J Artif Organs (2011) 14:215-222 221
Fig. 5 Transfection efficiency a ; PElI max alone b PEI max-nanoparticle
of the deacylated o108 10 o
polyethylenimine (PEI max)- 1
nanoparticle. Comparison of Fy F-
scattering properties of the g 102 4 g 102 4
untreated CL6 cells (mock, red 8 k] ]
dot) and with PEI max alone »5 101 - .
(a, blue dot, 42.2 + 8.5%), PEI g 10'- g 10"
max-nanoparticles (b, blue dot, & &
81.1 + 4.0%), or FuGENE HD § X § ,
(¢, blue dot, 13.9 + 1.1%) by o 10°- @ 10° 4
flow cytometry S ] s :
i ; 3 ™ 3
¥ N i M k] L R L] k] ) ¥ K 13
0 100 200 300 400 S00 0 100 200 300 400 500
Forward scatter Forward scatter
[+ FuGENE HD
100 7
Q 5
G 102 -
B 4
E
g 10+
| o4 o
8
8 100 -
Q E
= |
r
¥ T L] T T
0 100 200 300 400 500
Forward scatter
Table 1 Comparison of transfection methods using the polyethylenimine and magnetic nanoparticles
Author Year Vector Component Cell Transfection Cell viability =~ References
efficiency (% of control)
Kami - Plasmid PEI max (MW 25k), MNP (y-Fe203, 70 nm), MF (0.2 T) P19CL6 80%° 100 This paper
Zhang 2010 Plasmid Branched PEI (MW 25k), SPION (30 nm), MF (1.2 T) NIH3T3 64%" 100 [14]
siRNA Branched PEI (MW 25k), SPION (30 nm), MF (1.2 T) NIH3T3 77%" 100
Kievit 2009 Plasmid PEI (MW 25k), SPION (200 nm) C6 90%* 10 [13]
Plasmid PEI (MW 25k), Chitosan, SPION (200 nm) C6 45%° 100
Plasmid PolyMag (commercial magnification reagent), MF (1.2 T) C6 32%° 66
Scherer 2002 Plasmid PEI (MW 800k), SPION (200 nm), MF (1 T) NIH3T3 5-fold® - [15]
Adenovirus PEI (MW 800k), SPION (200 nm), MF (1 T) K562 100-fold® -
Retrovirus  PEI (MW 800k), SPION (200 nm), MF (1 T) NIH3T3 20%" -

Transfection efficiency indicates optimal transfection condition

PEI polyethylenimine, PEI max deacylated PEI, MNP magnetic nanoparticle, SPION superparamagnetic iron oxide nanoparticle, MW molecular

weight, MF magnetic force, T tesla

? Flowcytometric analysis
® Luciferase activity assay

introducing plasmid into target cells with increased effi-
ciency. Furthermore, a major advantage of this method is
its tolerability among cells. Other methods might be lim-
ited either by possible cytotoxic effects of the lipidic
transfection reagent (lipofection) or simply by the directly

applied force on the cells (electroporation). In contrast,
methods such as lipofection offer only a certain probability
of hits between cargo and cells because of the three-
dimensional motion of cells and transfection aggregates in
a liquid suspension. Normally, transfection was inhibited
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by serum using transfection reagent [25]. However, this
method can also be performed in the presence of serum,
which is a further benefit. Additionally, synergistic effects
on transfection efficiency can arise from the possible
combination of PEI max and nanoparticles. This technol-
ogy might be an alternative to the currently used viral and
nonviral vectors in gene therapy and gene transfer [26].

Our results suggest that PEI max-nanoparticles offer
the ability to deliver various DNA formulations in addition
to the traditional methods. Furthermore, gene transfer
efficiency was not inhibited in the presence of serum in
the cells. PEI max-nanoparticles may be a promising
gene carrier with high transfection efficiency and low
cytotoxicity.
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Introduction

Longitudinal bone growth results from a complex sequence
of events involving differentiation of resting chondroblasts
into proliferative, pre-hypertrophic, and hypertrophic
chondrocytes. The growth plate (epiphyseal plate), which
is primarily responsible for longitudinal growth, can be
divided into four distinct zones: the resting zone (RZ),
proliferating zone (PZ), maturing zone (MZ), and hyper-
trophic zone (HZ), on the basis of the morphology of the
developing chondroblasts and the structure of the cartilage
matrix. In the past two decades substantial progress has
been made in understanding the mechanisms underlying
chondroblast differentiation and skeletal development
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[1-3]. However, comprehensive analysis of gene expres-
sion patterns in the growth plate has been technically
challenging.

In this study, we performed a gene expression profile
analysis of each zone of the growth plate from 9-day-old
mice, using microdissection and microarray analysis, and
determined the expression profiles of 1,995 genes in the
murine growth plate. Furthermore, we have created a
publicly available and searchable on-line database [murine
growth plate database (MGPDB)] containing the gene
expression data from this study (http://157.82.78.238/
mgpdb/main_search.jsp). We believe this will serve as a
useful tool for researchers in the field of skeletal
development.

Results and discussion

Two 9-day-old male ICR mice were used for the analysis.
The tibiae were harvested, embedded in OCT, and imme-
diately frozen in liquid nitrogen. Forty cryosections 10 pm
thick were prepared, and the tissues from each growth plate
zone were identified and collected using a laser microdis-
section microscope (Fig. 1a). All animal experiments were
approved by the Institutional Animal Care and Use Com-
mittee of the School of Medicine, Keio University. The
samples from each individual mouse (#1 and #2) were
analyzed separately. The gene expression profiles in the
collected samples were analyzed using the GeneChip
Mouse Genome 430 2.0 Array and Affymetrix Microarray
Suite v5.0 (Affymetrix). Approximately 14,500 transcripts
(out of 45,101 probes on the chip) whose signal intensity
was above the detection level, were further filtered to
eliminate those transcripts expressed at a very low level, or
those hybridized to a non-functional probe. Finally, 2,427
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Fig. 1 a Representative photomicrographs for the laser microdissec-
tion procedure. a Sagittal cryosection of the tibia stained with
Giemsa. Areas circumscribed by broken lines represent each zone of
the growth plate. Tissue from these sections was sequentially
harvested from the HZ (), RZ (¢), PZ (d), and MZ (e). b Hierarchical
clustering dendrogram and heat map showing 1,955 genes expressed
in the growth plate. Gene expression profiles of two individual mice
(#1 and #2) are presented. Relatively tight clustering was seen in the

transcripts, corresponding to 1,995 different genes, were
identified. Detailed description of the procedures, including
RNA extraction, cCRNA probe labeling, gene chip hybrid-
ization, and data analysis, will be provided on request.

To obtain an overview of the gene expression profiles, we
first performed hierarchical clustering analysis of the tran-
scripts expressed in each zone of the growth plates from two
individual mice. As shown in Fig. 1b, it was clear from this
analysis that the gene expression profiles of each growth
plate zone were highly reproducible between the individual
mice. Interestingly, we found that the dendrogram divided
into two main branches: the gene clusters expressed in the
early stage of differentiation of chondroblasts (RZ and PZ),
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genes expressed in the RZ and PZ (yellow), and in the MZ and HZ
(blue). ¢ Expression patterns of the transcripts for Bmp2 and Lefl
evaluated by qPCR and microarray analysis. Gene expression levels
of the two individual mice (#1 and #2) deduced from the microarray
analysis are presented. d Expression profiles of Pthrp, Ihh, type 10
collagen (Coll0a), and Sox9 in the two individual mice (#1 and #2)
deduced from the microarray analysis

and those expressed in the later stage (MZ and HZ) (Fig. 1b),
indicating that chondroblasts undergo drastic changes in
their gene expression profile during their transition from PZ
to MZ.

To confirm that the RNA amplification and data pro-
cessing did not skew the actual expression patterns of the
transcripts in vivo, we compared the expression levels of
several genes deduced from the microarray analysis with
those evaluated by quantitative PCR (qQPCR). As illustrated
by the examples shown in Fig. Ic, Bmp2 (which is pre-
dominantly expressed in the HZ) and Lef! (a transcrip-
tional mediator of Wnt/S-catenin signaling), we found a
significant correlation in the expression patterns of all the

@ Springer
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genes we examined, suggesting that the gene expression
levels deduced from the microarray analysis in this study
were comparable with those measured by qPCR.

We next examined the expression patterns of several
genes whose functions and expression patterns in the
growth plate have been well characterized, to evaluate
whether our data could reproduce previous findings. For
example, the feedback loop between Pthrp and Ihh in the
growth plate plays an essential role in longitudinal skeletal
growth [2], and the expression of these genes is known to
be mutually exclusive in vivo; the transcripts for Pthrp are
found in the RZ, and those for Ihh in the HZ. As shown in
Fig. 1d, our data sets clearly reproduced this observation.
Furthermore, the expression profiles of fype 10 collagen
(which is specifically expressed in the HZ) and Sox9
(which is induced in the RZ, PZ, and MZ, but not in the
HZ), were also consistent with past studies [3]. Taken
together, these findings indicate that our sampling of tissue
from each growth plate zone was accurate, and that the
expression profiles deduced from microarray analysis
reflected the actual expression patterns of a given gene in
vivo, with high reproducibility.

