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Background: It is not known whether a B-blocker, metoprolol, induces physiological responses through B-arrestins in vivo.
Results: Long-term administration of metoprolol induced cardiac fibrosis in wild type but not B-arrestin2- or GRK5 knock-out

mice.

Conclusion: Metoprolol induced cardiac fibrosis in a G protein-independent and GRK5/B-arrestin2-dependent manner.
Significance: Our study provides a physiological significance of B-arrestin-mediated biased signaling pathway by a 8-blocker in

vivo.

G-protein coupled receptors (GPCRs) have long been known
as receptors that activate G protein-dependent cellular signal-
ing pathways. In addition to the G protein-dependent pathways,
recent reports have revealed that several ligands called “biased
ligands” elicit G protein-independent and PB-arrestin-depen-
dent signaling through GPCRs (biased agonism). Several
B-blockers are known as biased ligands. All B-blockers inhibit
the binding of agonists to the 3-adrenergic receptors. In addi-
tion to B-blocking action, some B-blockers are reported to
induce cellular responses through G protein-independent and
B-arrestin-dependent signaling pathways. However, the physi-
ological significance induced by the f-arrestin-dependent path-
way remains much to be clarified in vivo. Here, we demonstrate
that metoprolol, a ,-adrenergic receptor-selective blocker,
could induce cardiac fibrosis through a G protein-independent
and B-arrestin2-dependent pathway. Metoprolol, a -blocker,
increased the expression of fibrotic genes responsible for car-
diac fibrosis in cardiomyocytes. Furthermore, metoprolol
induced the interaction between B;-adrenergic receptor and
B-arrestin2, but not B-arrestinl. The interaction between
Bi-adrenergic receptor and f-arrestin2 by metoprolol was
impaired in the G protein-coupled receptor kinase 5 (GRK5)-
knockdown cells. Metoprolol-induced cardiac fibrosis led to
cardiac dysfunction. However, the metoprolol-induced fibrosis
and cardiac dysfunction were not evoked in f3-arrestin2- or
GRK5-knock-out mice. Thus, metoprolol is a biased ligand that
selectively activates a G protein-independent and GRK5/8-ar-
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restin2-dependent pathway, and induces cardiac fibrosis. This
study demonstrates the physiological importance of biased ago-
nism, and suggests that G protein-independent and B-arrestin-
dependent signaling is a reason for the diversity of the effective-
ness of B-blockers.

G protein-coupled receptors (GPCRs)* mediate physiologi-
cal responses to a variety of ligands, such as hormones, neu-
rotransmitters, and environmental stimuli, and are tightly reg-
ulated by several mechanisms (1). Among the mechanisms,
GPCR kinase (GRK) and B-arrestin-mediated events are known
as general mechanisms of GPCR functional regulation (2—6).
When an agonist binds to GPCR, it activates a cellular signal
transduction cascade through G proteins, but also induces
GRK/B-arrestin-mediated events to prevent excess stimula-
tion. GRKs phosphorylate the agonist-bound GPCRs, and $-ar-
restins bind to the phosphorylated receptors, and then inhibit
further stimulation of G proteins by the agonist-bound recep-
tors through steric hinderance. As B-arrestins can also bind
clathrin and adaptor proteins, the phosphorylated and B-arres-
tin-bound receptors are internalized into endocytic vesicles (7).
The internalized receptors then are recycled back to the plasma
membrane or directed to the degradation pathway by unde-
fined processes (8, 9). In addition to the receptor regulation, it
has been recently recognized that GRKs and f-arrestins medi-
ate cellular signaling by GPCRs independently of G protein
activation (2—4, 10, 11). However, these GRK- and B-arrestin-
dependent signaling pathways are largely demonstrated by in
vitro cellular systems. To establish the physiological impor-

?The abbreviations used are: GPCR, G protein-coupled receptor; GRK, G
protein-coupled receptor kinase; BRET, bioluminescence resonance
energy transfer; FRET, fluorescence resonance energy transfer; CTGF, con-
nective tissue growth factor; Col1a, collagen 1¢; Rluc, Renilla luciferase; KO,
knockout.
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tance of the signaling pathways, it is essential to demonstrate
GRK- and B-arrestin-dependent responses i# vivo.

B-Adrenergic receptors are members of the G protein-cou-
pled receptor family and are pharmacologically and genetically
subdivided into three subtypes: B8;, B,, and 8; (12). The B;-ad-
renergic receptor is involved in the regulation of cardiac func-
tions as well as in the induction and development of various
cardiovascular diseases including heart failure (13, 14). During
heart failure, a large amount of catecholamine is believed to be
released from synaptic ends (15, 16), and exerts harmful effects
on the heart. Therefore, administration of B-adrenergic recep-
tor antagonists, B-blockers, is effective for patients in the early
stages of heart failure (17). So far, various kinds of 3-blockers
have been developed, but many basic and clinical studies indi-
cate that the effect of each B-blocker is divergent (18). Several
reasons, including receptor selectivity, antioxidant property,
and membrane-stabilizing effects have been proposed for the
diversity, but there still remains much to be known. Under-
standing the reasons more properly would help to develop a
more efficient B-blocker with fewer side effects.

In addition to the blocking effects, some B-blockers have
been shown to evoke signal transduction through the B-adre-
nergic receptors in G protein-independent and B-arrestin-de-
pendent manner (19-21). Like B-blockers, some agonists for
seven-transmembrane receptors have been reported not only
to transmit the classic G protein signaling, but also to generate
the signaling in a G protein-independent fashion (22-25).
These agonists and phenomena are called “biased ligands” and
“biased agonism,” respectively (11). To date, the signal trans-
duction pathways by biased ligands have been intensively
unveiled by in vitro studies. However, the physiological
meaning of the biased ligand-mediated signaling is hardly
clarified in vivo.

We found that long-term administration of metoprolol, an
inverse agonist for the 3;-adrenergic receptor, to mice induced
cardiac fibrosis, which is thought to be deleterious for the heart
by stiffening it and inhibiting the electrical conductivity
between cardiomyocytes. We revealed that this fibrotic path-
way was mediated through the ;-adrenergic receptor in a G
protein-independent manner. We also discovered that B-arres-
tin2 and GRK5 are involved in this G protein-independent
fibrotic pathway not only in vitro but also in vivo.

EXPERIMENTAL PROCEDURES

Animals and Administration of B-Blockers—We purchased
ddY, C57BL/6] mice, and Sprague-Dawley rats from KYUDO
(Japan). GRK5-, GRK6-, and p-arrestin2-KO mice were
obtained by Drs. R. J. Lefkowitz and R. T. Premont (Duke Uni-
versity). Administration of B-blockers was started at 6 weeks of
age of male mice. B-Blockers (metoprolol, 30 mg/kg/day; carve-
dilol, 30 mg/kg/day; propranolol, 10 mg/kg/day) or saline were
orally administered twice a day for 3 months. All experiments
using mice and rats were approved by the guidelines of Kyushu
University.

Isolation of Cardiac Cells and Transfection—Rat neonatal
cardiomyocytes and cardiac fibroblasts were isolated as
described previously (26, 27). In brief, 1-day-old Sprague-Daw-
ley rats are deeply anesthetized and their hearts were expedi-
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tiously extirpated on ice. The atria of the extirpated hearts are
quickly removed by using sterilized forceps and scissors. The
remaining hearts were cut into small pieces and digested by
collagenase. The digested cells were plated on 10-cm plates for
1 hat37 °C and nonattached cells or attached cells were used as
cardiomyocytes or cardiac fibroblasts, respectively. The car-
diomyocytes are plated on gelatin-coated 6-well plates (3 X 10*
cells/well). When siRNAs were transfected into cardiomyo-
cytes, Lipofectamine 2000 was used. Plasmid DNAs were trans-
fected into the rat neonatal cardiomyocytes or H9c2 cells by
electroporation and into HEK293 cells by FuGENE6 (Roche
Applied Science).

BRET Assay—To evaluate the interaction between (3,-adre-
nergic receptor and B-arrestin2, or the conformational changes
in B-arrestin2, BRET experiments were performed as described
previously (28, 29). The plasmids of 8,-adrenergic receptor-
Rluc, GFP2-B-arrestinl, and B-arrestin2-GFP? were trans-
fected into HEK293 cells, H9¢2 cells, or rat neonatal car-
diomyocytes. Rluc-B-arrestin2-GFP? was expressed in HEK293
or H9¢2 cells. These cells stably expressed the B;-adrenergic
receptor. Forty-eight hours after the transfection, the cells were
collected and washed by DMEM/F12 (Invitrogen). The cells
were suspended in the assay buffer (0.1 g/liter of CaCl,, 0.1
g/liter of MgCl,-6H,0, 1 g/liter of p-glucose, and 2 pg/ml of
aprotinin in PBS) to adjust 5 X 10 cells/ml. Then, 25 ul of the
cell suspension was distributed in a 96-well white microplate
and 25 pl of the drug solution was added. After a 5-min incu-
bation, DeepBlueC™ was added at a final concentration of 5
uM and the 400 nm (Rluc) and 515 nm (GFP?) emissions were
immediately measured using a Multilabel Reader Mithras LB
940 (Berthold Technologies).

