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Abstract

Background: Cigarette smoking adversely affects endochondral ossification during the course of skeletal growth. Among a
plethora of cigarette chemicals, nicotine is one of the primary candidate compounds responsible for the cause of smoking-
induced delayed skeletal growth. However, the possible mechanism of delayed skeletal growth caused by nicotine remains
unclarified. In the last decade, localization of neuronal nicotinic acetyicholine receptor (nAChR), a specific receptor of
nicotine, has been widely detected in non-excitable cells. Therefore, we hypothesized that nicotine affect growth plate
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chondrocytes directly and specifically through nAChR to delay skeletal growth,

Methodology/Principal Findings: We investigated the effect of nicotine on human growth plate chondrocytes, a major
component of endochondral ossification. The chondrocytes were derived from extra human fingers. Nicotine inhibited
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vitro. To study the effect of nicotine on growth plate in vivo, ovulation-controlled pregnant alpha7 nAChR +/— mice were
pregnancy, and skeletal
skeletal growth of alpha7 nAChR +/+ fetuses but not in alpha7 nAChR —/—
fetuses, implying that skeletal growth retardation by nicotine is specifically mediated via fetal alpha7 nAChR.

These results suggest that nicotine, from cigarette smoking, acts
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Introduction

Though detrimental effects of cigarette smoking to the human
body have been widely demonstrated, the effects on endochondral
ossification are not well understood. Epidemiologically, maternal
smoking reduces the height of newborns [1-5]. However, there are
controversial views regarding the mechanisms behind delayed
skeletal growth caused by cigarette smoking. The socioeconomic
status of smoking mothers |6,7], deficient maternal diet [8], chronic
hypoxia caused by carbon monoxide (9], impaired placental size
and function, and decreased blood flow of placenta caused by
nicotine [10] have all been reported as a possible causal factors
responsible for reduction in height of newborns. Conversely, it has
also been reported that socioeconomic status [11], maternal diet

'@ PLOS ONE | www.plosone.org

[12], and hypoxia are not responsible for the cause of delayed
skeletal growth. Research suggests that smoking not only reduces
body length but also brings ossificanon retardaton in the rat
smoking model [13]. Moreover, smoking delays chondrogenesis in a
mouse model of fracture healing [14]. Cigarette smoking, thus,
adversely affects endochondral ossification somechow during the
course of skeletal growth and repair in animal models.

Among a multitude of chemicals and physiological functions
arising from cigarette smoking, nicotine is one of the leading
candidates for causing small newborns. Epidemiologically, nicotine
content in cigarette is related to reduced birth length in humans [15].
However, the possible mechanism of delayed skeletal growth caused
by nicotine remains unclarified. In this study, we investigated the
effect of nicotine on growth plate chondrocytes, the principle
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component of endochondral ossification. In the last decade,
localization of neuronal nicotinic acetylcholine receptor (nAChR), a
specific receptor of nicotine, has been widely detected in non-
excitable cells [16]. Therefore, we hypothesized that nicotine affect
growth plate chondrocytes directly and specifically through nAChR
to delay skeletal growth. We here demonstrate that nicotine affected
growth plate chondrocytes through alpha7 nAChR to decrease
matrix synthesis and to suppress hypertrophic differentiation, thereby
delaying skeletal growth.

Results

Detection and localization of nAChR in growth plate
chondrocytes

To date, many epidemiological [1-5] and experimental [13]
studies suggested that endochondral ossification is affected by
cigarette smoking, especially by its major component, nicotine
[153]. We thus assumed that nicotine may directly affect
chondrocytes, a key player in endochondral ossification. To
investigate whether the impact of nicotine on chondrocytes is
specific, we studied the expression pattern of the specific receptor,
nAChR. For screening of the existing subunits of nAChR, RT-
PCR was performed with primers for each subunit of nAChR.
Human growth plate chondrocytes expressed alpha3, alpha7,
betal and epsilon subunits of nAChR (Figure 1A).

Among the detected subunits, only the alpha7 subunit can form
a functional nAChR by forming a homopentameric receptor [17].
We thus tried to detect alpha7 subunit ar a protein level. Western
blot analysis revealed that chondrocytes produced alpha7 nAChR
(Figure 1B). Immunocytochemical analysis also revealed that
chondrocytes stained positive for alpha7 nAChR (Figure 1C).
Moreover, the alpha7 subunit was detected at resting, proliferating
and pre-hypertrophic chondrocytes of murine growth plate but not
hypertrophic chondrocytes (Figure 1D). These results suggest that
the growth plate chondrocytes in their non-hypertrophic stage
express alpha7 homopentameric nAChR.