Because of the difficulty of obtaining tissue from each of
the specific zones of the murine growth plate in terms of
both quantity and quality, it has been difficult to perform
comprehensive analysis of the expression profiles of genes
in the growth plate. Here, using a combination of laser
microdissection and microarray analysis, we have suc-
cessfully established a data set that contains the expression
profiles of 1,995 different genes expressed in the growth
plate. Although similar studies have been reported [4-6],
our study is unique in three respects:

1. the data were obtained by use of a mouse genome
expression array containing 45,100 probes and approx-
imately 34,000 genes, which enabled the most

@ Springer

comprehensive analysis of genome-wide expression
currently available;

2. Dby using a laser microdissection microscope, cartilage
tissue was collected from the four distinct zones in the
growth plate with high accuracy, enabling precise
spatial analysis of the gene expression patterns; and

3. the data set was made publicly available for investi-
gators via an on-line database.

The mechanisms governing the differentiation of chon-
droblasts in the growth plate are very complex, and many
of the molecular mechanisms behind skeletal development
remain to be elucidated. We believe that the gene expres-
sion data established in this study will facilitate further
investigation in this field.
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Treatment of Human Mesenchymal Stem Cells with Angiotensin
Receptor Blocker Improved Efficiency of Cardiomyogenic
Transdifferentiation and Improved Cardiac
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ABSTRACT

To improve the modest efficacy of mesenchymal stem cell
(MSC) transplantation, the treatment of human MSCs
with angiotensin receptor blockers (ARBs) was investigated.
MSCs were cultured with or without the medium contain-
ing 3 pmol/l of ARBs before cardiomyogenic induction. Af-
ter cardiomyogenic induction in vitro, cardiomyogenic
transdifferentiation efficiency (CTE) was calculated by
immunocytochemistry using anticardiac troponin-I anti-
body. In the nude rat chronic myocardial infarction model,
we injected MSCs pretreated with candesartan (A-BM; n
= 18) or injected MSCs without pretreatment of candesar-
tan (BM; n = 25), each having survived for 2 weeks. The
left ventricular function, as measured by echocardiogram,

was compared with cardiomyogenic transdifferentiation in
vivo, as determined by immunohistochemistry. Pretreat-
ment with ARBs significantly increased the CTE in vitro
(10.1 = 0.8 n = 12 vs. 4.6 = 0.3% n = 25, p < .05). Trans-
plantation of candesartan-pretreated MSCs significantly
improved the change in left ventricular ejection fraction
(BM; —7.2 = 2.0 vs. A-BM; 3.3 = 2.3%). Immunohisto-
chemistry revealed significant improvement of cardiomyo-
genic transdifferentiation in A-BM in vive (BM; 0 = 0 vs.
A-BM; 0.014 = 0.006%). Transplantation of ARB-pre-
treated MSCs significantly improved cardiac function and
can be a promising cardiac stem cell source from which to
expect cardiomyogenesis. STEM CELLS 2011,;29:1405-1414

Disclosure of potential conflicts of interest is found at the end of this article.

Regeneration therapies have attracted a great deal of medical
attention. Various cellular resources such as embryonic stem
cells [1], mesenchymal stem cells (MSCs) [2], mononuclear
cells [3, 4], and endothelial progenitor cells (EPCs) [5] have
been candidates for the regeneration therapies. The majority
of cells derived from bone marrow (BM) consist of blood
cells in various stages of differentiation; however, BM also
contains, hematopoietic stem cells, EPCs, and MSCs. MSCs
have characteristics of replication competence and multipo-
tency {2, 6-8], as reported in numerous studies of MSCs.
Mesenchymal cells are classified as somatic stem cells
and exist in BM stroma, dermis, skeletal muscle, uterine en-
dometrial gland [9], umbilical cord blood [7, 10], placenta

[11], amniotic membrane [6], etc. They are known to be capa-
ble of transdifferentiating into bone, cartilage, skeletal
muscles, fats, ligaments, vascular endothelium, smooth mus-
cle, and cardiomyocytes. Among the various mesenchymal
cell sources, BM-derived MSCs (BM-MSCs) can be used in
an autologous manner; therefore, there are no immunological
problems in transplantations. However, in terms of cardio-
myogenic transdifferentiation, the efficiency of human BM-
MSCs is extremely low [8] in vitro, and efficiency of human
BM-MSC transplantation is modest in in vivo {12, 13] and in
clinical trials [14, 15]. The limited effect in clinical trials may
be due to low angiogenic and paracrine effect of human BM-
MSCs, low cardioprotective effect on host myocardium, and
partially due to low cardiomyogenic transdifferentiation effi-
ciency (CTE) [8]. We have previously shown that human
mesenchymal cells derived from younger populations, that is,
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endometrial gland [9], umbilical cord blood [10], placenta
[11], and amniotic membrane [6] have a high CTE and a ben-
eficial effect on cardiac function. Therefore, we hypothesized
that mesenchymal cells obtained from younger populations
might have a better effect on regeneration therapies. As an-
giotensin receptor blocker (ARB) was known to have the
potential to play a role in the anti-aging effect, we postulated
that ARB might improve the efficacy of BM-MSCs on cardiac
stem cell therapy.

Stimulation of angiotensin receptors is known to be
related to adipogenic transdifferentiation of human BM-MSCs
[16]. In the brain ischemic reperfusion model, BM-MSC
transplantation significantly reduced the brain infarction area
via improvement of brain blood flow and reduction of oxida-
tive stress [17]. The effect of BM-MSC transplantation was
abolished by knocking out the angiotensin-II (AT) receptor
type-II (AT2R). On the other hand, this effect was restored by
pretreatment with ARB for BM-MSCs in the culture. These
facts suggest that ARB and stimulation of AT receptor may
play a significant role in causing the angiogenesic effect of
BM-MSC transplantation. Therefore, in this study, we investi-
gated the effect of ARB on CTE of human BM-MSCs in vitro
and in vivo, and efficacy of BM-MSC transplantation on car-
diac function in the myocardial infarction (MI) model in vivo.

BM-Derived MSCs

Yub623 (RIKEN Cell bank, Cell No. HMS0017, Tokyo, Japan)
cells were used as BM-MSCs in this study. Yub623 is a fibro-
blast-like shaped human MSC (hMSC) derived from neonatal
human BM from a finger of patients with polydactyly. Cells were
cultured in high-glucose supplemented Dulbecco’s modified
Eagle’s medium containing 10% human serum.

Cardiomyogenic Induction and Chemical Agents

The method of cardiomyogenic induction in vitro was described
previously (Supporting Information Material and Method-1) [6,
8-11]. In short, enhanced green fluorescent protein (EGFP)
labeled BM-MSCs were cocultured with murine cardiomyocytes.
In this system, the incidence of cell fusion was approximately
0.3% and the evidence of cell fusion-independent cardiomyogene-
sis was extensively shown in the previous studies [6, 8-11, 18,
19]. BM-MSCs were preincubated with chemical agent-containing
medium for 2 weeks before coculture and/or cultured with chemi-
cal agent-containing medium after coculture. In this study, we
used 3 umol/l of telmisartan (tel), candesartan (cnd), losartan
(los), olmesartan (olm), and valsartan (val) as an AT receptor
blocker (ARB), 3 umol/l of PD123319 (pd) as a specific AT
type-I blocker; enalaprilat (ena) and captopril (cap) as an angio-
tensin converting enzyme (ACE) inhibitor; 3 umol/l of aliskiren
(ali) as a direct rennin inhibitor; 1 umol/l of AT; and 10 umol/l
of GW9662 (gw) as a peroxisome proliferators-activated recep-
tor-y (PPAR-y) blocker. Evaluation of efficiency of cardiomyo-
genic transdifferentiation was described previously [6, 10, 11]. In
short, cocultivated BM-MSCs were enzymatically isolated, a
smear sample was made, and then immunocytochemistry using
mouse monoclonal antibody against anticardiac troponin-I (Trop-
1, #4T21 Hytest, Euro, Finland) antibody was performed
(described later). Isolated cells (spherical shape), in which Trop-I
colocalized with EGFP at the cytoplasm were considered as
Trop-I/EGFP double positive cells. The CTE was defined as the
incidence of Trop-I/EGFP double positive cells in EGFP-positive
BM-MSCs. The incidence of cell fusion was not affected by
ARB treatment (0.30% to 0.39%) in this study.

Immunocytochemistry and Immunohistochemistry

A laser confocal microscope (FV1000, Olympus, Tokyo, Japan)
was used. As described previously [6, 8-11, 18, 19], samples were
stained with Trop-I with mouse monoclonal antibody (sigma) and
rabbit polyclonal anti-connexin 43 antibody (sigma) diluted 1:300
overnight at 4°C, then stained with TRITC-conjugated anti-mouse
IgG antibody (Sigma) and Cy5-conjugated anti-rabbit IgG antibody
(Chemicon) diluted 1:100, containing 4’-6-diamidino-2-phenylin-
dole (Wako) at 1:300 for 30 minutes at 25-28°C.