FRET Assay—The FRET probe to monitor the changes of the
concentration of cAMP was constructed as reported previously
(30). HEK293 cells stably overexpressing the B;-adrenergic
receptor were plated on poly-L-lysine-coated 35-mm glass-bot-
tom base dishes and transfected with the FRET probe. Two days
after transfection, the culture medium was replaced by phenol
red-free medium (DMEM/F-12) containing 0.1% fetal bovine
serum, and more than 3 h later, the cells were imaged by the
microscopy (Olympus IX-81) in-a heated chamber kept at
37 °C. In some experiments of B-blocker stimulation, drugs
other than B-blockers were added before the stimulation.
ICI118551 (50 uM) or pertussis toxin (100 ng/ml) were added
10 min or 16 h before the stimulation of B-blockers, respec-
tively. 3-Isobutyl-1-methylxanthine (1 mm) was added simulta-
neously with each B-blocker. The images for CFP, YFP, and
DIC were taken every 1 min. Image analysis was performed by
MetaMorph software (Universal imaging).

Histological Analysis—Hearts from mice were extirpated
and fixed by paraformaldehyde. The fixed hearts were em-
bedded and sectioned (3 um thickness). The heart sections
were stained with hematoxylin and eosin (H&E), Masson’s
trichrome, or picrosirius red. The digital images for the stained
sections were taken by a Biozero microscope (BZ-8000, Key-
ence). The degree of fibrosis in the images was estimated by
BZ-analyzer (BZ-9000, Keyence).

Real Time RT-PCR—Total RNA was extracted from mouse
hearts using RNeasy fibrous tissue kit (Qiagen) according to the
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manufacturer’s instructions. Real time RT-PCR was performed
as described previously by TagMan RT-PCR (26). The results
were normalized to 18 S RNA or Gapdh. Sequences for PCR
primers and TagMan probes were described in a previous
report (26).

Echocardiographic and Hemodynamic Measuremeni—Left
ventricular functions were assessed by transthoracic echocar-
diography. Recordings were performed using Nemio GX
image analyzing system (SSA-580A, Toshiba Medical Sys-
tems). Under anesthesia, a micromanometer and conduct-
ance 1.4F catheter (SPR-671, Millar Instruments) was
inserted into left ventricle. After stabilization, the signals
were recorded. The signals were analyzed by Digi-Med Heart
Performance Analyzer (Micro-Med) and Digi-Med System
Integrator (Micro-Med).

Statistical Analysis—The results are presented as mean *
S.E. from at least three independent experiments. Statistical
comparisons were performed with Student’s ¢ test (for two
groups) or analysis of variance followed by Student-Newman-
Keuls procedure (for multiple groups).

RESULTS

Administration of Metoprolol to Wild Type Normal Mice
Induces Cardiac Fibrosis—During the analysis of the effects of
B-blockers on heart failure, we found that long-term treatment
with metoprolol, but not with propranolol and carvedilol, to
wild type normal ddY mice induced perivascular fibrosis in
their hearts (Fig. 1, A and B). The metoprolol-induced cardiac
fibrosis was confirmed by quantitative mRNA analysis, which
demonstrates that the expression of fibrotic genes, such as
Colla (encoding Collagen 1o (Colla)) and Ctgf (encoding con-

- nective tissue growth factor (CTGF)) (31, 32), was increased in
metoprolol-treated mice (Fig. 1C). Although increased fibrosis
with metoprolol was observed with ddY mice, knock-out mice
are not available for ddY mice. We then examined the effects of
metoprolol on cardiac fibrosis in C57BL/6] mice (Fig. 1D) and
found that metoprolol-induced cardiac fibrosis is independent
of strain. We next examined whether metoprolol-induced
fibrosis affects cardiac morphology and functions. Echocar-
diography and catheter measurements of metoprolol-treated
mice revealed that ventricular wall thickness is decreased (sup-
plemental Fig. S1). Among the parameters of the cardiac func-
tions, one of the best indicators for defects of cardiac functions
by fibrosis is dP/dt,,;, (26, 33). The value of dP/dt,,;, was sig-
nificantly decreased by metoprolol treatment (Fig. 1E), suggest-
ing that metoprolol-induced cardiac fibrosis is associated with
a decrease in dP/dt_,;,. However, metoprolol did not induce
hypertrophy.

Metoprolol-induced Fibrotic Response Was Independent of
G-protein Signaling—To investigate the molecular mechanism
of cardiac fibrosis with metoprolol, we first examined whether
metoprolol couples with G, or G;. HEK293 cells stably express-
ing the (;-adrenergic receptor were established, and cAMP
accumulation by various B-blockers was then monitored in the
presence of ICI118551, a J,-adrenergic receptor-selective
blocker. ICI118551 was included to exclude the involvemnent of
the B3,-adrenergic receptor. In this study, cAMP accumulation
was measured by a fluorescence resonance energy transfer
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probe, as described elsewhere (30). Fig. 24 shows that several
B-blockers increased cAMP accumulation, but metoprolol did
not. This result indicates that metoprolol does not activate G,.

We also examined whether metoprolol activates G;. Inclu-
sion of a phosphodiesterase inhibitor, 3-isobutyl-1-methylxan-
thine, increased cAMP accumulation. Metoprolol inhibited
cAMP accumulation (Fig. 2B), consistent with the report that
metoprolol is an inverse agonist (34). The decreased cAMP
accumulation by metoprolol was not affected by pertussis toxin
treatment, indicating that metoprolol did not activate G; (Fig.
2B). CGP-20712A is another inverse agonist and inhibited
cAMP response similarly to metoprolol (35). These results
demonstrate that metoprolol does not require G, and G; to
induce a fibrotic response.

Metoprolol Induced the Expression of Fibrotic Genes in
Cardiomyocytes—We examined whether metoprolol up-regu-
lates the expression of fibrotic genes in cardiomyocytes and
cardiac fibroblasts. Real time PCR experiments revealed that
treatment of rat neonatal cardiomyocytes with metoprolol
increased the expression of fibrotic genes, Tgf3 (encoding TGE-
B), Ctgf, and Colla (Fig. 3A). On the other hand, carvedilol
stimulation did not induce expression of TgfB in rat neonatal
cardiomyocytes (supplemental Fig. S2). In contrast to the
results in cardiomyocytes, metoprolol did not increase the
expression of fibrotic genes in cardiac fibroblasts, which mainly
contribute to cardiac fibrosis (Fig. 3B). These results suggest
that the induction of fibrotic genes by metoprolol is evoked
through the B-adrenergic receptor in cardiomyocytes.

Metoprolol-induced Response through B ,-Adrenergic Recep-
tor Depends on B-Arrestin2—Recent reports demonstrated that
B-blockers activate B-adrenergic receptor-mediated and G
protein-independent signaling (19-21). In several studies, G
protein-independent signaling requires B-arrestins. Thus, we
examined whether the induction of cardiac fibrosis by meto-
prolol treatment required B-arrestins. At first, we examined
whether B-arrestinl/2 interacts with the B,-adrenergic recep-
tor using by BRET assay. The BRET assay is a powerful tech-
nique to detect the weak interaction between an activated
receptor and its downstream molecules (24). The B,-adrener-
gic receptor tagged with Renilla luciferase (Rluc) and B-arres-
tinl fused with GFP” or B-arrestin2 fused with GFP* (supple-
mental Fig. S3A4) were transiently co-expressed in HEK293
cells. The metoprolol-stimulated BRET signal was then meas-
ured. Stimulation of the cells with isoproterenol, a full agonist
for B-adrenergic receptors, strongly increased the BRET ratio
in both cells expressing 3,-adrenergic receptor-Rluc and GFP*-
B-arrestinl or expressing (3,-adrenergic receptor-Rluc and
B-arrestin2-GFP?. When metoprolol were added to the cells,
the BRET ratio was increased only in cells expressing 8,-adre-
nergic receptor-Rluc and S-arrestin2, although the interaction
is fairly weak compared with that of isoproterenol (Fig. 4A4).
This result indicates that the 8;-adrenergic receptor interacts
weakly with B-arrestin2 but not B-arrestinl by the binding of
metoprolol to the receptor. As HEK293 cells are different from
cardiomyocytes in some aspects, we further performed similar
experiments with cardiomyocytes and a rat heart myoblast cell
line, H9¢2. Isoproterenol increased the BRET ratios in H9¢c2
cells (Fig. 4B) and cardiomyocytes (Fig. 4C). Metoprolol also
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FIGURE 1. Metoprolol-induced cardiac fibrosis. A, picrosirius red staining of perivascular region of left ventricles of ddY mice after treatment of saline (Contro/
(Con)) or B-blockers (Metoprolol (Met), Propranolol (Pro), Carvedilol (Car)). Paraffin sections of hearts (3 jum thickness) were prepared from mice, to which each
B-blocker was administered. The sections were stained with picrosirius red and observed under microscopy. Representative images are shown. Scale bar, 15
pm. B, quantification of collagen volume fraction from A (n = 5). **, p < 0.01. C, up-regulation of MRNA expressions of angiotensin converting enzyme (ACE),
Periostin, Collagen 1a (Col7a), a-skeletal actin, and Ctgf (CTGF) in mouse hearts by B-blockers. The expression levels of the fibrotic genes were evaluated by
real-time RT-PCR. The fold-increases were calculated by the values of saline-treated mice set as 1 (n = 3-5). ** p < 0.01. D, Masson’s trichrome staining of
perivascular and interstitial regions of left ventricles from saline- or metoprolol-treated C57BL/6J mice (n = 5-6). Typical images are shown. Arrows indicate the
fibroticregion. Scale bar: 15 pm on perivascular images, 30 wm on interstitial images. Collagen volume fraction on each image was quantified and the data were
shown below the images. * p < 0.05. £, hemodynamic parameters (dP/dt,,,, or dP/dt,;,) of the saline- or metoprolol-treated C57BL/6J mice. Saline or
metoprolol was administered to mice for 3 months. After the administration, they were subjected to hemodynamic measurements. The parameters dP/dt,, .,
or dP/dt,;, represent the maximal rate of pressure development, maximal rate of decay of pressure, respectively. Error bars show S.E. (n = 15). %, p < 0.05;
** p<001.