Effect of nicotine on chondrocytes cultured in agarose gel

To study the effect of nicotine on growth plate chondrocytes in
vitro, two methods of suspension cultures, ie., agarose gel culture
and alginate bead culture, were employed. In agarose gel, the
chondrocytes are initially embedded in the suspension layer
solitarily. The chondrocytes then proliferate, differentiate, and
aggregate to [orm a colony in the presence of ascorbic acid, and start
to produce a matrix around themselves [18]. We applied the
agarose gel culture to study the effect of nicotine on the proliferation
and differentiation of growth plate chondrocytes in vitro. Nicotine
was added ro culture media for three weeks culture period. Nicotine
decreased the percentage of colonies which produce matrix, as
revealed by alcian blue (ALB) stains in a concentration-dependent
manner (Figure 2A, upper panels), Similarly, nicotine suppressed
Col X expression and enzyme activity of alkaline phosphatase (ALP)
in a concentration-dependent manner (Figure 2A, middle and lower
row panels). In contrast, nicotine did not affect colony density
(Figure 2B, left panel) or the number of cells per colony (Figure 2B,
right panel) which are indicators for cell proliferation. No nicotinic
effect on cell proliferation was detected as assessed by immunohis-
tochemistry using antibody to proliferating cell nuclear antigen
(PCNA) (Figure S1). These results suggest that nicotine decreases
the matrix synthesis and suppresses hypertrophic differentiation of
growth plate chondrocytes, but has linle effect on cell proliferation
in vitro and vivo. To investigate if the nicotinic effect is mediated by
alpha7 nAChR, we used MLA, the specific antagonist of alpha7
nAChR. MLA clearly reversed the effect, as assessed by ALB-
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stained colonies (Figure 2C), suggesting the involvement of alpha?
nAChR in the effect of nicotine on growth plate chondrocytes.

Long-term (four months) effect of nicotine on growth
plate chondrocytes in alginate beads

Difterent from the case with agarose gel, human chondrocytes
hardly proliferate in alginate beads, maintaining chondrocyte
propertics for more than eight months [19]. Moreover, molecular
analysis can be done easily compared with that in agarose gel,
since chondrocytes can be recovered from beads by chelation of
divalent ions with ethylenediamine tetraacetic acid (EDTA)
followed by centrifugation. We investigated the long-term effect
of nicotine on growth plate chondrocytes by employing alginate
bead culture. Chondrocytes encapsulated in alginate beads
remained viable during the culture period (four months) in their
lacunac. Nicotine did not affect viability of the chondrocytes at any
indicated concentration. Nicotine dose-dependently suppressed
ALB- and Safranin-O-stained arcas at four months (Figure 3A).

To investigate expression of chondrocyte-specific genes, we
performed RT-PCR analysis on chondrocytes in alginate beads.
Genes for collagen type 11 (Col 1I), Aggrecan, collagen type X
(ColX), ALP, and indian hedgehog (Ihh) were up-regulated at three
weeks after the start of alginate bead culture (Figure 3B). In contrast,
genes for parathyroid hormone receptor type 1 (FTHRI), matrix
metalloproteinase type 13 (MMP13), vascular endothelial growth
factor (VEGF), and Sox9 were constitutionally expressed and their
expression level remained unchanged. We then performed RT-
PCR analysis to investigate the expression of chondrocyte-specific
genes in chondrocytes treated by nicotine for four months, Nicotine
dose-dependently decreased the expression of Col 11, Aggrecan, Col
X, ALP, and lhh gene (Figure 3C). These findings suggest that
nicotine suppresses mairix synthesis and hypertrophic maturation of
chondrocytes in long-term culture using alginate beads.

Functional calcium imaging

To investigate the intracellular signals after nicotinic stimula-
tion, we performed calcium imaging assay for primary chondro-
cyte cultures, since alpha? nAChR has large Ca™ permeabilities
and also induces elevated intracellular free calcium by releasing
intracellular calcium stores [17]. Nicotine elicited a transient
increase of intra-cellular calcium (Figure 4A) in a concentration-
dependent manner (Figure 4B). MLA, the specific antagonist of
alpha7 nAChR, inhibited the calcium signals in a concentration-
dependent manner (Figure 4C), implying that the effect of nicotine
on chondrocytes is mediated through the alpha7 nAChR.

Maternal nicotine exposure in wild-type mice

To study the effect of nicotine on endochondral ossification in
vivo, ovulation-controlled pregnant C57BL/6] mice were given
drinking witer with or without nicotine during pregnancy, and
skeletal growth of their fetuses was observed. At noon on gestational
day 15, fetuses were surgicallly obtained and their legs were
sectioned for measurement of the femur length (FL) and the length
of the hypertrophic zone of the femur (HL) (Figure 5A). There were
no significant differences of the amount of warer consumed between
nicotine-cxposed group and control group. Maternal nicotine
exposure significantly reduced the FL (Figure 5B) and HL/FL
(Figure 3C) of mice at embryonic day 15.5 (E15.5), suggesting that
nicotine delayed endochondral ossification.