Enzyme-Linked Immunosorbent Assay

Angiogenic humoral factors (angiogenin, angiotensin-2, epidermal
growth factor [EGF], basic fibroblast growth factor, heparin-bind-
ing EGF-like growth factor, hepatocyte growth factor, phosphati-
dylinositol-glycan biosynthesis class F protein, and vascular endo-
thelial growth factor) in culture medium supernatant (cultured
with 10% serum-containing medium for 7 days) were measured
by enzyme-linked immunosorbent assay [19]. The assay was per-
formed with Quantibody Human Angiogenesis Array I kit (Ray-
Biotec, Inc. GA) and was conducted according to manufacturer
recommended protocol.

Gene Chip Analysis

Human genome-wide gene expression was examined with the
Human Genome U133A Probe array (Affymetrix), which contains
the oligonucleotide probe set for approximately 23,000 full-length
genes and expressed sequence tags as described previously [11, 20].

Transplantation of ARB-Pretreated BM-MSCs
in MI Model In Vivo

MI was induced in the open chests of anesthetized female F344
nude rats (Clea Japan, Inc., 6 weeks of age) as described previ-
ously [6, 9, 19]. Two weeks after MI, 1-2 X 10° of EGFP-
labeled BM-MSCs were injected into the myocardium at the bor-
der zone of the MI. Two weeks after the first operation, rats with
MI were randomized in a blind study of the following groups:
the sham operated group (Sham), the (CNT), the CNT with plain
BM-MSC transplanted group (BM), and the MI+4-candesartan-pre-
treated BM-MSC transplanted group (A-BM). After cellular trans-
plantation, TCV-116 (stable form of candesartan; 0.5 mg/kg/day)
was orally administered in some of the experiments (4-A). Ran-
domization occurred immediately before echocardiogram. Imme-
diately before cell transplantation, two-dimensional and M-mode
echocardiographic (8.5 MHz linear transducer; EnVisor C, Phil-
lips Medical System, Andover, MA) images were obtained to
assess left ventricular (LV) end-diastolic dimension and LV end-
systolic dimension (LVESD) at the mid-papillary muscle level by
a single blinded observer. Two weeks after the transplantation, a
similar echocardiogram was performed again. LV percentage
fractional shortening, thickness of anterior wall (AW), and thick-
ness of posterior wall were calculated from five to six traces and
averaged. LV pressure, brain natriuretic peptide (BNP), body
weight, and heart weight (wet) were measured as described previ-
ously. Tissue samples were obtained by slicing along the short
axis of the left ventricle, for every 1 mm of depth. After masson
trichrom staining, the area of fibrosis was digitized from each
slice, and then the percentage fibrosis volume in the L'V myocar-
dium was calculated as described previously [6, 19]. Immunohis-
tochemical analysis was performed to observe CTE in vivo as
described previously (Supporting Information Material and
Method-2). Immunohistochemical analysis was performed using
anti-rat CD34 antibody (1:200 R&D Systems; AF4117) to evalu-
ate vascular density. Then, biotinylated goat immunoglobulins
(Dako; E0466) were used as a second antibody, next, strept avi-
din biotin complex (ABC) complex/horseradish peroxidase (HRP)
(Dako; KO0377), and, finally, 3,3'-Diaminobenzidine substrate
(Wako; K3183500) were used. The images were digitized and the
percentage brown pixel area of the capillary vessels was counted
in the peri-infarct normal zone (NZ) and the center of the MI
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Figure 1. Improvement of cardiomyogenic transdifferentiation efficiency (CTE) of bone marrow-derived mesenchymal stem cells (BM-MSC)
by blockade of renin-angiotensin system in vitro. The calculated rate of cardiac troponin-T positive cells in enhanced green fluorescent protein-
positive cells are averaged and shown as CTE. (A): The effect of pretreatment with telmisartan (tel), candesartan (cnd), losartan (los), olmesartan
(olm), and valsartan (val) on CTE of human BM-MSCs are shown. CNT denoted CTE of control MSCs. These ARBs increase CTE significantly.
(B): Condition of pretreatment of val (before slash) and val treatment after induction (after slash) are shown in the bottom. Pretreatment of val
significantly increased CTE and was essential for val-induced CTE increase. Val treatment after induction moderately increased CTE. (C): The
effect of combination of val as a specific angiotensin-II (AT) receptor type-1 (ATIR) blocker and PD123319 (pd) as a specific AT2R blocker to
CTE is shown. The pd did not affect CTE. (D): The effect of GW9662 (gw) as a specific peroxisome proliferators-activated receptor-y (PPAR-})
blocker on tel-induced CTE increase and cnd-induced CTE increase are shown, The blockade of PPAR-y partially blocked the tel-induced CTE
increase and did not affect cnd-induced CTE increase. (E): The effect of additional application AT in the presence or in the absence of cnd is
shown. AT alone did not affect CTE; however, AT significantly increased CTE in the presence of cnd. (F): Dose-response effect of pretreatment
with enalaprilat (ena) and captoril (cap) as angiotensin converting enzyme inhibitors (ACEI). ACEI significantly improves CTE in a dose-depend-
ent manner. (G): The effect of aliskiren (ali) as a renin inhibitor on CTE is shown. Ali did not affect CTE. *p<0.05. Abbreviations: ali, aliskiren;
AT, angiotensin-II; cap, captoril; cnd, candesartan; CNT, control; EGFP, enhanced green fluorescent protein; ena, enalaprilat; gw, GW9662; los,
losartan; olm, olmesartan; pd, PD123319; Tel, telmisartan; Trop-1, troponin-I; val, valsartan.

zone (MI) using a light microscope at 10x magnification. The porting Information Fig. 1C~1P). In our pilot study, we tested

areas in five high-power fields were calculated and averaged. dose-response effect of ARBs and confirmed that this effect
e . was saturated at the concentration of 3 umol/l (CTE at con-
Statistical Analysis trol, 0.03, 0.3, 3, and 30 umol/l of cnd were 3.0 = 0.3, 3.5 =

All data are shown as mean value = SE. The difference between 0.2, 48 £ 0.3, 89 = 04, and 8.1 £ 0.5%, respectively).
mean values was determined with one-way analysis of variance Therefore, in this study, we selected 3 umol/l as a default
(ANOVA) test or one-way repeated measures ANOVA test and  concentration of ARBs. To clarify the target of the ARBs, val
Bonferroni post hoc test. Statistical significance was set at p < .05. was administrated only before the coculture or only after the
coculture (Fig. 1B). Administration of val after the start of co-
culture (£) caused modest improvement of CTE; on the other
hand, administration of val before the start of coculture ()
significantly increased CTE, suggesting that val modified the
character of the BM-MSCs so as to be able to cause higher
CTE. To determine whether the effect of the ARBs was medi-

Pretreatment with ARB Increased Efficiency of

Cardiomyogenic Transdifferentiation Via AT2R ated by AT receptor type-I (ATIR) or AT2R, we used val as
Administration of 3 umol/l of popular ARBs (tel, can, los, ATIR specific blocker and pd as AT2R specific blocker (Fig.
olm, and val) did not cause any significant change in mor- 1C). Administration of pd did not affect CTE, while val
phology of BM-MSCs (Supporting Information Fig. 1A, 1B), increased CTE significantly. Furthermore, CTE with both val
while improved CTE in vitro was observed (Fig. 1A and Sup- and pd administered did not show an additional increase
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Figure 2. Confocal laser microscopic images of the immunocytochemical analysis of transdifferentiated cardiomyocytes. Confocal microscopic
images of immunocytochemistry after cardiomyogenic induction using anti-cardiac troponin-1 (red: Trop-I) revealed significant augmentation of
enhanced green fluorescent protein (EGFP) (green)/Trop-1 double positive cardiomyocytes (white arrow) by candesartan (cnd) (D-F) pretreat-
ment, while EGFP/Trop-I double positive cells were rare in CNT (A-C). Area within the dotted yellow box is expanded and shown in (G, H).
Clear striation staining pattern of Trop-I was observed in every EGFP-positive cell. The striating pattern of EGFP and Trop-I appeared in alterna-
tion, suggesting that the Trop-I was expressed in the EGFP-positive cells. Scale bar = 20 um. Abbreviations: cnd, candesartan; CNT, control;
DAPI, 4'-6-diamidino-2-phenylindole; EGFP, enhanced green fluorescent protein; Trop-I, troponin-I.

(rather, tended to show a statistically nonsignificant decrease).
These data suggest that blockade of ATIR plays a pivotal
role in ARB-dependent CTE increase. We have previously
reported that PPAR-y activator has an ability to increase CTE
of BM-MSCs [19], and some of the ARBs, that is, tel, have a
potential to activate the PPAR-p. To clarify that the mecha-
nism of ARB-induced CTE increase was mediated via PPAR-
y activation effect, we used gw as a specific blocker for
PPAR-y (Fig. 1D). The gw partially blocked tel-induced CTE
increase; on the other hand, it did not block cnd-induced CTE
increase. These data suggest that the effect of cnd on CTE
was independent from PPAR-y activation. In our previous
study, the effect of pio was completely blocked by gw [19];
therefore, the gw-insensitive tel-induced CTE increase was
caused by a PPAR-y-independent mechanism. On the other
hand, administration of AT did not affect CTE in the absence
of ARB, while administration of AT significantly increased
CTE in the presence of ARB (Fig. 1E). These data suggest
both blockade of ATIR and stimulation of AT2R increase
CTE. The increase in CTE was also observed by administra-
tion of ACE inhibitors ena or cap (Fig. 1F), suggesting the
source of AT in this system is autocrine of angiotensin-I from
BM-MSCs and local ACE activity. Furthermore, the effect
was not blocked by the specific renin blocker, ali (Fig. 1G);
therefore, angiotensinogen does not play a role as an AT

source in this system, but a local angiotensin-generating sys-
tem may play a role in this phenomenon.