increased the BRET ratios in both cells, although the extents of  tin2 through the B;-adrenergic receptor, we next examined the
metoprolol-induced BRET ratios in H9¢2 cells were small as  conformational changes of B-arrestin2 by metoprolol and iso-
compared with those in HEK293 cells. The reason of small proterenol stimulation by a BRET assay using a B-arrestin2-
changes in metoprolol-induced BRET ratios in H9c2 cells is based biosensor, Rluc-B-arrestin2-GFP? (28) (supplemental
unknown. As isoproterenol and metoprolol activate B-arres- Fig. $3B). The biosensor was reported to detect the conforma-
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FIGURE 3. Metoprolol up-regulated expressions of fibrotic genes in rat
neonatal cardiomyocytes but not in cardiac fibroblasts. Metoprolol-in-
duced induction of fibrotic genes in rat neonatal cardiomyocytes (A) or car-
diac fibroblasts (B) were determined (n = 3 for cardiomyocytes, and n = 8 for
cardiac fibroblast). Rat neonatal cardiomyocytes or cardiac fibroblasts were
stimulated with 10 um metoprolol. The expression levels of fibrotic genes
(TGF-B, Ctgf (CTGF), and Col1a (Col1a)) after the stimulation were determined
by real time RT-PCR. ¥, p < 0.05. .

tional changes of B-arrestin2 caused by both G protein-depen-
dent and -independent pathways through GPCRs such as the
angiotensin I receptor (28, 36). As shown in Fig. 4, D and E, the
BRET ratios were increased by isoproterenol stimulation of
HEK293 cells expressing the B,-adrenergic receptor and H9¢2
cells expressing the $3;-adrenergic receptor. In contrast, meto-
prolol stimulation decreased it, indicating that conformation of
B-arrestin2 by metoprolol stimulation was different from that
by isoproterenol stimulation (Fig. 4, D and E).
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Metoprolol-induced Fibrosis in Mice Hearts Depends on
B-Arrestin2—Next, we examined whether p-arrestin2 is
required for metoprolol-induced cardiac fibrosis in vivo. Meto-
prolol was orally administered to B-arrestin2-KO mice twice a
day for 3 months. Cardiac functions and fibrosis were then
examined. Metoprolol treatment induced fibrosis in the
perivascular and interstitial regions of wild type but not -
arrestin2-KO hearts (Fig. 5, 4 and B). Up-regulation of a fibrotic
gene, Ctgf, with metoprolol was inhibited in B-arrestin2-KO
mice (Fig. 5C). Consistent with these results, metoprolol-in-
duced impairment of cardiac function was not observed in
B-arrestin2-KO mice (Fig. 5D). These results demonstrate that
B-arrestin2 is essential for metoprolol-induced cardiac fibrosis.

Metoprolol-induced Fibrosis in Mice Hearts Depends on
GRK5—As GRK5 and GRK6 are often involved in a G protein-
independent and B-arrestin2-dependent pathway (20, 22, 23,
36, 37), we examined their potential involvement in meto-
prolol-induced cardiac fibrosis. At first, we knocked down
GRKS5 or GRK6 in HEK293 cells (supplemental Fig. S4, A and B)
and measured the interaction between the [,-adrenergic
receptor and f-arrestin2 with the BRET assay. Knockdown of
GRK5 but not GRK6 inhibited the metoprolol-stimulated
interaction of the B;-adrenergic receptor with B-arrestin2 (Fig.
6A). Metoprolol was next administered to GRK5- or GRK6-KO
mice. Cardiac dysfunction reflected by a decrease of dP/dt,,;,
was observed in wild type and GRK6-KO mice, but not in
GRK5-KO mice (Fig. 6B). Metoprolol-induced cardiac fibrosis
(Fig. 6, C and D) was not evoked in B-arrestin2-KO and
GRK5-KO mice. These results demonstrate that GRK5 but not
GRKE6 is required for metoprolol-induced cardiac fibrosis.

DISCUSSION

In this study, we demonstrated that metoprolol is a biased
ligand and could induce cardiac fibrosis through a G protein-
independent and GRK5/3-arrestin2-dependent pathway (Fig.
7). Accumulating evidence has implicated that 3-arrestin-me-
diated biased signaling is elicited by stimulation of various sev-
en-transmembrane receptors with their corresponding ago-
nists (11, 22-25). However, there are only a few reports that the
physiological meaning of this biased signaling are clearly dem-
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FIGURE 4. Requirement of B-arrestin2 for metoprolol-induced responses.
A-C, the changes in BRET ratios by metoprolol or isoproterenol stimulation
for 5 min in HEK293 cells (A), H9c2 cells (B), or cardiomyocytes (C). A, HEK293
cells were transfected with 8,-adrenergic receptor-Rluc and GFP?-B-arrestin
(left panel, BArr1-B,AR) or B,-adrenergic receptor-Rluc and B-arrestin2-GFP?
(right panel, BArr2-B8,AR) (n = 4). B and C, H9¢2 cells (B) or rat neonatal car-
diomyocytes (C) were transfected with 3;-adrenergic receptor-Rluc and p-ar-
restin2-GFP? (n = 3). They were harvested 48 h after the transfection, washed
with PBS, and splitinto 96-well plates, Then, they were incubated with isopro-
terenol or metoprolol at the indicated concentrations for 5 min. After the
incubation, Rluc substrate, DeepBlueC™ was added to a final concentration
of 5 um. BRET signal was determined by calculating the ratio of the light
emitted by the GFP? and the light emitted by RLuc. D and E, the cells were
transfected with Rluc-B-arrestin2-GFP? (n = 4 for HEK293 cells and n = 3 for
H9c2 cells). Then, the changes in BRET ratios of Rluc-B-arrestin2-GFP? were
determined after metoprolol (10 um) or isoproterenol stimulation (10 um) for 5
min in HEK293 cells expressing 3,-adrenergic receptor (D) or H9¢2 cells express-
ing B;-adrenergic receptor (E). ¥, p < 0.05; **, p << 0.01;*** p < 0.001.

onstrated in vivo (36, 38). In addition to those agonists, it has
been shown that some B-blockers also trigger the B-arrestin-
mediated biased signaling. Among B-blockers, carvedilol (21,
39) and alprenolol (20) have been reported to activate intracel-
lular signaling in HEK293 cells through the 3,- and 3,-adrener-
gic receptors in a B-arrestin-dependent manner. The B-arres-
tin-mediated signaling by alprenolol and carvedilol trans-
activates the EGF receptor, resulting in ERK activation.
However, how such a pathway by two B-blockers is related with
physiological or pathological responses still remains to be
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determined. In this study, we revealed that the G protein-inde-
pendent and B-arrestin2-dependent pathway evoked by a
B-blocker could influence physiological responses, cardiac
fibrosis, and impairment of diastolic function. The B-arrestin-
mediated biased signaling by metoprolol did not induce EGF
receptor transactivation (supplemental Movies S1 and S2).
Thus, the B-arrestin-mediated biased pathway seemed to be
different from that by carvedilol and alprenolol.

Metoprolol increased the expression of fibrotic genes in car-
diomyocytes but not cardiac fibroblasts in vitro (Fig. 3). This
result is consistent with previous reports that metoprolol is a
B,-adrenergic receptor-selective antagonist (40) and cardiac
fibroblasts express only f3,-adrenergic receptor subtype (41).
Metoprolol also induced the interaction of (3;-adrenergic
receptor with B-arrestin2 in different cell types, such as
HEK293 cells, H9¢2 cells, and cardiomyocytes. From these
results, we propose that metoprolol directly acts on (3,-adre-
nergic receptors expressed on cardiomyocytes in vivo. This
would induce the release of the fibrotic factors from car-
diomyocytes, resulting in the activation of cardiac fibroblasts to
induce fibrosis.

GRKS5 but not GRKS is required for the G protein-indepen-
dent and B-arrestin2-dependent cardiac fibrosis by metoprolol.
Among GRK family proteins, GRK5 and GRK6 were reported
to be involved in seven-transmembrane receptor-mediated
biased signaling that is independent of G protein signaling and
dependent on B-arrestins (22, 23, 36, 37). In these reports, the
roles of GRK5 and GRK6 seem to be the same and functional
differences between two GRKs in the signaling have not been
detected. Accordingly, the specific contribution of GRK5 to
cardiac fibrosis induced by metoprolol is unique in G protein-
independent and B-arrestin-dependent signaling. For agonist-
promoted desensitization, the different sets of Ser or Thr on a
given GPCR undergo cell- and tissue-specific phosphorylation
by different kinases in a barcode-like fashion (42—-44). It was
recently reported that CCL21 is a natural biased agonsit for
CCR?7, a seven-transmembrane chemokine receptor, and the
ligand recruits B-arrestin2 only by GRK6-promoted phosphot-
ylation of the receptor (45). Our results, together with their
report, suggest that different patterns of GPCR phosphoryla-
tion by GRK5 and GRK6 determine the downstream signaling
through p-arrestins. Specific “interaction of (,-adrenergic
receptor with B-arrestin2, but not B-arrestinl by metoprolol
stimulation also supports this hypothesis.

