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Figure 3. Long-term (four months) effect of nicotine on growth plate chondrocytes in alginate beads. Growth plate chondrocytes in
alginate beads were exposed to the Indicated concentration of nicotine for four months. A: Microscopic view of chondrocytes in alginate beads after
four-months cultivation. Upper panels: ALB stain, lower panels: Safranin-O stain, Chondrocytes were surrounded by matrix which they secreted.
Nicotine decreased the area stained with ALB or Safranin-O in a concentration-dependent manner. *, statistically significant, P<0,02, B: AT-PCR
analysis of chondrocyte-specific gene expression in the chondrocytes at the start of cultivation (lane 1: OW) and three weeks (lane 2: 3W), From top to
bottom: genes for Col Il, Aggrecan, parathyroid hormone receptor type 1 (PTHR1), Col X, alkaline phosphatase (ALP), Indian hedgehog (Ihh), matrix
metalloproteinase Typel3 (MMP13), vascular endothelial growth factor (VEGF), Sox9 and GAPDH. C: RT-PCR analysis of chondrocyte-specific gene
expression in chondrocytes embedded in alginate beads exposed to the indicated concentration of nicotine for four months. Expression of early
stage matrix-gene (Col Il and Aggrecan) and markers of hypertrophic chondrocytes {Col X, ALP and Ihh) increased after three weeks of cultivation (8],
Nicotine decreased the expression of these genes in a concentration-dependent manner, but had little effect for the expression of MMP13, VEGF, and
control genes (Sox9 and GAPDH) (C).
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Figure 4. Calcium influx assay In primary chondrocyte culture. Nicotine-stimulated calclum signaling was investigated by the use of a
flucrescent Ca®* Indicator. Primary chondrocyte cultures were stimulated by nicotine with or without MLA, the specific antagonist of alpha?
homomeric nAChR. A: Addition of assay buffer alone elicits no reaction (upper panels: negative control), Nicotine elicits a transient increase of intra
cellular calcium (lower panels), B: Nicotine elicits a transient increase of intra-cellular calcium in a concentration-dependent manner. C: MLA inhibits
nicotine-induced calcium influx in a concentration-dependent manner. The cells were treated with MLA 30 min before nicotine stimulation.

dol:10.1371/journal.pone.0003945.9004

Figure 6C), Besides, scatterplot and correlation between the FL
and the BW revealed that nicotine downwardly shifted the linear
slope in alpha7 nAChR +/+ fetuses but had no effect in alpha7
nAChR =/— fetuses (Figure 6D). These findings suggest that
maternal nicotine exposure decreased the fetal endochondral

ation through the fetal alpha7 nAChR in vive

ossifi

Discussion

Alpha7 nAChR was originally identified as a subunit of

neuronal nAChR, and has also been shown to be functional in
both neuronal and non-neuronal, i.e., non-excitable cells such as
lymphocytes, vascular endothelial cells, keratinocytes and bron

chial epithelium [16]. In this study, we demonstrated the
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expression of the alpha? subunit of nAChR at resting to pre-
hypertrophic chondrocytes in murine growth plate and on a
culture of human growth plate chondrocytes, and the involvement
of alpha7 nAChR in nicotine-induced delayed skeletal growth
The novel findings of alpha7 nAChR in chondrocytes suggest that
the effect of smoking on delayed skeletal growth is directly
correlated with nicotinic action on chondrocytes.

Direct effect of nicotine on human growth plate
chondrocytes

Maternal
hypertrophic zone of growth plate, increases apoptotic chondro
cytes, and reduces the length of femur in rat [20]. Contrarily,
nicotine has been shown to up-regulate glycosaminoglycan and

nicotine exposure decreases the wadth of the
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Figure 5. M I nicoti E e in wild-type mice. Ovulation-induced pregnant mice were mated and were given drinking water with
nn(oﬂne durlrlg pregnancy. At noon on gestational day 15, the fetuses were sacrificed, and their legs were histologically investigated. A: Skeletal

d by g the femur length (FL) and the length of the hypertrophic zone of the femur (HL). B: FL (mm), C: HL/FL (%) of E15.5
fetu;es whose mathers were ghron drinking water with or without nicotine. Nicotine significantly decreased FL and HL/FL

doi:10.1371/journal pone.0003945.g005
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Figure 6. Maternal nicotine exposure in alpha? nAChR-disrupted mice. A-C: FL, HL/FL, and body weight (BW) of alpha? nAChR —/— and
alpha7 nAChR +/+ E15.5 littermate fetuses, Alpha7 nAChR +/~ female were mated with alpha? nAChR +/~ male, and given drinking water with or
without nicotine during pregnancy. Relative FL, HL/FL, and BW were calculated, each value In mice that did not receive nicotine was regarded as
equal ta 1.0, Nicotine significantly reduced FL and HL/FL in alpha? nAChR +/+ fetuses but not in alpha? nAChR — /- fetuses (A.B). Nicotine did not
significantly reduce BW In either genotype (C). D: Scatterplot and correlation between the FL and BW of mice with (red line) or without (black line)
exposure to nicotine. In alpha? nAChR +/+ fetus, Nicotine downwardly shifts the linear slope in alpha? nAChR +/+ fetuses but not In alpha? nAChR —/
— fetuses.
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collagen synthesis of human articular chondrocytes in vitro [21].
Culured human growth plate chondrocytes derived from infant
fingers serve as a good model for analyzing whether nicotine has
direct action on growth plate chondrocytes, The present findings
of nicotinic eflect, i.e. decreasing matrix synthesis and suppressing
hypertrophic differentiation but not proliferation on growth plate
chondrocytes in vitro, indicate the direct effect of nicotine on
growth plate chondrocytes. The findings are consistent with
reports that maternal nicotine exposure has a negative effect on
endochondral ossification in animals [13]. Besides, these findings
are consistent, considering the fact that longitudinal skeletal
growth is partly caused by matrix synthesis and hypertrophic
differentiation of chondrocytes. Confirmation of the animal model
using “human” chondrocytes is essential since certain chemicals,
such as thalidomide, exhibit diflerent effects in humans and
rodents,

Diflerences of expression levels of the genes for Col X, ALP,
Ihh, MMP13, and VEGF in alginate beads culture (Figure 3B, C)
may atiribute to differential regulation among hypertrophic
markers. Expression of the Ihh, Col X, and ALP genes were
down-regulated by nicotine and the MMP13 and VEGF genes
remained unaffected. Alternatively, the dilference could be a result
of chondrocyte culture, that s, artifactual induction ex vivo, and
the MMP13 and VEGF genes were indeed expressed at the start of
alginate bead culture with chondrocytes at passage | (Fig. 3B, lane
I: “0 W"). In contrast, the Col X, ALP, and Thh genes were
appropriately regulated afier three-dimensional culture (Figure 3B,
lane 2: “3 W™, Figure 3C, lane |: without exposure to nicotine), as
is the case with gene regulation in the growth plate.

Involvement of alpha7 nAChR in delayed endochondral
ossification

The alpha7 nAChR-null mice exhibit normal development,
including neural tissue, but alpha? nAChR-null mice lack nicotinic
currents in hippocampal neurons [22], and show abnormalities in
late-stage keratinocyte development in the epidermis [23]. Lack of
phenotypic abnormality in the femur of fetuses (Figure 5B) and
adults indicates that ACh signaling through alpha7 nAChR has
little involvernent in the process of physiological skeletal growth.
Results using MLA, the antagonist to alpha7 nAChR, strongly
suggest the involvement of alpha7 nAChR in the nicotinic effect
on chondrocytes. Such low-molecular weight substances may,
however, have additional unclarified action in addition to any
“specific” action. The proof of alpha? nAChR involvement in
delayed skeletal growth was strengthened by the in vivo
experiments with alpha7 nAChR gene-disrupted mice, Especially
so, considering the fact that maternal nicotine exposure caused
delayed skeletal growth ih only alpha7 nAChR +/+ fetuses
compared with their alpha? nAChR —/~ littermates, fetal alpha?
nACHR but not maternal alpha? nAChR is responsible for the
mechanism of nicotine-induced delayed skeletal growth.

Since nicotine exposure has been reported to be epidemiolog-
ically and experimentally correlated with maternal effect, ie.,
abnormal placental function and blood flow [10], the physiological
and pathological function of alpha7 nAChR in growth plate was
confirmed by comparing “littermates” of alpha7 nAChR
(Figure 6B). This comparison confirms involvement of alpha?
nACHR on the fetus, and eliminates a possibility of maternal effect.
Furthermore, decrease of relative femur length (Figure 6C,
scatterplot and correlation, right panel, alpha7 nAChR +/+) and
lack of nicotinic effect on body weight of alpha7 nAChR fetuses
(Figure 6B, right panel, “BW") by maternal nicotine exposure
indicate a specific effect of nicotine on bone growth rather than a
systemic effect. Therefore, the effect of smoking during pregnancy
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on skeletal growth may be auributed to this direct action of
nicotine on growth plate chondrocytes, at least in part.

Our studies suggest that, from the large number of chemicals
associated with cigarette smoking, nicotine may cause delayed
skeletal growth and, indeed, amniotic fluid and breast milk both
have higher concentrations of nicotine than maternal seram does
[24]. In addition, metabolism of nicotine in the fetus and child is
much slower than that in adults [25]. We therefore should pay
close attention to the effect of smoking, regardless of being active
or passive, on growth plate chondrocytes. This nicotinic effect may
also extend to the delay of fracture repair or generation of non-
union in adults, since the process of bone repair alo partly
depends on endochondral ossification,

Materials and Methods

Chondrocyte cultures

Human chondrocytes were isolated from cpiphysis of extra
fingers, which were surgically excised from patients with
polydactyly. Ethical approval for tissue collection was granted by
the Institutional Review Board of the National Research Institute
for Child Health and Development, Tokyo, Japan (#88). Minced
tissue was incubated for | h at 37°C in 0.08% trypsin in PBS, then
for 6 h at 37°C in 0.2% collagenase type 1 (Wako, Osaka, Japan)
in Dulbecco’s Modified Eagle’s medium (DMEM). The released
cells were washed and resuspended in DMEM containing 10%
fetal bovine serum (FBS, Sanko Junyaku Co., Tokyo, Japan, lot
number: 27110307) and plated at a density of |x10” cells per
100 mm dish for primary monolayer cultures, or 1 x10° cells per
35 mm dish for caloum influx assay and immunocytochemical
assay of nAChR. In each experiment, we used one lot of cultured
chondrocytes from extra (ingers obtained from four patients.