Matemal nicotine exposure in alpha7 nAChR-disrupted
mice

To clarify an involvement of alpha7? nAChR in nicotine-
induced delayed skeletal growth in vivo, we investigated the effect
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Figure 1, Detection and localization of nAChR subunits in growth plate chondrocytes. A: The expression of each subunit of nAChR. Total
RNA was isolated from primary culture of human growth plate chondrocytes, The primers for each subunit are listed in Tables 51-53. RT-PCR
amplified products of alpha$, alpha?, betal and epsilon subunits of nAChR and GAPDH. B: Western blot analysis of alpha? subunit of nAChR in
primary chondrocyte cultures. NC: negative control (adipocyte), PC: positive control (PC-12 cell), GPC1,2: human growth plate chondrocyte derived
from extra fingers of two individuals, C: Immunocytochemical analysis of alpha7 nAChR subunit in human growth plate chondrocytes. Primary
chondrocytes were stained with alpha? nAChR subunit-specific antibody. D: Immunohistochemical analysis of alpha7 nAChR subunit in tibia of E15.5
fetuses. Alpha7 nAChR are detected at resting, proliferating and pre-hypertrophic chondrocytes of murine growth plate.

doi:10.1371/journal pone.0003945.g001

of maternal nicotine exposure on skeletal development of murine
fetuses in which the alpha7 nAChR gene is disrupted. Maternal
genotype is alpha7? nAChR +/— in this experiment (Figure 6),
unlike the experiment using wild type mice (Figure 5, maternal
genotype: alpha7 nAChR +/4), and livermare fetuses (alpha7

:@'. PLoS ONE | www.plosone.org

nAChR =/ = and alpha7 nAChR +/+) were compared to exclude
the effect of nicotine on maternal bodies. Nicotine significantly
reduced FL and HL/FL in alpha7 nAChR +/+ fetuses but not in
alpha? nAChR = /= fetuses (Figure 6A, B). However, nicotine did
not significantly affect body weight (BW) in both genotypes

December 2008 | Volume 3 | Issue 12 | 3945
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Figure 2. Effect of nicotine on growth plate chondrocytes in agarose gel. Growth plate chondrocytes were cultured in an agarose gel using
the modified method previously described [28], and exposed to nicotine and MLA, a specific antagonist for alpha? nAChR, at the indicated
concentration. After three weeks of cultivation, suspension agarose was transferred to a glass slide and the following histological analyses were then
performed. A: Microscopic appearance of chondrocyte colonies, From top to bottom: ALB (Alclan blue stain), Col X (immunocytochemistry by an anti-
Col X antibody), ALP (enzyme cytochemistry of alkaline phosphatase). For ALB and Col X stain, the slides were counterstained with kemechtrot and
hematoxylin, respectively. Percentage of ALB- stained, Col X- positive, and Alkaline phosphatase- positive colonies were counted (right panel, from
top to bottom). All the ALP positive colonies in the panels are indicated by arrowheads. Nicotine concentration-dependently suppressed the
percentage of the colonies stained with ALB, Col X, and ALP. *, statistically significant, P<0.02. B: Number of colonies and number of cells per colony.
The number of colonies with a diameter greater than 50 um (left panel) and cell number per colony (right panel) were counted on the ALB- stained
agarose gel slides. C: Microscopic appearance of chondrocyte colonies stained with ALB. MLA reversed the decrease of ALB- positive matrix in a
concentration-dependent manner under constant nicotine concentration (20 pg/mi). The percentage of ALB-positive colonies exceeded 10% by
using 500 nM MLA. *, statistically significant, P<0.02.

doi:10.1371/journal.pone. 0003945.g002
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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: RT-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 (B).
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).

doi:10.1371/journal pone.0003945.g003
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Figure 4. Calcium influx assay in primary chondrocyte culture. Nicotine-stimulated calcium signaling was investigated by the use of a

fluorescent 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
nicatine-induced calcium influx in a concentration-dependent manner. The cells were treated with MLA 30 min before nicotine stimulation.

doi:10.1371/journal pone.0003945.g004

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

Discussion

Alpha7
neuronal nAChR, and has also been shown to be functional in
both neuronal and non-neuronal, i.e., non-excitable cells such as
vascular endothelial cells, keraunocytes and bron-
demonstrated  the

lymphocytes,
chial epithelium [16]. In this study, we

@ PLoS ONE | www.plosone.org

nAChR was onginally identified as a subumt of

expression of the alpha7 subunit of nAChR at resting to pre-
hypertrophic chondrocytes i murine growth plate and on a
culture of human growth plate chondrocytes, and the involvement
of alpha7 nAChR in nicotine-induced delayed skeletal growth.
I'he 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 nicotine width of the

hypertrophic zone of growth plate, increases apoptotic chondro-

CXposure L{l.‘l'l CASCE ‘] 1c

cytes, and reduces the length of femur in rat [20]. Contrarily,
nicotine has been shown to up-regulate glycosaminoglycan and