Our BRET assay using Rluc-f-arrestin2-GFP? demonstrated
that conformation of B-arrestin2 by metoprolol stimulation
was different from that by isoproterenol stimulation. Recent
progress with the structural analysis of GPCRs has revealed that
GPCRs can form several conformations by ligand binding. The
neutral antagonist, the agonist, and the inverse agonist for the
B,-adrenergic receptor induced its different conformational
states (46). In addition, two distinct conformations were
observed in different antagonist-bound B,-adrenergic recep-
tors (47). Thus, metoprolol may induce a specific conformation
of the B,-adrenergic receptor to activate the GRK5/B-arres-
tin2-dependent signaling pathway.

Metoprolol is used as one of the 3-blockers for the treatment
of various heart diseases and its effectiveness has been verified
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by several clinical tests (48, 49). In this study, we demonstrated
that long-term administration of metoprolol induced cardiac
fibrosis and impaired diastolic function. Although metoprolol
induced cardiac fibrosis, we think that metoprolol still has a
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beneficial effect on the treatment of heart failure patients. The
hearts of heart failure patients are overstimulated by cate-
cholamine, and metoprolol blocks the action of catecholamine.
The degree of metoprolol-induced fibrosis is fairly small when
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upregulation of fibrotic genes

\
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FIGURE 7. Schematic diagram depicting the model of metoprolol-medi-
ated cardiac fibrosis. Metoprolol induces cardiac fibrosis through B,-adre-
nergic receptor depending on GRK5 and B-arrestin2.

compared with the fibrosis induced by heart failure. Accord-
ingly, a small increase in fibrosis by metoprolol will be over-
come by the beneficial effects of the B-blocking action of meto-
prolol. However, it is interesting to compare the effects of
metoprolol to those of carvedilol and other B-blockers on the

treatment of the patients who have not suffered from fibrosisto -

examine the role of B-blocker-induced fibrosis.

It was recently reported that B-blockers affect calcium sig-
naling through B-arrestin2-biased signaling in central nervous
system neurons (39). It was suggested that this B-arrestin2-
biased signaling explains some of the adverse effects of B-block-
ers on central nervous system functions. So far, B-blockers are
classified by affinity, subtype selectivity, duration of action and
so on (50). In this study, we focused on metoprolol in the acti-
vation of B-arrestin2-mediated biased signaling and the induc-
tion of cardiac fibrosis. This study, and studies from other
groups, will help to establish that B-arrestin2-dependent sig-
naling is another index for classifying B-blockers (20, 21, 39).
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Introduction

Pluripotent stem cells such as embryonic stem cells and induced
pluripotent stem cells have two capabilities: 1) pluripotency: the
ability to differentiate into a variety of cells and 2) self-renewal: the
ability to undergo numerous cycles of cell division while
maintaining their cellular identity. Because of these two charac-
teristics, it has been expected that they would provide new sources
for robust and continuous production of a variety of cells and
tissues for regenerative medicine/cell therapy. Additionally,
hiPSCs offer us a possible solution to the ethical problems and
the immune rejection of hESC-derived cells, thus raising novel
avenues for patient-specific cell therapy. As previously reported
[1,2], many attempts are currently underway to differentiate
hESCs and hiPSCs into various tissues: cardiomyocytes [2,3],
neurons {2,4], and hepatocytes [5,6]. It is noteworthy that clinical
trials have been conducted with retinal pigment epithelial (RPE)
cells derived from hESCs to treat patients with dry age-related
macular degeneration and Stargardt’s macular dystrophy by
Advanced Cell Technology. hiPSCs have also been shown to
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differentiate into RPE cells, which display functionality both  vitro
and @ viwo [7,8]. Thus, autologous transplant of hiPSC-derived
RPE cells holds great promise in the clinical therapy of macular
degeneration.

Although hiPSCs overcome immunogenic and ethical barriers,
the translation of hiPSCs into the clinical setting faces the same
significant problems as those of hESCs. One of the most important
issues in the development of a safe pharmaceutical or medical
device derived from human pluripotent stem cells is ensuring that
the final product does not form tumors after implantation [9].
There are two primary concerns. First, the cell-based product may
be unstable and transform to produce a tumor, which is a common
problem for any cell-based products, regardless of the cell types of
the raw materials. Second, the product derived from human
pluripotent stem cells might contain residual undifferentiated stem
cells that would eventually proliferate and form a teratoma [10].
Previous reports have shown that several hundred hESCs were
sufficient for generating tumors in immunodeficient mice [11,12].
Hence, to adress the second concern above, it is critical to develop
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highly sensitive assays for detection of residual undifferentiated
stem cells in the final products, and to determine their lower limit
of detection (LLOD). An evaluation study of the m viwo
tumorigenicity assay using severe combined immunodeficiency
(SCID) mice has shown that 245 undifferentiated hESCs spiked
into 10° feeder fibroblasts produce a teratoma [11]. On the other
hand, some i uvitro assays, such as quantitative real-time
polymerase chain ‘reaction (qQRT-PCR), flow cytometry and
immunohistochemistry, have been used to indicate the undiffer-
entiated state of stem cells with various markers (such as Oct-3/4,
Nanog, Sox2, TRA-1-60, TRA-1-81, SSEA-3 and SSEA-4) [13-
15]. However, it has not been determined how many residual
undifferentiated hiPSCs can be detected by these @ vitro assays.
In this study, to establish a high sensitivity assay for detection of
residual undifferentiated hiPSCs in the final product, we evaluated
three in witro assays: soft agar colony formation assay, flow
cytometry and qRT-PCR. To achieve this goal, these assays were
used on cell mixtures that contained defined numbers of
undifferentiated hiPSCs in primary RPE cells, and we also tried
to determine the LLOD of each assay by using multiple lots of
primary RPE cells as backgrounds. Through this process, we
revealed that one-step gRT-PCR using probes and primers
targeting Lin28 transcripts can detect levels as low as 0.002%
residual undifferentiated cells in hiPSC-derived RPE cells.

Results

In vitro differentiation of hiPSCs into retinal pigment
epithelial cells : !

Minimizing contamination of undifferentiated pluripotent stem
cells in cell therapy products is crucial because of the risk of
tumorigenesis. To evaluate residual undifferentiated hiPSCs in
differentiated cells, it is necessary to determine the LLOD of the
hiPSC content in RPE cells. First, we differentiated hiPSCs into
RPE cells using the i wvitro differentiation protocol previously
described (Fig. 1A) [7]. The hiPSC-derived RPE cells exhibited
polygonal, cobblestone-like morphology, an indication of RPE
maturation, which is similar to that of the primary RPE cells
(Fig. 1B). Immunocytochemical staining revealed that N-cadherin,
the major cadherin expressed in RPE cells [16], showed a
distribution to the tight junction of the hiPSC-derived RPE cells,
which is consistent with primary RPE cells (Fig. 1C). Moreover, in
flow cytometry experiments, a strong expression of the visual cycle
protein CRALBP and the melanosomal matrix protein GP-100
was detected in both primary RPE and hiPSC-derived RPE cells
compared to in undifferentiated hiPSCs (Fig. 1D). To characterize
developmental stages during RPE differentiation, a gRT-PCR
assay was used to identify transcript levels of CRALBP and the
visual cycle protein RPE65, indicating that CRALBP and RPE65
increased as differentiation progresses and were equally well
expressed both in the mature hiPSC-derived RPE cells and
primary RPE cells (Fig. 1E). Together, these data showed that
mature RPE cells differentiated from hiPSCs possess similar
properties to primary RPE cells.

Soft agar colony formation assay of hiPSCs

The soft agar colony formation assay is a general method to
monitor anchorage-independent growth, which is considered the
most appropriate i wto assay for detecting the malignant
transformation of cells [17]. To measure cell transformation
quantitatively, we used the CytoSelect 96-well Cell Transforma-
tion Assay, as described in the Materials and Methods section.
Previous reports have shown that human pluripotent stem cells
undergo apoptosis when dissociated into single cells [18].
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However, preparation of single cell suspension is quite important
because the presence of cell clumps or adjacent cells is critical for
growth in’ an agar medium. Thus, we first sought to clarify
whether single hiPSCs grow in the soft agar medium. The soft agar
colony formation assay showed that single-hiPSCs could not
proliferate in the agar medium. In addition, the ROCK inhibitor
Y-27632, which has been reported to inhibit apoptosis [19], did
not improve survival of hiPSCs under our conditions (Fig. 2A and
S1A). These results demonstrated that the soft agar colony
formation assay is not appropriate for detection of undifferentiated
hiPSCs in single cell suspension.