RT-PCR for detection of nAChR subunit

Total RNA was prepared from epiphysis of extra fingers using
Isogen (Nippon Gene) according to the manufacturer's recom-
mendations. DNase-treated RNA was reverse transcribed in 20 pl
of RT-PCR mix (50 mM Tris, pH 8.3, 3 mM MgCly, 75 mM
KCl, 50 mM dNTPs, 2.5 pM oligo{dT)se, 5 mM DTT, 2 U
RNaseOUT and 10 U SuperScriptIll (Invitrogen) at 50°C for | h.
The PCR was performed in a final volume of 50 jtl containing 1 pl
of the single strand cDNA product, 25 mM TAPS (pH 9.3),
50 mM KCl, 2.0 mM MgCl;, | mM B-mercaptoethanol , 200
UM dNTPs, and AmpliTaq Gold (Applied Biosystems) and 20
pmol of each forward (5') and reverse (3') primers (Table S1). For
cach i the housekeeping gene GAPDH was amplified
with 25-35 cycles to normalize the cDNA content of the samples.
The amplification was performed for 30 cycles, with other
conditions following polymerase-producing manufactrer’s rec-
ommendations. Human brain and skeletal muscle RNAs were
purchased from Ambion (Austin, TX).

Western blot analysis for detection of nAChR subunit
Total proteins were isolated from primary monolayer cultures
using CelLyticTM-M Mammalian Cell Lysis/Extraction Reagent
(Sigma). The proteins were separated by SDS-PAGE (Bio-Rad) in
a 10% acrylamide gel, then blotted at 60 V for 2 h at 4°C onto a
nitrocellulose membrane. Non-specific binding was blocked by
incubation in TBS containing 10% BSA and 0.05% Tween-20.
The membrane was subsequently incubated at 4°C overnight with
the monoclonal antibody to nicotinic acetylcholine receptor,
alpha? subunit {Sigma, St-Louis, MO; product number: N 8158)
diluted 1:3000. After rinsing, the brane was incubated for 1 h
at room temperature in horseradish peroxidase-conjugated rabbit
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anti-rat IgG antibody (Sigma; A 5795) at a dilution of 1:3000 in
TBS containing 0.05% Tween-20. After rinsing, the mcrnhrmc
was immersed in ECL solution (GE Healtheare, Buckingt

Nicotine Delays Bone Growth

temperature with primary antibody, diluted 1:2000 in PBS
cunlzin'mg 1% BSA. Bound antibody was detected by HRP-
jugated polyclonal rabbit anti-mouse IgM antibody (Dalm

UK} Then, the blots were visualized by MS-IDOOp!m 1IDX2, lh:
image analyzer (Fuji Photo Film, Japan).

Immunocytochemical and immunohistochemical analysis
Immunocytochemical analysis was performed as previously
described [26]. Briefly, dishes were incubated with antibody to
alpha7 subunit of nAChR in PBS containing 1% BSA. As a
methodological control, the primary antibody was omitted. Afier
washing in PBS, dishes were incubated with horseradish
peroxidase (HRP}-conjugated rabbit anti-rat IgG  antibody.
Staining was developed by using a salution containing diamino-
benzidine and 0.01% H,0, in 0.05 M Tris-HCI buler, pH 6.7.
For immunchistochemical analysis, hmd legs ol E15.5 C'S?Bl /
6] mice were prepared, fixed in 4% paraformaldehyd
buffer solution (Wako) overnight at 4°C, l.nr.l ‘embedded  in
pmm“ 1 I I 3 '

hemical was as previ-
ously described [27]. l.‘.mliy. slides were treated w:lh 0.4% pepsin
(DAKO) at 37°C for 30 min, incubated with primary antibody to
alpha7 subunit of nAChR(Sigma, product number: N 8158)
diluted 1:2000 in PBS containing 1% BSA at room temperature
for 3 h, and incubated with simple mouse stain MAX-PO (RAT),
a second antibody, at room temperature for 1 h. Staining was
developed by using a solution containing diaminobenzidine and
0.01% Hy0; in 0.05 M Tris-HCI buffer, pH 6.7. Finally, slides
were counterstained with hematoxylin,

Agarose gel cultures
Chondrocytes were cultured in agarose-stabilized suspension
using a modificd method as prev anusly dcscrlbrtl [28). Primary

Glnlr.mp, Denmark; product number: P 0260) diluted 1:100 in
PBS at room temperature for 30 min. Peroxidase activity was
visualized with dinminobenzidine tetrahidrochloride plus 0.03%
Hj0,, and slide was counterstained with hematoxylin,

Alginate bead cultures

Chondrocytes were cultured in alginate beads following the
method described by De Ccumnck et al. Primary monalayer
cul were Lry hed, and centrifuged. The isolated
chondrocyles were suspended at a concentration of 2x 10% cells/
ml in a 1.25% alginate in 0.15 M NaClL The cell suspension was
slowly expressed through a 21 gauge needle and dropped into a
102 mM CaCly solution. The beads with approximately 25,000
cells/bead were allowed to polymerize for 10 min and washed
three times with 0.15 M NaCl, followed by two washes in
DMEM/F12. The beads were then rransferred to medium (200
beads/ 10 ml/60 mm culture dish): DMEM/F-12 containing 10%
FBS, 50 pg/ml ascorbate, 100 units/ml penicillin G, 100 mg/ml
streptomycin, The beads were cultured at 37°C in a 5% CO,
humidified incubator for four months, and medium with or
without nicotine was replaced twice weekly. The beads were
wransferred 10 new dishes every other week to avoid the formation
of monolayer cultures on the bottom of the dish by chondrocytes
escaping from the beads.

For histological analysis, the beads were fixed in 4%
paraformaldehyde, 0.1 M cacodylate buller, pH 7.4, containing
10 mM CaCly for 4 h a1 room tempermure, and then washed
overnight at 4°C in 0.1 M cacodylate buller, pH 7.4, containing
50 mM BaCly. The beads were dehydrated through aleohols and

bedded in paraflin, The sections were routinely stained with

monolayer cul were trypsi d in ag gel
medium : DMEM/F-12 wnmmlng 10% FBS, 100 units/ml
penicillin G, 100 mg/ml streptomycin, and 50 mg/ml ascorbate,
to a concentration of 2x10" cells/ml, then mixed with equal
volume of 1% IW-lrmpl:ruurt melting agarose (Sigma-Aldrich,
Steinheim, Germany) in agarose gel medium, giving a final
concentration of 1x10* cells/ml suspended  in 0.5% k)w

temperature melting agarose in ag gel livm |

agarose). Three milliliters of suspension agarose were added 1o
60 mm culture plates that were precoated with 2 ml of 1%
autoclaved standard agarose (Bio-Rad, Hercules, CA). The gel was
allowed to solidify at 4°C before addition of agarose gel medium.
Then, culture plates were placed in a 37°C, 5% CO; humidified
incubator for 21 days, and medium containing indicated
concentration of nicotine was replaced once at the beginning of
the week. Alier 21 days, suspension agarose was transferred to a
glass slide, and placed on a plate warmer at 50°C with a covering
of positively-charged nylon membranes (Roche, Mannheim,
Germany). The slides were completely dried in a incubator at
42°C overnight, and fixed in 4% paralormaldehyde for 15 min,
and stained with ALB to identify colonies producing glycosami-
noglycans and 1o observe histologically. Colonies were defined as a
cluster of cells with a diameter greater than 50 pm. ALP activity
was determined in non-fixed agarose slide by Histofine, ALP
substrate kit (Nichirei, Tokyo, Japan) lollowing the manufacturer's
product informatien. Type 10 collagen expression was also
determined in the agarose slide using specific monoclonal antibody
(Sigma; product number: C7974). The slide was fixed in acetone
(Nacalai Tesque, Kyoto, Japan) at room temperature for 20 min.
Non-specilic binding was blocked with 2.5% normal rabbit serum
{(DakoCylomation, Glostrup, Denmark) in PBS containing 1%
BSA and 1% Triton X-100. Slides were incubated for 6 h at room

@ PLoS ONE | wwwiplosone.org

ALB and safranin-0,

For RT-PCR analysis, chondrocytes were separated from the
beads by incubating the beads in dissolution salution (at a ratio of
200 pi/bead), contaiming 55 mM EDTA, for 5 min and centri-
fuged. Total RNA was isolated by using RNeasy (Qiagen) lollowing
manufacturer’s instructions, and was converted 1o ¢DNA by same
method as described above. The sequences of PCR primers of
human chondrocyie-related gene are listed in Table $2. PCR was
performed in a final val of 50 pl « g 2 Wl of the single
strand cDNA product (10 ng/pl), 10 mM Tris-HCI (pHB.3),
50mM KCI, 1.5 mM MgCly, 200 pM dNTPs, 1.25 U Tag
(Takara), and 20 pmol of each forward (5') and reverse (3') primers.

Calcium imaging

Primary monolayer cultures in 35 mm glass-bottomed plates
were prepared. At near confluence, measurement was done by
using Fluo-4 NW calcium assay kit (Molecular Probes, product
number: F36206) following the facturer’s product informa-
tion. In short, the cells were incubated in dye loading solution
containing 2.5 mM prot id at 37°C for 30 min, then at room
temperature for an additional 30 min before nicotine stimulation.
The fluorescence was measured in LSM 510 (Carl Zeiss) with the
setings appropriate for argon laser. Nicotine and its antagonists
were prepared as a solution in assay bulfer. If antagonisty were
used, they were added 30 min prior to nicotine stimulation,

Maternal nicotine exposure in wild-type mice
Three-month-old pregnant mice were purchased at day 1 of

pregnancy from Sankyo Laboratories (Tokyo, Japan), The mice

were given drinking water containing 2% sucrose (Wako, Osaka,

Japan) with or without nicotine (hydrogen tartrate sali; Sigma-
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Aldrich, St. Louis, MO). Nicotine was added to the sucrose
solution starting at an initial concentration of 25 pug/ml to the
treatment group mice. This was increased to 50 pg/ml on days 3
1o 4, 100 pg/ml after day 5. The control mice were given only
sucrose solution as a drinking water, The pregnant mice were
sacrificed at noon on gestational day 15. The embryo were
immediately weighed, and the legs were immediately removed and
fixed in 4% paraformaldehyde phosphate buffer solution (Wako)
for 24 h. Then, the legs were dehydrated through alcohols,
embedded in paraflin, and sections were stained with Hematoxylin
and Eosin lor histological analysis,

Maternal nicotine exposure in alpha7 nAChR-disrupted
mice

136.12957-Chrna7? <tm1Bay>/], the alpha7 nAChR +/ = mice
were obtained from Charles River Laboratories Japan. Ten- to | 2-
week old alpha7 nAChR +/— mice were mated, and pregnant
mice were given sucrose solution with or without nicotine. The
fetuses were obtained and analyzed as in the case of wild-type
C57BL/G] mice, as described above. The alpha7 nAChR
genotype was determined by means of PCR reaction with the
specilic primers (Table 53).

Statistics

The resuls of the quantative assays were expressed as
meanx8.D, Significance was d d with Student’s f test
and ANOVA. All experiments were replicated twice.