December 2008 | Volume 3 | Issue 12 | 23945
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Figure 5. Maternal nicotine exposure in wild-type mice. Ovulation-induced pregnant mice were mated and were given drinking water with
nicotine during pregnancy. At noon on gestational day 15, the fetuses were sacrificed, and their legs were histologically investigated. A: Skeletal
growth estimated by measuring the femur length (FL) and the length of the hypertrophic zone of the femur (HL). B: FL (mm), C: HL/FL (%) of E15.5
fetuses whose mothers were given 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 alpha7 nAChR-disrupted mice. A-C: FL, HL/FL, and body weight (BW) of alpha7 nAChR —/— and
alpha? nAChR +/+ E15.5 littermate fetuses, Alpha? nAChR +/— female were mated with alpha7 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 to 1.0. Nicotine significantly reduced FL and HL/FL in alpha7 nAChR +/+ fetuses but not in alpha7 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}
expasure to nicotine. In alpha? nAChR +/+ fetus, Nicotine downwardly shifts the linear slope in alpha? nAChR +/+ fetuses but not in alpha7 nAChR —/
— fetuses.

doi:10.1371/journal.pone.0003945.g006
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Il synthesis of h articular chondrocytes in vitro [21].
(‘ulrumd 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 effect, ie. 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 different effects in humans and
rodents.

Differences of expression levels of the genes for Col X, ALP,
Ihh, MMP13, and VEGF in alginate beads culture (Figure 3B, C)
may attribute to differential regulation among hypertrophic
markers. Expression of the lhh, Col X, and ALP genes were
down-regulated by nicotine and the MMP13 and VEGF genes
remained unaffected. Alternatively, the difference could be a result
of chondrocyte culture, that is, artifactual induction ex vivo, and
the MMP13 and VEGF genes were indeed expressed at the start of
alginate bead culture with ch ytes at p 1 (Fig. 3B, lane
1: “0 W7}, In contrast, the Col X, ALP, and lhh genes were
appropriately regulated after three-dimensional culture (Figure 5B,
lane 2: 3 W"; Figure 3C, lane 1: 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 alpha7 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
litle involvement 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 in only alpha7 nAChR +/+ fetuses
compared with their alpha7 nAChR —/— littermates, fetal alpha7?
nAChR but not maternal alpha7 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, ic.,
abnormal placental funcrion 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 alpha7
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

@ PLoS ONE | www.plosone.org
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on skeletal growth may be aunbuted 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 serum 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 also partly
depends on endochondral ossification.

Materials and Methods

Chondrocyte cultures

Human chondrocytes were isolated from epiphysis of extra
fingers, which were swrgically excised from patents 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 1 h at 37°C in 0.08% trypsin in PBS, then
for 6 h at 37°C n 0.2% collagenase type | (Wako, Osaka, Japan)
in Dulbeceo’s Modified Eagle's medium (DMEM). The released
cells were washed and ded in DMEM containing 10%
fetal bovine serum (FBS, Sanko Junyaku Co., Tokyo, ﬁ]apm lot
number: 27110307 and plated at a density of 1x10” cells per
100 mm dish for primary monolayer cultures, or 1x10° cells per
35 mm dish for calcium influx assay and immunocytochemical
assay of nAChR. In each experiment, we used one lot of cultured
chondrocytes from extra fingers 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 Tns, pH 8.3, 3 mM MgCl,, 75 mM
KCl, 50 mM dNTPs, 2.5 pM oligo{dT)s, 5 mM DTT, 2 U
RNaseOUT and 10 U SuperScriptlIl (Invitrogen) at 50°C for | h,
The PCR was performed in a final volume of 50 pl containing 1
of the single strand ¢cDNA product, 25 mM TAPS (pH 9.3),
50 mM KCI, 2.0 mM MgCl;, | mM B-mercaptocthanol , 200
UM dNTPs, and AmpliTaq Gold (Applied Biosystems) and 20
pmol of cach forward (5') and reverse (3') primers (Table S1). For
each experiment 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
conclmnns fulla“mg polymerase-producing manufacturer's rec-
H brain and skeletal muscle RNAs were
purchased from Amblcm (Austin, TX).

Western blot analysis for detection of nAChR subunit
Total proteins were isolated from primary monolayer cultures
using CelLytic TM-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,
alpha7 subunit (Sigma, St-Louis, MO; product number: N 8158)
diluted 1:3000. After rinsing, the membrane was incubated for | h
at room temperature in horseradish peroxidase-conjugated rabbit
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anti-rat IgG antbody (Sigma; A 3795) at a dilwion of 1:3000 in
TBS containing 0.05% Tween-20. After rinsing, the membrane
was immersed in ECL solution (GE Healtheare, Buckinghamshire,
UK). Then, the blots were visualized by LAS-1000plus IDX2, the
luminescent image analyzer (Fuji Photo Film, Japan).