Next, we tested whether colony formation of the human ovarian
teratocarcinoma cell line PA-1 [20] occurs in an agar medium,
since PA-1 cells could mimic possible malignant cells derived from
hiPSC. PA-1 cells efficiently formed colonies in soft agar
depending on the number of cells (Fig. S1B). On the other hand,
primary RPE cells did not grow in a soft agar media with 1.0x10”
cells/well, even when cultured for 30 days (Fig. S1C). Based on
these results, we aimed to examine the sensitivity of the soft agar
colony formation assay to detect PA-1 cells. We spiked 100 (1%),
50 (0.5%), .and 25 (0.25%) PA-1 cells into 1x10* primary RPE
cells in order to define the minimum number of PA-1 cells
required to grow in a soft agar media. The largest number of PA-1
cells (1%) gave rise to detectable colonies within 20 days, whereas
lesser numbers of PA-1 cells (0.5% and 0.25%) required 30 days
until the colonies become detectable (Fig. 2A and B). We next tried
to determine the LLOD of the soft agar colony formation assay.
The LLOD of the assay signal was calculated as the mean plus 3.3
fold the standard deviation of the measurement of negative
controls [21]. Based on signals from three lots of primary RPE
cells as a negative control (1.71£0.40 [fold over the background
signal]), the LLOD of the soft agar transformation assay was
calculated as 3.03 (Fig. 2C). These results indicate that at least 1%
spiked PA-1 cells are necessary for detecting colonies in primary
RPE cells using the soft agar transformation assay (4.4=1.1). As
shown in Fig. 2C, the hiPSC-derived RPE cells showed no colony
formation in the soft agar medium, and the assay signal was lower
than the LLOD (1.21%+0.19). These results suggest that the
contamination of transformed cells, assuming that their anchorage
independency is comparable to PA-1, is less than 1% in the
hiPSC-derived RPE cells.

Detection of undifferentiated hiPSCs by flow cytometry
In the second set of the experiments, we tried to detect residual
undifferentiated cells via flow cytometry. Using five antibodies
which recognize stem cell marker antigens (Oct3/4, Nanog, Sox2,
TRA-1-60, TRA-1-81), we first attempted to identify highly
selective markers that distinguish a small population of hiPSCs
from primary RPE cells. To minimize nonspecific staining, we
used fluorescent conjugated monoclonal antibodies for the flow
cytometry. All of the stem cell markers were detected in
undifferentiated hiPSCs, but the levels of cell staining differed
between the antibodies, presumably attributable to the protein
expression in the cells and/or the avidity of the antibodies. The
fluorescence histograms of hiPSCs and primary RPE cells showed
that anti-Oct3/4, anti-Sox2 and anti-TRA-1-60 antibodies clearly
distinguished hiPSCs from RPE cells (Fig. 3A). Because TRA1-60
is not only a marker of undifferentiated hiPSCs but also of
embryonal carcinoma [22], we employed anti-TRA-1-60 antibody
in further experiments. The TRA-1-60% gate was defined as
including at most 0.05% of the primary RPE cells with the highest
fluorescence (Fig. 3B). In the flow cytometry, the mean and
standard deviation of TRA-1-60" cells in the primary RPE cells
(the negative controls) were 26.6 and 15.6 cells/10° cells,
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Figure 1. Differentiation of hiPSCs into retinal pigment epithelial cells. (A) Schematic diagram of the culture procedure for retinal
differentiation. Photomicrograph (B) and N-cadherin staining (C) shows that both primary RPE cells and hiPSC-derived RPE cells form polygonal,
cobblestone-like morphology. Scale bars, 100 um. (D) Flow cytometry analysis of CRALBP and GP-100 expression in hiPSCs (red), hiPSC-derived RPE
cells (green) and primary RPE cells (blue). (E) Time-course analysis of expression of RPE cell markers, CRALBP {left) and RPE65 (right), using qRT-PCR.

Error bars represent the standard deviation of the measurements (n=3).

doi:10.1371/journal.pone.0037342.g001

respectively, producing an LLOD of 78.1 cells/10° cells (Fig. 3B).
To analyze the performance of the system for detection of residual
hiPSCs, we spiked 2.5x10% (0.1%) and 2.5x107 (0.01%) hiPSCs
into 2.5x10° primary RPE cells and analyzed 1.0x10° cells via
flow cytometry using anti-TRA-1-60 antibody. We also confirmed
the number of the applied hiPSCs by spiking CFDA-stained
hiPSCs (Fig. $2). In the experiment shown in Fig. 3C, 130 and 19
cells were identified as TRA-1-60% cells in 0.1% and 0.01%
hiPSCs spiked samples, respectively. These results indicated that at
least 0.1% of residual undifferentiated hiPSCs (2.5 %107 cells out of
2.5%10°% cells) can be detected via the flow cytomerty. Finally, to
detect residual undifferentiated cells in hiPSC-derived RPE cells,
we tested 1x10° cells and detected six TRA-1-60" cells, suggesting
that the population of undifferentiated hiPSCs in the hiPSC-
derived RPE cells was no more than 0.1% (Fig. 3D).

Detection of undifferentiated hiPSCs via qRT-PCR

We next tested the ability of qRT-PCRs to detect a trace
amount of stem cell-specific mRINA. To identify highly selective
markers for undifferentiated hiPSCs, we compared the mRNA
levels of OCT3/4, KLF4, c-MYC, SOX2, NANOG, LIN28 and
REX1 in hiPSCs and primary RPE cells (Fig. 4A). Primary RPE
cells were found to endogenously express c-Myc at 25.49% of the
levels observed in hiPSC, which was consistent with the previous
finding that MEF expressed c-Myc at approximately 20% of levels
observed in mouse ES cells [23]. The expression levels of Kif4 and
Rex! in primary RPE cells were 3.51% and 2.23% compared with
hiPSCs, respectively. On the other hand, more than a 1000-fold
difference between primary RPE cells and hiPSCs was observed in
the gene expression of Nanog (0.07%), Sox2 (0.06%), Oct3/4
(0.01%) and Lin28 (not detected). These results suggested that the
latter four genes are useful in detecting hiPSCs in RPE cells.

We then conducted two sets of QqRT-PCR assays to evaluate the
utility of these marker genes to detect spiked hiPSCs in primary
RPE cells. We first measured mRNA levels of Nanog, Oct3/4 and
Lin28 in the five lots of primary RPE cells (the negative control) to
determine the LLOD. The LLODs for Nanog and Oct3/4
mRNAs were 0.45% and 0.04% those of hiPSCs, respectively
(Fig. 4B). The LLOD of Lin28 could not be calculated because no
fluorescent signal for Lin28 expression was detectable in the
primary RPE cells. These results along with experiments spiking
2.5x10% (1%), 2.5x10° (0.1%) and 2.5x10% (0.01%) hiPSCs into
2.5x10° primary RPE cells (Fig. 4B) indicated that measurements
of Nanog, Oct3/4 and Lin28 expression by qRT-PCRs could
detect at least 1%, 0.1% and 0.01% contamination of residual
undifferentiated hiPSCs in RPE cells, respectively.

Finally, we examined whether qRT-PCR for Lin28 was
applicable in the detection of residual undifferentiated cells in
differentiated RPE cells from hiPSCs. Total RNA (250 ng)
extracted from the differentiating cells (day 5, 20, and 40) and
purified hiPSC-derived RPE cells (the passage number 3 and 4)
were subjected to gRT-PCR analysis. The mRNA level of Lin28
was continuously down-regulated during the differentiation
process, being 0.02% that of hiPSCs at day 40. In early passage
culture (passage number 3) after purification, Lin28 was still
significantly expressed at a level 0.002% that of hiPSCs. From
passage 4 onward, however, no detectable level of Lin28
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expression was observed in hiPSC-derived RPE cells (Fig. 4C).
These results suggest that qRT-PCR analysis for Lin28 detects
0.002% of residual undifferentiated hiPSCs in hiPSC-induced
PRE cells, namely, that a single hiPSC in 5.0x10% RPE cells is
detectable.

Discussion

For the clinical use of products derived from human pluripotent
stem cells, it is essential to improve both the efficacy and safety of
the final product. In order to develop safe hiPSC-based
treatments, the hurdle of tumorigenicity arising from undifferen-
tiated cells must be overcome [9]. To address the issue of
tumorigenicity, some recent publications have advocated the
development of protocols for the derivation of hiPSC [23-25] and
have outlined methods for the elimination of residual hESCs [26].
However, to date, more than several hundred cells are necessary
for human pluripotent stem cells to form a tumor in immuno-
compromised mice [11]. Therefore, highly sensitive tumorigenicity
assays and their standardization are necessary for detecting a small
population of residual undifferentiated cells in products derived
from human plaripotent stem cells.

In the present study, we evaluated three methods for detection
of residual undifferentiated hiPSCs in hiPSCs-derived differenti-
ated cells: soft agar colony formation assay, flow cytometry and
gRT-PCR. Table 1 summarizes the advantages and disadvantages
of the assays associated with product tumorigenicity. The soft agar
colony formation “assay is known to be more sensitive in the
detection of certain types of tumorigenic cells, compared to @ vivo
methods using immunocompromised mice [27]. However, we
found the soft agar colony formation assay unsuitable for detecting
residual undifferentiated hiPSCs, presumably attributable to the
dissociation-induced apoptosis of hiPSCs [18]. On the other hand,
flow cytometry and qRT-PCR assays were found to be able to
detect a trace amount of undifferentiated cells. These two assays
have been exploited for characterization of stem cell-based
products, as well as undifferentiated pluripotent stem cells, but
the present study is the first analytical and quantitative approach
designed to evaluate the detection of residual undifferentiated cells
in products derived from human pluripotent stem cells. The
advantage of the flow cytometry assay is that it is able to identify
undifferentiated cells. Unfortunately, the results are greatly
affected by gating, and only the cells expressing the marker
protein are detectable. On the other hand, the advantages of qRT-
PCR are its rapidity, quantitativity and high sensitivity, whereas its
disadvantage is that only the cells expressing the marker gene are
detectable. Although the #n zivo tumorigenicity assay is costly and
time-consuming, it can directly analyze tumor formation in a
specific microenvironment where the product is implanted (eg.
retina). Therefore, a combination of relevant i witro and i vivo
assays would be necessary to ensure the safety of a product derived
from human pluripotent stem cells. The rationale for the choice of
specific assays would be justified, based on their characteristics
shown in Table 1.