The Effect of ARB-Treated BM-MSC
Transplantation on Cardiac Function In Vivo

The BM-MSCs were transplanted into the hearts of nude rats
with chronic MI, in vivo, and the effect on cardiac function
was examined. Representative M-mode echocardiographic
images at 2 weeks after transplantation are shown (Fig. 2A).
In the CNT group, akinesis and thinning of AW are observed.
There were no marked changes in the BM group, while in
A-BM group, the motion of AW markedly improved. The
same trend was also observed in the ARB orally administered
group (+A group). The changes in echocardiographic parame-
ters between the immediately before the transplantation group
(post MI 2 weeks) and the 2 weeks after transplantation group
(post MI 4 weeks) are compared (Fig. 3). Changes in LV
ejection fraction (ALVEF) were decreased as a function of
time, even 2 weeks after the MI, which may be due to LV
remodeling. The transplantation of plain BM-MSCs (BM) did
not have an effect on ALVEF; on the other hand, candesar-
tan-pretreated BM-MSCs (A-BM) significantly improved
ALVEF. The degree of improvement was marked when can-
desartan was orally administered (A-BM-A). Change in end-
diastolic diameter of LV (ALVEDD) did not differ among the
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Figure 3. Effect of candesartan-pretreated bone marrow-derived mesenchymal stem cell (BM-MSC) transplantation and/or oral administration
of candesartan on echocardiographic parameters in vivo. (A): Representative trace of M-mode echocardiogram from Sham-operated nude rats,
control myocardial infarction (MI) (CNT), MI with BM-MSCs transplantation (BM), candesartan-pretreated BM (A-BM), and oral administration
of candesartan after the transplantation (CNT+A, BM+A, A-BM+A) is shown. Changes in left ventricular ejection fraction (LVEF) from 2 to 4
weeks (B; ALVEF), LV end-diastolic dimension (C; ALVEDD), and LV end-systolic dimension (D; ALVESD) are averaged and shown. (E):
Calculated LVEF from each group at 2 weeks after first operation are shown. There was no statistical significance; however, the degree of per-
centage EF tends to be worse in the oral administration series (right columns separated by dotted bar). Candesartan-pretreated BM significantly
improved LVESD, consequently improved LVEF. #p<0.05. Abbreviations: BM, bone marrow; CNT, control; LVEDD, left ventricular end-dia-
stolic dimension; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic dimension.

groups; on the other hand, change in LVESD (ALVESD) was
significantly improved in A-BM group (vs. BM group) and
A-BM++A group (vs. BM+A group), suggesting transplantation
of candesartan-pretreated BM-MSCs significantly improved
systolic function. Other echocardiographic parameter did not
differ among the groups. There was no difference in the
changes in body weight, serum BNP concentration, heart
weight, LV systolic pressure, or LV end-diastolic pressure
among the groups (Fig. 4). LV dP/dt was significantly
improved by candesartan-pretreatment (A-BM vs. BM) with
BM-MSCs; however, there was no additional effect of cande-
sartan-pretreatment in the group of candesartan oral administra-
tion group (N.S. CNT-A vs. A-BM+A).

In this study, the beneficial effect was observed even in
the ARB-pretreated BM-MSC transplantation group. The
effect of ARB is known to cause an irreversible biological
change in the cell, the “so-called” memory effect; therefore,
such memory effect might affect cardiac function in vivo. To
check this possibility, we cultured three groups of BM-MSCs:
cells with candesartan for 2 weeks (ARB), cells without can-
desartan (CNT), and cells with candesartan for 1 week fol-
lowed by 1 week without candesartan (1 week-ARB: wash-
out for 1 week). The GeneChip analysis was performed

www.StemCells.com

among them, then the hierarchical clustering was used using
the average distance method [20]. The gene expression pattern
of 1 week-ARB was similar to CNT; therefore, the effect of
ARB on BM-MSCs was reversible from the aspect of gene-
chip analysis.

Incidence of Myocardial Transdifferentiation of
ARB-Pretreated BM-MSCs In Vivo

To evaluate myocardial transdifferentiation of BM-MSCs in
vivo, immunohistochemical analysis was performed. Antibod-
ies against cardiac troponin-I (Trop-I) and connexin 43 were
used. Confocal laser microscopic images could not detect
EGFP-positive cardiomyocytes having clear striation staining
pattern of Trop-I in the BM group. Sometimes enucleated
EGFP-positive fragments of the cell at the center of the MI
zone were observed, but taking the number of the injected
EGFP-positive cells into account, the incidence seemed to
be rare, as was reported previously [6, 19]. On the other
hand, EGFP-positive and Trop-1 double positive cells with
clear striation staining pattern were observed at the marginal
zone of the MI area in the candesartan-pretreated BM-MSC
transplanted group (A-BM, Fig. 5F-5I). The oral
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Figure 4, Effect of candesartan-pretreated bone marrow-derived mesenchymal stem cell (BM-MSC) transplantation and/or oral administration
of candesartan on body weight, seram BNP concentration, and hemodynamic parameters. There was no difference in (A) changes in body weight,
(B) heart weight, (C) BNP concentration, (D) left ventricular (LV) end-systolic pressure, or (E) end-diastolic pressure. (D): Effect of BM-MSCs
on LV positive dP/dt is significantly improved by pretreatment with pioglitazone. (F): The LV dP/dt was significantly improved by transplanta-
tion of candesartan-pretreated BM-MSC (A-BM). #*p<0.05. Abbreviations: BM, bone marrow; BNP, brain natriuretic peptide; CNT, control MI;
LV, left ventricle; LVEDP, left ventricular end- pressure; LVSP, left ventricular systolic pressure.

administration of candesartan increased the incidence of
survival of the EGFP/Trop-1 double positive cells in vivo
(A-BM+A, Fig. 5A-5E, 5J).

Genesis of Angiogenic Humoral Factors Derived
from BM-MSCs by ARB

Angiogenic humoral factors were detected in the supernatant
of the culture medium of BM-MSCs, suggesting that they are
secreted from BM-MSCs, as reported previously [19]. How-
ever, the administration of 3 umol/l of candesartan did not
significantly affect the concentration of these angiogenic fac-
tors (Fig. 6). On the other hand, the angiogenic effect of can-
desartan-pretreated BM-MSCs was observed in vivo (Fig. 7A,
7B). In the peri-MI NZ, a CD34 positive area was not differ-
ent among CNT, BM, and A-BM groups (without oral admin-
istration of candesartan). On the other hand, in the MI area, a
CD34 positive area was significantly higher in A-BM group
(vs. BM group). Oral administration of candesartan, signifi-
cantly increased the CD34 area (CNT+A vs. CNT) in the
peri-MI normal area and significantly increased it in the MI
area. Masson trichrome staining and calculated MI volume at
2 weeks after transplantation (Fig. 7C, 7D) showed significant
reduction of MI volume by pretreatment with candesartan of
engrafted BM-MSCs (BM vs. A-BM) and the effect of pre-

treatment was not significantly augmented by the oral admin-
istration of candesartan.

The Effect of Pretreatment with ARB in Human
Neonatal BM-MSCs

The ARB did not affect the morphology of BM-MSCs and did
not increase secretion of angiogenic humoral factors from BM-
MSCs. The pretreatment with ARB significantly increased the
CTE in vitro and in vivo. As pretreatment with ARB was essential
for the effect on CTE, we concluded that the effect of ARB is not
mediated by murine cultured myocardium, but directly affects
BM-MSCs themselves, modifying the character of BM-MSCs. As
the effect was not mediated by PD123319 as a selective AT2R
blocker, the effect of ARB was mediated by the blockade of
ATIR. In our previous article [19], activation of PPAR-y signifi-
cantly increased the CTE in BM-MSCs and the effect was com-
pletely blocked by GW9662, as a specific blocker of PPAR-y re-
ceptor. The effect of telmisartan, which is known to have the
strongest PPAR-y activation activity among the ARBs, on CTE
was partially blocked by GW9662, suggesting that the effect of
ARBs is not mediated by PPAR-y receptor activation activity. The
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Figure 5. Both pretreatment and oral administration of candesartan significantly improved the incidence of survival of bone marrow-derived mes-
enchymal stem cell (BM-MSC)-derived cardiomyocytes in vivo. Confocal laser microscopic image of immunchistochemistry using anti-cardiac tro-
ponin-I antibody (red; Trop-I) is shown. (A-C): Lower magnification view for enhanced green fluorescent protein (EGFP) (green; A), Trop-1 (B),
and 4'-6-diamidino-2-phenylindole (Blue; E) is shown. Afier transplantation of candesartan-pretreated BM-MSCs in the presence of oral administra-
tion of candesartan (A-BM+A), EGFP-positive cells can be observed at the margin of the myocardial infarction (MI), but there were many EGFP/
Trop-I double positive cardiomyocytes survived at the peri-MI zone (A). (D): Higher magnification view of merged image is shown. (E): The Trop-
I'positive cells are surrounded by dot-like staining of connexin 43 (white; Cx43). (F): Higher magnification view clearly shows striation staining pat-
tern of Trop-I in the EGFP-positive cells. (G): At the center of MI zone (A-BM group), many EGFP-positive cells were enucleated and were nega-
tive for Trop-I. (H, I): However, there were some EGFP, Trop-I double positive rod-shaped cells at the center of MI zone. (J): The percentage of
EGFP/Trop-1 double positive cells in the injected EGFP-positive cells was averaged and is shown. By pretreatement with candesartan, the rate was
significantly improved (A-BM vs. BM), and oral administration of candesartan additionally improved the incidence of EGFP/Trop-I double positive
cells in vivo. Scale bars = 50 um (A-C, E, F), = 100 ym (D), = 200 um (G), and = 25 um (H, I), respectively. *p<0.05. Abbreviations; BM,
bone marrow; DAPI, 4'-6-diamidino-2-phenylindole; EGFP, enhanced green fluorescent protein; GFP, green fluorescent protein; Trop-1, troponin-1.

molecular mechanism of the effect of ARBs on CTE is still
unclear. Further experiments should be done.