Immunocytochemical and immunohistochemical analysis

Immunocytochemical analysis was performed as previously
described [26]. Briefly, dishes were incubated with antibedy to
alpha7 subunit of nAChR in PBS containing 1% BSA. As a
methodological control, the primary antibody was omitted. After
washing in PBS, dishes were incubated with horseradish
peroxidase (HRP)-conjugated rabbit anti-rat IgG  antibody.
Staining was developed by using a solution containing diamino-
benzidine and 0.01% H30; in 0.05 M Tris-HCI buffer, pH 6.7.

For immunohistochemical analysis, hind legs of E15.5 C57BL/
6] mice were prepared, fixed in 4% paraformaldehyde phosphate
buffer solution (Wako) overnight at 4°C, and embedded in
paraffin. Immunohistochemical analysis was performed as previ-
ously described [27]. Briefly, slides were treated with 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% HyO; 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 modified method as previously described [28]. Primary
monolayer cultures were trypsinized, re-suspended in agarose gel
medium : DMEM/F-12 containing 10% FBS, 100 units/ml
penicillin G, 100 mg/ml strepromycin, and 50 mg/ml ascorbate,
to a concentration of 2x10* cells/ml, then mixed with equal
volume of 1% low-temperature melting agarose (Sigma-Aldrich,
Steinheim, Germany) in agarose gel medium, giving a final
concentration of 1x10" cells/ml suspended in 0.3% low-
temperature melting agarose in agarose gel medium (suspension
agarose). Three milliliters of suspension agarose were added to
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. After 21 days, suspension agarose was transferred o a
glass shide, 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% paraformaldehyde for 15 min,
and stained with ALB 1o identify colonies producing glycosami-
noglycans and to observe histologically. Colonies were defined as a
cluster of cells with a diameter greater than 50 pm. ALP activity
was determined in non-fixed agarosc slide by Histofine, ALP
substrate kit (Nichirei, Tokyo, Japan) following the manufacturer’s
product information. 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-specific binding was blocked with 2.5% normal rabbit serum
{(DakoCytomation, Glostrup, Denmark) in PBS containing 1%
BSA and 1% Triton X-100. Slides were incubated for 6 h at room
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temperature  with primary antibody, diluted 1:2000 in PBS
containing 1% BSA. Bound antibody was detected by HRP-
conjugated polyelonal rabbit ant-mouse IgM antibody (Dako,
Glostrup, Denmark; product number: P 0260) diluted 1:100 in
PBS at room temperature for 30 min. Peroxidase activity was
visualized with diaminobenzidine tetrahidrochloride plus 0.03%
H,0;, and slide was counterstained with hemaroxylin.

Alginate bead cultures

Chondrocytes were cultured in alginate beads following the
method described by De Ceuninck et al. Primary monolayer
cultures were trypsinized, washed, and centrifuged. The isolated
chondrocytes were suspended at a concentration of 2x10° cells/
ml in a 1.25% alginate in 0.153 M NaCl 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 polymenize for 10 min and washed
three times with 0.153 M NaCl, followed by two washes in
DMEM/F12. The beads were then transferred 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
transferred to 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 buffer, pH 7.4, containing
10 mM CaCl, for 4 h at room temperature, and then washed
overnight at 4°C in 0.1 M cacodylate buffer, pH 7.4, contining
50 mM BaCly. The beads were dehydrated through aleohols and
embedded in paraffin, The sections were routinely stained with
ALB and safranin-O,

For RT-PCR analysis, chondrocytes were separated from the
beads by incubating the beads in dissolution solution (at a ratio of
200 pl/bead), containing 55 mM EDTA, for 5 min and centri-
fuged. Total RNA was isolated by using RNeasy (Qiagen) following
manufacturer’s instructions, and was converted to cDNA by same
method as described above. The sequences of PCR primers of
human chondrocyte-related gene are listed in Table 52. PCR was
performed in a final volume of 50 pl containing 2 pl of the single
strand ¢DNA product (10 ng/pl), 10 mM Tris-HCl (pH8.3),
50 mM KCl, 1.5mM MgCl,, 200 pM dNTPs, 1.25 U Taq
(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 manufacturer’s product informa-
tion. In short, the cells were incubated in dye loading solution
containing 2.5 mM probenecid 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
settings appropriate for argon laser. Nicotine and its antagonists
were prepared as a solution in assay buffer. If antagonists 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 | 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 salt; Sigma-
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Aldrich, St. Louis, MO). Nicotine was added to the sucrose
solution starting at an initial concentration of 25 pg/ml to the
treatment group mice. This was increased to 50 pg/ml on days 3
to 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 paraffin, and sections were stained with Hematoxylin
and Eosin for histological analysis.