We have demonstrated that the gRT-PCR assay can success-
fully detect 0.002% residual undifferentiated hiPSCs in hiPSC-
induced RPE cells using Lin28 as a target gene (Fig. 4E). To the
best of our knowledge, this gRT-PCR assay, using solely 250 ng of
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Figure 2. Soft agar colony formation assay of hiPSCs and
teratocarcinoma PA-1 cells. (A) Phase-contrast images of hiPSCs,
primary RPE cells, hiPSC-derived RPE celis and PA-1cells spiked into
primary RPE cells (1%) cultured in soft agar medium for 30 days. Arrows
indicate the colonies of PA-1 cells. (B) PA-1 cells (1%, 100 cells; 0.5%, 50
cells; 0.25%, 25 cells; 0%, 0 cells) were spiked into 1.0x10* primary RPE
cells and grown in soft agar for 10, 20 and 30 days. Cell growth was
quantified using a CytoSelect kit. Results were expressed as a relative
fold change of the value of blank well. Statistical significance was
determined using two-way ANOVA and Bonferroni’s post-hoc test
(*P<0.05 compared with the 0% control). (C) HiPSC-derived RPE cells,
three lots of primary RPE cells and PA-1 cells spiked into primary RPE
cells were grown in soft agar for 30 days. Quantification of the results is
described in (B). Limit of detection was calculated as the mean plus 3.3
fold the standard deviation of the measurement of the three lots of

@ PLoS ONE | www.plosone.org

Sensitive In Vitro Detection of Human iPS Cells

primary RPE cells. Error bars represent the standard deviation of the
measurements (n=3).
doi:10.1371/journal.pone.0037342.g002

total RNA: obtained from approximately 5x10% cells, is the most
sensitive of the previously reported methods in detecting undiffer-
entiated pluripotent stem cells. Lin28 is known to specifically
inhibit the processing of let-7 miRINAs, which are involved in cell-
fate decisions [28]. Interestingly, the aberrant expression of Lin28
transcripts has been recently reported in human germ-cell tumors
[29], suggesting that Lin28 is a useful marker of germ-cell
malignancy as well as of pluripotency of hiPSCs. Lin28 mRNA
gradually decreased in the differentiation process and was
completely diminished by passage 4 (Fig. 4C). These observations
suggest that Lin28 transcripts are also available for presenting
degree of differentiation in hiPSC-derived products because
detection- of residual Lin28 confirms the contamination of
undifferentiated cells even at a late stage of differentiation.
Needless to say, the distinct expression of Lin28 could possibly
be observed in other normal somatic cells. However, Lin28 is, at
least in part, one of the potent markers for detecting incompletely
differentiated cells contained in RPE cells derived from pluripotent
stem cells.

A great deal of international research is currently being directed
at developing regenerative medicine using pluripotent stem cells.
Until now, however, little attention has been paid to developing
methods to detect undifferentiated cells in pluripotent stem cell-
based products. Here, we have revealed that a qRT-PCR method
targeting Lin28 can effectively detect a trace amount of hiPSCs in
hiPSC-induced RPE cells and shows potential as an m wiro
tumorigenecity assay of hiPSC-derived cells. We expect our
findings to contribute to the process of validation and quality
control of hiPSCs-based cell therapy products and to promote the
application of regenerative medicine in the treatment of a wide
variety of diseases in the near future.

Materials and Methods

Cell culture )

HiPSC line 201B7 induced by transducing Oct3/4, Sox2, K14
and c-Myc [2] was obtained from the RIKEN Cell Bank.
Undifferentiated hiPSCs were maintained on mitomyecin C-treated
SNL cells (a2 mouse fibroblast STO cell line expressing the
neomycin-resistance - gene cassette and LIF) in human ES cell
culture medium (ReproCell, Japan) supplemented with 4 ng/ml
human basic fibroblast growth factor (bFGF; WAKO, Japan).
Undifferentiated colonies were passaged as small clumps once in
every 5-6 days using CTK solution (ReproCell) and STEMPRO
EZPassage (Invitrogen, Carlsbad, CA). Human primary RPE cells
were obtained from the Lonza and ScienCell Research Labora-
tories. The primary RPE cells were maintained in Retinal Pigment
Epithelial Cell Basal Medium (Lonza Biologics, Basel, Switzerland)
containing supplements (L-glutamine, GA-1000 and bFGF;
Lonza). PA-1 cells derived from human ovarian teratocarcinoma
(ATCC, Manassas, VA) were maintained on Minimum Essential
Medium Eagle medium (Sigma-Aldrich, St. Louis) supplemented
with 10% (v/v) fetal bovine serum (FBS; Gibco, Paisley, UK). All
cell lines and differentiated cells were grown in a humidified
atmosphere of 5% COs and 95% air at 37°C.

RPE cell differentiation of hiPSCs

The procedure for differentiating hiPSCs into RPE cells was
performed according to the previously described protocol [7] as
shown in Figure 1A. The hiPSC clumps were first incubated on
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cytometry analysis. The numbers indicate the quantity of cells contained in the gate.

doi:10.1371/journal.pone.0037342.g003
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Figure 4. Detection of undifferentiated hiPSCs by gRT-PCR
assay. (A) The relative mRNA expressions in primary RPE cells of Lin28,
Oct-3/4, Sox2, Nanog, Rex1, KIf4, and c-Myc were determined by gRT-
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PCR analysis. (B-D) qRT-PCR analysis of hiPSCs spiked into ptimary RPE
cells and five lots of primary RPE cells. Single-cell hiPSCs (1%, 25><1O3
cells; 0.1%, 2.5%10% cells; 0.01%, 25 cells) were spiked into 2.5x10°
primary RPE cells, and total RNA was isolated from the mixed cells. The
mRNA levels of Nanog (B), Oct3/4 (C) and Lin28 (D) are shown as a
relative expression. Limit of detection was calculated as the mean plus
3.3 fold the standard deviation of the measurement of the five lots of
primary RPE cells. (E) Lin28 expression of hiPSCs differentiating into RPE
and purified hiPSC-derived RPE cells (passage 3 and 4). All values are
expressed as mRNA levels relative to those in undifferentiated hiPSCs.
Results are means * standard deviation (n=3).
doi:10.1371/journal.pone.0037342.g004

poly-D-lysine/gelatin-coated dishes in human ES cell culture
medium supplemented with 10 pM Y-27632 (WAKOQ), 5 pM
SB431542 (Sigma—Aldrich) and 3 pM CKI-7 (Sigma-Aldrich) for
I day. The cells were incubated in a differentiation medium
(Glasgow minimum essential medium [GMEM; Invitrogen],
0.1 mM non-essential amino acids, | mM sodium pyruvate, and
0.1 mM  2-mercaptoethanol) containing 20% knockout serum
replacement (KSR; Invitrogen) for 4 days, then in 15% KSR-
containing differentiation medium for 6 days, and finally in 10%
KSR -containing differentiation medium for 11-30 days. Y-27632
(10 uM), SB431542 (5 uM) and CKI-7 (3 pM) were added to the
differentiation medium for the first 13, 19 and 19 days,
respectively. Partially differentiated cells were dissociated with
the CTK solution and incubated on non-adhesive dishes (Corning,
Corning, NY) in RPE maintenance medium (DMEM:F12 [7:3]
supplemented with B-27 supplement [Invitrogen] and 2 mM 1-
glutamine [Invitrogen]) for 10 days. The resulting RPE cell
aggregates were isolated and replated on CELLstart- (Invitrogen)
coated dishes in RPE maintenance medium supplemented with
0.5 UM SB431542 and 10 ng/ml bFGF and we defined this stage
as passage 1. The medium was changed every 2-3 days.

Soft agar colony formation assay

A soft agar colony formation assay was performed using
CytoSelect 96-well Cell Transformation Assay kit (Cell Biolabs,
San Diego, CA) according to the manufacturer’s instructions with
slight modification. Prewarmed 25 ul of 2xDMEM medium
containing 20% FBS and 25 ul of 1.2% agar solution were mixed
and transferred onto a well of 96-well plates, and then incubated at
4°C for 30 min to allow the bottom agar layer to solidify. Single
cell suspensions were prepared as described below: 201B7 cells
were dissociated with CTK solution to form cell clumps and
incubated on gelatin-coated dishes in the presence of 10 uM Y-
27632, a ROCK inhibitor, at 37°C for 1 h to separate with feeder
cells. After centrifugation, cell pellets were dissociated into single
cells with Accutase (Millipore). Primary RPE cells, hiPSC-derived
RPE cells, and PA-1 cells were treated with 0.25% trypsin-EDTA
solution (Invitrogen) to dissociate. Cells were passed tlnough
40 pum nylon cell strainers (BD Falcon).