In the absence of valsartan as an ATIR selective blocker,
administration of AT did not affect CTE; however, in the
presence of valsartan, AT significantly increased CTE, sug-
gesting that the relative stimulation of AT2R increased CTE.
Furthermore, AT in culture medium seems to be generated by
ACE activity in BM-MSCs, as the administration of ACE in-
hibitor to the BM-MSCs in culture significantly increased
CTE in vitro. Furthermore, aliskiren did not affect the CTE;
therefore, rennin and angiotensinogen did not play a role, but
the angiotensin-I in the culture medium or autocrine from
BM-MSCs must be a major source for AT.

Mechanism of Improving Systolic Function with ARB

Although EGFP-positive cardiomyocytes were observed in the
candesartan-treated BM-MSC transplanted group, the number
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of them seems to be low for causing improvement in systolic
function in vivo, as was seen in this study.

Concordant with the previous in vivo study [8] and clini-
cal study [14], in the absence of BM-MSC transplantation,
oral administration of candesartan suppressed the post-MI LV
remodeling and progressive worsening of LVEF (CNT vs.
CNT+A) at 2 weeks after MI. Furthermore, in this study,
even in the absence of oral administration, the beneficial
effect was observed in the candesartan-pretreated BM-MSC
transplantation group. In this study, the effect of default BM-
MSC transplantation was modest and there was no statistical
significance from the control MI group. These data suggest
that the ARBs modify the biology of BM-MSC, which play
an important role in suppressing post-MI LV remodeling.
This trend was observed in hemodynamic parameters and his-
tological data. Pretreatment with candesartan significantly
improved the efficacy of BM-MSC transplantation in augmen-
tation of LV dP/dt and reduction in MI volume. Such
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Figure 6. Secretion of angiogenic humoral factors from bone marrow-derived mesenchymal stem cells (BM-MSCs) into the culture medium su-
pernatant and the effect of candesartan in vitro. Concentration of angiogenic humoral factors in (A) angiogenin, (B) angiotensin-2 (ANG-2), (C)
epidermal growth factor (EGF), (D) basic fibroblast growth factor, (E) heparin-binding EGF-like growth factor, (F) hepatocyte growth factor, (G)
phosphatidylinositol-glycan biosynthesis class F protein, and (H) vascular endothelial growth factor in culture medium was measured by enzyme-
linked immunosorbent assay and averaged. Candesartan (cnd) treatment did not cause any significant change in angiogenic humoral factors secre-
tion from BM-MSCs into the culture medium. Abbreviations: ANG-2, angiotensin-2; bFGF, basic fibroblast growth factor; cnd, candesartan;
EGF, epidermal growth factor; HB-EGF, heparin-binding EGF-like growth factor; HGF, hepatocyte growth factor; hMSC, human mesenchymal
stem cell; PIGF, phosphatidylinositol-glycan biosynthesis class F protein; VEGF, vascular endothelial growth factor.

cardioprotective effect of ARB-pretreated BM-MSCs may be
due to augmentation of angiogenic effect and/or anti-apoptotic
paracrine effect of BM-MSCs by pretreatment with ARB. The
beneficial effect of ARB-pretreated BM-MSCs was also
reported in the ischemia-reperfusion brain injury model [17], in
which it was pointed out that both the stimulation of AT2R and
blockade of ATIR have a significant effect on reducing brain
damage in vivo and this data well correlated with our CTE data
in vitro. In this study, the effect can be observed even by BM-
MSC transplantation at 2 weeks after MI; therefore, the BM-
MSC-induced angiogenesis might have suppressed ongoing
post-MI LV remodeling. In this study, there was discrepancy
between the angiogenic effect of ARB-pretreatment in BM-
MSCs in vitro and in vivo. We speculated that additional angio-
genic effect of BM-MSC transplantation by ARB-pretreatment
might require graft-host interaction, that is, immunological
reaction or inflammation in the host myocardium.

Cell Fusion-Independent Cardiomyogenic
Transdifferentiation

Extensive evidence of cell fusion-independent cardiomyogenic
transdifferentiation of human MSCs was presented in our pre-
vious study [6, 9-11, 19]. In this study, the incidence of cell
fusion was approximately 1% and it was not affected by ARB
pretreatment; therefore, the increase in EGFP-positive cardio-
myocytes by ARB treatment was due to an increase in effi-
ciency of cardiomyogenic transdifferentiation in vitro. Further-

more, there were no EGFP/Trop-I double positive rod shaped
cardiomyocytes in the default BM-MSC transplanted group; on
the other hand, the appearance of significant numbers of EGFP/
Trop-I double positive cardiomyocytes was observed in ARB-
pretreated BM-MSC transplanted group. This suggests an
improvement of CTE of BM-MSCs in vivo by ARB pretreat-
ment. Taking into account our previous study and our present
in vitro experiment, we concluded that our observed EGFP/
Trop-I double positive cells in vivo are caused by cardiomyo-
genic transdifferentiation.

Clinical Application

The efficacy of human BM-MSC transplantation had been
modest [14, 15], and a new method for BM-MSC transplanta-
tion that will gain dramatic improvement in efficacy is
expected. Genetic modification, that is, over-expression of the
AKT-gene was reported to improve efficacy of BM-MSC trans-
plantation in vivo [21]; however, use of such genetically modi-
fied cells raises a safety concern, that is, tumorgenecity. In com-
parison with the genetic modification, modification of BM-
MSCs by ARBs, which are commonly used for heart failure
patients, is a method that is ready to use for clinical patients.

In addition to the beneficial efficacy for cardiac function,
this experimental model may also give us a clue to improving
CTE in vivo, which is very essential for cardiac regenerative
therapy. The precise mechanism for cardiomyogenic transdif-
ferentiation of human BM-MSCs has been unclear. As the
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Figure 7. Effect of bone marrow-derived mesenchymal stem cell (BM-MSC) transplantation and/or treatment with candesartan on vessel den-
sity and infarction size in the heart in vivo. (A): The percentage of CD34 positive area in control myocardial infarction (MI) (CNT), MI with bone
candesartan-pretreated BM-MSCs transplantation (BM), candesartan-pretreated BM (A-BM), and additional oral administration of candesartan after
the transplantation (CNT+A, BM+A, A-BM+A) are calculated and averaged. (B): Representative microscopic image of immunohistochemistry
using anti-CD34 antibody to detect vessels at center of MI zone and peri-MI normal zone (non-MI) are shown. Scale bar = 20 um. Pretreatment with
candesartan significantly increased vessel density at MI zone; on the other hand, oral administration of candesartan significantly increased vessel den-
sity at non-MI zone. (C): Representative masson-trichrom staining of the heart at the tendinous cord level of CNT, BM, and A-BM are shown. The
digitized data were measured and calculated in (D). By the candesartan-pretreatment, BM-MSC transplantation significantly decreased in percentage
fibrosis volume. Scale bar = 5 mm. *p<0.05. Abbreviations: BM, bone marrow; CNT, control; MI, myocardial infarction.

incidence of cardiomyogenic transdifferentiation of human
BM-MSCs is extremely rare, it has been impossible to statisti-
cally analyze the effect on CTE of various drugs or interven-
tions in vivo. Therefore, there has been no systematic strategy
for improvement of CTE of BM-MSCs until our previous arti-
cle [6, 9-11, 19]. Our in vivo model of ARB-treated BM-
MSCs is able to statistically analyze the effects of drugs on
CTE, which is important for further improvement of CTE. In
vitro, the pioglitazone’s effect on CTE was independent from
the effect of ARB; therefore, the additional administration of
pioglitazone, as a PPAR-y activator may be expected to
improve CTE further. Further experiments should be done.