Supporting Information

Figure 81 In vivo chondrocytic proliferation assay. A: Paraflin
section of the femur of E15.5 G57BL/6] mice immunohistochem-
ically mmrd Mth amilmdy 1o PCNA. Proliferative chondrocytes

ely positive for PCNA regardless of maternal
nicotine  exposure. B: Percentage of PCNA-positive cells in
chondrocytes of the proliferative zone. There is no significant
difference between the two groups. Hind legs of E15.5 C57BL/6)
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0.05 M Tns-HC.l buffer at pH 6.7, followed by counterstaining
with hematoxylin.

Found at: doi:10.1371/journal.pone.0003945.5001
PDF)

Table 81 Primers for nAChR subunit genes
Found at: doi:10.1371 /journal.pone.0003945.5002 (0.03 MB
PDF)

Table 82 Primers for chondrocyte specific genes

0.06 MB

Found at: doi:10.1371/journal pone.0003945.5003 (0.01 MB
PDF)

Table 83 Primers for genotypying alpha? nAChR gene

Found at doi:10.1371/journal.pone 00039455004 (0.01 MB

PDF)

Acknowledgments

We would like to express our sincere thanks o M. Nasu, C-H. Cui, H.
Akutsu, K. Miyado, and M. Toyoda for support throughout this work, to
H. Abe for providing expert technical assistance, to K. Saito and Y. Ito for
their secreturial work, and to A. Crump for reviewing the manuscript.

Author Contributions

Corlcﬂwd and designed the cxp:rmm AK AU. Performed the

AK HM. A i the data: AK HM AU. Conwibuted
rumw'mnlzrlullflnnlym ool KS HI 8T YT. Wrote the paper: AK
ALl

El-Z:

1. Davies DP, Abernethy M (1976) Cigarette smoking in prep A
with matemal weight gain and fetal growth. Lancet 1: 385-387.

2. Hardy JB, Mellits ED (1972) Does maternal smoking during pregnancy have &
long-term effect on the child? Lancer 2: 1332-1336.

3. Wingerd ], Schoen EJ (1974) Factors influencing length at birth and height at
five years. Pediatrics 53; 737-741.

4. Karatza AA, Varvarigou A, Berats NG (2003) Growth up w 2 years in
relationship to maternal smoking during pregnancy. Clin Pediatr (Phila) 42:
533-541.

5. Sextun M, Hebel JR (1984) A clinical trial of change in maternal snoking and its
effect on binh weight, Jama 251: 911-915.

6. Yerushalmy ] (1971) The relationship of parems’ cig

to

of pregrancy-implications as o the problem of mferring from
ohserved amociations. Am | Fpidermiol 53 443-456.
7. Ofsen ], Perciea Ada C, Olsen SF (1991) Does maternal tobmceo modify

the effect of alcohiol on fetal growth? Am ] Public Health 81: 65-73
B Trygg K. Lomd-Larsen K, Sandwd B, Hoffiran HJ, Jacobsen G, et al. (1995)
Do unokers eat differently from pregnam pon-smokers? Paediatr
Perinat Epidemiol % 307-319.
4 Haddon W Jr, Neshin RE, Garcia R (1961) Smoking and pregnancy: carbon
manuxide in blood during gestation and ar term. Obstet Gynecol 18: 262-267.
. Mochizuki M, Maruo T, Masuko K [1983) Mechaninn of foetal growth
remardation cuused by smoking during pregnancy. Acta Physiol Hung 65:
295-304.
.Nmmcms{lm%mwdmm
ic status, and utics. Scand J Soc

Med 24: 55-61.

Mau G (1976) Letter: Smoking and the ferus. Lancer | 972.
mamnmnvclmmmmmm
| teadicity. Part 1 gross morphological effects.

12
3.

ﬂumErpTumml 18: 252-256.

-@ PLoS ONE | www.plosone.org

vy HB, Gill CS, Wright RW, Sandell L (2006) Smoking delays

chondrogenesia in » mouse model of closed tiblal fracmure healing. | Orthop Res

24: 2150-2154.

Ofsen ] (1992) Cigarene smuoking in pregnancy and feal growih, Does the type

d’!nh-ﬂeophrnmk’lm]!pid«mol!l 2?9—234

Sharma G, Vij i ic receptor Kig

nrlk]NmﬂﬂiHSS. ﬂ!—!ﬂ

. Asneric SP, Brioni JD (1999) Ni | rbcotind ph logy

therapeutic opportunitics. New York Wikey-Liss, xii, a1 p

Tacchet C, Quarto R, Nisch L, Haromann 1], Cancedda R (1967) In vitm

morphogenesis of chick embryo Iypertrophic camilage, | Cell Biol 105

9991006,

. Hauselmann H), Fernandes R, Mok 88, Schmid TM, Block JA, @ al. (1994)
Phenotypic stability of bovine articular chondrocytes after long-term culture in
aliginuate beads. ] Cell Sei 107 (Pul): 17-27.

. Kunoglu S, Gunes T, HME.MU Cu-n(‘) <t al. (2007) Influcace of

I nicotine  exp | rat bone: protective effect of
pentoxifylline. mwnmwm mqo&

. Gullahom L, Lippicio L, Karpnan R (2005) Sowking and ostevarthritic
differential effect of nicotine on buman clumdrocyte glycosamineglycan and
collagen synthesis. Owevarthrith Canilage 13: 942-043.

. Orr-Urreger A, Goldner M, SmhM Lorenzo 1, Gddbcr;l.ct.nl r|9971

Mice deficient in the alpla? line recepror Iack

binding sites and hippocampal fast nicotinic current.

J Neurmci 17: 9165-9171,

Anedanda J, Nguyen VT, Chernyavaky Al, Bercovich D, Orr-Urtreger A, etal.

(2007) Central role of alpha? nicotinic receptor in differentiation of the stratified

squAmOU Cpi . J Cell Biod 15%: 325-336.

Luck W, Nau H, Hansen R, Steldinger R (1985) Extent of nicotine and cotinine

tramafer to the human fetus, placenta and amniotic fluid of smoking mothers.

Dev Pharmacol Ther 8. 384-395

and

2.

24,

December 2008 | Volume 3 | Issue 12 | #3945

—198—



Nicotine Delays Bone Growth

25, DunquJnh?!r&mNLmananMmM 27. Sano M, Umezawa A, Suzuki A, Shimoda K, Fukuma M, e al (2000)

in Clin Ph | Ther 67: 458-465. Involvement of EAT/md-|, an anti-apoptotic bel-2-rclated gene, in murine
26. Sano M, Umezawa A, Abe H, ma.nms‘uu {?Oﬂljm‘l'!mdl mwmmmhpcdlhiﬂ- 127-138.
expression in the human embryonal cells undergoing mnmprnmpum)w d chondr the
or apoptosis, Exp Cell Res 266: 114-125, differentiated collagen phenotype when udmndwlpwﬂph&ll!l}
215-224.
‘_:@'. PLoS ONE | www.plosone.org " December 2008 | Volume 3 | Issue 12 | 3945

—199—



@ pros one

OPEN @ ACCESS Freely available online

Human Sclera Maintains Common Characteristics with
Cartilage throughout Evolution

Yuko Seko'?, Noriyuki Azuma?®, Yoriko Takahashi', Hatsune Makino', Toshiyuki Morito®, Takeshi
Muneta®, Kenji Matsumoto®, Hirohisa Saito®, Ichiro Sekiya®, Akihiro Umezawa'*

1 Department of Reproductive Blology and Pathology, National Institute for Child and Health Development, Tokyo, Japan, 2 Dep of Ophthalmology, National
Center for Child Health and Development, Tokyo, Japan, 3 Section of Onhopaedic Surgery, Tokyo Medical and Dental University, Tokyo, Japan, 4 Depariment of Allergy
and ay. for Child and Health Develapment, Tokyo, Japan, § Section of Canilage Regeneration, Tokyo Medical and Dental University, Tokyo,
Japan

Abstract

Background: The sclera maintains and protects the eye ball, which receives visual inputs. Although the sclera does not
contribute significantly to visual perception, scleral diseases such as refractory scleritis, scleral perforation and pathological
myopia are considered incurable or difficult to cure. The aim of this study Is to identify characteristics of the human sclera as
one of the connective tissues derived from the neural crest and mesoderm.

Methodology/Principal Findings: We have demonstrated microarray data of cultured human infant scleral cells.
Hierarchical clustering was performed to group scleral cells and other mesenchymal cells into subcategories. Hierarchical
clustering analysis sh d similarity b scleral cells and auricular cartilage-derived cells. Cultured micromasses of
scleral cells exposed to TGF-Bs and BMP2 produced an abundant matrix. The expression of cartilage-associated genes, such
as Indian hedge hog, type X collagen, and MMP13, was up-regulated within 3 weeks in vitro. These results suggest that
human ‘sclera’-derived cells can be considered chondrocytes when cultured ex vivo.

Conclusions/Significance: Our present study shows a chondrogenic potential of human sclera, Interestingly, the sclera of
certain vertebrates, such as birds and fish, is composed of hyaline cartilage. Although the human sclera is not a cartilaginous
tissue, the human sclera maintains chondrogenic potential throughout evolution, In addition, our findings directly explain
an enigma that the sclera and the joint cartilage are common targets of inflammatery cells in rheumatic arthritis. The
present global gene expression database will contribute to the clarification of the pathogenesis of developmental diseases
such as high myopia.
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iransparency has been attributed to significant changes in the
structure, especially of collagen fibrils, in the lauter sages of
The eye receives information from the outside as the retinal  devel nt [1]. Multipotent | itor/precursor cells of

image, converting it into electrical signals for the brain, leading to cinneal stroma are identified from &e mouse cye [2). On the
visual perception. The retinal image is stabilized by the balance of  ather hand, existence of multipotent progenitor/precursor cells in

Introduction

intraocular pressure and the curvatures of the scleral and corneal
envelope. In order to keep this balance, the rigidity of the sclera
and the cornea are essential, especially the sclera must be rigid
enough for the eyecball to be rotated by powerful extraocular
muscles adhering to the sclera. The sclera and the comeal stroma
that are anatomically continuous have common characteristics
such as mechanical ngidity, and share a common origin, i.c., the
neural crest. However, the cornea and the sclera are different in
transparency: the cornea is completely transparent o produce a
sharp image on the retina; the sclera is opaque to avoid the
internal light scautering affecting the retinal image. This corneal

@ PLoS ONE | www.plosone.org

the sclera remains unclarified. Although the sclera does not
contribute significantly to visual perception, scleral diseases such as
relractory scleritis, scleral perforation and pathological myopia are
considered incurable or difficult to cure.