Next, 25 pl of single cell suspensions containing the defined
number of cells were mixed with 25 pul of 2xDMEM medium
containing 20% FBS and 25 pl of 1.2% agar, and placed on the
bottom agar layer. The top agar layers were immediately solidified
at 4°C for 10 min to avoid false-positive signals derived from
gravity-induced adjacent cells in the agar medium. After the
addition of 100 pl of DMEM containing 10% FBS to each well,
the plates were incubate for 10, 20 and 30 days at 37°C and 5%
COy. The medium was changed every 2-3 days. Colonies were
lysed and quantified with CyQuant GR dye using a fluorometer
equipped with a 485/520 nm filter set (Wallac 1420 ARVOsx
mutilabel counter, PerkinElmer, Boston, MA).
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Table 1. Comparison of the tumorigenicity-associated assays.

Sensitive In Vitro Detection of Human iPS Cells

Soft agar colony

Assay formation assay Flow cytometry

In vivo tumorigenicity assay using

qRT-PCR SCID mice (Reference #11)

Measurement standard Colony formation Expression of marker

Disadvantage Indirect Indirect

molecules

influence the result
LLOD 1% of PA-1

protein for pluripotency

Analyzing individual cells

Not applicable to hiPSCs Detecting only the cells that
express the known maker

Gating techniques strongly

0.1% of hiPSC (TRA-1-60)

Expression of marker gene for Tumor formation

pluripotency

Purpose Detection of anchorage Detection of undifferentiated  Detection of undifferentiated Detection of tumorigenic or
independent growth pluripotent cells pluripotent cells undifferentiated pluripotent cells

Time 30 days 1 day 6 hours 12-16 weeks

Advantage Inexpensive Rapid Rapid and simple Direct

Quantitative Analyzing tumor formation in a

specific microenvironment
High sensitivity
Indirect Costly

Detecting only the cells that express Time-consuming
the known marker genes

245 undifferentiated hESCs with 10°
feeder fibroblasts (0.025%)

= <0.002% of hiPSC* (Lin28)

doi:10.1371/journal.pone.0037342.t001

gRT-PCR .

Total RNA was isolated from cell cultures using an RNeasy
Mini Kit (Qiagen, Hilden, Germany) and treated with DNase I
according to the manufacturer’s mstructions. In the spike study,
201B7 cells and RPE cells were mixed at a defined cell number,
before total RNA isolation. gRT-PCR was performed with the
QuantiTect Probe one-step RT-PCR Kit (Qjagen) on a 7300
Real-Time PCR System (Applied Biosystems, Foster City, CA).
The expression levels of target genes were normalized to those of
the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) tran-
script, which were quantified using TaqgMan human GAPDH
control reagents (Applied Biosystems). Probes and primers were
obtained from Sigma-Aldrich. The sequences of primers and
probes used in the present study are listed in Table S1. All gRT-
PCR reactions were run at 45 cycles.

Flow Cytometry

201B7 cells and RPE cells were dissociated into single cells as
described above. Cells were fixed with the BD Cytofix fixation
buffer (BD Biosciences, Bedford, MA) for 20 min and permeabi-
lized with BD Perm/Wash buffer (BD Biosciences) for 10 min at
room temperature. Cells were incubated for 1 h at room
temperature with the following primary antibodies and fluoro-
chrome-conjugated antibodies: mouse anti-CRALBP monoclonal
1:1000 (B2, Thermo Scientific, Roskilde, Denmark); rabbit anti-
GP-100 monoclonal 1:1000 (P14-V, Enzo Life Sciences, Lausen,
Switzerland); FITC mouse anti-TRA-1-60 monoclonal 1:5 (TRA-
1-60, BD Pharmingen); PE mouse anti-TRA-1-81 monoclonal 1:5
(TRA-1-81, BD Pharmingen); PerCP-Cy5.5 mouse anti-Oct3/4
monoclonal 1:5 (40/Oct-3, BD Pharmingen); Alexa Fluor 647
mouse anti-Sox2 monoclonal 1:5 (245610, BD Pharmingen); PE
mouse anti-Nanog monoclonal 1:5 (N31-355, BD Pharmingen).
Indirect immunostaining was then completed with either donkey-
anti-mouse or donkey-anti-rabbit Alexa Fluor 647-conjugated
secondary antibodies 1:1000 (Molecular Probes) for 1 h. Appro-
priate antibodies were used as a negative control. To obtain
fluorescein-labeled hiPSCs, 201B7 cells were incubated with

@ PLoS ONE | www.plosone.org

*Not based on the calculation found in Reference #21 because the background signal from the negative controls (primary RPE cells) was not detectable.

10 uM carboxyfluorescein diacetate succinimidyl ester (CFDA;
Invitrogen) in phosphate buffered saline (PBS) for 8 min,
dissociated into a single cell suspension, and then fixed as
described above. Stained cells were analyzed with a BD FACSAria
II (BD Biosciences). Data retrieved from the sorting was analyzed
with Flowjo software 9.3.3 (Tree Star, Ashland, OR).

Immunocytochemistry

All manipulations were performed at room temperature.
Cultured primary and hiPSC-derived RPE cells were fixed with
4% paraformaldehyde in PBS for 20 min at room temperature.
After washing with PBS, the cells were permeabilized with 0.2%
Triton-X100 in PBS for 15 min and blocked with 2% bovine
serum albumin in PBS for 30 min. Samples were incubated for 1 h
with mouse anti-N-cadherin monoclonal antibody 1:1000 (GC-4,
Sigma~Aldrich). The cells were washed with PBS and incubated
with 1:1000 Alexa Fluor 488 F(ab')2 fragment of goat anti-mouse
IgG 1:1000 (Molecular Probes) for 1 h. The samples were
mounted with a Vectashield mounting medium containing DAPI
(Vector Laboratories, Burlingame, CA). and examined with a
Biozero-8000 fluorescence microscope (Keyence, Japan).

Supporting Information

Figure S1 Soft agar colony formation assay of hiPSCs,
teratocarcinoma PA-1 cells and primary RPE cells. (A)
hiPSCs (10000 cells, 6000cells and 3000 cells/well) were grown in
soft agar for 10, 20 and 30 days with 10 pM Y-27632. (B) PA-1
cells (1000, 500, 300, 200, 100, 50, 30 cells/well) were grown in
soft agar for 20 days. (C) Primary RPE cells (lot. A, 100,000,
60,000, 30,000 and 10,000 cells/well) were grown in soft agar for
30 days. (A-C) Cell growth was quantified using a CytoSelect kit
and the results expressed as a relative fold change of the value of a
blank well. Error bars represent the standard deviation of the
measurements (n = 3).

(EPS)
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Figure S2 Flow cytometry analysis of spiked hiPSCs
cells in primary RPE. CFDA-stained hiPSCs (1%, 2,500 cells;
0.1%, 250 cells; 0.01%, 25 cells) were spiked into primary RPE
(2.5%10° cells) and 1x10° cells were analyzed by flow cytometry.
The numbers indicate the quantity of cells contained in the gate.

(EPS)

Table S1 Probes and primers for gRT-PCR.
Ddocx)

Acknowledgments

We would like to thank Masahiro Go, Hoshimi Kanemura and Akifumi
Matsuyama for their valuable discussion on this paper. We also thank

References

1. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, et al.
{1998) Embryonic stem cell lines derived from human blastocysts. Science 282:
1145-1147.

2. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, et al. (2007)
Inducton of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell 131: 861-872.

3. Kehat I, Kenyagin-Karsenti D, Snir M, Segev H, Amit M, et al. (2001) Human
embryonic stem cells can differentiate into myocytes with structural and
functional properties of cardiomyocytes. J Clin Invest 108: 407-414.

4. Zhang SC, Wernig M, Duncan ID, Brustle O, Thomson JA (2001) Iz witro

differentiation of transplantable neural precursors from human embryonic stem

cells, Nat Biotechnol 19: 1129-1133.

Cai J, Zhao Y, Liu Y, Ye F, Song Z, et al. (2007) Directed differentiation of

human embryonic stem cells into functional hepatic cells. Hepatology 45:

1229-1239.

6. Song Z, Cai J, Liu Y, Zhao D, Yong J, et al. (2009) Efficient generation of
hepatocyte-like cells from human induced pluripotent stem cells. Cell Res 19:
1233-1242.

7. Osakada F, Jin ZB, Hirami Y, Ikeda H, Danjyo T, et al. (2009) Jn witro
differentiation of retinal cells from human pluripotent stem cells by small-
molecule induction. J Cell Sci 122: 3169-3179.

8.  Carr AJ, Vugler AA, Hikita ST, Lawrence JM, Gias C, et al. (2009) Protective
effects of human 1PS-derived retinal pigment epithelium cell transplantation in
the retinal dystrophic rat. PLoS One 4: ¢8152.

9. Ben-David U, Benvenisty N (2011} The tumorigenicity of human embryonic and
induced pluripotent stem cells. Nat Rev Cancer 11: 268-277.

10. Knoepfler PS (2009) Deconstructing stem cell tumorigenicity: a roadmap to safe
regenerative medicine. Stem Cells 27: 1050--1056.

11. Hentze H, Soong PL, Wang ST, Phillips BW, Putti TC, et al. (2009) Teratoma
formation by human embryonic stern cells: evaluation of essential parameters for
future safety studies. Stem Cell Res 2: 198-210.