Maternal nicotine exposure in alpha7 nAChR-disrupted
mice

B6.12957-Chrna7<tmlBay>/], the alpha7 nAChR +/— mice
were obtained from Charles River Laboratories Japan. Ten- to 12-
week old alpha? nAChR +/— mice were mated, and pregnant
mice were given sucrose solation with or without nicotine. The
fetuses were obtained and analyzed as in the case of wild-type
C57BL/6] mice, as described above. The alpha? nAChR
genotype was determined by means of PCR reaction with the
specific primers (Table S3).

Statistics

The results of the quantative assays were expressed as
mean®S.D. Significance was determined with Student's f test
and ANOVA. All experiments were replicated twice.

Supporting Information

Figure 81 In vivo chondroeytic proliferation assay. A: Paraffin
section of the femur of E15.5 C57BL/6] mice immunohistochem-
ically stained with antibody to PCNA. Proliferative chondrocytes
extensively stained positive for PONA regardless of maternal
nicotine exposure, B ge of PCNA-posi cells in
chondrocytes of the proliferative zone. There is no significant
difference between the two groups. Hind legs of E15.5 C57BL/6]

P,
rerg
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mice were prepared, fixed in 4% paraformaldehyde phosphate
buffer solution (Wako) overnight at 4°C, and embedded in
paraffin, After deparaffinization, slides were autoclaved in 0.01 M
citrate  buffer (pH 6.0) for 10 min, incubated with primary
antibody to PCNA (DAKO: PCI10) diluted 1:400 in PBS
containing 1% BSA at room temperature for 3 h, and incubated
with polyclonal rabbit anti-mouse immunoglobrins/HRP (DAKO:
P260) at room temperature for | h. Staining was undertaken using
a solution containing diaminobenzidine and 0.01% H,0; in
0.05 M Tris-HCI buffer at pH 6.7, followed by counterstaining
with hematoxylin.
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contribute significantly to visual perception, :
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Introduction

The eye receives information from the outside as the retinal
image, converting it into electrical signals for the brain, leading to
visual perception. The retinal image is stabilized by the balance of
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 cssential, especially the sdera must be ngid
enough for the eyeball to be rotated by powerful extraocular
muscles adhering to the sclera. The sclera and the corneal stroma
that are anatomically continuous have common charactenstics
such as mechanical rigidity, and share a common ongin, 1e., the
neural crest. However, the comea and the sclera are different in
transparency: the comnea is completely transparent to produce a
sharp image on the retina; the sclera is opaque to avoid the
internal light scattering affecting the retinal image. This corneal

-@ PLoS ONE | www.plosone.org

transparency has been attributed to significant changes in the
structure, especially of collagen fibrils, in the latter stages of
development [1]. Multipotent  progenitor/precursor  cells of
comneal stroma are identified from the mouse cye [2]. On the
other hand, existence of multipotent progenitor/precursor cells in
the sclera remains unclarified. Although the sclera does not
contnibute significantly to visual perception, scleral diseases such as
refractory 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 of developmental diseases
such as high myopia, a database of genes expressed in the sclera of
younger donors is important. We here demonstrate with a global
expression database of human nfant sclera that the sclera derived
from the neural crest evolutionanly retains characteristics 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 tissue was cut
into smaller picces 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 to PD 31 rapidly proliferated in
culture, and propagated continuously (Fig. |B). The cells stopped
replicating and became broad and flar 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 first 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

Day

Figure 1. Proliferation of h ‘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/journal.pone.0003709.001
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Table 1. Human cells analyzed in this study.

Title Description

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

Endometrium Endometrial cell

Synovium Synovium-derived cell [P1)

Joint fluid Joint fluid-derived cell (P1)
Muscle Muscle-derived cell (P1)

Bone Cancellous bone-derived cell (P1)
Fat Subcutaneus fat-derived cell (P1)
Amniotic epithelium Amniotic epithelial cell (P4)
Umbilical cord (1) Umbilical cord-derived cell (PO} (1)
Umbilical cord (2) Umbilical cord-derived cell (PO) (2)
Cartilage Auricular cartilage-derived cell (P1)
Sclera Sclera-derived cell (P1)

Comea (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 tissue, The cells obtained from bone marrow, liver, synovium, joint I’luld.
muscle, bone, and fat were culti d ly described [31-33).
epithelial cells and umbilical mmed cells mre cultured after each tissue
was manually separated from the placenta and minced by surgical knife and
scissors. Auricular lage-derived cells, periostium-derived cells, dermal
fibroblasts, and cortical bone-derived cells started to be cultured after each
tissue was manually separated from surgical specimens from patients with
polydactyly or microtia. Keratocytes and scleral cells were obtained from
cnmed stroma and sclera (also see the Materials and Methods section).