Microarray analysis of murine scleral development [3] and global
sequencing analysis from the human scleral cDNA library [4] have
been reported. To clarify pathogenesis ol develog | discases
such as high myopia, a database of genes d in the sclera of
younger donors is important. We here demonstrate with a global
expression database of human infant sclera that the sclera derived
from the neural crest evolutionarily retains charactenstics of cartilage.
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Results

Isolation and cell culture of human scleral cells

Scleral tissues were excised from surgical specimens collected
during treatment for retinoblastoma. The scleral tssue was cut
into smaller pieces and cultured in the growth medium. The
scleral cells began growing out almost one week after the start of
cultivation, Scleral cells exhibited a fibroblast-like spindle shape or
polygonal shape in morphology when cultured in monolayer
(Fig. 1A). The cells from PD 5 1o PD 3| rapidly proliferated in
culture, and propagated continuously (Fig. 1B). The cells stopped
replicating and became broad and flat at PD 43 or 264 days,
indicating that they had entered senescence. The morphological
changes are PD-dependent.

Global outlook by hierarchical clustering and PCA

To clarify the specific gene expression profile of scleral cells, we
compared the expression levels of 54,675 probes in the cultured
scleral cells and other cultured cells (Table 1) using the Affymetrix
GeneChip oligonucleotide arrays. We lirst performed hierarchical
clustering and PCA on the expression pattern. PCA showed
similarity between scleral cells and chondrocytes derived from
elastic cartilage (Fig. 2A). Hierarchical clustering analysis based on
all probes showed similarity between scleral cells and chondrocytes
(Fig. 2B). This similarity led us to hypothesize that the scleral cells
are chondrocytes when proliferated ex vivo, or have a chondro-
genic potential. We then performed PCA from the expression data
of cartilage-associated genes, including aggrecan, Sox9, and
parathyroid hormone receptor (Table S1). These genes are
categorized as “cartilage condensation” or “proteoglycan biosyn-
thesis'" according to Gene Ontology. PCA based on cartilage-

A

Figure 1. Proliferation of human ‘sclera’-derived cells. A.
Photograph of primary cultured human ‘sclera’-derived cells by
phase-contrast microscope. B. Growth curve of cultured human
‘sclera’-derived cells, Vertical axis indicates population doublings (PD)
and horizontal axis indicates days after innoculation of human ‘sclera’-
derived cells.

doi;10,1371/joumal.pone.0003709.g001
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Table 1. Human cells analyzed in this study.

Title Description

Bone marrow Bone marrow-derived cell (P1)
Hepatocyte Hepatocyte (PO)

Endometrium Endometrial cell

Synovium Synovium-derived cell (P1)

Joint fluid Joint Nuid-derived cell (P1)
Murscle Muscie-derived cell (P1)

Bone Cancellous bone-derived cell (P1)
Fat Subcutaneus fat-derived cell (P1)
Amniotic epithelium Amniotic epithelial cell (P4)
Umbilical cord (1) Umbllical cord-derived cell (PO) (1)
Umbilical cord (2) Umbilical cord-dertved cell (PO) (2)
Carilage Auricular cantilage-clerived cell (P1)
Sclera Sclera-derived cell (P1)

Cormea (stroma) Keratocyte (P1)

Periastium Periostium-derived cell (P1)
Dermis Dermal fibroblast (P2)

Cortical bone Cortical bone-derived cell (P3)

Gene chip analysis was performed using RNAs from the cells obtained from
each thssue. The cells obtained from bone marrow, liver, synovium, joint fluld,
muscle, bone, and fal were cultivated as tously described [31-33]. A
epithelial cells and umbllical cord-derived cells were cultured aler each tissue
was manually separated from the placenta and minced by surgical knife and
scissors. Auricular cantifage-derived cells, periostium-derived cells, dermal
fibroblasts, and cortical bone-derived cells started 1o be cultured after wach
tissue was manually separated from surgical specimens from patients with
polydactyly or microtia. Keralocytes and scleral cells were obtained from
comeal stroma and sclera (alio see the Materials and Methods section).

was from the 9 4 endk ial cells under
fiquid nitrogen. All cells were harvested under signed informed consent, with
the approval of the Ethics C of the National Institute for Child and
Health Development. Tokyo. Signed informed consent was obtained from
donors and the surgical specimens were ireversibly de-identified. All
experiments human cells and tissues were performed in line with the
Tenets of the Declaration of Hebsinki. Global gene expression profiles of those
cells are uploaded to GEO accession $#GSE10934 at hitpy//www.nebinlm nih
gov/geo/index.cgi.
P: passage. PO and P represents primary cell culture and cell culture one
patsage afier starting primary culture from tissues, respectively.
dok:10.137 1 /journal pone.0D03709.1001

associated genes demonstrated that scleral cells are grouped into
the same category that includes chondrocytes, synovial cells, and
synovial fluid-derived cells (Fig. 2C). The synovial cells and
synovial fluid-derived cells used in this study have a strong
chondrogenic potential [5-7]. Hierarchical clustering analysis
based on the cartilage-associated genes also demonstrated that
sclera, cartilage, synovium, and joint fluid are categorized into the
same group (Fig. 2D, Fig. 2E, Fig. S1).

Chondrogenesis of human scleral cells

After reaching 70-80% sub-confluence, we started the micro-
mass culture of scleral cells. Four weeks after culture in a
chondrogenic medium containg TGF-Bl and BMP2, a pellet of
human scleral cells exhibited a spherical shape (Fig. 3A). This
pellet showed an alcian blue positive extracellular matrix,
indicating that cultured micromasses of scleral cells exposed to
TGF-P1 and BMP? produce an abundant matrix (Fig. 3B). RT-
PCR analysis demonstrated that scleral cells at passage 0 expressed
aggrecan, COL2A, SOX5, SOX6, SOX9, and PTHR| mRNAs
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Figure 2. Global gene expression analysis of cultured human cells. A. Three-dimensional representation of PCA of gene expression levels
(Human Genome U133 Plus 2.0: 54,675 probes). The gene expression data from scleral cells following one passage from the primary cultured cells
(equivalent 1o appropriately 4 PDs) were used for PCA. Sclera and cartilage are positioned closely adjacent (shown In circle). B, Hlerarchical clustering
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analysis based on the expression of all genes (Human Genome U133 Plus 2.0: 54,675 probes, NIA Array Analysis) shows similarity between scleral cells
and chondrocytes. C, PCA of the cartilage-associated gene expression (Table S1). Sclera, cartilage, synovium, and joint fluid are positioned closely
adjacent (shown in circle). D. Hierarchical clustering analysis based on expression levels of the cartilage-associated genes (NIA Array Analysis). Sclera,
cartilage, synovium, and joint fluid are categorized into the same group. E Hierarchical clustering analysis (TIGR MeV, see the Materials & Methods]
with the heat map, based on expression levels of the cartilage-associated genes. Each row represents a gene; each column represents a cell
population. Sclera, cartilage, synovium, and joint fluid are categorized into the same group. Cells derived from cartilage, synovium, and joint fluid are
capable of generating cartilage in vivo [7.34].

doi:10.1371/journal.pone.0003709.9002

(Fig. 3C). These expressions were maintained in the cells after 10 Discussion

population doublings. After in vitro chondrogenesis of scleral cells,

COL10A, SOX5, IHH, and MMPI3 mRNA expressions  Tracing back of human scleral cells to chondrocytes
mcreased. After human scleral cells labeled with Dil were through cultivation

implanted into a rat cartilage defect, the cells expressed type 11 This study was undertaken to investigate ifl human sclera has a
collagen (Fig. 3D). These results demonstrated that human scleral chondrogenic nature like chicken sclera [8,9]. Bioinformatics of
cells retained chondrogenic potential both in vitro and in vivo. human scleral cells suggest similarity between scleral cells and

> &
«4‘& e
f\? ‘?\\3
& o
Scleral cells (2 x 10E5) " q"& &F
Chondrogenic medium Aggrecan

e coL2n E ]

ToFAS COL10A

Bwp2 | e

FBS(0%, 3%) soxs .
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Figure 3. Chondrog isof h ‘sclera’-derived cells. A. In vitro chondrogenesis. ‘Sclera’-derived cells were centrifuged to make a pellet
and cultured in chondrogenic medium for 4 weeks. Macroscopic feature is shown. B. Histological section of a pellet by micromass culture in a
chondrogenic medium stained with alcian blue, Bar: 100 um. C. Reverse transcriptase-PCR for cartilage-associated genes. Total RNAs were prepared
from scleral cells at passage 0, at 10 population doublings, after in vitro chendrogenic induction, and normal cartilage as a positive control. D
Histological sections 4 weeks after transplantation of human scleral cells into cartilage defect of the knee in a rat. (a) Toluidin blue staining. (b)
immunohistochemistry. Human scleral cells were labeled with Dil (red). Nuclel were stained with DAPI (blue). Type Il collagen was shown as green.
dol:10.1371/journal.pone.0003709.9003
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Figure 4. The distribution of scleral cartilage in ver

The ch

drogenic nature of the sclera Is conserved across species. The figure is

modified from Franz-Odendaal, TA, et al, 2006 [10), Species that have cartilage in the sclera are underlined; species with either absence or presence of
cartilage in the sclera, depending on family, are dot-underlined; species without cartilage In the sclera are non-underlined.

dok:10.1371/joumnal. pone.0003709.9g004

chondrocytes, and this similarity may be attributed to evolution of
the sclern (Fig. 4), that is, animals such as elasmobranch, teleost
fish, amphibians, reptiles and birds incorporate the development
of a cup of hyaline cantilage in the sclera [10]. Seleral cartilage is
hypothesized to counter against the iraction force of the
extraocular muscle and ag the ace dative force to move
or deform the lens by intraocular muscles. Tn this paper, we
employ the global gene expression approach to human scleral
cells. As a resull, scleral cells and chondrocytes are found 1o share
common chondrogenic characteristics,

Simulation of chondrogenic process during development
The phenotype of the differentated chondrocyte is characterized
by the synthesis, deposition, and maintenance ol cartilage-specilic
extracellular matrix molecules, including type Il collagen and
aggrecan [11=13], Three-dimensional culture is a prerequisite for
exhibition of this chondrogenic phenotype in vitro since the
phenotype of differentiated chondrocytes is unstable in culture and
is rapidly lost during serial monolayer subculturing [14-16]. The
expression pattern of cartilage-associated genes in sclera-derived cells
after induction s consistent with that of chondrocytes during
development (Fig. 3C, Fig. 52 a) Consistent expression ol type 11
collagen and aggrecan, markers of early-phase chondrogenesis
[17,18] in sclera-derived cells, indicates that sclera-derived cells
retain their chondrogenic nature as a default state; b) Induction of
type X collagen and MMP13 genes after pellet formation of sclera-
derived cells may simulate late-stage chondrogenesis, In addition,
other chondrocyte-associated genes, such as sox5, IHH, and PTHR
were also up-regulated. Sox5 functions as a transcription factor
necessary for chondrogenesis [19,20], IHH promotes chondrogenesis
as a cyokine [21], and PTHRI mediates parathyroid hormane
signaling as a specific receptor [18]. These results suggest that ex vivo
culture of sclern-derived cells simulates the develog | process of
chondrogenesis. Despite the chondrogenic nature of sclera-derived
cells, lack of cartilage in the sclera in humans may be attributed to cis-
and trans-regulation of cartilage-associated genefs), or an unclarified
inhibitory mechanism that was altered during evolution (Fig. 4).

