approaches to release glycans from the polypeptide backbone
through the enzymatic or chemical procedures have been devel-
oped but have been a big challenge in the case of the analysis of
O-glycans using a minute amount of glycoproteins.!

N-Glycanases (N-glycoamidases), the enzymes providing facile
cleavage of asparagine-linked glycans (N-glycans), are revolutionary
in the analysis of N-glycans.” In contrast, there is no enzyme which
is capable of releasing a wide range of O-glycans from the core
protein.® Therefore, we usually release O-glycans from the core
proteins by chemical methods, typically by S-elimination with alkali
in the presence of sodium borohydride or mild hydrazinolysis.>*°

N-Acetylgalactosamine (GalNAc) residues at the reducing end
of mucin-type O-glycans are attached to Ser/Thr residues of
mucin-type glycoproteins. To release the O-glycans, we usually
use the alkali solution under mild conditions. However, if the
GalNAc residues at the reducing end of the released glycans are
substituted at the C-3 position, further degradation (i.e., peeling)
tends to proceed. This is the most critical problem in the analysis
of mucintype O-glycans. Alkali-catalyzed p-elimination in the
presence of sodium borohydride under mild conditions to prevent
the “peeling” reaction is still the most common method for routine
analysis of O-glycans,'~*3 and the method affords O-glycans as
the reduced form (ie., alditols). Consequently, the hemiacetal
group at the reducing terminal is no longer available for chemical
modification with fluorescent or UV-absorbing tags for their
sensitive and high-resolution analysis. Royle and co-workers
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