Study Limitation

In our previous study, we have used BM-MSCs obtained from
a 41-year-old and a 90-year-old men. The CTE results were
1% and 0.3% in vitro [19], respectively. In this study, the
CTE of default BM-MSCs from neonates was approximately
3%—-5%. This data implies BM-MSCs obtained from younger
generations that may have higher cardiomyogenic transdiffer-
entiation ability. As ARB is known to have a potential for an
anti-aging effect, the effect of ARB on BM-MSCs might
increase the CTE by ARB’s anti-aging effect on BM-MSCs.
Further experiments should be done on this issue.

www.StemCells.com

In vivo MI model was performed by two series (Sham,
CNT, BM, A-BM series and CNT-A, BM-A, A-BM-A series)
at different periods. As it was difficult to control the size of
the MI at the coronary ligation, the size of the MI of later se-
ries are slightly larger (N.S.) than the former series. There-
fore, we did not perform statistical analysis on some parame-
ters between the series (separated by dotted line in the
figures). The serum BNP level and the size of percentage MI
volume are slightly larger in the later series. In this study,
intra-individual difference values were compared with the val-
ues of the two series.

Pretreatment with angiotensin receptor blockers (ARBs) in
culture activate human marrow-derived mesenchymal stem
cells by angiotensin-II receptor type 1 blockade. ARBs-pre-
treated human marrow-derived msenchymal stem cells was
significantly improved cardiomyogenic transdifferentiation ef-
ficiency in vitro and in vivo, and transplantation of the ARBs-
pretreated cells significantly improved cardiac function and
can be a promising cardiac stem cell source from which to
expect cardiomyogenesis.
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B-catenin is a molecular switch that
regulates transition of cell-cell adhesion to
fusion
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Care, National Center for Child Health and Development, 2-10-1 Okura, Setagaya, Tokyo 157-8535, Japan.

When a sperm and an oocyte unite upon fertilization, their cell membranes adhere and fuse, but little is
known about the factors regulating sperm-oocyte adhesion. Here we explored the role of B-catenin in
sperm-oocyte adhesion. Biochemical analysis revealed that E-cadherin and B-catenin formed a complex in
oocytes and also in sperm. Sperm-oocyte adhesion was impaired when B-catenin-deficient oocytes were
inseminated with sperm. Furthermore, expression of B-catenin decreased from the sperm head and the site
of an oocyte to which a sperm adheres after completion of sperm-oocyte adhesion. UBE1-41, an inhibitor of
ubiquitin-activating enzyme 1, inhibited the degradation of B-catenin, and reduced the fusing ability of
wild-type (but not f-catenin-deficient) oocytes. These results indicate that B-catenin is not only involved in
membrane adhesion, but also in the transition to membrane fusion upon fertilization.

n oocyte fuses to only one sperm at fertilization, which results in the creation of a single cell with two
nuclei that undergoes a series of complex processes (Supplementary Fig. S1a). After the sperm detaches
the cumulus cells, the somatic cells surrounding oocytes, from the oocytes by enzymatic activities, the
sperm adheres to the zona pellucida (ZP), the oocyte extracellular matrix. The sperm then penetrates the ZP and
adheres to the oocyte cell membrane. At this time, fusion occurs between sperm and oocyte.

CD9? and Izumol® belong to the tetraspan protein family (tetraspanin) and immunoglobulin superfamily,
respectively, and play a crucial role in sperm-oocyte fusion®=*. Both CD9-deficient oocytes and Izumol-deficient
sperm are unable to fuse to their wild-type partner’s cells, but retain adhesive activity**. A couple of these findings
suggest that the molecular event underlying membrane adhesion is different from that underlying membrane
fusion. The mechanism of membrane fusion has been explored by us® and others™, but little is known about the
factors regulating the adhesion of a sperm to an oocyte membrane.

Three proteins, B-catenin, o-catenin and E-cadherin, are a well-known functional set mediating intercellular
junctions, which are called adherens junctions and typically served as a lateral connector between epithelial cells®.
Besides epithelial cells, these three proteins are co-expressed in non-epithelial female germ cells, such as immature
oocytes and fully-grown oocytes (to which only one sperm can adhere upon fertilization)'°. Typically, B-catenin
directly binds to the cytoplasmic domain of E-cadherin and connects to the adherens junctional complex with
actin, a major component of microfilaments™. The B-catenin bound to E-cadherin is involved in intercellular
adhesion, while E-cadherin-free B-catenin functions as a transcriptional factor driving the Wnt signaling pathway
that regulates embryonic morphogenesis'2

In mouse oocytes, the presence of both B-catenin and E-cadherin has been reported'®, but it remains unclear
whether these two proteins are essential during the process of fertilization. In this study, we explored the possible
role of B-catenin in sperm-oocyte adhesion, one of the important steps leading to mammalian fertilization.

Results

Subcellular localization of actin and its possible function in sperm-oocyte adhesion. To identify candidate
proteins involved in sperm-oocyte membrane adhesion, we first examined immunocytochemically whether two
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cytoskeletal proteins, actin and tubulin, would exhibit cortical
localization in ovulated oocytes. These two monoclonal antibodies
(mAbs) are raised against the conserved domain of actin isoforms
or B-tubulin. Confocal microscopic observation demonstrated that
actin was asymmetrically localized in the oocyte: namely, metaphase
II-arrested chromosomes enclosed by the actin were observed in one
side of the oocyte cytoplasm (Supplementary Fig. S1b, ¢). In addition,
actin was found to be concentrated on the cortical surface of the
oocyte and appeared to exist as orderly arranged spots beneath the
oocyte cell membrane (Supplementary Fig. S1d). Since tetraspanin
CD9 is known to be present on the microvilli that regularly line the
cell surface of an oocyte®, oocytes were subjected to double staining
with CD9 and actin mAbs. Neither protein was co-localized, and the
actin-rich cortical area was clearly separated from the CD9-rich area
(Supplementary Fig. S1d, e), implying the presence of at least two

types of membranous structures in the oocyte cell membrane, as
suggested previously'. Since CD9 plays an important role in sperm-
oocyte fusion, but not sperm-oocyte adhesion®, it was hypothesized
that the actin-rich membranous structure on the cell surface of an
oocyte may be involved in sperm-oocyte membrane ‘adhesion’.

E-cadherin/p-catenin complex formation in both oocytes and
sperm. Since E-cadherin/B-catenin complex has been known to
bind to actin, by which cell-cell membrane adhesion is regulated®,
we considered that this E-cadherin/B-catenin complex may play a
role as a regulator of sperm-oocyte membrane adhesion. To assess
the problem, we first examined the possible interaction between
E-cadherin/B-catenin complex and actin on an oocyte using
immunocytochemical methods. In Fig. 1, subcellular localization
of a- and B-catenins and E-cadherin is shown and data on the
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Figure 1 | Expression of E-cadherin and p-catenin and localization of E-cadherin/f-catenin complex in oocytes. (a) Localization of E-cadherin,
B-catenin and a-catenin in ovulated oocytes. Similar distribution pattern of E-cadherin and B-catenin on an oocyte suggests complex formation between
these two proteins. IF, immunofluorescence; BF, bright field. Scale bars: 20 pum. (b) Localization of - and y-actin isoforms and B-catenin beneath the
oocyte cell membrane and their fluorescent intensities. The route scanned on the membrane was indicated as a dotted line. Fluorescence intensities for
each protein were measured and graphed based on the 3D image, as described in the Experimental Procedures. Red and green lines in the lower panel
indicate intensities of B-catenin and actin, respectively. Scale bar: 5 pum. (c) Biochemical evidence for the presence of E-cadherin/B-catenin complex in
oocytes. The extract from 905 oocytes immunoprecipitated (IP) by anti-B-catenin mAb and mouse IgG purified from preimmune serum (Control) was
subjected to immunoblotting with anti-E-cadherin, anti-B-catenin or anti-B-tubulin mAb. Extracts from mouse embryonic carcinoma cell line P19%
were also subjected to immunoprecipitation with anti-B-catenin mAb and the resulting immunoprecipitates were reacted with each mAb as a positive
control. Note that the extract (IP) immunoprecipitated by anti-anti-8-catenin mAb was reactive with both anti-B-catenin and anti-E-cadherin mAbs, but
the extract (Unbound) that was not immunoprecipitated by anti-3-catenin mAb failed to bind to both antibodies. On the other hand, the B-tubulin was
detectable in the Ab-unbound (but not Ab-IP) fractions. (d) Disassembly of B-catenin, E-cadherin and actin induced by latrunculin A (latA) treatment.
Oocytes were doubly immunostained with anti-B- and y-actin isoforms mAbs and DAPI (shown as ‘Actin DAPT’) or with anti--catenin mAb or with
anti-E-cadherin mAb and DAPI (shown as ‘B-catenin DAPT or ‘E-cadherin DAPT’). In the lower panels, the fluorescence intensities measured after being
traced along dotted lines in the figures of the upper panels are shown. The intensities of latA-treated oocytes are indicated by red lines, while those of the
latA-untreated oocytes are shown by black lines. Scale bar: 20 pum.
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comparison between their localization and the localization of actin is
also shown. Regarding the immunoreactivity of E-cadherin to an
oocyte, a2 mAb that recognizes an N-terminal extracellular region of
E-cadherin was used. Immunocytochemical staining demonstrated
that E-cadherin was localized on the cell membrane (microvillar
region) of an ococyte that has not been treated with permeabilization
(Fig. 1a). B-catenin was detected beneath the oocyte cell membrane,
and its localization pattern appeared to be similar to that of
E-cadherin (Fig. 1la). In contrast, a-catenin was present in the
oocyte cytoplasm (Fig. 1a). When the distribution of B-catenin
on an oocyte was compared to that of actin, both proteins were
found to be co-localized (Fig. 1b).