Implication of chondrogenic nature of sclera in diseases
The fact that the gene expression patern of the human fibrous
sclera is similar to that of canilage is interesting not only as

@) PLoS ONE | wwwplosone.org

comparative anatomy but also from a patho-etiological view point.
The sclern and the joint cartilage are common wrgess for
inflammatory cells in rheumatic arthritis [22,23] or polychondritis
[24], implying common proteins between the sclera and the
synovium. Although the target protein(s) remains unclarified, our
findings directly explain an enigma that both the sclera and the
joint canilage are allected in rheumatic arthritis. Furthermore,
mutations in genes for type 11 and type X1 collagen are a cause of
Stickler syndrome [25,26). Patients with Stickler syndrome have
Joint deformity and severe high myopia due to an abnormality of
the sclern. These aflected lesions may be auributed to the
chondrogenic nature of human sclera. In conclusion, our present
study shows a chondrogenic potemtinl of human sclera and
explains the etiology of scleral disorders, at least in part, In
addition, we would like to emphasize that the first database of gene
expression in the human infant sclera (uploaded 10 GEO accession
#GSEI0034  ar  hup://www.nebinlm.nib.gov/geo/index.cgi)
may contribute to the elucidation of scleral diseases in the future.

Materials and Methods

Isolation and cell culture of human scleral cells

Scleral tissues were excised from surgical specimens as a therapy
of retinoblastoma, under signed informed consent, with the
approval (approval number, #156) of the Ethics Commitee of
the National Institute for Child and Health Development, Tokyo.
Signed informed consent was obtained from donors, and the
surgical specimens were irreversibly de-identified. All experiments
handling human cells and tissues were performed in line with the
Tenets of the Declaration of Helsinki. The scleral picces were cut
nto smaller pieces and cul 1 in the g b i (GM):
Dulbecco’s modified Eagle’s medium (DMEM)/Nutrient mixture
F12 (1:1) with high glucose supplemented with 10% fetal bovine
serum, insuli ferrin-selenium, and MEM-NEAA (GIBCO),

Oligonucleotide microarray

Total RNAs were isolated from cultured scleral cells in the growth
medium without any induction of differentiation to perform the gene
chip analysis. Total RNA was extracted from a toal of 5x10°
cultured human scleral cells and other mesenchymal cells (Table 1)
using RNeasy Plus mini-kit® (Qiagen, Maryland, USA) according to

November 2008 | Volume 3 | Issue 11 | e3709
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the manufacturer's instructions. A comg y
wmpu-ﬁ:madmg?ﬂgoflutalRNA&muchnmpkmd
GeneChip® Human Genome U133 plus 2.0 probe arrays (Affyme-
trix, Santa Clara, CA) according to the manufacturer’s instructions.
To normalize the variations in staining intensity among chips, the
‘Signal' v:]uul‘nraﬂpmlmonapvmd‘ﬁpwtndivkkdbymr
median v:.lw: for expression of all | the chip. To consider
genes g only a background signal, probes were eliminated
only 1rdu S’lgna.l value was less than 10, or the Detection call was
‘Absent’ in any sample using GeneSpring software version 7.2
(Agilent Technaologies, Palo Alto). The gene chip analysis was carried
out on B independent scleral cultures,

Hierarchical clustering and principal component analysis
(PCA)

To analyze the gene expression data in an unsupervised manner by
gemchlpamy,wmadhumﬂuuldmmagmdmwﬂ
component  an (NIA Array; hitp://lgsun.gre.nia.nih.gov/
ANOVA/ [27], TIGR MeV; hup://www.mm4.org/mer.huml [28]).
The hierarchical clustering techniques classify data by similarity and
the results are represented by dendrogram. PCA is a multivariate
analysis technique which finds major patterns in data variability.
Hierarchical clustering and PCA were performed on the data of gene
chip analysis (a single assay for cach sample) to group scleral cells and
other mesenchymal cells into subcategories (Table 1).

In vitro chondrogenesis

Two hundred thousand scleral cells were placed in a 15-ml
polypropylene tbe {Becton Dickinson) and centrifuged for
10 minutes. The pellet was culured in DF-C medium™
containing 0.1 uM  dexamethasone, | mM sodium pyruvate,
0.17 mM ascorbic acid-2-phosphate, 0.35 mM proline, 6.25 pg/
ml bovine insulin, 6.25 pg/ml transferrin, 6.25 pg/ml selenous
acid, 5.33 pg/ml linoleic acid, 1.25 mg/ml BSA, 5 ng/ml TGF-
Bl1, 5 ng/ml BMP2, and 3% fetal bovine serum (TOYOBO), The
medium was replaced every 3 to 4 days for 28 days. For
microscopy, the pellets were embedded in paraffin, cut into 5-tm
sections, and stained with alcian blue [29,30].

In vivo chondrogenesis

Under anesthesia, full thickness cartilage defects were created in
the trochlear groove of the femur in SD rats. The defects were
filled with Dil-labeled human scleral cells. The rats were returned
to their cages after the operation and allowed to move freely.
Animals were sacrificed with an overdose of sodium pentobarbital
at 4 weeks after the operation. Specimens were dissected and

Human Sclera Has Chondrogenic

The following PCR. primer sets were used for cartilage-associated
genes: aggrecan, sense (5-TACACTGGCGAGCACTGTAAC -3')
and antisense (3'-CAGTGGCCCTGGTACTTGTT-3), product
size, 71 bp; collagen, type T1, alpha 1, sense (5"-TTCAGCTATG-
GAGATGACAATC -3') and antisense (5'-AGAGTCCTAGAGT-
GACTGAG -3'), product size, 472 bp; collagen, rypeX, alpha 1,
sense (5-CACCTTCTGCACTGCTCATC-3') and antisense (5'-
GGCAGCATATTCTCAGATGGA-3), product sizem, 104 bp;
SOX5, sense (5'-AGCCAGAGTTAGCAGAATAGG -3) and
antisense (3" -CATGATTGCCTTGTATTC -3"), product size, 619
bp; SOX6, sense (5-ACTGTGGCTGAAGCACGAGTC -3') and
antisense (5-TCCGCCATCTGTCTTCATACC -37), product size,
562 bp; SOX9, sense (5-GTACCCGCACTTGCACAAC-3") and
antisense (3'-TOCGCTCTCGTTCAGAAGTCTC-3'), product size
72 bp; Indian hedgehog homolog (IHH), sense (5-TGCATTGCT-
CCGTCAAGTC-3") and antisense (5'-CCACTCTCCAGGCG-
TACCT-3'), product size BB bp; hormone receptor
I(PTHR 1), sense $5'-CCTGAGTCTGAGGAGGAGAAG-3') and
antisense (5'-CACAGGATGTGGTCCCATT-3'), product size B6
bp; matrix metall 13 (MMP13), sense (5'-CCAGTCTCC-
GAGGAGAAACA-3") and antisense (5'-AAAAACAGUTCCG-
CATCAAC-3")product size, 85 bp, and GAPDH, sense (5'-
GCTCAGACACCATGGGGAAGGT-3) and antisense  (5'-
GTGGTGCAGGAGGCATTGCTGA-3"), product size, 474 bp.

Supporting Information

Figure S1 Global gene expression analysis of cultured human
cells. Hierarchical clustering analysis based on expression levels of
the cartilage-associated genes (NIA Array Analysis). We performed
gene chip analysis (a single assay for each analysis) for eight
independent primary scleral cultures from five patients (donors).
We started eight independent cultures from three different scleral
sites of Donor 2 (e.g. the anterior site 1.5 mm apart from the
limbs, the middle part, and the posterior part), 2 different scleral
sites of Donor 5, and three scleral sites of Donor 1, 3, and 4. We
performed hierarchical clust:nng analysis, using these md!:pcn-
dent cul and obtained ¢ results, that is, “sclera"-

derived cells are categorized into one sub-group. Furthermore, the
sclera, cartilage, synovium, and joint fluid are categorized into the
same group.

Found ar: doi:10.1371/journal.pone.0003709.5001 (0.07 MB
PDF)

Figure 52 Cartilage-associated gene expressions in cultured
fibroblasts derived from the dermis and the sclera. Cartilage-

embedded in pmﬂin The sections were 1 with tolwdi
blue and i l hemically stained with anti-type II collagen
antibodies (clone F-57, DAIICHI FINE CHEMICAL, Co. L.,
Toyama, Japan). All animals received humane care in compllm

d gene exp by RT-PCR in cultured fibroblasts
derived from the dermis and the sclera. Aggrecan, COL2A, IHH
and PTHR mRNA expressions were clearly stronger in the scleral
fibroblasts compared 1o the dermal fibroblasts, indicating that

1

with the “Principles of Laboratory Animal Care” formul

the National Socicty for Medical Research and the “Guide for the
Care and Use of Laboratory Animals" prepared by the Institute of
Laboratory Animal Resources and published by the US National
Institutes of Health (NIH Publication No. 86-23, revised 1983),
The operation protocols were accepted by the Laboratory Animal
Care and Use Committee of the Research Instirute for Child and
Health Development (2003-002).

Reverse transcriptase-PCR

Total RNA was isolated with an RNeasy Plus mini-kit. Cartilage
pellets were digested with 3 mg/ml Collagenase D for 3 hours at
37°C.

-@ PLoS ONE | www.plosone.org

chondrogenic nawre could be specific for the sclera among
collagenous tissues,

Found at doi:10.1371/journal pone.0003709.5002 (0.01 MB
FDF)

Table 81 Cartilage-associated genes
Found ar doi:10.1371/journal.pone.0003709.5003 (0.01 MB
FDF)
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Membrane fusion is an essential step in the encounter of two nuclei
from sex cells—sperm and egg—in fertilization. However, aside
from the involvement of two molecules, CD9 and lzumo, the
mechanism of fusion remains unclear. Here, we show that sperm-
egg fusion is mediated by vesicles containing CD9 that are released
from the egg and interact with sperm. We demonstrate that the
CD9-'~ eggs, which have a defective sperm-fusing ability, have
Iimpaired release of CD9-containing vesicles. We investigate the
fusion-facilitating activity of CD9-containing vesicles by examining
the fusion of sperm to CD9~/~ eggs with the aid of exogenous
CD9-containing vesicles. Moreover, we show, by examining the
fusion of sperm to CD9~/~ eggs, that hamster eggs have a similar
fusing ability as mouse eggs. The CD9-containing vesicle rel
from unfertilized eggs provides insight into the mechanism re-
quired for fusion with sperm.

fertilization | membrane fusion | EGFP | exosome

Fcnilizuliun is an essential process that naturally produces a
cell capable of developing into a new individual. It consists of
sequential events, including membrane fusion of sperm and egg
(1). Despite the importance of understanding fertilization in
controlling human reproduction and preserving endangered
species, the molecular basis underlying the fusion remains a
mystery, however. Previously, we reported that a tetraspan-
membrane protein (tetraspanin), CD9, is expressed on the cgg
plasma membrane and is required for sperm-cgg fusion (2-4).
A role of CD9 in other fusion events also has been demonstrated
(5). When sperm arc added to eggs from CD97/~ females, the
sperm bind to the egg plasma membrane normally, but fusion is
severely impaired (2-4). Two recent observations suggest that
CD?9 plays a role in the organization of egg membrane. First,
CD?9 is transferred from the egg to the fertilizing sperm present
in the perivitelline space (PVS) (6), suggesting the involvement
of a process similar to trogocytosis, a mechanism of cell-to-cell
contact-dependent transfer of membrane fragments (7). Second,
CD?9 deficiency alters the length and density of microvilli on the
cgg plasma membrane (8), CD9 is also known to be a component
of exosomes, membrane vesicles released from a wide range of
cells (9, 10). Despite its relationship to CD9, the involvement of
exosome release in sperm-ecgg fusion remains unknown. In the
present study, we analyzed the potential of enhanced green
fluorescent protein (EGFP)-tagged CD9 (CD9-EGFP) as a
reporter protein to study sperm-egg fusion in living mouse cggs.