* was ot d from the h genized ends ial cells under
liquid nitrogen. All cells were harvested under signed informed consent, with
the approval of the Ethics C i of the Nati I for Child and

Health Development, Tokyo. Signed Informed consent was obtained from
donors and the surgical specimens were irmeversibly de-identified. All
experiments handling human cells and tissues were performed in line with the
Tenets of the Declaration of Helsinki. Global gene expression profiles of those
celis are uploaded to GEQ accession #GSE10934 at hitpo/fwww.neblnlm.nih.
gawgmnndu.cq&

ge. PO and P1 rep primary cell culture and cell culture one
passaqe after starting primary culture from tissues, respectively,
doi:10.1371/journal pone 0003709.t001

associated genes demonstrated that scleral cells are grouped mnto
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 wecks after culture in a
chondrogenic medium containg TGF-B1 and BMP2, a peller 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-f1 and BMP2 produce an abundant martrix (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 to appropriately 4 PDs) were used for PCA. Sclera and cartilage are positioned closely adjacent (shown in circle). B. Hierarchical 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. €. PCA of the cartilage-associated gene expression (Table 51). 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.g002

(Fig. 3C). These expressions were maintained in the cells after 10
population doublings. After in vitro chondrogenesis of scleral cells,
COL10A, SOX5, IHH, and MMPI3 mRNA expressions
increased. After human scleral cells labeled with Dil were
implanted into a rat cartilage defect, the cells expressed type [l
collagen (Fig. 3D). These results demonstrated that human scleral
cells retained ('|mndrngrnit' pr.}lr:rlli;s] both in vitro and in vivo

Discussion

Tracing back of human scleral cells to chondrocytes
through cultivation

This study was undertaken to investigate if human sclera has a
chondrogenic nature like chicken sclera [8,9]. Biomnformatics of
human scleral cells suggest similarity between scleral cells and

N yf
&
& &
Scleral cells (2 x 10ES) ffff
Chondrogenic medium
Dexamethasone
TGE-B1
BMP2
FBS(0%, 3%)

L A

Figure 3. Chondrog is of 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 chondrogenic 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). Nuclei were stained with DAPI (blue). Type |l collagen was shown as green.
doi:10.1371/journal. pone.0003709.9003
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Figure 4

Figure 4. The distribution of scleral cartilage in vertebrates. The chondrogenic nature of the sclera is conserved across species. The figure is
maodified 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.

doi:10.1371/journal pone.0003709.g004

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

Simulation of chondrogenic process during development

The phenotype of the differentiated chondrocyte is characterized
by the synthesis, deposition, and maintenance of cartilage-specific
extracellular matrix molecules, including type II 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 senal monolayer subculturing [14-16). The
expression pattern of cartilage-associated genes in sclera-derived cells
after induction is consistent with that of chondrocytes during
development (Fig. 3C, Fig. S2): a) Consistent expression of type 11
collagen and aggrecan, markers of carly-phase chondrogenesis
[17,18] in sclera-derived cells, indicates thar 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 sox3, IHH, and PI'HR1
were also up-regulated. Sox5 functions as a transcription factor
necessary for chondrogenesis [19,20], IHH promotes chondrogenesis
as a cytokine [21], and PTHRI] mediates parathyroid hormone
signaling as a specific receptor [ 18], These results suggest that ex vivo
culture of sclera-derived cells simulates the developmental process of
chondrogenesis. Despite the chondrogenic nature of sclera-denved
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 evoluton (Fig. 4).
Implication of chondrogenic nature of sclera in diseases

The fact thar the gene expression pattern of the human fibrous
sclera i similar to that of cartilage 15 interesting not only as

@ PL0S ONE | www.plasone.org

comparative anatomy but also from a patho-etiological view point.
The sclera and the joint cartilage are common targets for
inflammatory cells in rheumatic arthrins [22,23] or polychondritis
[24], implying common proteins between the sclera and the
synovium. Although the target protein(s) remains unclarified, our
findings dircctly explain an enigma that both the sclera and the
joint cartilage are affected 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 sclera. These affected lesions may be auributed to the
chondrogenic nature of human sclera. In conclusion, our present
study shows a chondrogenic potential of human sclera and
explains the ctiology 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 w GEO accession
#GSE10934  at  hup://www.ncbinlm.nih.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, #1536) of the Ethics Committee 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 pieces were cut
into smaller picces and cultured in the growth medium (GM):
Dulbecco’s modified Eagle's medium (DMEM)/Nutrient mixture
F12 (1:1) with high glucose supplemented with 10% fetal bovine
serum, insulin-transferrin-selenium, and MEM-NEAA (GIBCO).

Oligonucleatide 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 total of 3x10"
cultured human scleral cells and other mesenchymal cells (Table 1)
using RNeasy Plus mini-kit® (Qiagen, Maryland, USA) according to
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the manufacturer’s instructions. A comprehensive expression analysis
was performed using 2 pg of ol RNA from each sample and
GeneChip® Human Genome U133 plus 2.0 probe arrays (Affvme-
rix, Santa Clara, CA) according to the manufacturer’s instructions.
To normalize the variations in staining intensity among chips, the
‘Signal' values for all probes on a given chip were divided by the
median value for expression of all genes on the chip. To consider
genes containing only a background signal, probes were eliminated
only if the ‘Signal’ value was less than 10, or the Detection call was
‘Absent’ in any sample using GeneSpring software version 7.2
(Agilent Technologies, Palo Alto). The gene chip analysis was carried
out on 8 independent scleral cultures.