Secondly, we assessed the possible formation of B-catenin and
E-cadherin complex using an immunoprecipitation method. A cell
extract of mouse oocytes (n = 905) was immunoprecipitated with
anti-E-cadherin mAb, and the resulting precipitate was then reacted
with anti-B-catenin mAb. As a result, the cell extract immunopreci-
pitated with anti-E-cadherin mAb reacted with the anti-B-catenin
mAb (Fig. 1c), indicating the presence of B-catenin and E-cadherin
complex in an oocyte.

Thirdly, we assessed the effect of latrunculin A (latA), an inhi-
bitor of actin polymerization, on the formation of B-catenin and
E-cadherin complex. When oocytes were treated with 10 pM latA
for 1 h at 37°C, actin immunoreactivity was reduced along with
decreased immunoreactivity to B-catenin and E-cadherin (Fig. 1d).
These results suggest that the B-catenin/E-cadherin complex formed
in the oocyte cell membrane is closely associated with actin.

_ Since the B-catenin/E-cadherin complex is known to play a role in
cell-cell adhesion via its homophilic interaction with E-cadherin,
we predicted that this protein complex would also be produced in
sperm. To test this hypothesis, epididymal capacitated sperm were
collected from 10-week-old males and subjected to Western blotting
(Fig. 2a) and immunoprecipitation (Fig. 2b) analyses. Western blot-
ting revealed that both E-cadherin and B-catenin were detected in the
sperm collected (Fig. 2a); however, N-cadherin was not detectable in
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those samples (Fig. 2a), although its expression has been reported
in mouse oocytes'. Immunoprecipitation analysis also revealed the
presence of the E-cadherin/f-catenin complex in sperm. The sperm
extracts immunoprecipitated with anti-B-catenin mAb were reac-
tive with anti-E-cadherin mAb, and those immunoprecipitated
with anti-E-cadherin mAb were reactive with anti-B-catenin mAb
(Fig. 2b). To confirm this further, immunocytochemical staining
was performed for the isolated sperm. Staining of unpermeabilized
sperm with anti-E-cadherin mAb demonstrated that E-cadherin was
broadly expressed on the cell membrane of sperm from the head
region to the mid-piece as well as part of the tail (Fig. 2¢, d).
Staining of permeabilized sperm with anti-B-catenin mAb revealed
that the expression of B-catenin was localized beneath the sperm cell
membrane and, notably, its localization pattern was similar to that of
E-cadherin (Fig. 2¢, d).

In mammals, both sperm-oocyte fusion and adhesion have been
believed to occur in a specific region of the sperm head, called an
equatorial segment (ES)". Therefore, it is reasonable to consider that
factor(s) regulating sperm-oocyte adhesion should exist in this seg-
ment. Since in the sperm head of the Asian musk shrew, Suncus
murinus, ES is recessed within the waist of the sperm nucleus’®, it
is easy to detect proteins localized in this segment. When immuno-
cytochemical staining of the permeabilized shrew capacitated sperm
was performed using anti-E-cadherin mAb, E-cadherin was expres-
sed on the ES, the mid-piece and part of the tail (Supplementary
Fig. S2a). Staining with anti-B-catenin mAb revealed the expression
of B-catenin specifically localized on the ES of the sperm head
(Supplementary Fig. S2b). Notably, its localization pattern was sim-
ilar to that of E-cadherin in the shrew sperm (Supplementary Fig. S2a
vs. Fig. S2b) and also to that of E-cadherin in the mouse sperm
(Fig. 2¢, d). Furthermore, some B-catenin molecules were released
from the acrosomes of the shrew sperm (Supplementary Fig. S2b).
Since theES is recessed in the acrosome of the shrew sperm®s,
B-catenin may have accumulated specifically in the ES upon com-
pletion of ES formation. These collected results led to a conclusion
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Figure 2 | Expression of E-cadherin and B-catenin and their interaction in sperm. (a) Expression of E-cadherin and B-catenin in epididymal sperm. E-
cadherin and B-catenin, but not N-cadherin, in the sperm were detected by immunoblotting (IB). Sperm (S1 and S2) were collected from the epididymis
of two males and used for IB. Extracts from P19 cells were used as a positive control. IB was performed using anti-E-cadherin, anti-B-catenin or anti-N-
cadherin mAbs. M, molecular weight markers. (b) Interaction between E-cadherin and B-catenin in sperm. Extracts from the sperm (used as input sample
(IN)) were immunoprecipitated by anti-E-cadherin or anti-B-catenin mAb. The precipitates (IP) and unbound extracts (U) were immunoblotted (IB)
with anti-E-cadherin or anti-B-catenin mAb. M, molecular weight markers. (c) Localization of E-cadherin and B-catenin in sperm. Unpermeabilized or
permeabilized sperm were doubly immunostained with anti-E-cadherin (ECCD-2) and anti-B-catenin mAbs, and their nuclei were stained with DAPI.
ECCD-2, which recognizes an epitope in the N-terminal extracellular region of E-cadherin, bound to E-cadherin without permeabilization pretreatment.
Scale bar: 5 um. (d) The fluorescence intensity profiles of E-cadherin and B-catenin in sperm shown in (c). Fluorescence intensities were measured after
being traced on the sperm along dotted lines shown at the bottom of the panels in (c).
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that mammalian epididymal sperm always form E-cadherin/B-cate-
nin complex.

Generation of f-catenin-, a-catenin- and E-cadherin-deficient
oocytes. To determine which genes are involved in sperm-oocyte
adhesion among f-catenin, o-catenin and E-cadherin genes,
three strains (E-cadherinfoxcdfioxd7  B_cgteninfloxedfoxed 18 and o-
cateninodfioxd19) with [oxP-flanked genes were inter-crossed with
the transgenic mouse strain (Tg***) expressing cre-recombinase
in an oocyte-specific manner. Offspring (F2) lacking each type of
gene (E_Cadherl‘nﬂoxed/ﬂoxedTgZP3»cre/+’ B_Cateninﬂoxed/ﬂoxedTgZP3-cre/+ and
a-cateninoredfiored TgZPoerety were successfully obtained according
to the Menderian inheritance rule (see Methods; Supplementary
Fig. $3a), and were all viable and normal in size without display-
ing any overt physical or behavioral abnormalities. When the
number of ovulated oocytes from these superovulated offspring
was counted and compared with that of oocytes from the control
floxed mice, there were no clear differences in the number of
ovulated oocytes between the two groups: 11.7 = 1.4 (n = 25)

for E-cadherinfodfoxedTgZPoaetand 13.7 + 1.9 (n = 22) for
E-cadheripfoxedfiexed, 235+ 15 (n = 21) for f-
cateninfoxcdlfoxedTgZbsae/t apnd 232 *+ 1.5 (n = 19) for B-

catenin™=dfoxed, 156 + 2.4 (n = 9) for a-cateninfoxedfioxed T gZPs-cret
and 124 * 23 (n = 9) for a-catenin™=¥foxd Qocytes isolated
from each line carrying the cre-recombinase gene were not
morphologically distinguishable from those from each control
floxed line (Supplementary Fig. $3b). To confirm whether oocytes
from these gene-disrupted mice exhibit loss of target protein
expression, oocytes were subjected to immunocytochemical
staining together with oocytes from control floxed mice. E-
cadherin, P-catenin and o-catenin were indeed absent from
oocytes of E-cadherinfxedfiexedTgzbserelt | B cqtenipfloxedfionedTgePad®
and o-cateninfoxedflexedTgZPoerelt - respectively (Supplementary Fig.
$3b). These results suggest that these three genes are not essential
for the maturation and ovulation of mouse oocytes.

In epithelial cells, B-catenin is required for localization of E-
cadherin on the cell surface, and endocytosis of E-cadherin into
the cytoplasm occurs in the absence of B-catenin®. In addition,
a model was proposed: a-catenin participates to bind to the E-
cadherin/pB-catenin complex to connect with actin microfilaments
under certain specific conditions’. In analogy to this, it is possible
that cellular localization of E-cadherin, B-catenin and o-catenin is
mutually regulated in oocytes. Such a possibility is already depicted
in Fig. 1a, in which E-cadherin was co-localized with B-catenin, but
not with a-catenin on a wild-type oocyte. To examine whether the
formation of E-cadherin/B-catenin complex (possibly E-cadherin/
B-catenin/a-catenin complex) is impaired when either one of these
composite proteins is deficient, oocytes collected from all of the
gene-ablated strains were immunocytochemically assessed for local-
ization of these three proteins (Supplementary Fig. S4a-c). Expres-
sion of E-cadherin was strongly reduced on the cell membrane of
B-catenin-deficient oocytes, but not a-catenin-deficient oocytes
(Supplementary Fig. S4a vs. Fig. $4b). On the other hand, loss of
E-cadherin did not affect the localization pattern of B-catenin and
o-catenin (Supplementary Fig. S4c). Similar results were also
obtained when a-catenin-deficient oocytes were examined (Supple-
mentary Fig. S4a). These results indicate that -catenin regulates the
membrane localization of E-cadherin in mouse oocytes.