Results

To observe the movement of CD9 during sperm-cgg fusion, we
generated a transgenic mouse line that expressed CD9-EGFP
only in eggs (Fig. 14), and converted to the genetic background
of CDY9™'~ mice by mating mice. Western blot analysis using
anti-CD9 monoclonal antibody (mAb) revealed that an expected
CD9-EGFP with a molecular mass of 51 kDa (CD9 and EGFP

www.pnas,org/egl/dol/10,1073/pras.07 10608105
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Fig. 1. Generation of mice expressing CD9-EGFP in eggs. (A) CD9-EGFP
specifically expressed in eggs with mouse ZP3-promoter. Cumulus oocyte
complex from Tg*CD9*'* oviducts was collected at 14 h after injection of
human chorionic gonadotropin, Nuclei of an egg and cumulus cells were
counterstained with DAPI, (Left) CD9-EGFP, (Center) DAPI. (Right) Bright field.
Scale bar: 100 um. (8) Western blot analysis for eggs collected from CD9 ',
CD9*'*, and Tg*CD9 '~ mice. The same amounts, including 30 eggs of each
lysate, were examined by anti-CD9 and anti-beta-tubulin mAbs (internal
control). (C) Litter sizesof CD9°/~ (n = 31), Tg*CD9~'~ (1 = 35), Tg* COI*'" (n =
16), and CD9''" mice (n = 15) (mean * SEM). The numbers of females
[ d are in p t

contributing to 24 and 27 kDa, respectively) was expressed in the
eggs collected from Tg* CD9~/~ mice; however, the amount of
CD9-EGFP expressed in CD9™/~ eggs was estimated to be 10%
of that of endogenous CD9 in the CD9*/* cggs (Fig. 18). Despite
the small amount of CD9-EGFP expressed in eggs, CD9-EGFP
demonstrated the ability to reverse the sterility of CD9~/~
females (Fig. 1C). The numbers of pups obtained from
Tg'CDY9™'" females (6.4 = (.5) were similar to those from
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Fig.2. |dentification of secretory vesicles
containing CD9 from unfertilized eggs. A,
Asingle confocal image showing CD9-EGFP
in unfertilized Tg*CDI~'~ eggs (E), includ-
ing the PVS (*), zona pellucida (2), and the
outer margin of the zona pellucida (dotted
line). (Left) Bright fleld. (Right) CDS-EGFP.
Lower are enlarged images of the boxed
areas. (B) Western biot analysis for eggs
mechanically fractionated as shown in the
diagram: zona-intact CD9~'~ eggs (E) (10
eggs per lane) and zona-free CD9** eggs
(10 eggs per lane). The medium (R) contain-
ing the remnant material from 40 eggs
treated with a piezo manipulator was
loaded in each lane. (C) Immunoelectron- E
microscopic analysis of CD9%'* eggs. The
zona-intact CD9''* eggs were examined

using anti-CD9-mAb and 5-nm gold beads coe
conjugated with anti-rat IgG Ab. Left

panel: Image Including CD9-containing CNEGFF .
vesicles (*), microvilll (arrowheads), zona

pellucida (Z), perivitelline space (PVS), and GM3 -
eqq (E). (Right) An enlarged image of the

boxed region in the left panel. Scale bar:

200 nm. (D) RT-PCR for CD9, GM3 synthase,

and glyceraldehyde-3-phosphate dehydro- EGFPAagged I:Du

genase transcripts in CD9*/*, CD9°'~, and Cianhomnty

+

Tg*CD9~/ eggs. The same amounts, including 50 eggs in each reaction, were examined. The right end lanes are negative controls in which RT was removed from
reactions of wild-type eggs. () Localization of GM3 and CD9 in CD9/*, CD9~/~, and Tg*CD9-'~ eggs. (Left) Wild-type. (Middle) CD3~'-. (Right) Tg*CD9~"~
Right-side of the sets of wild-type and Tg*CD9"'~ eggs are enlarged images of the boxed regions. The live eggs were examined, and the intemal localization
of GM3 in CD9-'~ eggs was examined under fixed, permeabilized conditions. (F) Comparison of the fluorescent intensities of GM3 stained by antibody in

wild-type (n =

Tg'CD9*/~ and CD9"'~ females (6.0 = 0.2 and 6.5 = 0.5) and
greater than those from CD9~'~ females (0.0 = 0.0). The
CD9*/~ females did not exhibit any loss in fertility that could
cause a reduction of litter size relative to that of the CD9*/*
females (4). Furthermore, the transgene had no effect on normal
fertility. These results demonstrate that transgenically expressed
CD9-EGFP can compensate for the loss of intrinsic CD9 and
yield eggs with the ability to fuse with sperm.

Based on the foregoing evidence, we observed the subcellular
localization of CD9-EGFP in “living” Tg*CD97/~ eggs (Fig.
24). As expected, confocal microscopic analysis allowed the
visualization of two types of CD9-EGFP localization: intense on
the plasma membrane and also in the cytoplasm. Unexpectedly,
we found loosely filled, noncompacted CD9-EGFP in the PVS,
a space formed between the zona pellucida and the plasma
membrane of the egg. The localization of CD9 outside the eggs
also was confirmed by Western blot analysis using anti-CD9 mAb
(Fig. 2B). As shown in the diagram, CD9*/* eggs were mechan-
ically fractionated into denuded eggs and other components (R)
using a piezo manipulator (11). The fraction R, containing the
zona pellucida and the components in the PVS, was centrifuged
and subjected to Western blot analysis. The amount of CD9 in
the remnant material from 40 eggs was found to be densito-
metrically equal to that of 10 zona-free eggs, demonstrating an
estimated relative abundance of CD9 in the remnant of 20% per
egg. Subsequently, we performed immunoelectron-microscopic
analysis on the CD9*/* eggs. We identified the vesicles bound to
gold particles inside the PVS (Fig. 2C). The sectioned microvilli
contained a branched network of actin filaments, whereas the
variously sized vesicles (50-250 nm in diameter) had uniformly
dense materials rather than actin filaments. We also compared
CD9*'*, Tg*CD9/~, and CD9/~ eggs by electron-microscopic
analysis [supporting information (SI) Fig. $1]. The accumulation
of vesicles in the PVS in the Tg*CD9™'" eggs was comparable
to that in the CD9*/* eggs, whereas it was not seen in the CD9™~
or germinal vesicle-staged CD9*/* eggs. These results indicate

12922 | www.pnas.org/cgl/doi/10.1073/pnas. 0710608105

10), D9/~ (n = 8), and Tg*CD9~'~ eggs (7 = 10) (mean = SEM). The average values of the wild-type eggs were set to 100%.

that 20% of the total amount of CD9 is stored as vesicles in the
PVS during meiosis.

We next examined the expression of ganglioside GM3, iden-
tified as a CD9-associated molecule (12) and a component of
exosomes (10), in CD9*/*, CD9~/~, and Tg*CD9~'~ eggs. First,
we confirmed the expression of GM3 synthase (ST3GalV/
SAT-1) (13) in these eggs by RT-PCR (Fig. 2D). Then we
investigated the localization of GM3 by immunostaining these
live eggs with anti-GM3 mAb (Fig. 2E). This antibody has been
demonstrated to recognize GM3 in the plasma membrane of
cells without treatment for permeabilization (14). Finally, we
measured the fluorescent intensities of GM3 in these live eggs
(Fig. 2F). As expected, in wild-type eggs, GM3 was colocalized
with CD9 in the PVS and plasma membrane (Fig. 2E Left and
Fig. 2F). In contrast, in CD9~/~ eggs, the fluorescent intensities
of GM3 were decreased dramatically in the PVS and plasma
membrane (0.4% *+ 0.2%, relative to 100% for the CD9*'*
eggs), consistent with the loss of CD9 (Fig. 2E Center and Fig.
2F), whereas GM3 could be detected in the cytoplasm of CD9~/~
eges that had been permeabilized by a detergent after fixation.
Moreover, the expression of CD9-EGFP reversed the decrease
of GM3 in the PVS and plasma membrane of CD9™/~ eggs
(25.6 £ 10.7%) (Fig. 2E Righr and Fig. 2F), corresponding to the
amount of CD9-EGFP quantified by Western blot analysis (Fig.
1B). In addition, electron-microscopic analysis revealed that the
number of characteristic membrane structures, termed microvilli
(1), were significantly decreased in the CD9'~ eggs compared
with the CD9*/* eggs (Fig. S2 A and B). The numbers of
microvilli were increased by =50% by the expression of CD9-
EGFP in the CD9~'~ eggs. The analyses of three types of eggs
indicate that CD9- and GM3-containing vesicle release is linked
to microvilli formation.