Hierarchical clustering and principal component analysis
(PCA)

‘To analyze the gene expression data in an unsupervised manner by
gene chip array, we used hierarchical clustering and principal
component analysis (NIA  Array;  hup://lgsun.gre.nia.nih.gov/
ANOVA/ [27], TIGR MeV; http:/ /www.tmd.org/merhtml [28]).
The hierarchical clustering technigues classify data by similarity and
the results are represented by dendrogram. PCA is a multivariate
analysis techmique which finds major patterns in data variability.
Hierarchical clustering and PCA were performed on the data of gene
chip analysis (a single assay for each 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 tube (Becton Dickinson) and centrifuged for
10 minutes, The pellet was cultured in DF-C medium™
containing 0.1 pM 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-
B1, 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-um
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
embedded in paraffin. The sections were stained with tolwdine
blue and immunohistochemically stained with anti-type 11 collagen
antibodies (clone F-37, DAIICHI FINE CHEMICAL, Co. Ltd.,
Toyama, Japan). All animals received humane care in compliance
with the “Principles of Laboratory Animal Care” formulated by
the National Society 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 1985).
The operation protocols were accepted by the Laboratory Animal
Care and Use Committee of the Research Institute 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.

'_:@_1 PLoS ONE | www.plosone.arg
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‘The following PCR primer sets were used for cartilage-associated
genes: aggrecan, sense (53'-TACACTGGCGAGCACTGTAAC -3')
and antisense (5'-CAGTGGCCCTGGTACTIGTT-3"), product
size, 71 by; collagen, type 11, alpha 1, sense (3-TTCAGCTATG-
GAGATGACAATC -3') and antisense (5"-AGAGTCCTAGAGT-
GACTGAG -3'), product size, 472 bp; collagen, typeX, alpha 1,
sense (5-CACCTTCTGCACTGCTCATC-3') and antisense (3'-
GGCAGCATATTCTCAGATGGA-3'), product sizem, 104 bp;
SOX35, sense (3-AGCCAGAGTTAGCACAATAGG -3') and
antisense (3'-CATGATTGCCTTGTATTC -3°), product size, 619
bp; SOX6, sense (5"-ACTGTGGCTGAAGCACGAGTC -3") and
anusense (5'-TCCGCCATCTGTCTTCATACC -3), product size,
562 bp; SOX9, sense (3'-GTACCCGCACTTGCACAAC-3') and
antisense (3 -TCGCTCTCGTTCAGAAGTCTC-3), product size
72 bp; Indian hedgehog homolog (THH), sense (3'-TGCATTGCT-
CCGTCAAGTC-3') and anusense (3"-CCACTCTCCAGGCG-
TACCT-3), product size 88 bp; parathyroid hormone receptor
H{PTHRI1), sense (5-CCTGAGTCTGAGGAGGACAAG-3") and
antisense (3" -CACAGGATGTGGTCCCATT-3'), product size 86
bp; matrix metallopeptidase 13 (MMP13), sense (5'-CCAG1C1CC-
GAGGAGAAACA-Y) and antisense (3'-AAAAACAGCTCCG-
CATCAAC-3) product size, 85 bp, and GAPDH, sense (5'-
GCTCAGACACCATGGGGAAGGT-3)  and  antisense  (5'-
GTGGTGCAGGAGGCATTGCTGA-3"), product size, 474 bp.

Supporting Information

Figure 81 Global gene expression analysis of cultured human
cells, Hicrarchical clustering analysis based on expression levels of
the cartilage-associated genes (NIA Array Analysis). We performed
gene chip analysis (a single assay for cach analysis) for eight
independent primary scleral cultures from five patients (donors).
We started cight 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 clustering analysis, using these indepen-
dent cultures and obtained consistent results, that is, "sclera”
derived cells are categonized into one sub-group. Furthermore, the
sclera, cartilage, synovium, and joint fluid are categorized into the
same group.

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

Figure 82 Carilage-associated gene expressions in cultured
fibroblasts derived from the dermis and the sclera. Cartilage-
associated gene expressions by RT-PCR in cultured fibroblasts
derived from the dermis and the sclera. Aggrecan, COL2A, THH
and PITHR mRNA expressions were clearly stronger in the scleral
fibroblasts compared to the dermal fibroblasts, indicating that
chondrogenic nature could be specific for the sclera among
collagenous tissues,

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

Table §1 Cartilage-associated genes
Found av doi:10.1371/journal pone.0003709.5003 (0.01 MB
PDF)
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