Sperm-oocyte adhesion or fusion assay. Membrane interaction
between oocytes and sperm occurs after the penetration of sperm
into ZP (Supplementary Fig. Sla). To monitor such interaction
directly, ‘ZP-free’ f-catenin-deficient oocytes after enzymatic diges-
tion of ZP were inseminated with wild-type epididymal sperm
(Fig. 3a, b for adhesion assay; Fig. 3c-e for fusion assay). “ZP-free’
oocytes from B-catenin™<">! mice were used as a control. When
the oocytes were inspected 1 h after insemination and stained with

4’,6-diamidino-2-phenylindole (DAPI) after fixation, as depicted in
Fig. 3a, the number of sperm adhered to “ZP-free’ f-catenin-deficient
oocytes was significantly reduced (Fig. 3b) compared to sperm
bound to control oocytes. Similarly, when DAPI-preloaded oocytes
were inspected 1 h after insemination, as depicted in Fig. 3c, the
relative rate of ‘ZP-free’ f-catenin-deficient oocytes fused with
sperm was also significantly reduced (39.2 * 12.7 vs. 100.0 for
control oocytes; P<<0.003; Fig. 3d, e). We next examined the
expression pattern of CD9, an essential protein for fusion®, in
B-catenin-deficient oocytes immunocytochemically and immuno-
biochemically to assess the ability of wild-type C57BL/6N sperm to
fuse with their membrane. CD9 was expressed on the plasma
membrane of ‘ZP-free’ [-catenin-deficient oocytes at a level
comparable to that of “ZP-free’ control oocytes (Supplementary
Fig. S5a). The total amount of CD9 quantified by immunoblotting
in B-catenin-deficient oocytes was comparable to that of control
oocytes (Supplementary Fig. S$5b). These findings suggest that
B-catenin is involved in sperm-oocyte adhesion.

In vitro fertilizing ability of f-catenin-deficient oocytes. To know
how fertilization is influenced by the dysfunction of sperm-oocyte
adhesion, we determined the fertilization rate of f-catenin-deficient
oocytes. The f-catenin-deficient oocytes surrounded by cumulus
cells (herein referred to as ‘cumulus-intact’ oocytes) were isolated
from oviducts and directly subjected to IVF with wild-type sperm, as
depicted in Fig. 3f. ‘Cumulus-intact’ oocytes from f-catenin/ o=
mice were used as a control. When the oocytes were inspected 24 h
after insemination, the relative rate of f-catenin-deficient oocytes
fused with sperm was not reduced (Fig. 3g). Quantitative analysis
revealed that the rate of §-catenin-deficient oocytes fused with sperm
was rather enhanced (119.6 = 4.6 vs. 100.0 for control oocytes;
P<0.02; Fig. 3h), in contrast with the results of the previous
adhesion/fusion assay (Fig. 3a-e). This is probably due to the
occasional presence of the oocytes fused to sperm, which failed to
develop to the two-cell stage; however, the fact that certain embryos
developed to the two-cell stage would not exclude the possibility of
pathogenetic activation of oocytes. On the other hand, the IVF rate
(which is evaluated by the development of fertilized oocytes to the
two-cell stage) was comparable between the two groups (Fig. 31).

We further confirmed the above point by counting litters obtained
through mating between B-catenin*#e*Tg#><+ females and f-
catenin™¥d males, The control B-catenin™=fo=¢ females were
similarly mated. The litter size of §-catenin~foxdTg?>r<* females
was 5.3 * 0.4, which was comparable with that of control females
(5.8 = 0.4) (Supplementary Fig. S6). These results indicate that
oocytes lacking B-catenin expression reduce the ability to adhere
with sperm, but sustain the ability to fuse with sperm as well as the
total reproductive ability needed for delivering pups.

Possible involvement of B-catenin in transition of membrane
adhesion to fusion. To examine the dynamics of B-catenin at
sperm-oocyte membrane adhesion, alteration in the localization
pattern of B-catenin at the sperm attachment sites of the in vitro
fertilized “zona-free” oocyte was monitored (Fig. 4a-c). Before
sperm attachment, B-catenin-rich patches (as shown in Fig. 1b)
were clearly detected on the surface of an oocyte (upper left panel
of Fig. 4a); however, these patches became undetectable 30 min after
sperm attachment (arrows in the lower left panel; Fig. 4a). Further-
more, B-catenin was abundantly present in the capacitated sperm
head (upper middle and right panels of Fig. 4a) before sperm
attachment, but the amount of B-catenin in sperm heads was also
greatly reduced after insemination (arrows in the lower middle and
right panels; Fig. 4a). In addition, B-catenin was localized in the
sperm head, although its localization pattern was slightly different
in each sperm. Notably, B-catenin tended to be concentrated at ES
(Fig. 2¢; Supplementary Fig. S2; Fig. 4a).
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Figure 3 | In vitro fertilizing ability of B-catenin-deficient oocytes. (a) Experimental flow for testing sperm-oocyte membrane ‘adhesion’, and

comparison of the number of wild-type sperm adhered to an ‘zona-free’ oocyte between f/fcre and f/f oocytes. After ZP removal, ‘zona-free’ oocytes were
mixed with sperm for 1 h. (b) The number of sperm adhered to an oocyte was counted by DAPI-derived fluorescence in sperm heads on the surface of an
oocyte. Parentheses indicate the number of oocytes examined. Values are the mean * standard error (SE). (c) Experimental flow for testing sperm-oocyte
membrane ‘fusion’ and fused sperm (shown as DAPI-positive sperm) in ‘zona-free’ f-catenin-deficient (f/fcre) and control (/) oocytes. After ZP
removal, subsequent preincubation for 20 min in the presence of DAPI and washing, ‘zona-free’ oocytes were mixed with the wild-type sperm for 1 h. (d)
Comparison of oocytes fused with sperm between f/fcre and f/f oocytes. B, bright field. Bars: 20 pm. (e) Comparison of the relative rate of oocytes fused
with sperm between f/fcre and f/f oocytes. Only oocytes having at least one fused sperm were counted. The comparative values relative to the control (f/f
oocytes; set to 100.0) were displayed as the relative rate of fused oocytes. Parentheses indicate the number of oocytes examined in triplicate experiments.
Values are the mean * SE. (f) Experimental flow for testing sperm-oocyte membrane interaction and fused sperm in two-cell embryos developing from
‘cumulus-intact” §-catenin-deficient (f/fcre) and control (f/f) oocytes. DAPI staining was performed to detect fused sperm on the developing two-cell
embryos. (g) Comparison of oocytes fused with sperm between “cumulus-intact” f/fcre and f/f oocytes. Bars: 20 um. (h) Comparison of the relative rate
of oocytes fused with sperm between “cumulus-intact” f/fcre and f/f oocytes. Parentheses indicate the number of oocytes examined in triplicate
experiments. Values are the mean * SE. (i) Comparison of the ratio of oocytes developing to two-cell stage 24 h after fertilization between “cumulus-

intact” f/fcre and f/f oocytes, according to the procedure described in (f). Parentheses indicate the total number of oocytes examined in triplicate

experiments. NS, not significant. Values are the mean * SE.

These findings could also be supported by measurement of fluor-
escent intensities of B-catenin (Fig. 4b, ¢). When fluorescence intens-
ity at the equator of an oocyte (dotted line in the upper image of the
left panels; Fig. 4a) was compared with that in the region of an oocyte
adhered to sperm (dotted line in the lower image of the left panels;
Fig. 4a), intense localization of B-catenin in the oocyte exhibiting no
sperm attachment was observed beneath the oocyte membrane
(arrows in the upper graph; Fig. 4b); however, 30 min after sperm
attachment, the fluorescent intensity of B-catenin beneath the
oocyte membrane was markedly reduced (arrows in the lower
graph; Fig. 4b). Concomitantly, fluorescence intensity throughout
the entire sperm (dotted lines in the right panels; Fig. 4a) was quan-
titatively compared before and after sperm adhesion to the oocyte
membrane (Fig. 4c). Before attachment to the oocyte membrane, B-
catenin was broadly localized in the sperm head (corresponding to

the DAPI-stained region), mid-piece and part of the tail (Fig. 2c, d;
upper graph of Fig. 4c); however, after attachment to the oocyte
membrane, the intensity of B-catenin in the sperm head (but not
in a mid-piece and tail) was markedly decreased (arrows in the lower
middle and right panels of Fig. 4a; lower graph of Fig. 4c). Moreover,
to confirm that the amount of B-catenin is reduced at steps between
sperm-oocyte adhesion and fusion, localization pattern of B-catenin
at the sperm attachment sites of the in vitro fertilized “zona-free”
CD9-deficient oocyte was monitored (Fig. 4d, e). Before sperm
attachment, intense localization of B-catenin (as shown in the upper
left panel of Fig. 4a) was clearly seen on the surface of an oocyte
(upper middle panel of Fig. 4d); however, these patches became
undetectable 30 min after sperm attachment (arrows in the lower
middle panel; Fig. 4d). These findings were also confirmed by mea-
surement of fluorescent intensities of B-catenin (Fig. 4e). When
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