We next investigated the involvement of CDS9-containing
vesicles in sperm-egg fusion (Fig. 3). We found that, based on
the length of microvilli (Fig. S2C), zona-intact Tg"CD9™'~ eggs
can be categorized into two groups (Fig. 34). From single

Miyado et al.
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Fig,3. Involvement of CD3-containing vesicles in sperm—egg fusion. (A) Categorization of Tg*€D9""~ eggs () into two groups according 1o the thickness of
CDY-EGFP in the PVS (*) and the inner region of the 2ona pellucida (2) (>4.0 um or = 4.0 um), indicated by double-headed lines. The boxed regions in Insets are
enlarged. Scale bar: 20 um. (B) Comparison of the fusing ability of two groups of Tg*C09~/~ eggs with wild-type sperm. Left graph: Ratio of two groups of
Tg*CD9™'" eggs ovulated from 12 females (mean + SEM). Right graph: Number of sperm fused per egg In two groups of zona-Intact Tg* CDS /- eggs ovulated
from 12 females (=>4.0 um, n = 204; =4.0 um, n = 66) (mean = SEM). CD9*'* (n = 120) and CO9'~ {n = 112) served as positive and negative controls, respectively.
(€ and D) Monitoring of the association of egg CD9-containing vesicles with wild-type sperm. Tg*CD9~'~ eggs were incubated with the sperm and monitored
immediately after the sperm penetrated the zona pellucida under the presence of anti-CD9 mAb (boxed region). The values were calculated from data scanning

by confocal microscopy (15 sperm in triplicate dishes) Blue: Preimmune rat IgG Red: Anti-CD9 mAb (KMCB) (mean = SEM). The average values of the fluorescent

intensities of CD9-EGFP at 0 s were set to 100%. and the final cc

el

was adjusted to 50 ug/ml. Scale bar, 5 um.

confocal images sectioned through the largest diameter, the
accumulation of CD9-EGFP from the plasma membrane to the
inner region of the zona pellucida was >4.0 um in swath width
in one group and = 4.0 um in the other group. The accumulation
of CDY-EGFP was predicted to show that CD9-containing
vesicles are more highly accumulated within the PVS in the
>4.0-um group compared with the = 4.0-um group. Comparing
the ratio of these two groups in Tg*CD9™/~-ovulated eggs
revealed a much higher percentage of the >4.0-um group
(770 = 1.3% vs.23.7 = 1.5%) (Fig. 3B Left). Thercfore, we
focused on the heterogeneity of CD9-EGFP accumulation
within the PVS and determined the ratio of the two groups in
zona-intact Tg*CD97/~ eggs that successfully fused with the
sperm 6 h after insemination. The >4.0-pm group of
Tg*CDY9~'" eggs showed higher activity for fusion with sperm
(0.81 = 0.04 sperm fused per epg), compared with the =40-um
group of Tg*CD9~/~ eggs (0.05 = 0.03) and the CD9~'~ eggs
(0.00 = 0.00), and comparable activity to that of wild-type eggs
(0.73 = 0.04) (Fig. 3B Right). The average activity of all
Tg"CD9 /" eggs (0.72 = 0.03 sperm fused per egg) was equal to
that of wild-type eggs (0.73 = 0.04 sperm fused per egg). The
difference between the two groups of Tg*CD9~/~ eggs was
statistically significant (Fig. 38). These results suggest that the
quantities of CD9-containing vesicles, as assessed by the swath
width of CD9-EGFP, are strongly correlated with the frequency
of sperm-cgg fusion.

To detect the association between sperm and CD9-containing
vesicles, we serially monitored the wild-type sperm that pene-
trated the zona pellucida of the Tg*CD9~/~ eggs (Fig. 3 C and
D). As shown in the diagram, we began monitoring the sperm
immediately after the head portion of sperm penetrated the zona
pellucida of the Tg*CD9~/~ eggs (Fig. 3C Upper, boxed area in
the diagram). Soon after we began to monitor the sperm, the
fluorescent intensities of CD9-EGFP on the sperm heads in-
creased and then decreased rapidly between 0 s and 15 s, then
increased again, reaching a maximum at 20 s. At this point, the

Miyado ef al.

CDY9-EGFP fully covered the surface of the sperm heads. In
contrast, when the sperm were incubated with Tg*CD9™/~ eggs
in the medium containing anti-CD9 mAb, no increase in inten-
sity of CD9-EGFP on the sperm heads was detected. Anti-CDY
mADbs have been reported to inhibit sperm-egg fusion (4, 15, 16).
Our findings demonstrate that the anti-CD9 mAb inhibited the
association of sperm with CD9-containing vesicles in parallel 1o
inhibition of sperm-cgg fusion.

To determine whether CD9-containing vesicles are capable of
initiating sperm-egg fusion, we incubated the sperm with
CDY™'~ eggs in medium containing the vesicles collected from
CDY9*/* eggs (Fig. 4 and Fig. §3). To restrict the source of CD9
into the vesicles from the CD9*/* eggs, we used sperm collected
from the epididymis of CD9~'~ males. We estimated the capa-
bility of the vesicles to influence fusion by counting the number
of sperm fused with CD9~/~ eggs. As shown in the experimental
design, after the zona pellucida was removed from the CD9~/~
eggs, the epgs were incubated with sperm in the medium
containing the vesicles (Fig. 44). When examined at 1 h after
incubation, the sperm were seen Lo be capable of fusing with
CDY9~'~ eggs after co-incubation with the vesicles (Fig. 44
Center), indicating restoration of the fusibility of CD9~/~ eggs
with the sperm (0.58 = 0.07 sperm fused per egg) (Fig. 48). We
detected further evidence of sperm-egg fusion in the CD9-/-
eggs from which a second polar body had been extruded. In
contrast, we did not detect improved fusibility of sperm with eggs
in medium depleted of CD9-containing vesicles using beads
conjugated with anti-CD9 mAb (Fig. 44 Righr and B). After
treatment with the beads, the quantity of CD9 in the depleted
medium was significantly decreased, to 16% of the untreated
medium (Fig. 4C). In addition, CD9~/~ remnants failed to rescue
the fusing ability of CD9~/~ eggs. These findings indicate that the
association with CD9-containing vesicles renders the sperm
capable of fusing with eggs without endogenous CD9 expression.
We estimated the relative abundance of CD9 in the remnant as
18% of the total amount in the eggs (Fig. 4C). We further found
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Fig. 4, Identification of fusion-faciiitating activity of
CD9-containing vesicles. (A) Estimation of the fusion-
facilitating ability of the vesicles in sperm-egg fusion,
As shown in the experimental design, CD9™'~ sperm
were incubated with CD9'~ eggs (white circles) in
media containing egg-released vesicles after the zona
pellucida was removed from these eggs. CD9 was de-
tected by anti-CD9 mAb conjugated with Alexad88.
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The eggs were preloaded with DAP| before incubation gl 000 0.00
with the sperm, to allow counting of the number of
fused sperm, (Left) CD9~'~ eggs at 1 h after incubation N > "

R % v Modium incubeted
with the sperm, as a negative control. Center CD9~' wilh wikd-typa aggs - +
eggs cultured in the medium containing CD9 collected CDD deplation . . +
from wild-type eggs. (Right) CD9~'~ eggs cultured in
the medium depleted of CD9 by beads conjugated
with anti-CD9 mAb, showing the fused sperm to eggs C "wm"s\um,m
(arrowhead), metaphase ll-arrested chromosomes (*}, Medium __ eg08 o0
asecond polar body (open arrowhead), and CD9 trans- 09 depletion - +
located on the sperm heads (arrow). The fluorescent COfquenBiy™) 0 100 16 kDa
z-series Images were projected as three-dimensional coe - - g
images. Scale bar: 20 um. (B) Number of fused sperm —_— .
with the zona-free eggs counted at 1 h after incuba- it = 10
tion (mean + SEM): CD9-'~ eggs as a negative control HSPE0 - Z‘;
(n=51), CD3"/~ eggs cultured in the medium contain. oy E.:] i

ing €D9 (n = 112), and CD9"'" eggs cultured in the
medium depleted of CD9 by antibody-conjugated
beads (n = 74). The total numbers of eggs examined are in parentheses. () Western blot analysis of the media incubated with CD9*'* eggs for CD3, H5P30, and
H5PE0. Loaded samples (left to right): The medium as a negative control, the medium containing the remnant material from 40 eggs per lane (bead-untreated
and -treated), and 5 eggs per lane as a positive control. The albumin contained in the medium was detected by Coomassie brilliant blue staining as an internal
control. The quantities of CD9 in the media were measured densitometrically (using National Institutes of Health Image software).

that the decreased amount of CD9 after the bead treatment was To estimate the contribution of CD9-containing vesicles to
synchronized with that of a cytoplasmic chaperone, HSP90 (17),  sperm-egg fusion, we examined the restoration of the impaired
but not with a mitochondrial chaperone, HSP60 (18). Our  sperm-fusing ability in CD9~/~ eggs co-incubated with CD9*/~
analysis of the egg-conditioned medium indicated that CD9-  or CD9*/* eggs expressing endogenous CD9 (Figs. 5 and 54.4).
containing vesicles contained HSP90, a conserved componentof ~ We predicted that when sperm were incubated with a mixture of
exosomes (9, 10). eggs, the vesicles released from CD9*/~ or CD9*'* eggs would

Fig. 5. Recovery of impaired fusion of B h e an s
CD9~/~ eggs with sperm by CD9-containing = =X Conoubsied
as p———

vesicles. (A) Estimation of the fusion-
facilitating ability of the vesicies in sperm-
egg fusion. As shown in the experimental
design, sperm were incubated with a mix-
ture of CD9-expressing eggs (green circles)
and CD9-'~ eggs (red circles) after the zona
pellucida was removed from these eggs.
The eggs were preloaded with DAPI before
incubation with sperm, to allow counting
of the number of fused sperm. CD9~'~ eggs
were prestained with FM4-64 and thus
were easily distinguished from CD9-ex-
pressing eggs after incubation with the
sperm. (Left) CD9*'~ eggs at 1 h after incu-
bation with the sperm, as a positive con-
trol. (Center) CO9~'~ eggs, as a negative
control. (Right) CO9™'~ eggs co-incubated
with CD9*/~ eggs, showing fused sperm to
egg (arrowheads), metaphase |l-arrested
chromosomes (*), and extruded second po-
lar body (arrow). The fluorescent z-series
images were projected as three-dimen-
sional images. CD9 was detected by anti-
CD39 mAb conjugated with Alexa488. Scale
bar: 20 um. (8) Numbers of fused sperm
with the zona-free eggs counted at 1 and
3 h after incubation (mean * SEM). CD9"/~
(1h:n =34 3hn=55), CD9** (1h:n = 71;3h:n=79), and CDI~'~ eggs (1 h: n = 100; 3 h: n = 115) were separately incubated with sperm. Total number
of coincubated eggs examined: CD9*/~ eggs (n = 54) coincubated with CD3~'~ eggs (n = 60), and CD9*'* eggs (n = 65) coincubated with CD9°"" eggs (n = 74)
at 1h; CD9*/~ eqgs (n = 51) coincubated with CD9~'~ eggs (n = 33), and CD9*'* egas (n = 98) coincubated with CDG~'~ eggs (n = 90) at 3 h. () Schematic mode!
of involvement of CDS-containing vesicles in sperm—egg fusion: CD9*/* (green), (D9~ (light blue), and CD9-'~ eggs coincubated with CD9*'* wild-type eggs
with sperm (yellow).
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interact with sperm, and these sperm could fuse with CD9~/~
eggs. If sperm-fusing ability were regulated mainly by CD9-
containing vesicles, then the number of sperm fused to CD9~/~
eggs would be predicted to be almost equal to that fused to
CD9*"~ or CD9*'* eggs coincubated with CD9~/~ eggs. We
counted the number of fused sperm in coincubated CD9-
expressing eggs (CD9*/~ and CD9*/*) and CD9~/~ eggs. The

CD97/~ eggs were prestained with FM4-64 (19), a fluorescent
dye used to stain the membrane of live cells, and thus could be
casily distinguished from the CD9*/~ and CD9*/* eggs. FM4-64
did not transfer between the CD9~/~ eggs and the CD9*/~ or
CD9*/* eggs. As shown in the experimental design, after the
zona pellucida was removed from the eggs, CD9™/~ eggs (red
circles) were mixed with CD9*/~ or CD9*'* eggs (green circles),
and sperm were added to the medium containing these eggs (Fig.
54). At 1 h after insemination, significant fusion of sperm with
the CD9™" eggs was facilitated (0.75 = 0.11 and 0.50 = 0.09
sperm fused per egg), corresponding to that in the CD9*/~
(1.00 * 0.13) and CD9*/* eggs (1.25 = 0.10). At 3 h after
insemination, the fusion of sperm with the CD9™/~ epgs was
restored (3.06 = 0.30 and 1.70 = 0.18 sperm fused per egg) to
levels comparable to those in the CD9*/~ (2.00 = 0.15) and
CD9*/* eggs (1.69 * 0.13). We also detected a second polar body
extruding from the CD9™/~ eggs (Fig. 54 Right, arrow). In
contrast, we did not observe the translocation of vesicles from
the CD9*"~ and CD9"/* eggs to the CD9~/~ eggs when sperm
were not added to the mixture, even after 10 h of incubation (Fig.
S48). These data demonstrate that the defect in the fusing ability
of CD9~/~ eggs is caused by dysfunction of the mechanism
facilitating the sperm-fusing activity through CD9-containing
vesicles.