12. Lee AS, Tang C, Cao F, Xie X, van der Bogt K, et al. (2009) Effects of cell
number on teratoma formation by human embryonic stem cells. Cell Cycle 8:
2608-2612. )

13. Noaksson K, Zoric N, Zeng X, Rao MS, Hyllner J, et al. (2005) Monitoring
differentiation of human embryonic stem cells using real-time PCR. Stemn Cells
23: 1460-1467. .

14. Pera MF, Reubinoff B, Trounson A (2000) Human embryonic stem cells. J Cell
Sci 113(Pt 1): 5-10.

15. Draper JS, Pigott C, Thomson JA, Andrews PW (2002) Surface antigens of
human embryonic stem cells: changes upon differentiation in culture. J Anat
200: 249-258,

w

@ PLoS ONE | www.plosone.org

Sensitive In Vitro Detection of Human iPS Cells

Satoshi Okamoto and Noriko Sakai for technical advice of RPE cell
differentiation.

Author Contributions

Conceived and designed the experiments: TK SY YS. Performed the
experiments: TK SY NH. Analyzed the data: TK SY S. Kusakawa NH
YK KS MT SN S. Kawamata YS. Contributed reagents/materials/
analysis tools: YK MT S. Kawamata. Wrote the paper: TK SY YS.
Acquired the funding: SN S. Kawamata KS YS.

16. Van Aken EH, De Wever O, Van Hoorde L, Bruyneel E, De Laey JJ. et al.
(2003) Invasion of retinal pigment epithelial cells: N-cadherin, hepatocyte
growth factor, and focal adhesion kinase. Invest Ophthalmol Vis Sci 44:
463472,

17. Hamburger AW, Salmon SE (1977) Primary bioassay of human tumor stem
cells. Science 197: 461-463.

18. Watanabe K, Ueno M, Kamiya D, Nishiyama A, Matsumura M, et al. (2007) A
ROCK inhibitor permits survival of dissociated human embryonic stem cells.
Nat Biotechnol 25: 681--686.

19. Ohgushi M, Matsumura M, Eiraku M, Murakami K, Aramaki T, et al. (2010)
Molecular pathway and cell state responsible for dissociation-induced apoptosis
in human pluripotent stem cells. Cell Stem Cell 7: 225-239.

20. Albini A, Iwamoto Y, Kleinman HK, Martin GR, Aaronson SA, et al. (1987) A
rapid in vitro assay for quantitating the invasive potential of tumor cells. Cancer
Res 47: 3239-3245.

21. Miller JNMJC (2005) Statistics and Chemometrics for Analytical Chemistry
Fifth edition. Harlow: Person Education Limited.

22. Andrews PW, Banting G, Damjanov I, Arnaud D, Avner P (1984) Three
monoclonal antibodies defining distinct differentiation antigens associated with
different high molecular weight polypeptides on the surface of human embryonal
carcinoma cells. Hybridoma 3: 347-361.

23. Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka T, et al. (2008)
Generation of induced pluripotent stem cells without Myc from mouse and
human fibroblasts. Nat Biotechnol 26: 101--106.

24. Okita K, Hong H, Takahashi K, Yamanaka S (2010) Generation of mouse-
induced pluripotent stem cells with plasmid vectors. Nat Protoc 5: 418-428.

25. Maekawa M, Yamaguchi K, Nakamura T, Shibukawa R, Kodanaka I, et al.
(2011) Direct reprogramming of somatic cells is promoted by maternal
transcription factor Glisl. Nature 474: 225-229.

26. Tang C, Lee AS, Volkmer JP, Sahoo D, Nag D, et al. (2011) An antibody
against SSEA-5 glycan on human pluripotent stem cells enables removal of
teratoma-forming cells. Nat Biotechnol 29: 829--834.

27. Levenbook IS, Petricciani JC, Qi Y, Elisberg BL, Rogers JL, et al. (1985)
Tumorigenicity testing of primate cell lines in nude mice, muscle organ culture
and for colony formation in soft agarose. J Biol Stand 13:135-141.

28. Nam Y, Chen C, Gregory RI, Chou JJ, Sliz P (2011) Molecular Basis for
Interaction of let-7 MicroRNAs with Lin28. Cell 147: 1080-1091.

29. West JA, Viswanathan SR, Yabuuchi A, Cunniff K, Takeuchi A, et al. (2009) A
role for Lin28 in primordial germ-cell development and germ-cell malignancy.
Nature 460: 909-913.

May 2012 | Volume 7 | Issue 5 | 37342



Journal of Pharmaceutical and Biomedical Analysis 70 (2012) 718-726

Contents lists available at SciVerse ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journal homepage: www.elsevier.com/locate/jpba

ELSEVIER

Comparative studies on glycoproteins expressing polylactosamine-type
N-glycans in cancer cells

Yosuke Mitsui?, Keita Yamada?, Sayaka Hara? Mitsuhiro Kinoshita? Takao HayakawaP, Kazuaki Kakehi®*

2 School of Pharmacy, Kinki University, Kowakae 3-4-1, Higashi-Osaka 577-8502, Japan
b pharmaceutical Research and Technology Institute, Kinki University, Kowakae 3-4-1, Higashi-Osaka 577-8502, Japan

ARTICLE INFO ABSTRACT

Arﬁc{e history: In the series of our previous reports, we showed that some cancer cell lines specifically express
Received 8 March 2012 polylactosamine-type N-glycans and such glycans were often modified with fucose and sulfate residues.
Received in revised form 21 June 2012 To confirm the proteins expressing these glycans, glycopeptide mixture obtained by digestion of whole
Accepted 25 June 2012

protein fractions with trypsin was captured by a polylactosamine-specific lectin, Datura strasmonium
agglutinin (DSA). And the peptides and glycans of the captured glycopeptides after digestion with N~
glycoamidase F were extensively analyzed by HPLC and MS techniques. We found that some glycoproteins

Available online 4 July 2012

Iég Z‘:rr-ﬁ):eciﬁc glycoproteins such as CD107a and CD107b commonly contained polylactosamine-type glycans in all the examined
N-glycans cancer cells. But integrin-a5 (CD49e) and carcinoembryonic antigen-related cell adhesion molecule 5
LC-MS (CD66e) having these glycans were specifically found in U937 (human T-lymphoma) and MKN45 (human

gastric cancer) cells, respectively. These data clearly indicate that specific glycans attached to specific
proteins will be promising markers for specific tumors with high accuracy.

Lectin affinity chromatography
Western blot

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Glycans in glycoconjugates such as glycoproteins, proteogly-
cans and glycolipids participate in various biological events such
as cell recognition, cell-cell interaction, inflammation, and disease
progression [1,2]. Aberrant glycosylation has been known to be
associated with various human diseases, particularly with tumors.
And a number of clinical cancer biomarkers are often glycoproteins
such as carcinoembryonic antigen (CEA; CD66) as a marker of col-
orectal cancer, cancer antigen 125 (CA-125) for diagnosis of ovarian
cancer and prostate-specific antigen (PSA).

Biosynthesis of the glycans in glycoproteins is regulated by
a number of factors such as (a) expression of related glycosyl-
transferases andjor glycosidases, (b) proper locations, and (c)
the functional machinery of sugar nucleotides. Thus, micro envi-
ronmental changes in the synthesis of glycans greatly affect
their synthetic efficiency and also their structures. For example,
complex-type N-glycans having polylactosamine-type structures
are predominantly present when cells are tumorized. However, it
has been challenging to analyze specific glycans in comprehensive
and quantitative manner, because extremely a minute amount of
glycans are available in biological samples.

* Corresponding author. Tel.: +81 6 6721 2332; fax: +81 6 6721 2353.
E-mail address: k_kakehi@phar.kindai.ac,jp (K. Kakehi).

0731-7085/$ -~ see front matter © 2012 Elsevier B.V. All rights reserved.
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In our previous papers, we proposed a series of methods for the
analysis of glycans of glycoproteins in biological samples [3-5]. The
methods include several separation/analysis steps. Initially, total
glycan pool obtained from biological samples such as cell mem-
brane fractions by enzymatic/chemical methods was fluorescently
labeled with 2-aminobenzoic acid (2AA), and separated based on
the number of sialic acid residues attached to the glycans using
affinity chromatography on a serotonin-immobilized stationary
phase. In this step, we can determine total amounts of glycans
as well as those of each category of glycans (asialo/high-mannose,
mono-, di-, tri- and tetra-sialoglycans). Then, the collected glycan
groups were analyzed by LC/MS" technique. Capillary affinity elec-
trophoresis and digestion with specific exoglycosidases for linkage
analysis were also employed. Based on the studies using these
techniques, we found that U937 cells (histiocytic lymphoma cells),
ACHN cells (human kidney glandular cancer cells), MKN45 cells
(human gastric cancer celis), A549 cells (human lung cancer cells),
and Jurkat cells (acute T-cell leukemia) express a large amount of
N-glycans having polylactosamine residues.

There are a number of reports regarding the functions and
distributions of polylactosamine-type glycans [6]. And the pro-
teins to which polylactosamine-type glycans are attached were
also reported by Fukuda et al. {7]. They employed Datura stra-
monium agglutinin (DSA) affinity chromatography for capturing
proteins carrying polylactosamine-type glycans [8]. Togayachi et al.
reported that polylactosamine residues on glycoproteins influ-
enced basal levels of lymphocyte and macrophage activation.