To further study the involvement of CD9-containing vesicles
in regulating sperm-fusing ability, we evaluated the capability of
hamster eggs in sperm-egg fusion (Fig. S5). Hamster eggs have
the ability to fuse with other mammalian sperm and thus are used
as a tool to evaluate the fusing ability of human sperm (20).
When hamster eggs were incubated with CD9~/~ eggs after the
zona pellucida was removed from these eggs, the sperm-fusing
ability of thesc eggs was improved significantly. The sperm-
fusing ability acquired through the exposure to hamster eggs was
not as great as that produced by exposure to mouse eggs,
probably due to the slightly different CD9 in hamster and mouse
eggs (21). These results indicate that the function of CD9-
containing vesicles in the acquisition of sperm-fusing ability is
widely conserved in mammals.

Discussion

In sperm—egg fusion, there is a significant direct interaction
between the cell membranes of sperm and eggs (1, 20, 22);
however, our results demonstrate that CD9-containing vesicle—
sperm interaction precedes the direct cell membrane interaction
between sperm and eggs. Based on our data, we propose that the
release of CD9-containing vesicles from eggs before fertilization
facilitates the sperm-fusing ability that renders the sperm com-
petent to fuse with CD9~/~ eggs (Fig. 5C). Our finding of
CD9-EGFP in living unfertilized eggs demonstrates that CD9-
containing vesicles arc present in the PVS, and that these vesicles
accumulate inside the PVS during the germinal vesicle (1) and
metaphase IT-arrested stages (1). Duning this period, the egg
undergoes drastic cytological changes with the increased num-
ber of microvilli (1, 22), predicting the correlation between
vesicle release and microvilli formation, As expected, this
correlation is supported by the finding that CD9 deficiency
leads not only to impaired microvilli formation (8) (Fig. §2),
but also to decreased accumulation of vesicles within the PVS,
These data support the association between the release of
CD9-containing vesicles from eggs and the formation of
microvilli on the egg plasma membrane.

Miyado et al.

As reported previously, somatic cells are capable of releasing
proteins and lipids included in membrane organelles, termed
exosomes (9, 10), which are pinched out from the plasma
membrane (23). Exosomes share many additional properties
with retroviral particles, including similar lipid and protein
compositions, such as tetraspanin (23). GM3 and HSP90 are
known to be conserved components of exosomes (10). Our
results show that CD9-containing vesicles released from eggs
share these two components, implying that the vesicles are
“exosome-like." Previous studies of macrophages have proposed
that exosome biogenesis occurs only by outward budding at
endosomal membranes, followed by the fusion of vesicle-laden
endosomes with the plasma membrane (9, 23). If the CD9-
containing vesicle were derived from exosomes and generated
from the fusion of endosomes with the plasma membrane, then
the vesicles would contain some proteases (9, 23), fuse with the
sperm membrane, and possibly activate the sperm fusogenic
factor(s) by enzymatic activities,

In hamster eggs, expansion of the PVS has been deemed
essential or at least beneficial to normal fertilization (20, 21, 24),
indicating that materials involved in fusion with sperm are
released from eggs before fertilization in hamsters and in mice.
Because anti-CD9 mAbs are not available for hamster CD9, we
could not directly confirm CD9-containing vesicle release from
hamster eggs before fertilization. Instead, our co-incubation
assay demonstrated that hamster cggs facilitate the fusion of
sperm with CD9~/~ egegs, indicating that hamster eggs share a
similar mechanism with mouse eggs through cgg-released ma-
terials. Moreover, it has been reported that growing oocytes bind
to sperm and transfer fluorescent dyes to the sperm head (25).
At this stage, oocytes have CD9 on the cell membrane but lack
CD9-containing vesicles (Fig. S1). We presume that the transfer
of fluorescent dye from growing oocytes to sperm heads is
mediated by CD9 on the cell membrane. Based on our findings,
we propose that the CD9-containing vesicle has an ability 1o
facilitate sperm—egg fusion. This knowledge has great potential
for clinical applications, such as the induction of sperm-egg
fusion using exogenous sources.

Materials and Methods
Animals. The mice that we produced were back-crossed into a C578L/6 genetic
background. Wild-type eggs were collected from CS78U6 females (8-12
weeks old). Wild-type sperm were ot i from the epididymides of BEC3IF1
males (8-12 weeks old). H eggs were obtained ¢ cially as frozen
unfertilized eggs (NOSAN).

and Chemicals. Antibodies against CD9 (KMC; BD PharMingen),
beta-tubulin (Tub2.1; Sigma), HSPE0 (24/HSPE0; BD PharMingen), HSP90
(16F1; MBL), and GM3 (GMRE; Seikagaku) were used. Antibodies labeled with
biotin by a labeling kit (Dojindo] and horseradish pamwm-(mjugated
streptavidin (Sigma) were used for Western blot analysi

antibodies were labeled directly with Alexad88 and Neusﬂﬁ usihg Iabelinq
kits (Invitrogen). FM4- 54 (Invitrogen) was used to define the lipid bilayer of
Ive eggs without di g sperm-—egg fusion (10 uM at final concentration),
We used DAPI ummoqtn‘.l aﬂimmntdytlhct slowly permeates the living
cell b bl lnd slowly leaks out of cells after washing
!ehtmtuﬂmiulw ), inc ingthe ber of sperm fused
per egg.

Transgenic Mice. The construct expressing mouse CD9 tagged at the N termi-
nus with EGFP (CD3-EGFP) was subcloned into plasmid DNA ing mouse
ZP3 pr (26), The expressi was excised by restriction enzyme
digestion and microinjected into fertilized eggs of CS7BUE mice, according to
standard techniques (27).

Guemﬁm ud nm Mouse genotyping and RT-PCR were performed
j (27). (Primer sets are listed in Table 51).

Egg Collection. Eggs were collected from the oviduct 14-16 h after human
chorionic gonadotropin Injection (4). The eggs were placed in a drop of TYH
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medium (28). Sperm collected from the epididymides were capacitated in a
100-u! drop of medium. The eggs were incubated with 1.5 x 10% sperm/m| at
37*°C in 5% CO;, and unbound sperm were washed away. The zona pellucida
was removed from the eggs with acidic Tyrode’s solution (4) or a piezo
manipulator (11). Ahole was punched through the zona pellucida \m.haplexo

before observation. Cooling reduced the sperm motility. This procedure al-
lowed us 1o measure the CD9-EGFP fluorescence on the sperm head using a
confocal microscope. Images o\‘ the sperm were captured at 1 framefs, The

lue of the fiy ities of CD9-EGFP atOswassetto 100%,
and u\e final concentration of antibodies was adjusted to S0 ug/ml. The data
are of serial images from 15 wild-type sperm in triplicate

manipulator, and the eggs were 1. All fals were
Iincluding the medium but not the eggs, and used as “remnants.”

Immunostaining. Zona-intact live eggs were stained with diluted antibodies in
TYH medium for 30 min at 37°C, and the pecifically acc lated anti-
bodies in the PVS were washed away after a brief incubation (30 min) in the
medium. To measure the fluorescent intensities of GM3, three types of eggs
were stained by Alexa545-labeled anti-GM3 mAb in TYH medium for 30 min,
then washed in the medium for 30 min, Staining was vi d using a laser
scanning confocal microscope (LSM 510 META; Clri Zeiss).

Electron-Microscopic Analysis. Live eggs were incubated with anti-CD9 mAb
and anti-ratigG mAb tagged with 5-nm gold beads. After incubation, the eggs
were fixed by glutaraldehyde and osmic acid solutions. Ultra-thin sections
were prepared as described in ref. 29, quﬁ denuded with acid Tyrode's

dishes.

Collection of CD9-Containing Vesides. The medium cor g the vesicles was
collected from denuded wild-type eggs. The eggs were cultured in a 60-ul
drop of medium for 2 h after the zona pellucida was removed from the eggs.
Collecting the medium containing the vesicles required an incubation time of
2 h. The collected medium was used for lysis of vesicle s nts and
evaluation of sperm-fusing ability. CD9-depleted medium was used as a
negative control. After the zona pellucida was removed from CD9'~ eggs. the
eggs were incubated with the sperm in the medium containing CD9-
incorporated vesicles for 1 h, for comparison with the vesicle-depleted me-
dium. Details are shown in Fig. 53.

Western Blot Analysis. Quantities of proteins were examined by Western blot
, as described In ref. 4. As an Internal loading control, quantities of

solution were fixed with a mixture of p Idehyde and gl Idehyd
and osmic acid solutions.

In Vitro Fertilization. To observe the fusion with the sperm, zona-intact and
zona-free eggs were incubated with DAPI (10 wg/ml) in the medium for 20 min,
then washed before the sperm were added. This procedure allowed the
staining of only fused sperm nuclei by dye-transfer into sperm after mem-
brane fusion. At 1 h or 3 h after incubation in a 30-ul drop of medium, the eggs

were fixed with a mi of paraf Idehyde and glutaraldehyde for 20
min at 4°C.
Monitoring the Association of CD9-Containing Vesicles with Sperm. Eggs col-

lected from Tg*CD9"/ females were set in a 30-ul drop of TYM medium. The
sperm were added to the eggs at a final concentration of 1.5 x 10%m| after
incubation in the tnadit.m for 2 h. Posts of latex beads were deposited around
the eggs. A glass ¢ p was carefully p i down onto the posts until the
eag were fixed. The mcdium toﬂtlil'llng eggs and sperm was cooled to 10°C
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